
HYDRODYNAMICS AND MASS TRANSFER 

STUDIES IN A SCHEIBEL EXTRACTOR 

by 

JULIO CESAR BONNET RODRIGUEZ 

A thesis submitted to the University of Aston 

in Birmingham for the degree of Doctor of Philosophy 

Department of Chemical Engineering 
The University of Aston in Birmingham. February, 1982.



TO ADELINA 

AND JUAD



Acknowledgements 

The author wishes to thank the following: 

Professor G. V. Jeffreys, 

for his supervision and for providing the facilities 
for research. 

Dra. Adelina R. de Bonnet, 

for her tolerance, patience, encouragement and 
moral support. 

The Concejo de Desarollo Cientifico y Humanistico, 

Universidad Central de Venezuela, Foninves and 

UNESCO VEN-31 for their financial support. 

The technical staff of the department of Chemical 
Engineering, for their contribution in this work. 

Mrs. N. Armstrong, 

for her diligence in typing the thesis. 

-1i-



  

Hydrodynamics and Mass Transfer 
Studies in a Scheibel Extractor 

Julio C. Bonnet Rodriguez Ph.D. 1982 

Summary 

A lo cm diameter four-stage Scheibel column with dispersed 
phase wetted packing sections haS been constructed to study 
the hydrodynamics and mass transfer using the system toluene- 
acetone-water. 

The literature pertaining to the above extractor has been 
examined and the important phenomena such as droplet break-up 
and coalescence, mass transfer and backmixing have been 
reviewed. A critical analysis of the backmixing or axial 
mixing models and the corresponding techniques for parameter 
estimation was applied and an optimization technique based 
on Marquardt's algorithm was implemented. 

A single phase sampling technique was developed to 
estimate the acetone concentration profile in both phases 
along the column. 

Column flooding characteristics were investigated under 
various operating conditions and it was found that, when the 
impellers were located at about Dy/5cm from the upper surface 
of the pads, the limiting flow rates increased with impeller 
speed. This unusual behaviour was explained in terms of 
the pumping effect created by the turbine impellers. 

Correlations were developed to predict Sauter mean drop 
diameters. 

A five-cell with backflow model was used to estimate the 
column performance+ (stage efficiency) and phases non-ideality 
(backflow parameters). Overall mass transfer coefficients 
were computed using the above model and compared with those 
calculated using the correlations based on single drop 
mechanism. 

Key Words:- Scheibel Column 
Liquid-Liquid Extraction 
Axial Mixing 
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CHAPTER I 

INTRODUCTION



INTRODUCTION 

Liquid-liquid extraction is a unit operation that 

has become an important separation technique in modern 

process technology. It is used to separate constituents 

of homogeneous liquid solutions (the raffinate phase) 

by adding a second liquid solvent (the extract. phase), 

which is immiscible or only partially miscible with the 

first, being the components (solutes) of the mixture 

distributed between the two phases. 

The petroleum industry was the first to apply this 

separation technique on a large scale, starting from the 

early 1930's when the method was used to separate 

aromatic hydrocarbons from the kerosene fraction during 

oil refining. The knowledge gained with this application 

had repercussions in other industrial organic processes 

and nowadays, liquid-liquid extraction is an important 

technique in coal-tar industry, petrochemical industries, 

essential oil industry and pharmaceutical industry. 

In the 1940's, liquid-liquid extraction entered the 

area of inorganic chemical technology with the process 

for producing uranium. Since that time, application 

to other industrial inorganic processes has steadily 

increased, being some of the latest, metals extraction, 

production of phosphoric acid and waste disposal treat- 

ments.



The rapid expansion in liquid-liquid extraction 

processes has resulted in the fast development of a great 

variety of extractor types. Those, like the R.D.C., 

mixer-settler, perforated plate column, etc., which have 

withstood the test of adoption and become very popular 

in the industry, have been the most studied ones in the 

university laboratories judging by the number of papers 

which have appeared in the literature during the last 

two decades. On the other hand, some of the earlier 

extractors, specifically the Scheibel Column, has 

received very little attention and not enough data are 

readily available in the literature as to give the 

engineer some guidance for the industrial design or at 

least a pilot plant design. 

The Scheibel Column has been identified as a low 

throughput, high efficiency rotary column. The limited 

capacity coupled with poor disassembly characteristics 

has been the major causes of its low industrial applica- 

tion, in spite of presenting the highest mass transfer 

efficiency of all agitated extraction columns. Early 

research (1,2) has been concemedmainly with only one 

characteristic of operating this column, that is the 

packing material not wetted by the dispersed phase. 

Some correlations were developed but many fundamental 

mass transfer and fluid dynamics parameters were not 

studied, making the design work of a simple pilot plant 

Scheibel column a matter of trial and error procedure.



Results (3) of a short study of a Scheibel Column 

had shown that better column capacity is achieved when 

the column is operated with the packing material 

preferred wetted by the dispersed phase. Also better 

mass transfer performance was claimed to be achieved 

when a total coalescence packing pad was used. 

Unfortunately, not enough experimental data were 

collected and consequently no design correlations were 

reported. 

It appeared worthwhile therefore to investigate in 

more detail the hydrodynamics and mass transfer perfor- 

mance of a Scheibel Column operated under total coalescence 

in the packing section and eventually to provide 

guidelines to the design engineer. It was recognised 

at the outset that difficulties would arise, since: 

(a) Guidelines for the selection of the packing material 

do not exist. Besides the specification of the 

material from which the pad is made and the percen- 

tage voidage, no other information is provided in 

the literature and certainly this is far from 

being enough as it is proved in this research. 

(b) A detailed analysis and subsequent precise modelling 

of the mass transfer process require a complete 

monitoring of the solute concentration in both 

liquid phases along the columns. This required that 

uncontaminated samples of both phases must be 

obtained from a highly turbulent emulsion chamber.



An experimental technique to perform this task has 

not yet been reported and needs to be developed. 

(c) Hold-up determination on a Scheibel Column operating 

under total coalescence in the packing has not been 

determined in past research (3,4) mainly because the 

amount of dispersed phase trapped inside the packing 

pads could be significant and the well known displace- 

ment technique for hold-up measurements may produce 

misleading results. 

In the event an attempt has been made to obtain a 

useful mathematical model of the Scheibel Column which 

simulate the performance of the system sufficiently well 

for practical purposes using a small number of parameters 

to characterize the mass transfer mechanism and the 

fluid dynamic behaviour.



CHAPTER II 

EXTRACTION EQUIPMENT



EXTRACTION EQUIPMENT 

2.1 Classification and Selection 

Industrial liquid-liquid extraction contactors 

may be classified, according to the construction and 

the operational characteristics, into two broad groups, 

stagewise contactors and differential contactors. 

In the former type of contactors there are a number 

of discrete stages in which the two phases are brought 

into intimate contact, separated, and passed counter- 

current to the adjoining stages, whereas in the 

differential contactors the composition of the phases 

changes continuously. In the case of stagewise contac— 

tors since the phases have to be separated after being 

mixed in each stage, the settling compartments have to be 

large and thereby the whole unit may become bulky. 

Differential contactors are more compact for a given 

throughput requiring little ground area since they are 

normally constructed as vertical columns. While 

such contactors do avoid the problem of large floor 

space, the presence of axial mixing reduced significantly 

their performance. 

A typical classification of liquid-liquid contactors 

is presented in Figure21, in which a further subdivision 

is made according to the means adopted for phase



»Figure 2.1 - Liguid-Liguid Contactors 
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inter-dispersion (5). 

The selection ofaparticular extractor to perform 

a specified separation process is largely dictated by 

economics and is still based upon experience. Recently 

a contactor selection chart’(6),shown in Figure22, has 

been published which provides broad guidance and a quick 

method of preselection between apparatus for a new 

separation problem which can then be used to implement 

specific design experiments. 

2.2 Design 

Once a preselection of possible extractors has been 

made, the next stage consists in the design of the pilot- 

scale contactors in which experimentation must be carried 

out with the products to be processed later in the 

industrial system. This study provides the criteria 

and the mass transfer data for the final selection and 

design of the industrial extractor. 

The identification of the parameters which control 

the design and performance of the extraction equipment 

under study is highly desirable in order to set up an 

experimental program and a research strategy. This 

information can be obtained primarily from equipment 

manufacturers' literature, unfortunately, not always



Figure 2.2 - Contactor Selection Chart 
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readily available, or as usually occurs, from the general 

literature in the technical journals. 

In order to highlight the most important ‘design 

parameters in extraction equipments, a presentation is 

made of the most representative contactor in each of 

the two broad groups of Figurell, i.e. stagewise and 

differential. 

2.2.1 Discrete Stage Contactor - Mixer-Settler 

The mixer-settler could be considered the most 

representative contactor in the group of stagewise 

contactors and the one having the most abundant design 

information, The simplest version of the mixer-settler 

consists of two tanks in series, one for mixing and the 

other for settling the mixed phase. Such mixer-settler 

unit is considered as forming a simple stage. Several 

such units are arranged in series, horizontally or 

vertically, to form a continuous multistage countercurrent 

cascade or battery. Figure 2.3: shows some of the most 

common mixer-settler battery (M3S) types. 

All countercurrent multistage contacting units are 

schematically represented by the common flowsheet shown 

in Figure2.4a. The number of equilibrium stages required 

to achieve a particular separation in a multistage contac- 

tor can be obtained by the simultaneous solutions of the 

distribution coefficient and mass-balance equations.



Figure 2.3 - Mixer Settler Battery Types 
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Figure 2.4 - Stagewise Contactor 
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Usually, graphical methods are used such as the 

McCabe-Thiele construction shown in Figure 2.4b. The number 

of equilibrium or theoretical stages required is some- 

times used as an index of performance and as such was 

included in Figure2.2. A more generally used method of 

expressing performance is by means of calculating the 

fractional approach to equilibrium attained by the 

effluents. This quantity is known as the Stage Efficiency. 

Different stage efficiencies can be defined but the most 

used iS the Murphree Efficiency which measures the 

approach of one of the effluent streams to equilibrium 

with the other at its actual final concentration. 

In order to estimate the Murphree Efficiency, 

based on either extract or raffinate phase,from the 

parameters controlling the kineticsof the process, it 

is necessary to postulate a model which assumes a 

specific flow pattern or solute concentration change 

inside the stage, or specifically in the mixer, since 

little mass transfer actually takes place in the settler. 

The selection of an appropriate flow model is based 

fundamentally on the size and shape of the agitated 

vessel, method of agitation and internal construction. 

If a well mixed model or a tctally backmixing of the 

phases is found acceptable then the Murphree Efficiency 

(Eyp) can be estimated by the following equation (7) 

p H Eup 
= (2.1) Vp 1 = Exp 

1:2



This equation requires the knowledge of the 

overall mass transfer coefficient Kp and the specific 

surface area a. This last variable can be calculated 

by the expression; 

ee ae (252 

The average drop diameter, d, can be estimated using the 

expression based on Kolmogoroff's theory of isotropic 

homogeneous turbulence, 

5 
c Dy 7 

0 (2.3) 
(We) 4g % 

The fractional dispersed phase hold-up in the 

mixer ©), is usually assumed equal to the fraction of 

the dispersed phase in the feed. This is not exactly 

true for continuous operation unless the level of agita- 

tion is sufficiently high. 

The estimation of Ky requires in terms the estima- 

tion of the continuous phase kK, and dispersed phase kp mass 

transfer coefficients, since all three coefficients are 

assumed to be related by the law of additive resistances 

given by the following equation; 

at l 
Sia (2.4) 

OmeaD on l
s 
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The calculation of kp and Ko are based on correla- 

tions derived for single drop mechanisms which are 

extensively discussed in Chapter IV. 

Finally, after the calculation of d, 8p, a, and Ky 

the Murphree Stage Efficiency and the number of real 

stages to accomplish the mass transfer duty can be 

estimated. 

As a final remark, it is necessary to point out 

that a carefully designed settler is most vital for a 

good performance. The capacity of a mixer-settler 

extraction plant is determined by the capacity of the 

settlers, because the mass transfer work done in the 

mixers can be dissipated through entrainment from the 

settlers. Then it is necessary to make the settlers 

large enough so that sufficient resident time is allowed 

for coalescence of the phases. Jeffreys and Hawksley ( 8) 

had presented a correlation to predict the coalescence 

time of a single drop at a planar interface. This 

correlation can be used to obtain an “order of magnitude" 

of settler size. 
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2.2.2 Continuous Differential Contactor - R.D.C. 

The Rotating Disc Contactor was invented by H. Reman 

in 1951. It is probably the best known agitated extractor, 

and the most extensively studied during the last two 

decades. 

Figure 2.5 shows a schematic diagram of the original 

R.D.C. which consists of horizontal discs, used as agitating 

elements, mounted on a centrally supported shaft. Offset 

against the agitator discs, stator rings whose aperture 

is greater than the agitator disc diameter, are mounted 

at the column walls simplifying installation. 

It is used extensively in the petrochemical industry, 

for instance for phenol extraction from waste waters. For 

design and operational reasons, the column can have large 

diameter, i.e. 6 to 8 meters, but with only low height, 

i.e. 10 to 12 meters, since the shaft must be continuous 

without coupling or intermediate bearing. It has been 

found experimentally, that flooding occurs atthe coupling 

of the shaft. 

The extraction efficiency of R.D.C. columns has 

been expressed either as the number of theoretical stage, 

or as the "number of overall transfer unit" (NTU) + 

The last variable is the most common in use and the 

knowledge of the "height of a transfer unit" (HTU) is 

required in order to estimate the height of the effective 

part of the column according to the following equation 
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Figure 2.5 - Rotating Disc Contactor 
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= K aL 5d L 

Vp (HTU) op 
(Nay) 

oD (285) 

Early methods of design of countercurrent separation 

processes were usually based on the assumption of plug-flow 

conditions for both phases. This assumption leads to a 

simple expression for the number of overall dispersed phase 

transfer units, 

x, -my, 
lu | (+) (1-F) + F 

ond. 
ODP.F. ~ Sas (2.6 

  

(NTU) 

However, it has been shown in a number of experimental 

studies that in the majority of types of extraction equip- 

ment, i.e. R.D.C., Oldshue-Rushton & Spray Column, this 

assumption is not fulfilled even approximately. This is 

due to the presence of longitudinal dispersion or axial 

mixing of the phase which reduces concentration gradients 

and adversely affects performance. Methods of taking it 

into account in the design of extractors have been develo- 

ped (9,10) but these depend upon having at hand experimental 

measurements of the axial mixing effect or means of predic- 

ting it. Strand, Olney and Ackerman (11) have successfully 

described the axial mixing in RDC of different diameters 

by the eddy diffusivity E, concept earlier introduced by 

sleicher (0). Their research produced very valuable 

correlations of the eddy diffusivities in the continuous 

and dispersed phases as given by the following equations; 
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The solution of the problem for mass transfer between 

the phases in a continuous column, with eddy diffusion 

present in both phase has been presented by Sleicher (10), 

Miyauchi and Vermeulen (11) and Pratt (12). Of all, the 

most attractive is the Sleichersolution which allows for 

correction of the plug-flow (NTU) , to obtain the true (NTU) ,- 

This solution is given as a correlation equation with six 

empirical constants which are function of the extraction 

factor F. 

(NTU) op (Pe), (Pe), 

(NTU) on PLE. (Pe)p (Pe), - (NTU) oR pp. [alPe) tb (Pe) p+ 
; (2.9) 

c¥ (Pe), (Pe) ,-p /(Pe) 2+ (Pe) ptg((Pe) p- (Be) ghe (87) og] 

The parameters (Pe)p and (Pe), are the Peclet Numbers 

of the raffinate and solvent phases based on the column 

length L as defined by the following equations; 

Vv, L Ta (PE), “3 RR (2,10) 
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Vat E (2.11) 
SE FE 
  (PE) p = 

This definition of the H.T.U. by equation (5) calls 

for a knowledge of the variables Kye overall raffinate 

phase mass transfer coefficient, Gren diameter d and 

dispersed phase hold-up @,, these last two combined by 

equation (2) to give the specific interfacial area, a. 

The estimation of Kp can be done by the procedure 

outlined’ insection 2.2.1. Misek (13) has presented 

different correlations for the determination of drop size, 

d, in a rotating disc contactor depending on the intensity 

of mixing. For a fully turbulent mixing region, 

a nN? Diane 0-46 
SS ee | (2512) 
a 20-0887 (D, Dy) E | 

On diminishing the mixing intensity below a critical 

value of the impeller Reynolds Number, the drop sizes 

can be estimated by 

d n2 D 2 
eo aie sc = 0.345 x10°° Dy” Neg a (2.13) 
5 0: 0887 By Te 

A further decrease in mixing intensity leads to a 

mechanism of drop formation almost entirely dependent on 

the equilibrium between buoyancy and surface force, i.e. 

mechanism analogous to that governing the splitting in 

packed columns. In this case the drop size d can be 

estimated by the expression; 
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de=slo-2ey (2.14) 

The calculation of the dispersed phase fractional 

hold-up, aan needs to consider the coalescence and break-up 

of droplets in the R.D.C. Hence Misek (14) proposed that 

hold-up in an R.D.C. be correlated by the relations 

  

=aG as a = veil Sp) exp eS a) aa (2.15) 

Many other variables and considerations enter into 

the complete R.D.C. design, but those presented in this 

summary highlighted a phenomonological approach to the 

design of a rotating disc cont*»actor. A comparison of 

the equations presented in this section and section 2.2.1 

reveals the existence of variables which are common to any 

type of agitated liquid-liquid extractors, i.e., the overall 

mass transfer coefficient Kp, the dispersed phase hold-up 

es and the drop diameter d, as well as variables related to 

a particular phenomena described by an appropriate mathem- 

atical model, i.e., Ep E. axial diffusion coefficients. EB! 

The identification of the design variables common to 

the different equipments within the same unit operation is 

a very valuable information in the planning stage of a 

research project of a new or poorly known equipment. 
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CHAPTER III 

THE SCHEIBEL COLUMN



THE SCHEIBEL COLUMN 

3.1 Types of Column 

The Scheibel extraction column was patented in 1950 (15) 

for the Hoffmann-La Roche Company. The schematic drawing 

of the column is shown in figure 3!1. The column consists 

of an alternate series of mixing sections and packed 

sections with a centrally located shaft upon which are 

mounted agitators with vertical blades. The packing or 

calming section usually consists of a woven wire mesh 

which acts as an entrainment separator and coalescer for the 

two liquids. Scheibel (15) suggested to use a packing 

prepared from a tubular knit wire mesh fabric, which is 

flattened and may be folded and then rolled up spiralwise to 

form the packing. It was claimed that with such packing 

"channelling" is eliminated. 

Commonly to all extraction columns, the heavy phase 

enters near the top of the column and flows downward, 

through the packing to the mixing chamber where it is 

brought into intimate contact with the lighter liquid by 

the agitation in this chamber, leaving through the bottom. 

The light phase enters near the bottom and is displaced 

upwards by difference in density. The principal interface 

is maintained in one end section depending upon which 

phase is dispersed. The solute may be introduced in either 

entering solvent or at some intermediate point. 
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Figure 3.1 - Schematic Diagram of Scheibel Column 

  

  
Figure 3.2 - Vertical Flow Components in Agitated Columns 
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Scheibel (16) expressed the performance of this colum in 

terms of an overall stage efficiency and/or as a "Height 

Equivalent to a Theoretical Stage" (HETS). The efficiency 

was based on the assumption that a mixing section and a 

packing section together comprised a stage. 

In general, in internally agitated extractors, the 

height required for a theoretical stage increases with 

diameter. Performance data obtained by Scheibel (16,17) in 

1 inch and 12 inch diameter columns established that the 

HETS on this type of column varies as the square root 

of the diameter. This proportionality represents the tendency 

of the flow pattern in the mixing section to follow a 

geometrically similar shape when scale-up is made on the 

basis of dimensional similitude. This phenomena is 

represented in figure 3.2(a) and (b). In order to 

retain the same mixing height at the larger diameter, it 

will be necessary to direct the flow across the entire 

diameter by means of the stationary horizontal baffles, 

as shown in figure 3.2(c). This idea was used by Scheibel 

(18) in the design of a new column as shown in figure 3.3. 

It was claimed that the control of the mixing height by means 

of horizontal baffles will give:smaller variations of HETS 

with diameter. Since only one column diameter was tested 

this basic idea could not be proved. 

Besides the arrangement shown in figure 3.3 

Scheibel (18) briefly investigated two more different 

arrangements. In the second arrangement the packing pads 

were removed and the mixing chambers were separated 

ag



Figure 3.3 - Modified Scheibel Column with Packing Sections 
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by the void chambers. In the third arrangement baffles 

and agitators were installed in all the intermediate 

void sections. 

The original’ version of the Scheibel column shown 

in figure 3.1 is the most common in industrial use and the 

one to be considered in this research. 

3.2 Hydrodynamics 

The Scheibel column presents quite different flow- 

dynamics according to the wetting behaviour of the packing 

material, It is then considered appropriate to classify 

and present past research along this line. 

3.2.1 Packing material non-wetted by the dispersed phase 

The most extensive study of the flow of dispersions 

and droplet behaviour in packings wetted by the continuous 

phase was carried out by Pratt and his co-worker(19) in 

relation to Raschi g ring packed liquid-liquid extraction 

columns. In this investigation attention was paid to the 

droplet size leaving the packing and its dependency on 

packing size, voidage, flow rates and physical properties 

of the phases. From results using a 2 inch diameter by 

3 £t packed column, Lewis et al (19) suggested the existence 

of a critical size of packing above which the exit droplet 

size was independent of the packing size and type. It 

was further shown in this work that the exit droplet size 

was independent of the size of the inlet drop. Thus large 

inlet drops were gradually broken down to some equilibrium 
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size whilst small inlet droplets grew, by coalescence, to 

attain the same equilibrium drop size. The expression .. 

allowing the estimation of the critical packing size 

(dp) was developed years later by Gayler et al. 
erit 

Based on collision theory, the equation of motion of a 

spherical droplet was solved to render an expression of the 

mean distance between collision or path length. By 

equating this path length to zero, which corresponds to 

mean void size equals mean droplet size, the following 

expression was obtained. 

(dp) = 2.42 (<——) (3.1) 
Crie 

Gayler and Pratt (20) correlated the exit drop size 

(defined using Sauter nean diameter) for a range of organic 

aqueous systems in a 6 ft packed section in which the 

packing size was greater than the minimum given by equation3-l 

Os 2s) eae 

  

d.,Aps 3 Si Vv ce 
aoe foo) —— (B22) 

2 Eng Yp Ue if 

This equation could be simplified by changing the exponent 

to O.5 with slight loss of accuracy to give 
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In equation (3.2) ve represents the "characteristic velocity" 

(20) which is defined as the vertical limiting mean droplet 

velocity at zero continuous phase and very low dispersed 

phase flow rates. Under this flow condition Ve is propor- 

tional to the mean Stokes'law velocity of the isolated 

  

droplets (see section 4.1.2.2). The equation defining 

¥, ts 

Ny A 

& * =) = %o (1 - 8) (3.3) 

A similar study was done by Honekamp (21) using 

knitted wire mesh packings and the low interfacial tension 

system MIBK-Water in a 4 inch diameter column. His results 

of exit drop size for different packing heights given in 

figure 3.4 demonstrate that high voidage knitmesh packing 

have droplet flow characteristics similar to conventional 

packings, i.e. Raschi g rings and Berlsaddles, greater than 

the critical packing size. Figure 3.4 also shows that 

inlet drops smaller than the characteristic'size grew only 

slightly as they passed through the packing. This drop 

behaviour and the analysis of the data collected from a 

4-stage Scheibel Column (21.2 lead to the conclusion that 

the drop size in a Scheibel extractor is determined by 

the drop size in the mixing sections. 

Honekamp and Burkhart (2) present a table of the 

Sauter mean drops diameters in the mixing sections of the 

4-stage Scheibel Column operated under different dispersed 

flow and continuous flow rate and stirred speed. 
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Height of packing, in 

Figure 3.4 - Approach to Equilibrium Drop Size 

A statistical analysis of this data was done by the 

author and the results are given in Table 3.1. Since informa- 

tion regarding the drop diameter distribution curve for 

each treatment is not available and the experiment was not 

replicated, the Error Mean Square was estimated from the two 

and three factor interactions. From this analysis of 

variance it is concluded that the stirrer speed is the only 

variable to have a significant effect on drop size. 

Dispersed phase hold-up was also measured by Honekamp 

in the 4 stage Scheibel column using the displacement 

technique. An analysis of variance done by Homekamp on the 

hold-up data indicated that the continuous phase flow rate, 

dispersed phase flow rate and stirrer speed all produced 

significant effects on the column hold-up. A comparison 

of hold-up data for packed columns (22), correlated by 

means of equation 3.3, and Honekamp's data, is presented in 

figure 3.5. It is clear from the representation that the 
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Table 3.1 - Analysis of Variance for Honekamp (21) 
Drop Size Data 

  

  

  

  

S.V. D.F. S.S. M.S 

Total 24 71.6847 

Mean b 635557 

Dispersed phase 

flow rate tL 2 0.0036 0.0018 
em°min 

Continuous phase 

flow rate —BL_— Al 0.0657 0.0657 
em™min 

Stirrer speed rpm 3 7.516 22005" ** 

Interaction 

Dispersed phase x 
continuous phase 2 0.0402 0.02 

Dispersed phase x 
stirrer speed 6 0.169 0.028 

Continuous phase x 
stirrer speed 3 0.0676 0.0225 

Dispersed x continuous 
x stirrer Gi 0.2852 0.0475 

Error ev 0.118 

***k = ©6Significant at 1% level     
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behaviour of the Scheibel extractor at constant stirrer 

speed, as far as hold-up is concerned, closely paralleled 

a packed extraction column. 

Limiting flow phenomena in a 3.0 inch diameter 

Scheibel column has been investigated by Piper (3). 

Three-inch sections of stainless steel knitmesh packing, 

wetted by the continuous phase; and with 98.75% voidage 

were used. Attempts were made to correlate Piper's flooding 

data in a similar manner to that of Crawford and Wilke (23) 

for the flooding of packed columns. Figure 3.6 shows a 

plot of ee? vs Neo at the flooding points for different 

agitator speeds. The data are reasonably well fitted by 

straight lines indicating that a general flooding rate 

correlation, similar to that of Crawford and Wilke, is 

possible. 

Jeffreys et al (24) also reported limiting flow data 

for the same column and chemical system used by Piper. 

In this work, 5-inch sections of stainless steel knitmesh 

packing with voidage values in the range 97.5-98.75% were 

studied. 

It was found that a plot of mo? vs Vane (see 

figure 3.6) generally did not give a straight line unless 

the drop size was small compared with the interstice 

size of the packing, conditions corresponding approximately 

to those found in packed column. They also found that the 

working range of the packing increased with increasing 

voidage and that the limiting flow was dependent upon 
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Figure 3.5 - Hold-up Correlation. Packed and Scheibel 
Extraction Columns 
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Figure 3.6 - Flooding Rate Data. 
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the inlet droplet size. Their conclusions, with respect 

to drop behaviour inside the knitted mesh packing indicate 

a rather more complex mechanism than the one reported by 

Honekamp and Burkhart and pictured in figure 3.4. 

Once again the relationship '\drop size - packing interstice 

size play a Pare anen sal role on the mechanism by which 

drops pass through the packing. 

Hold-up vs packing type data were not investigated by 

Piper (3), and by Jeffreys et al (24), but in view of the 

conclusion arrived at by them with respect to limiting 

flow rate and drop behaviour it can be said that hydrodynamic 

parameters on Scheibel columns cannot always be estimated 

from conventional packed extraction column correlations. 

Studies of longitudinal mixing in Scheibel extractors 

can be considered non-existent. To the author's knowledge 

the only information available in the literature is the 

limited work done by Gelperin et al (4) on a 56mm diameter 

and 500mm length standard Scheibel column. The most 

extensive part of his work was devoted to the study of 

the R.D.C. and the modified, without packing, Scheibel 

column. For the three columns, only the continuous phase 

longitudinal mixing diffusivity, E., was determined by the 

input-output tracer analysis techniques, using methylene 

blue as a tracer. The system under study was kerosene- 

water and the coefficient of longitudinal mixing were 

calculated from the value of the variance of the C-curve 

using the equations proposed by Levensp#liand Smith (25). 
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Figure 3,7 shows the relation between Ey and the agitator 

speed for the three columns. A common feature in all the 

curves is the occurrance of a minimum value of Ec, which 

can be explained from the fact that Ec is made up from the 

contribution of a back mixing coefficient and an axial 

diffusion or Taylor diffusion coefficient, 

For a low agitator speed, E, depends basically on 

the Taylor diffusion. As the rpm increase the continuous 

phase velocity profile tends to become flat and the Taylor 

or axial diffusion decrease. However, increasing the 

rpm produces an increase in the back mixing, which after a 

specified agitator speed, start to fix the value of E.. 

Another important feature shown in figure 3.7 is that the 

Scheibel column presented the lowest value of E, for the three 

columns under study, mainly due to the presence of the 

packing zones which damp out the turbulence created in the 

mixing chambers. 

Figure 3.8 is a representation of E, as a function of 

the linear velocity of the continouous phase, Vor under 

two-phase flow situation and constant agitator speed. 

The magnitude of E, increase as Vo increase and it can be 

said that this increase is due to the axial diffusion 

contribution since practically the back mixing coefficient 

is independent of the phase linear velocity. 
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E DN 
A plot of a vs —_ the same as that done by Guttoff 

VL V 

(26), produced tfie follSwing general correlation, by fitting 

a straight line through the points. 

E, = AV Lb + BLD N (3.4) 

The Constant A and B take the values of 0.5 and 0.003 for 

the Scheibel Column, 0.4 and 0.0038 for the Modified 

Scheibel and 0.5 and 0.00625 for the RDC. The reliability 

of this linear correlation is very much questionable firstly 

because it fails to predict the minimum value of E, as N 

increases and secondly, because the large amount of data 

obtained by Strand et al (11) and Guttoff (26) on RDC 

could not be correlated, using the same coordinates by a 

liner equation. 

3.2.2 Packing Material Wetted by the Dispersed Phase 

A very limited amount of work in Scheibel column with 

packings made of material preferably wetted by the dispersed 

phase, has been presented by Piper (3). Knitmesh poly- 

propylene packing, wetted by the kerosene dispersed phase, 

was used. The flow regime at low stirrer speed for the 

system kerosene (dispersed)-water-polypropylene packings 

is shown in figure 3.9. The drops were found to wet the 

packing fibres and coalesce inside the packing, creating 

a second continuous phase, leaving the packing surface in 

the form of a continuous stream for high flow rates or by 

drip-point mechanism for low flow rates. 
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Figure 3.9 - Flow Regime. Dispersed Phase Wetted Packing 
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The limiting flow data for the packing wetted by the 

dispersed phase were found to be higher than the flow 

regime associated with the packing wetted by the continuous 

phase. 

Piper's flooding point data were plotted using the 

5 5 coordinates es and Vg* as in figure 3.6. In this case 

the data, at different agitator speeds, could not be fitted 

by straight lines. This result is understandable since the 

behaviour of the dispersed phase inside the packing is 

completely different to that observed in conventional and/or 

non-wetted knitted mesh packing. 

3.3 Mass Transfer 

The very small amount of information presented in the 

literature during the last 30 years, regarding the perform- 

ance of Sheibel columns, has been particularly concerned 

only with columns containing packing materials non-wetted by 

the dispersed phase. 

Scheibel (16) in the first article describing this 

extractor, expressed the performance of the column in terms 

of overall stage efficiency. This efficiency was based on 

the assumption that a mixing section and a packing section 

together comprised one actual stage and the theoretical 

or equilibrium stages were calculated considering plug flow 

inside the column. Overall stage efficiencies as high as 

115% were found in those runs associated with large packing 

section height and high agitator speed. This high efficiency 
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is due only to the additional amount of extraction taking 

place inside the packing due to the countercurrent flow of the 

phases. 

The dependence of efficiency upon packing height and 

stirrer speed was discussed in this paper. The data indicated 

that an optimum packing height exists for each liquid system. 

When the liquids were emulsified readily, the efficiency 

was more dependent upon the packing height than in the case 

of a system in which the phase separated easily. In the 

first case the discrete state of the dispersed phase created in 

the mixing chambers, is maintained along the packing, while 

in the last case, significant drop-drop coalescence takes 

place inside the packing decreasing the mass transfer inter- 

facial area and making any additional length in the packing 

non profitable. The height of the mixing section was reported 

to have no effect on the efficiency in the range investigated. 

Years later Scheibel and Karr (17) published a further 

study on a 12 inch diameter column containing three stages 

and using wire mesh of 97.7% voidage as a packing material. 

Three liquid systems of very different physical properties 

were investigated under all methods of operation. Method 

of operation refers to which phase is dispersed and to the 

direction of transfer of the solute. The effects of combined 

flow rate, stirrer speed and packing height on overall stage 

efficiency were reported. 
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The overall stage efficiency in all cases, packings 

wetted and non-wetted by the dispersed phase, increased 

with agitator speed to a maximum value, then levelled off 

for a short interval. If flooding was not immediately 

encountered, a further increase in agitator speed produced 

a small drop in efficiency. The efficiency also increased 

with combined flow rate to a maximum then remained substan- 

tially constant until flooding. 

The effect of packing height was found to be the same 

as reported for the 1 inch diameter column (16). It was 

concluded that the overall efficiency consisted of the sum 

of the efficiency of the mixing section and the additional 

mass transfer in the packing due to the counter current 

flow of the phases. These two effects were not determined 

independently. 

The data also indicated that the column capacity is 

generally higher when the aqueous phase was dispersed, that 

is packings wetted by the dispersed phase. Also, the 

dispersion of the water in solvent generally required a 

higher agitator speed for the same efficiency. This is 

probably due to the fact that all columminternals and walls 

are wetted by the dispersed water phase requiring thena 

high agitator speed to achieve a complete dispersion. 

In order to separate the effect of the mixing section, 

Karr and Scheibel (1) continued the investigation with a 

column designed to eliminate the extraction in the packing 

as shown in figure3.10. The area base overall mass transfer 

coefficients (Ka) in the mixing chamber and the Murphree 
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Figure 3.10 - Column Used to Determine the Efficiency 
of a Mixing Section 
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efficiency were calculated assuming perfect mixing in both 

continuous and dispersed phase. Stirrer speed, the flow 

rates of each phase and the concentrations of the solute 

in the feed were the variables studied. Two dimensionally 

similar columns were employed to test the effect of physical 

size. 

Employing the difference in activity as the driving 

force for mass transfer, it was possible to develop correla- 

tions for the area base mass transfer coefficient for three 

liquid systems using grapical techniques. 

The results indicated that the efficiency of the mixing 

chamber was independent of the flow rate of the continuous 

phase. This was attributed to the independenceof the hold-up 

of the dispersed phase on the flow of the continuous phase. 

However, an increase in the flow rate of the dispersed phase 

decreased the efficiency of the mixing chamber, as shown in 

figure 3.1, for some methods of operation. When the system 

was operated as organic phase dispersed - organic phase 

extracted the efficiency was substantially constant throughout 

the entire range of flow rates studied, meaning a linear 

variation of the area base mass transfer coefficient, Ka, 

with the dispersed-phase flow rate. This phenomena was 

explained based on the rate of coalescence of the drop 

for the different methods of operation. 

The effect of the stirrer speed on the Murphree 

efficiency of the mixing section is shown in figure 3.12 

It can be noted that there is an appreciable efficiency 

at O rpm which is due to mass transfer at drop formation 
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Figure 3.12 - Murphree Efficiency vs Impeller Speed 
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Figure 3.11 - Murphree Efficiency vs Dispersed Phase Flow Rate 
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at the entrance of the mixing chamber. Karr and Scheibel 

argue that the data at low agitation speed could not be 

included in the correlations, mainly because the basic 

assumption of completely mixed dispersed and continuous 

phase is invalid. Therefore, the theoretical correlations 

of Murphree efficiency or area hase mass transfer coefficient, 

developed by these authors, were forced to approach zero 

and only the data for efficiencies above 50% were used. 

Karr and Scheibel also noted that when the light 

organic phase was both dispersed and extractant, exceptionally 

high mass transfer coefficient (Ka) and hold-up were 

obtained compared with the other methods of operation. 

Visual observation also revealed that for the operation 

organic dispersed-extractant, the dropsizes were very much 

smaller, compared with the other cases. All these character- 

istics were attributed to a high resistance to coalescence 

of the drops in tnis type of operation, 

The mass transfer direction, under organic phase 

dispersed operation, was such an important factor that 

two correlations were necessary depending upon the direction 

of transfer of the solute. A third correlation was 

required when the aqueous phase was dispersed. This was 

the result of a change in drop size and hold-up under this 

condition. The aqueous phase wet the internal parts of the 

column causing a much poorer dispersion. All the correla- 

tions developed by Karr and Scheibel are presented in 

Table 3.2. 
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Honekamp (21) measured the amount of extraction taking 

place in the packings of a 3 inch diameter 4-stage Scheibel 

column packed with 5 inch stainless steel knit mesh packings 

and operated with the continuous phase wetting the packings. 

Concentration profiles of both phases along the column were 

obtained by measuring the solute concentration of the one- 

phase samples withdrawn from inside the packings at both ends 

of each packing pad. From the concentration profile the 

average concentrations of the mixing sections were obtained 

and used in the correlations given by Karr and Scheibel, 

equation (3.6), to calculate the Murphree Efficiency and 

later the Number of Theoretical Stage (NTS) in each mixing 

chamber. 

The performance of the column was expressed in terms 

of (N.T.U- 65) y for the mixing sections and (N.T.U. 5) for 

the packing sections. Some of the procedures used to 

calculate these NTU's, produce performance data of question- 

able validity. For instance, the total overall Number of 

Transfer Unit, based on the extract phase (NTU ) of) Cc from 

which the (NTU, is obtained by substracting the (NTU on) P OE) M’ 

is calculated by a graphical integration based on the 

product concentration. It is known that this procedure 

gives what it is called the Measured NTU which is lower 

than the true NTU due to the non-ideal flow conditions or 

axial mixing. 

46



If one assumes that the calculated (NTU. are 
on) M 

the correct and true representation of the performance 

of the mixing sections, then the reported (NTU are 
OE)P 

lower than the true values and the error certainly varies 

with the column operating variables, especially the 

agitator speed. 

Figure 3.13shows the performance data plotted as the 

percent of mass transfer taking place in the packing vs 

agitator speed for different total flow rates. It is 

necessary to point out that the % mass transfer were calculated 

as follows; 

(NTUGE)p x 100 = 
(NTUQE) G 

%$ mass transfer in packing = 

(NTU) y 

(NTU (l= 
onc 

) x 100 

and the error discussed before applies here as well. The 

decrease in packing performance with increasing agitator 

speed was attributed to the increase in axial mixing 

created by the turbulence in the mixing chambers. No attempt 

was made in this work to estimate the parameters responsible 

for the axial mixing, nor the kinetic parameter character- 

izing the rate process. 
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3.4 Conclusions 

The very first conclusion with respect to the 

hydrodynamics and mass transfer characteristics of the 

Scheibel column is that the amount of research done is 

not enough so as to attempt a reliable’designwithout a 

previous investigation of the problems at pilot plant scale. 

The conclusions drawn by Honekamp (21) about the 

hydrodynamic behaviour and associated parameters of a contin- 

uous phase wetted packing Scheibel column was seriously 

questioned by the data reported by Jeffreys et al (24). 

More work is needed in order to developequations that allow 

to estimate hold-up, drop size and non-ideal flow parameters 

as a function of column and internal dimension variables 

and operation variables. 

A clear and very valuable conclusion of this review is 

the increased limiting flow obtained when the column is 

operated with packing material wetted by the dispersed phase 

as compared with non-wetted pads. 

Karr and Scheibel's (1) investigation, whilst being, 

the most important effort toward the correlation of 

mass transfer data, is limited to the analysis of an isolated 

mixing chamber. If the effect of packing is considered 

negligible, then the Karr and Scheibel correlations would be 

sufficient to allow a reliable column design. Unfortunately, 

Honekamp's (21) data indicate that 25 to 50% of the mass 

transfer in a Schiebel column takes place in the 5 inch 

non-wetted packing pads. Honekamp's prime goal, to complement 
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Karr and Scheibel's work by studying the behaviour and 

possible correlation of the mass transfer in the packing 

sections, did not reach completion since the complicating 

effect of axial mixing on packing performance could not be 

quantitatively isolated. 

Finally, some authors had claimed that the Scheibel 

Column can be equally well represented by either continuous 

or discrete models, depending on the number of stages, as 

it is the case in the Oldshue-Rushton Column. Nevertheless, 

not a single work has been reported in the literature to 

substantiate that claim. 
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THE DESIGN RATE EQUATION, RATE = K.a.AC. 

A_SURVEY 

In Chapter 2 it was shown that the design of any 

mechanically agitated extractor requires a knowlédge of the 

parameters controlling the rate process. The rate of mass 

transfer between two immiscible liquids in an agitated system 

depends on the concentration difference AC, the specific 

interfacial area a, and the mass transfer coefficient K. 

These parameters are interrelated by means of the kinetic 

expression 

Rate = K.a.AC (4.1) 

The literature review presented in this chapter 

covers the information available to date on these fundamen- 

tal parameters, their experimental determination and correla- 

tions, which are essential for the optimized design and 

scale-up of agitated extractors. 

4.1 Interfacial Area 

The measurement of interfacial area in an operating 

liquid-liguid extractor is complicated by the fact that this 

area is composed of a large number of drops of varying size. 

Although exact measurements can not be made, there are 

several methods to obtain a good estimate of this area. 
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The chemical method of measuring interfacial area in 

liquid-liquid contactors introduced by Nanda and Sharma (27) 

is an absolute method which is very useful as a standard 

to check the accuracy of other techniques. It has been 

applied to packed columns (28) as well as to an RDC and 

Mixco Column (29) and it is based on the theory of mass 

transfer accompanied by fast-pseudo first order reactions. 

The basic equation 

R, = a A* YDy k,B° (4.2) 
x 

holds if the following conditions are fulfilled. 

  

YD, kK Bo Be 
re ea (4.3) 

ky, 2g A* 

Dy ky B° 
= 10 (condition of fast reaction) (4.4) 

(ku) 

Equation (4.2 indicates that the rate of extraction per 

unit area of dispersion is a unique function of the physico- 

chemical properties of the system and independent of hydro- 

dynamic factors. Then a determination of the rate of 

extraction R, and a knowledge of the value A*/D, ky BO 

should enable the value of the specific interfacial area 

a, and later the total interfacial area A, to be calculated. 

The limitations of this method are: 

1. very few chemical systems fulfil: the conditions given 

by equations 4.3 and 4.4, i.e. the alkaline hydro- 

lisis of formate ester; 
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26 no information regarding the distribution of 

drop sizes? only interfacial area and mean drop size can 

be obtained; 

3. too time consuming. 

The most popular optical technique employed for the 

measurement of interfacial area in dispersions is that of 

estimating the opacity of a dispersion to the transmission 

of light GQ (31). In principle it is based on Beer's Law 

el. 
ze = pA +2 (4.5) 

where I,/t is the extinction ratio and A is the interfacial 

area. £g is an empirical constant dependant on the ratio 

of the refractive index of the dispersed phase to that of 

the continuous phase. It is independent of the drop size 

distribution provided the particles are spherical or nearly 

so. This technique presents many limitations. 

1. does not give information about drop size distribution, 

2. the method usually requires a probe containing a light 

source and a photocell immersed in the dispexsion inside 

the contactor, which can disturb the flow to a high 

degree, 

3. it is best suited for systems with low hold-up, since 

at high hold-up and large optical path length, a 

correction must be made for the multiple reflections of 

the light as it traverses a dense swarm of drops, 
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4. the constant 8 must be determined experimentally, 

this requires calibration for each combination of 

dispersed continuous phase system and solute concentra- 

tion. Normally the calibration procedure is based 

on photographic methods. 

Measurement of interfacial areas by photography involves 

the determination of a suitable mean size of the dispersed 

phase drops (d) and of the hold-up @p) - The specific 

interfacial area is then calculated from the relations 

(4.6) 

Experimentally, the technique is simple and no equipment 

is needed in the system. Compared to the other two methods 

above, it has the advantage that it also provides information 

on the drop-size distribution as well as on particle shapes 

if a suitable means for photographic analysis is available. 

However, the technique presents the following draw backs; 

1. when photographs are taken through a transparent wall, 

they provide information on conditions near the wall, 

and these may or may not be representative of those 

over the entire cross section of the apparatus i.e., 

effect of the centrifugal force on high density dispersed 

phase drops in a mechanically agitated chamber, 

2. care needs to be exercised in eliminating the distortions 

due to curvature of the vessel or column, 
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3. the analysis of photographs is time consuming. 

The physical methods of light transmission and photo- 

graphy are the most appropriate when several chemical 

systems and a wide range of operation variables are going 

to be studied. The final selection between those two is 

based on the type of chemical systems and equipment used 

as well as on the nature and requirements of the research 

programme. 

Equation 4.6 shows that the interfacial area between 

the dispersed phase and the continuous phase in a solvent 

extractor depends on ; 

(a) the droplet size, 

(b) the dispersed phase hold-up 

Each of these will be discussed. 

4.1.1 Droplet Phenomena 

The sizes and the size distribution of droplets of a 

dispersed phase in a solvent extractor depends on the method 

of formation, the amount and nature of the interactions of 

the droplet with their neighbours as well as with the 

internals of the vessel, the physical properties of the 

chemical system, the mode of operation and the geometric 

arrangements of the vessel. 
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The dependance of the drop size on the method of forma- 

tion; on whether the dispersed phase is discharged through 

some form of orifice or nozzle, or dispersed by mechancial 

agitation. The former is applicable to spray columns and 

sieve plate columns and can be further subdivided according 

to the nozzle velocity in 

1. drop formation at subjetting nozzle velocities and 

2. drop formation under jetting conditions. 

However, in the most common types of extraction equipment 

the dispersion is normally formed by the high shear stress 

created by some form of mechanical agitator. 

4.1.1.1 Drop Formation in a Turbulent Flow Field 

In general, the dispersion of one fluid in another 

takes place in three stages. When the stirring process 

has just begun, large lumps of fluid are present at first. 

These large size lumps are then deformed into long 

ligaments that break up into drops. In a third stage, 

these drops may further be broken up by local viscous 

shearing or by dynamic pressure fluctuation (velocity 

difference) occurring in the turbulent flow field. This 

process continues until a dynamical equilibrium is reached 

between the forces generated in the turbulent continuous 

phase and the opposite forces of interfacial. tension 

which attempt to retain the drop in its spherical shape. 

Using dimensional analysis an equilibrium or stable drop 

size correlation can be derived assuming that the drop 
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diameter depends upon the interfacial tension and the 

intensity of the turbulence. For a mechanical agitated 

vessel the overall turbulent intensity can be described 

as the rate of energy input per unit mass of fluid. The 

relation for drop diameter is 

and by dimensional analysis 

=% 

Qu
 \ 

3 

=¢, 0% 2) or (4.7) 

= 0- 
2 ae a 1 

A similar result was obtained (32) by a quantitative 

analysis of the fluid mechanics around a drop in a highly 

turbulent continuous phase. The theory of local isotropy 

is qualitively closely related to the analysis leading to 

the formulation of equations 4.7. This theory, by putting 

the previous analysis on a more solid fundamental basis, 

had defined quite precisely the range of its applicability. 

For completeness, and because most drop size correla- 

tions in agitated extractors are based to different extents, 

on the Kolmogoroff's theory of local isotropy, a presenta- 

tion of the basic concepts of local isotropy will be given 

below. 
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Turbulent flow consists of unsteady, chaotic movements 

of parts of the fluid in different directions superimposed 

on the main flow. Such a movement of any element of fluid 

is extremely complicated and can only be described in terms 

of averages. The instantaneous velocity at any particular 

point in the i-direction is given by 

UU, = Uy tu, (i = 1,2,3) (4.8) 

where the overscore denotes the time average value and a, 

is the instantaneous fluctuation velocity. The root mean 

square of this fluctuation velocity, denoted ule isa 

measure of the violence or intensity of the turbulence 

in the i-direction in a particular point in the system. 

5 
uy = [ep | (4.9) 

The turbulence is said to be homogeneous when it has 

  

quantitatively the same structure in all parts of the flow 

field, that is each fluctuation component, uj, is 

independent of the position in space. The turbulence is 

called isotropic if its statistical properties have no 

preference for any directions, so that perfect disorder 

exists; that is all fluctuations components are equal. 

Then in the case of homogeneous isotropic turbulence 

(us), = (up), = (us) = (uj) = Aa, and 

(uj, )A (as), =0O for i # j 
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where A and B are any two points in the field of flow, a 

and b two given directions at the point A and B respectively 

and (ay) (a5) the double correlations between fluctuation 

velocity components. 

In 1941, A.N. Kolmogoroff (33) stated his theory of 

homogeneous local isotropy by postulating that at suffic- 

iently high Reynolds number, the turbulent motion in a 

sufficiently small domain G of any kind of turbulent field, 

of arbitrary mean-flow characteristics, is homogeneous, 

isotropic and statistically steady. This first postulate 

of the theory, is a direct consequence of the Kolmogoroff's 

conception that a turbulent flow may be thought of as 

consisting of pulsations or eddies ranging in scale from 

a dimension characteristic of the mean flow, to a lower 

limit at which the motion is entirely laminar. At high 

Reynolds numbers the mean flow due to instability to small 

disturbances, is superposed by a set of eddies which have 

characteristic dimensions and velocities one order lower 

than the corresponding quantities characteristic of the 

mean flow. This first order flow is in turn unstable 

and breaks up to form a set of pulsation or eddies with 

characteristic size and velocities one order lower than 

the first order flow. This process continues, the (n+1) © 

order eddies being formed by the break up of the noe order 

eddies, until an order is reached at which the motion of 

these smallest eddies is laminar and further formation of 

eddies is no longer possible. This cascade of instability 
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may introduce a decoupling effect between the large and 

small scales motion. If the Reynolds number is sufficiently 

high (in theory infinite), it is likely that the motion 

of the smaller eddies (larger order) will be nearly indep- 

endent of the directional bias and anisotropy of the 

large scale motion. In this case it is possible to define 

a (domain G with spa tial dimensions such that the relative 

velocity between any two pointsof G is determined by 

motions which present isotropic behaviour. 

Hinze (34) has shown that in an isotropic homogeneous 

turbulent region, the pressure fluctuation and the velocity 

fluctuations at two neighbouring points with spatial 

distance r small, are related by the equation 

SS ae. 

(Baim ie = oo le = | (4.10) 

We can define a relative velocity at point A with 

respect to a reference velocity at point B in the 

i-direction by 

A 
Wy (5) = (ua - (Uy), Gear i ens) 

> 

where Ry = AB is the interval vector of magnitude r with 

components Oi The formal analogy between local isotropy 

and ordinary isotropy allows us to calculate the double 

correlation between the various components of the relative 

velocity vector by the expression (35 ) 
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= ((ag)a ~ (uy) (43), - (ay)Q) = 
a8 

z aa (4) - 2 ant) | + 655 Biy(x) 

Sa bral | oa 3B 
la | a er xr dd 

2 - 2 ae tas| Baal pian (4.11)     

a 

where Os4 is the Kronecker delta, Bag (tr) and Ban '*) are 

scalar functions of r? defined by 

  

Bags Ugh (ugg) eB = UG), = Cag 4) 

and the suffixed d and n denote components parallel and 
oS 

perpendicular to AB respectively. 

Equation 4.12 and 4.10 show that if the correlation 

coefficients Bon and Baa are known, the difference in 

dynamic pressure at different points is immediately known. 

In order to derive an expression to calculate the correla- 

tion coefficient it is necessary now to complete the physical 

background to the notion of local isotropy by considering 

the distribution of the input energy among the different 

orders of eddies. 

In the foregoing we have spoken about turbulent 

motion, which can be assumed to consist of the superposition 

of n order pulsations or eddies. Each. order can be 

identified by a characteristic length, velocity, frequency 

(ratio of the characteristic velocity to length) and it is 

possible on the average to allocate a certain amount of the 
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total kinetic energy to a distinct frequency. Such distri- 

bution of energy between the orders is usually called an 

energy spectrum. 

The energy supply for the entire motion lies chiefly 

in the mean flow and the lower order eddies. The nth 

order eddies absorb some energy from the (n-1)th order 

eddies and pass it on partly to the (n+l)th order eddies 

by means of work done to form the next size smaller eddies 

and partly to the internal energy of the fluid through 

viscous dissipation. It can be predicted that the ratio 

of the energy dissipated by viscosity to energy passed on 

to the next highest order of pulsations or eddies, for any 

given set of eddies, decreases as the Reynolds number 

increases. This means that progression to eddies of higher 

order (smaller characteristic length) and low characteristic 

Reynolds number, the proportion of energy dissipated by 

viscosity will increase and for the very smallest eddies 

the motion is entirely laminar. 

In the limiting case of infinite flow Reynoldsnumber, 

the larger set of eddies contained within the small domain 

G will pass on to their neighbours (in the direction of 

decreasing size) an amount of energyin wit time equal to the 

amount that they receive. This amount of energy must be 

equal to the energy dissipation, since it is a one-way 

flow, being the only outlet the viscous dissipation due to 

the smallest eddies. Then, the motion due to the larger 

eddies within G is independent of v and should therefore 

be determined statistically by the single quantity € which 
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measures the average total energy dissipation per unit mass 

of the fluid. 

The motion of the smaller sets of eddies within G will 

not be determined uniquely by €, since these eddies have 

finite characteristic Reynolds number and therefore dissipate 

a finite amount of the energy they receive from their 

larger neighbours. The proportion of energy dissipated 

will depend on the characteristic Reynolds number of the 

order of pulsations or eddies concerned, this proportion 

being unity when the characteristic Reynolds number is low 

enough for the motion to be entirely laminar. 

The whole picture of a turbulent motion is now 

complete. This physical background was quantitatively 

summarized by two similarity hypotheses put forward by 

Kolmogoroff. 

(a) Kolmogoroff's first hypothesis: "At sufficiently 

high Reynolds numbers there is a range of high frequency 

where the turbulence is statistically in equilibrium 

and uniquely determined by the parameter € and v. 

The state of equilibrium is universal". 

Kolmogoroff characterized this equilibrium range 

with a length scale and a velocity scale both only 

function of v and€. From dimensional reasoning 

ae n= (% ) length scale (4.13) 

(ve)? velocity scale S q 
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Thus the dimensions of the length scale n and 

velocity scale V are such that the Reynolds number with 

reference to this length and velocity is 
iS oe 

Evidently, n and v are a measure of the characteristic 

length and velocity of the smallest eddies respectively 

and they mark the region of strong viscous effects, where 

the inertial forces are of the same magnitude as the 

viscous shear forces. 

Since the first hypothesis requires that all correlation 

functions, i.e. equation 4.11 must be determined uniquely 

by € and v or n and v and the relevant geometrical para- 

meters, the correlation coefficients Bad defined by equation 

4.12 has to have the form (35) 

ee es 5 2 Bag(t) =v -8aa ‘—) = (ve) *Baq oF) (4.14) 

where Baa is a universal function. 

The mean energy dissipation in locally isotropic 

turbulence is given by (35) 

3B 
€2 B (a aay 2 (4.15) 

oo 
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The function Bag(r) is an even function of r taking 

the value zero at r = 0, then its ‘series expansion must 

start with the term x? and the following expression is 

valid 

292 B 
pas: dd 

Baa (2) Span snoee aoe 
ar r=0 

By combining equation 4.14 equation 4.15 and equation 4.16 

the following expression results 

Weve 6 
n v 

Bag(r) a (vé) x (4.17) 

for = << 1 
n 

2 
ye ie 

being Baa 'y) z e(F) 

This equation allows to relate the pressure difference 

between any two points within the domain G for the 

spatial distance r < n with measurable quantities character- 

istic of the turbulence. 

(b) Kolmogoroff's second hypothesis: "If the Reynolds 

number is infinitely large and if the spatial separa- 

tion r between any two points is large in magnitude 

=compared with n (but still small enough for the 

points to lie within the domain G), the energy 

spectrum in this subrange is independent of v, and is 

solely determined by one parameter €". 
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Since in this subrange the inertial transfer of 

energy is the dominating factor, this is called the 

inertial subrange. 

The second hypothesis thus requires the universal 

function Baa to have such a form for r > n that the corres- 

ponding scalar correlation Bad is independent of v. 

This condition is satisfying when 

x x *A 
Bag ) = oC) (4.18) 

where c is an absolute constant. In this case 

. 2 

x 
(ve) -e(7) Baa(*) 

(4.19) 
hx Baq(r) a (€r) 

for Le >> F >> 7 

where Le is the characteristic length of the large and 

medium size eddies for which isotropic turbulence does not 

exist. This parameter is called the integral scale of 

turbulence and it represents approximately the upper limit 

of the frequencies including the domain G since the 

Other authors, like Hinze, had used a shorter approach, 
using kinetic energy of a drop in the equation 4.10, but 
conceptually the same as the one presented here. The link 
between both approaches lies in the fact that the velocity 
v, of the turbulence eddies of characteristich length 
has an order of mag nitude equal to the change in the average 
velocity over distances equal in order of magnitude to the 
scale of the turbulence eddies } (36) 

a x [Baa =") ] 
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postulates of local iostropy become invalid when r is of 

order Le. 

It was mentioned at the beginning of this section 

that it is generally accepted that the fluctuation pressures 

or pressure difference at two points within a turbulent 

continuous phase determine the final spectrum of drop 

sizes. Different dynamic pressures exerted at different 

points on the surface of the drop will lead, under certain 

conditions, to deformation and breakup of the drop. 

Consider a small volume of fluid in which turbulence 

is locally isotropic. Within this volume the differences 

in dynamic pressure are given by combining equations (4.19), 

(4.17), (4.12) and (4.10) 

Ap a og (&) r? Ei << 4y (4.20) 
Ve 

*/ 
Ap a p.(€r) % Lerssin >>. (4.21) 

Assuming that the density and viscosity of the drops inside 

the volume are of the same order of magnitude as the 

surrounding fluid, the forces attempting to breakup the 

drops, given by equations 4.20 and 4.21 will be 

opposed only by the surface force given by 

Nu
 

Q 

i= (422) "| 
a o
 

where roy is the radius of the drop. If the density of 

both phases are very different, in which case the drops of 
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the dispersed phase do not follow the direction and velocity 

of the turbulence fluctuations of the continuous phase, the 

drag exerted by the continuous phase sets the liquid 

inside the drop into motion. This motion, being rotational 

or turbulent in nature, creates a dynamic pressure within 

the drop, directed outward from inside the drop which 

adds on to the surface force. If in addition, the visccity 

of the dispersed phase is high, viscous force within the 

drop prevents the drop deformations. When these three 

forces are considered, the complexity is very great and 

then it is convenient to assume the same order of magnitude 

for the density and viscosity of both phases, 

Inside the small isotropic volume of fluid let us 

consider a drop of diameter d such as that 

Le >> d >> 7 

If this drop is going to be stable, the surface force must 

be equal to the external inertial force. Then equating 

equations 4.21 and 4.22 an expression is obtained 

which allows to estimate the stable maximum drop diameter 

withfim= the local isotropic turbulent flow from easily 

measurable quantities and properties of the system. 

ef asq” 2x 4o 
d x dog Po 

= G L 
oe 1. San @) (4.23) 

68



Equation 4.23 was first derived by Kolmogoroff (37) 

and independently by Hinze (32). It is necessary to indicate 

that in the development of equation 4.23 only the difference 

in dynamic pressures at points separated from each other by 

a distance d, was considered to be’ responsible for the 

fragmentation of a drop of diameter d. This is explained 

by the fact that velocity differences due to fluctuations 

with a wavelength equal to d will produce a higher dynamic 

pressure than thosse due to fluctuations with a shorter 

wave length. The kinetic energy of a turbulent fluctuation 

increases with increasing wave length or eddies character- 

istic length. 

For the change in flow velocity within the izone << yn 

Kolmogoroff derived the expression for the drop diameter 

in a similar way than for the inertial subrange case 

It has the form 

% % 
oO or ve Be $F) ok? (4.24) dsp 

asp << 

Levich (36) has questioned the validity of equation 4.2 

based on the consideration that in the zone of scales 

below Kolmogoroff's micro scale of turbulence n the 

motion occurs at Reynolds numbers less than one. At this 

low Reynolds number, the local flow velocity past a drop 

becomes regular and no fragmentation of the drop occurs. 

Furthermore, equation4.24 can be rearranged to the 

following form 
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—2}—) n d << n (4.25) 

2 2 

Pie 2icleloge <2atcl 
o o 6, 

  

sd If typical values for Por H and o (o > 20 mN- m ~) 
ic 

for oil in water systems are substituted in the inequality, 

chen: We< tone metres which is a quite unrealistic value. 

An expression to estimate minimum drop size has been 

given by Levich. Considering small local Reynolds number 

of the order of magnitude 5-10 and accepting that the 

external force to the drop responsible for deformation 

and fragmentation is chiefly of the viscous nature the 

following equality can be set 

    

    

ug Go) = «i8 
min min 

of 

Vv E 46 
ig Re aca des 

min min 

where 

da vid. 
Re = a eb a10 

2 
me e,yV 

Gnin = 3 ae (4.26) 
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Other equations (30) have been reported in the 

literature which cover the region between the inertial 

subrange and the viscous region. 

4.1.1.2 Coalescence of Drops in a Turbulent Flow Field 
  

The preceeding section showed that turbulent fluctua- 

tions and some times viscous friction produce forces 

that tend to break-up the droplets, whereas collision 

between two drops may result in their coalescence into a 

larger drop. In practice, the size distribution of droplets 

in an agitated dispersion is determined by both break-up and 

coalescence occuring simultaneously and if the dispersion 

remains in a quasi-stationary flow field for a sufficient 

duration a dynamical equilibrium between both processes is 

established. 

Interdrop coalescence, as well as drop-liquid or 

solid interface coalescence, occurs in two basic stages; 

ley Drainage of the continuous phase from between the 

dispersed elements until a critical film thickness 

is attained. 

ae Rupture of this film. 

The factors most affecting drainage and film rupture, 

and which hence control the speed of coalescence are 

summarised in Table 4,1. 
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The study of the influence of a turbulent flow field 

on the extent of droplet: coalescence has had different 

theoretical approaches. Shinnar (38) attacked the problem 

in a similar way to the theoretical analysis of drop: 

break-up, that is considering a balance between all the 

forces affecting the coalescence process, while Howard (39) 

and Misek (40)) based their theorétical approaches on the 

theory of coagulation of colloid system in order to 

derive expressions of the frequency of coalescence. 

It is apparent that a high turbulence will increase 

the frequency with which drops collide and hence increased 

the probability of coalescence. Shinnar (38) considered 

that two drops are unlikely to coalesce immediately on 

collision, but that they may cohere together and be 

prevented from coalescing by a film of the continuous 

phase liquid trapped between them. He assumed the 

cohesion of the drops to be due to attractive forces. 

The film separating the cohering drops will gradually 

decrease due to diffusion until it collapses and 

coalescence follows. However, during the drainage process 

turbulent velocity fluctuations may communicate sufficient 

energy to the droplet pair to cause re-separation and 

should this occur to every cohering pair the dispersion 

is stabilized against coalescence. The cohesive forces 

are dependent on drop diameter and there is a minimum 

size of drops which can be separated at a given 

intensity of turbulence. The droplet diameter qn for 
in’ 

which the energy due to turbulent velocity fluctuations 
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is equal to the energy of adhesion can be estimated as 

follows. 

Shinnar showed that the force of adhesion between two 

drops having diameters d, and a, is 

T dy a, © 
F(ho) = agaad f  £(h)dh (4.27) 

x ho 

where ho is the minimum distance between two drops, i.e. 

critical film thickness, and f(h) is the force of attraction 

per unit area between two infinite parallel surfaces separa- 

ted by a distance h. The energy of adhesion E, is obtained 

from the above equation as 

ey ood, d 2 E, =f F(h)dh? = ms Sf £(h) dhdh* 
pin Eee 

oO fo} 

a, a Heo =p Aho) (4.28) a, +d, 

where 

128 
A(hh) =3 0S Sf £(h)dhdh- (4.29) 

hy h 

is the energy of adhesion of two drops of unit diameter 

separated by the minimum distance ho: Shinnar assumed 

that the dispersion is a monodisperse system in 

which case 

ES A(h,)d (4.30) 

15:



Furthermore, he assumed the turbulent flow to have 

the properties of homogeneity and local isotropy. Under 

these conditions the kinetic energy of two droplets of 

diameter d in movement relative to each other is given by 

2 

Kinetic Energy = Cyp- (€a) ‘a3 (4.31) 

Le >> d >> 7 

In order to prevent coalescence, the kinetic energy 

(equation 4.31) must be greater than the energy of adhesion 

(equation 4.30). The drop diameter for which separation 

is possible in a given fluid under a specific turbulent 

field flow is given by 

8 2 
73 A 

C1 9€ Sain 
= constant (4.32) 

A(h,) 

No information is given by Shinnar concerning the 

estimation of A(h,) and ho from the properties of the 

dispersion. If (h,/a) is small then A(h,) and h, are 

constant and independent of drop diameter. Also, A(h,) 

is constant for different dispersions of a given system. 

In figure 4.1 the maximum stable drop diameter 

(equation 4.23) as determined by the process of break-up; 

and the minimum stable drop diameter (equation 4.32) as 

determined by the process of coalescence are plotted against 

the energy dissipation per unit mass,€ . The plot reveals 

the existence of a critical agitator speed below which 

coalescence will not occur but above which it may be 

rapid. The value of é at which these equations intersect 
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a 

Figure 4.1 - Turbulence Stabilized Dispersion. 
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depends on the physical properties of the system. The 

existence of a critical value of € has been confirmed 

experimentally. This substantiates the fact that dispersions 

can be prepared in which no breaking or coalescence occurs 

by maintaining € constant. 

The validity of this theory depends upon the existence 

of a force of attraction, the nature of which Shinnar did 

not discuss, strong enough to cause drainage of the film 

separating two drops in a reasonably short time. The 

forces referred to by Shinnar are presumibly the forces of 

molecular attraction, which give rise to the phenomenan 

of aggregation of colloidal-sized particles and interfacial 

tension between immiscible fluids. However, such forces 

are known to be of very short range, and being consider- 

ably attenuated over the thickness of the film of continuous- 

phase liquid separating droplet pairs, would be unlikely 

to provide a cohesive force of any significance in relation 

to other forces to which drops in a turbulent suspension 

are subject. It is therefore unlikely that draimge of the 

film would proceed to any appreciable extent before cohering 

drops are separated and the probability of their ultimate 

coalesence is small. In addition, in the theory proposed 

by Shinnar, no account is taken of the possibility that a 

significant fraction of collision may result in immediate 

coalescence and that the extent of coalescence is a 

function of drop concentration (hold-up) since the number 

of drops colliding per unit time increases with dispersed 

phase hold-up. 
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The theoretical approach adopted by Howarth (39) and, 

independently, by Misek (40) avoids the fundamental 

objections made to the theory of Shinnar. Both authors 

share the same theoretical base, namely the theory of the 

coagulation of spherical colloid-sized particles given by 

Smoluchowski (41). The frequency of collision, arising 

from thermal agitation of a colloid system, per unit 

volume, w for uniform spherical particles is given by co! 

(42) 

a 2 
wo = 4m, ad, D. 

c 
(4. 33) 

turb 

where D. is the coefficient of turbulent diffusion of 
turb 

the particles which cohere when their centres approach to 

a distance a, (collision diameter) apart. This coefficient 

characterised the eddy motion of particles and basically 

the problem of coagulation of colloid particles transported 

by turbulent eddies is then reduced to a diffusion problem. 

It is necessary to express the coefficient of turbulent 

dispersion D in terms of known properties of the flow. 
turb 

Under certain restitive assumption such as, 

(a) Turbulence is homogeneous and isotropic and 

infinite in extent 

(b) The particles are small compared to the smallest 

wavelength present in the turbulence (d <n) 

(c) The turbulence is not affected by the presence of 

the particles 
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(d) Identical particle and fluid densities, 

that the particles follow the direction 

of the turbulent fluctuations. 

Levich (36) gave the following expression 

Peorbe eons 

and since 

  

Yai TSK £Or A s< 4 
r n 

& 
vé 2 

Deurb (3) 2) 
vk 

5 € 2 
Deurb 7 ay) oe 

A <n 

Furthermore, the energy dissipated per 

can be expressed in terms of the fluid flow 

Val te (characteristic velocity of the largest 

in terms of the scale Le (integral scale of 

of large-scale motions. Using equation 

Veo ap approximation ee ‘ada (A=r) 

obtained 

v3 * 
D. = hi) ne 

turb Lev 

Since qe 2A ® 

equation (4.35) into equation (4.33) gives 

80 

which warrant 

and velocity 

(4.34) 

unit mass € 

velocity 

eddies) and 

turbulence) 

(4,19) and the 

the following expression is 

(4.35) 

d (particle diameter) substitution of



  (4.36) 

Strictly speaking, equation 4.36 applies to 

microdisperse systems, such as emulsions and aerosols, 

nevertheless, Misek (43) used it to estimate the drop 

collision frequency by making Le and d equal to column 

diameter and drop diameter respectively. 

Assumingthat equation (4.36) can be approximately 

applied to drop collisions in coarse dispersions, the 

next step is to determine an expression for the fraction of 

collisions resulting in coalescence. For the sake of 

simplicity it can be assumed that every collision leads 

to a combination of the colliding drops. 

In order to determine the effect of coalescence 

frequencies in the drop size the following procedure 

was adopted by several authors (44) (45), First, only 

binary coalescence is accounted for and second the diameter 

of particles combining at each collision corresponds to 

the mean diameter after the preceding collision, as 

shown in figure 4.2. 

The following equations are easily derived from the 

pattern shown in figure 4.2. 

3 S 
[po - oon ay =a + [ro - (M+1) - a]a are 32) 
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Figure 4.2 - Simplified Coalescence Pattern 
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3 
3 2{QgG(M+1))_ = 

a = d 4.38 mt+1 (n= (M41) +1) m+l ( ) 

Substituting equation (4.38) in equation (4.37), the 

following difference equation in d is obtained 

m+1 m m mr, 97 2 (4.39) 

Expanding the expression within the bracket on the right 

hand side and neglecting powers greater than one; 

s ls 1 
Ad, = qa PT a (4.40) 

3n, (1 - —) 
ae 

The frequency of coalescence is introduced now in the 

following manner 

(4.41) 

where t is the time during which coalescence of drops 

occur and Q the relative number of collisions or coalescence 

events. Substituting equation (4.41) in (4.40) 

aa eee ge 
Aon = Sn (Si=ay) ng = Sm STI=9) ) AQ (4.42) 

where AM = 1. This difference equation may be reduced to 

a differential equation by taking the limits and 

considering that since the number of droplets present in 

the system is large, the change of their size may be 

considered as a continuous function of the number of 
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collisions 

d(d,) 
=e 5 SCO) (4.43) 

€=0 Q=0 Ga 2d. 

het Q=0 qo =a 

gives 

in“ =-Fin (1 - Q) (4.44) 
da 

°° 

Expanding the right-hand side of the equation (4.44) 

and neglecting powers greater than 1 

inf zko rk (4.45) 
d 

It is important to note that the initial drop concentration 

No, is considered to be very large, in which case the M 

coalescence events do not affect it significantly and 

it can be considered constant during the integration step. 

Substituting equations (4.36) and (4.41) into 

equation (4.45) and noting that nod is proportional to the 

dispersed phase hold-up, @,, the following relation is 

obtained 

(4.46) 
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It is necessary to express Vie! Le and t in terms of 

the properties of the system, the geometric characteristic 

of the equipment and measurable variables that characterise 

the turbulent flow field. No rules or fundamental 

reasoning exist as to guide the process which hopefully 

will produce general expressions. Practical experience on 

the effect of different operational and geometrical variables 

on the rate and extent of coalescence is the only guideline 

available. Misek (43) verified experimentally equation 

(4.46) in different types of agitated columns adopting 

the following expressions for “ue! Le and t, 

2 0.5 
Vo = eis Te ky & a (4.47) 

° 

D. 
cS t=k, (4.48 

2 “ie 

De nba (4.49) 

Equation (4.47) is the resulting force balance between the 

dynamic pressure and the surface force, responsible for the 

drop break-up process. The validity of the assumption 

represented by equation (4.49) is doubtful in an agitated 

vessel. The size of the largest eddy has been normally 

accepted to be comparable to the disc o¥ impeller diameter. 

The final expressionswhich quantify the effect of 

coalescence on the drop size is given by 

d 
ue a ea eae e (4.50) 
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or 

= 24 -2- (4.50a) 

The presentation highlights the great difficulties 

encountered in the estimation of the extent of interdrop 

coalescence in an agitated dispersion, mainly because very 

little data is available. The difficulty lies in the 

measurement techniques. A non-disturbing technique is 

required to obtain information within the dispersion away 

from solid surfaces. 

The determination of coalescence frequency is a very 

active area of research within droplet phenomena. It 

requires the measurement of the rate of change of physical 

or chemical parameters and a model describing the mixing 

process. Here only one of theseveral coalescence models 

(46) (47) ( 36) presented in the literature was discussed. 

4.1.1.3 Drop Size in Agitated Vessels and Columns 

The above two sections presented the mathematical 

treatments of the phenomena of drop break-up and coalescence 

considering each one separately. In practice both 

phenomena occur simultaneously and the extreme complexity 

of this situation makes it very difficult to obtain a 

theoretical model from which drop sizes can be predicted 

All the available drop size correlations in agitated 

systems are of a semiempirical nature, combining the 

most important parameters of each of the isolated coales- 

cence and break-up models. 
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It was mentioned before that in any real dispersion 

there exists a wide range of drop diameters. In calculating 

an average drop diameter which characterize the dispersions 

attention must be given to the ultimate use of this average. 

Since the final objective is to calculate the total inter- 

facial area, more weight should be given to the small drops. 

This follows from the fact that the specific surface (i.e. 

the surface per unit weight) increases as the particle size 

decreases. The following method has been suggested by 

Dallavalle (49 to correct for this phenomenon. 

Consider the particles to be spheres then, 

a EE 
Ww weight ed 

W Specific surface 

Area of a sphere = 7a 

a 
Weight of a sphere = ea 

where p is the density of theparticle. Let Ye weight 

fraction of particles with diameter di, and specific 

surface Suit Then, 

The average specific surface oe is given by a weighted 

arithmetic mean, 

_ Total area D. oS =f _ = 
Sy Total weight i de owed 

He
 a

}e
e 

os
 

oe 
tee

 

b is B 
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Let a. be the diameter of a fictitious sphere having a 
Ss 

specific surface qual to S.- Then, 

zl 

d ae 2 Bony e Ss 
vs 9s pt y, § ° i a ae wi 

w SoS L aw 4-4 3 

tid 

However, 

yin S Pai 

therefore, 

3 
nid; 

376 

Pai 

a b. ve (4. 50b) 

ol
 

“ 

Be
 

|b
 

NI
 

doa 

Thus to estimate the total surface area of a partic- 

ulate material the average volume-surface diameter ore 

should be used. This diameter is widely known as the 

Sauter mean diameter (d3 or dou) + 

Many studies of drop sizes in stirred tanks, batch 

and continuous, have been made and numerous correlations 

have been produced, many supporting Kolmogoroff's theory. 

This theory, when applied to drop break-up process, was 

shown to produce the following relationship 

= o : de qteridte = Ky Ce (€) (4.23) 

Since it is convenient to know the Sa:uter mean 

diameter, a relationship between this variable and a ax 

is required. Ratios of d30/4_, were reported by Sprow (49), 
ax 
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Van Hauven and Hoevenaar (50) and Brown and Pitt (51),, 

the values being 0.380, 0.5 and 0.675 respectively. No 

correlation has been developed to estimate the ratio 

A30/drax! being a common practice to include this factor 

within the constant kK. 

Successful application of equation 4.23 requires the 

existence of local isotropy and within it a limited range 

of eddy sizes called "the in ertial subrange". The only 

requirement for the existence of this turbulence state is 

values of Reynolds number sufficiently high as to guarantee 

that if there is any anisotropy of the turbulence at all, 

it must be confined to the:larger eddies, comparable in size 

with the integral scale of turbulence Le or larger. 

Rushton et al (52) assumed that for impeller Reynolds 

number Ren > 10.000 the flow field in a stirred vessel may 

be considered locally isotropic. Other authors (53) 

gave a criteria very difficult to evaluate, namely the 

Reynolds number at the level of the micro-scale of 

dissipation re (not equal to Kolmogoroff's n but of the 

same order of magnitude) must be greater than 300 

Wie (Rel, = oe (4.51) 

The criteria put forward by Rushton was experimentally 

confirmed by Nagata (54). Figures 4.3 to 4.7 present the 

experimental measurements done by Nagata et al (54) ona 

baffled vessel equipped with a disc type turbine impeller 

operated at Rey = 6 x 107. Figures 4.3and4.4 show the 
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Figure 4.3 - Contour map of longitudinal intensity of 

turbulence 

Figure 4.4 - Contour map of lateral intensity of 
turbulence 
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distribution of the intensity of turbulence on the longi- 

tudinal and lateral directions (uz and wy respectively). 

They show a very large value (uz) in the vicinity of the 

impeller, decreasing rapidly as the distance from impeller 

increases and approaching a uniform distribution. Within 

the impeller zone uy is twice as large as uy, so the 

discharge flow is in a state of non-isotropic turbulence. 

In a remote part of the impeller, uy and uy have an almost 

equal value, so the turbulence seems to be almost isotropic. 

The longitudinal and lateral energy spectra at several 

heights were also measured by Nagata et al and are presented 

in figure 4.5. As is evident from the figure 4.5 

(a) there is a large difference between EL and Ey at the 

impeller height, i.e. os > uy. 

This anisotropy, as it was observed also in figures 4:3 and4.4, is confined 

to the lower frequency eddies or large eddies, while at 

frequencies above 1000 c.p.s. (smallest eddies) both energy 

spectra can be considered approximately equal indicating 

the existence of a local isotropy. At positions far away 

from the impeller zone both spectra almost overlap each 

other indicating that isotropy exist all over the eddy size 

range. 

The turbulence parameter € included in equation 4.23 

is a local value of the energy dissipated per unit mass. 

Figures 4.6 and 4.7, also presented by Nagata, show that 

there is a distribution of the rate of energy dissipated per 

unit mass as well as the Kolmogoroff's microscale eddy n. 

The location where the energy dissipation is most marked 
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Figure 4.5 - One-dimensional longitudinal and lateral 
energy spectra at several heights in a 
baffled stirred tank 
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Figure 4.7 - Dissipation energy vs impeller speed in 
baffled stirred vessels 
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is in front of the baffles at the impeller height (M). 

There are two other maxima Dy and Do, though the dissipation 

energy was shown to be ¥ +l, of that in M. Cutler (55) 

using the empirical expression 

3 
€ =5 4a. (4.52) 

performed the integration over the impeller stream, and by 

assuming the turbulence outside to be homogeneous he found 

that of the total power consumption calculated as 

Vv 3) 
a) 

° 
5 fa pdv (4.53) 

20% of this input energy was dissipated in the impeller 

itself, about 50% was dissipated in the impeller stream and 

that the remainder, about 30%, was dissipated in other 

parts of the tank. 

Several authors have assumed that the average energy 

dissipation per unit mass €, determined as the total power 

input to the vessel, represented by the following equation 

valid for fully turbulent flow and geometric similarity 

" au 5 
Pe Np-eN DL (4.54) 

divided by the total mass of fluid in the vessel 

Mass a oD, = (4.55) 

could replace the point value. Then when geometrically 

similar equipment is used 

4 a 
Ea (Np)N Dy (4.56) 
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where Np is the power number, substitution in equation 

4.23 gives 

I (4.57) 

This relationships have successfully been used to 

represent the Sauter mean drop diameters for a number of 

liquid-liquid systems for batch operations with low hold- 

up (56,57,58,49,51) 

Recently, McManamey (59) correlated the data presented 

by Brown and Pitt (60), for a batch system using as € the 

power input per unit mass based on the volume swept out by 

the impeller (.0, 7). 

The effect of hold-up Sp (coalescence effect) on 

Sauter mean diameter has been accounted by expressions of 

the form 

a £(@.\udsso” aD Do 32 

(4.58) 
£(@,) = (1 + K.0,) 

or 

c, +c. £(,) = 10 2 aD 

where ch is the Sauter mean diameter for very dilute 

dispersion (equation 4.5}. 

Various investigators reported that drop 

size varies with location, being invariably smallest in the 

vicinity of the impeller and large at the circulation zones 

where coalescence effects predominate. Although this 
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situation can be easily explained with the distribution of 

€ given by Nagata (figure 4.6), the detailed dependence on 

conditions is not yet known. 

Weinstein and Treybal (30) reported that for continuous 

flow vessels the drop size varies with the phase flow. 

They demonstrated that as the dispersed phase residence time 

increases, the drop size distribution approaches that for 
d 

4 : 32 (flow) 
batch operation and also that fhe ratio es (baten) 

larger for larger interfacial tension systems, since the 

is 

time required for the feed stream to attain steady state 

drop size increases. Same behaviour was noticed by 

Coulaloglou (61). No correlation has been developed to 

explicity account for these effects. 

A summary of variaus correlations available in the 

literature for Sauter mean diameters in continuous and 

batch vessels and agitated column is given in Table 4.2. 

Correlations for drop sizes in Scheibel column do not 

exist. 

All the corrélations listed in Table 4.2 were obtained 

with equilibrated binary systems and they can not, in 

principle, be applied in a dispersion system under mass 

transfer conditions. It is well established that the drop 

size is greatly affected by the presence of mass transfer. 

A phenomenon which can be attributed to the effect of 

solute transfer on the rate of coalescence. Many investig- 

ators (62) (63) have found that mass transfer aids coalescence 

when the solute is transferred from the dispersed to the 

continuous phase but hinders coalescence when it is in the 
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opposite direction. It was suggested that promotion of 

coalescence when solute was being transferred from the 

drop is a result of interfacial tension gradients developed 

in the region of the approaching drops. For most pairs of 

immiscible liquids, the addition of a solute, soluble in both 

phases, lowers the interfacial tension. Then when mass 

transfer takes place from the drop the concentration of 

solute in the contact zone between the two approaching 

drops rapidly reaches equilibrium with the drop. This 

results in a decrease in the interfacial tension locally 

which causes the interface in the contact zone to dilate 

drawing with it part of the intervening film which promotes 

coalescence. When the solute is tranferred into the 

drop the situation is reversed and material from the bulk 

continuous phase is drawn towards the contact area, which 

retards film drainage and hence stabilises the drop. 

In a study by Jeffreys and Lawson (4), using a 

ternary system of benzene-acetone-water, it was shown that 

the coalescence times change with the direction of mass 

transfer in accordance with the above theory presented by 

Groothuis and Zuiderweg (63). Similar results were 

reported by Sawistowski (65). 
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4.1.2  Hold-up 

4.1.2.1 Determination 

For the determination of the fractional volume of 

dispersed phase (hold-up, Sp) several methods are available. 

The simplest, oldest and most frequently used technique, 

the diplacement method, consists of closing simultaneously 

all feed and exit lines, after which the fractional volume 

of the dispersed phase collected at the column extreme can 

be measured. This method does not give the true average 

total eS of the extraction section since the liquid in 

the top and bottom parts is included in such measurements. 

Also, when applied to a Scheibel column the results can be 

highly unreliable because the static hold-up trapped in 

the aeaktse could be a significant portion of the total 

column hold-up. 

The technique of obtaining % by determining the average 

density of the dispersion in the extraction section by 

measuring pressure differentials has been used in the past 

in connection with RDC (66) and Kuhni extraction colunns 

(67,68). Results obtained in this way are free of the 

end effects affecting the displacement technique 

but they may not be sufficiently accurate when the 

extraction section is short. Moreover, the additional 

pressure effect due to the turbulent motion of the liquid 

in the column, can not, in general, be totally cancelled 

out and depending on the position of the static hole; can 

bea significant fraction of the total pressure difference. 
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Finally, the sampling technique consists of suddenly 

draining a part of the contents of the extraction section 

and determining the fractional dispersed phase content 

after this sample had settled. It is the only available 

technique when axial and radial variations of hold-up in 

agitated vessels and columns are required (69,1,70). 

Depending of the type of information needed, the sampling 

device can be a probe inserted inside the dispersion (69,1) 

sampling at different points, most commonly used in 

agitated vessels, or side-tubes fitted along the column wall 

and connected to stopcocks. The size of the sample is 

very important; small samples reduce the precision of the 

©, observed and large samples can entrain material from 

undesirable neighbouring zones. Preferemial wetting 

effects and high shear stress at the entrance and along 

the drainage tube must bekept to a minimum. This method 

was adopted during this research and more information 

is presented in section 7.2. 

4.1.2.2 Fundamentals and Correlations 

The theoretical interpretation and correlation of hold-up 

data in extraction colunns start with a series of articles 

published by Pratt and co-workers (19,2) in relation to 

their investigations of liquid-liquid extraction in packed 

columns. Almost all the actually known hold-up correlations 

applicable to packed, spray and mechanically agitated 

extraction columns share the same simplified hydrodynamical 

model put forward by Pratt and collaborators. 
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Gayler, Roberts and Pratt (22) interpreted the 

hydrodynamic data obtained in packed ex traction columns 

using the model defined by the following assumptions: 

1. The whole of the void space not occupied by dispersed 

phase is used for flow of the continuous phase. 

2. The effective density difference resulting from a force 

balance on a drop is given by (ome g) rather than by 

(e.7Pq) 

(4.59) 

(Ore) a= sp im - eg) (1 - 6) c 

3. The droplet diameter is independent of flow rate. 

4, The time of passage of the droplets within a void is 

independent of the continuous phase flow. 

5. The mean resistence to the motion of the droplets 

obeys Stokes’ law (creeping flow). 

Assumptions 2 and 5 were considered reasonable in 

view of the results obtained by Steinour (71) on his 

investigation of the rates of hindered settling of solid 

suspensions. With regard to assumption 3 it seems at first 

that a contradiction exists, since Gayler himself in a 

later publication (72) reported the increase of drop 

size with increasing flow rates. Also an increase in 

flow rates produces an increase in the drag force of the 

continuous phase. Both situations affect the value of the 

droplet relative velocity, + yr defined by equation (4.61) 

and it is expected that it will also influence the magnitude 
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of the mean droplet velocity relative to the packing at 

woe O and low hold-up, Uo: However, since the plot of 

hold-up data presented in figure 3.5 shows that the 

slopes (€v) of thelines are constant and independent of 

the flow rates, it can be concluded that some compensation 

takes place making Vo constant and that assumption 3 is 

reasonable as far as ws analysis and correlation is 

concern. Validity of assumption 4 is a consequence of 

accepting assumption 3 since both are interrelated. 

Based on this model a simple relationship between 

the flow rates ofthe phases and the hold-up of the dispersed 

phase was obtained. Thus, the mean velocity of rise, Ww 

of the droplets relative to the stationary column and 

packing 

D 
ES, (4.60) ve 

is given by the value of the velocity of rise, on. of the 

droplets relative to the moving continuous phase, less 

theactual velocity of the latter 

= Yp Vo w= + (4.61) r $8, * 0 -%) 

Based on assumptions 2 and 5, an expression of the 

relative velocity ve of a droplet of diameter de in 

terms of a modified form of Stokes’ law was presented as 

follows 
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2 
° 

=: gallise ) +g-(pQ7Pg) - (1-8) 
a 6 -F(1-6) (4.62) 

36u, 

where F(1 - %) is a function of hold-up which allows for 

the effect of hindered settling (cluster of drops) of the 

drops, C, is a constant characterizing the resistance of 

the packing and oa the Sauter mean drop diameter at 

zero continuous phase and substantially zero dispersed 

phase flow rates and estimated by equation (2.14). 

Equation 4.62 can be expressed in terms of the mean 

Stokes’ law terminal velocity, Mat of the isolated drops 

as follow 

ve" ih eS) er li= Sp) 

  

UW, =1Cg- (4.63) 

combining equation 4.61 and 4.63 

YD Ve te, + t= &) a ee - S) -F(L =e). (4.64) 

Analysis of hold-up data showed that F(1 - Sp) isa 

constant. Also, an analysis of equation 4.64 shows that 

for Var 10. and Vp + 0, = > Cova. Then CoV, can be 

identified with the mean vertical droplet velocity 

relative to the packing at v2 =o and very low hold-up. 

This::velocity was called the "characteristic velocity", 

Te (see section (3.2.1). Making the substitution in 

equation (4.64) the final expression is 

Vv D c = 2 
S, * Tr =e) “2 %o 11 = 2p) (4.65) 
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Equations (4.64) and (4.65) resulting from semi- 

theoretical considerations, have been the basic correlating 

relations for Hold-up in different types of extraction 

columns. The main difference between the resulting 

correlations lies in the different expressions of the right 

hand side of equation (4.65), because each type of column 

needs specific expressions to calculate the "characteristic 

velocity" and the hindered settling factor. 

For a packed column vy depends on the chemical system 

and packing under consideration. Based on collision theory 

and assuming that viscous drag force is the only important 

force within the void of the packing, a semi-theoretical 

correlation for ws was developed by Garner et al (22) 

y-1-2% [1-23] (4.66) 

where 

Yo 
y= Vv, [2 =sexps (-7.20,)] (4.67) 

and 

Ap % 
x = —Z |o.384_ - 0.92(%) (4.68) 2 a eae P Ba 

where [x - exp (-7.20,)] is the wall effect correlation 

factor applied to Vr [0-384, a aa re ipresents the mean 

distance between collision (Ss) and a, is the characteristic 

packing size. Within this collision model the "character- 

istic velocity" ve is defined by the following equation; 

al
 

aes w= (4.69) oe 

106



where S and = are the mean distance and time respectively 

between collisions. In these expressions the Stokes’ law 

terminal velocity, V. has been substituted by the true Bo 

drop terminal velocity Vie. in order to correct to some 

extent for the acceleration of the drops between collisions, 

which cause the motion to pass outside the Stokes’ law range 

as well as for the neglected wall drag within the voids. 

Values of We are estimated from the plot of Re vs eeoRasy 

which covers the whole of the Stokes’?law, intermediate and 

Newton's law regions. cy is the frictional or drag 

coefficient of a solid sphere moving relative to a fluid 

with a terminal velocity v.- 

Experimental hold-up data for a 12in, 6in and 3 in 

packed column were plotted according to equation (4.65) 

in order to obtain the experimental values of ve (see 

figure 3.5). The final plot of these values using the 

coordinates given by equation (4.67) and (4.68) showed that 

the theoretical line calculated from equation (4.66) 

represents the data reasonably well with a mean error of 

+73. 

It is necessary to point out that equations (4.66) 

to (4.68) are valid only for conditions in which a, % Gp orit 

where Doritr given by equation 3.1, corresponds to a packing with sizes 

of voids equal to the droplet size done Another important 

factor is that the correlation equations (4.66) to @.68) 

cannot be applied with certainty in a system undergoing 

mass transfer since they were obtained under solute-free 

conditions and no information is given concerning the 
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effect of the transfer of an undistributed solute on the 

"characteristic velocity" Vo: 

Equation (4.65) was found to be applicable up to the 

flooding point for a pulsed column (73) rotary annular 

columns (74) and spray columns (75 ). This is based on 

the fact that all these columns, together with the 

packed column, share the characteristic that they can be 

operated up to the floodingpoint with little or no coal- 

escence of the dispersed phase and consequently it is 

expected that the "characteristic velocity" Vo be 

substantially constant for a given column and system. 

A plot of hold-up data for a spray column (75) 

obtained at different flow rates gave a straight line with 

the coordinate system Vp ots Te vs {1 - 4p) demonstra- 

ting the constancy of the characteristic velocity. As 

pointed out above, to predict the hold-up by means of 

equation (4.65) it is necessary to estimate the value of 

the characteristic velocity e for the particular 

system and column. In the case of spray columns it was 

found possible to predict Yo on the basis of the normal 

correlation of the free falling velocity for spheres, 

assuming the size of the droplets produced by different 

nozzles be given by the Hayworth and Treybal's relationship 

(76). 

The first application of equation (4.65) toa 

mechanically agitated extractor (€equal unity) was done 

by Logsdail, Thornton and Pratt (62). Several systems, with and 

without mass transfer, were studied in a 3 inch diameter 
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R.D.C. They found that the characteristic velocity, Vo 

was constant over the entire hold-up regime studied for a 

particular solute-free system, column geometry and agitator 

speed. Under these conditions, they correlated Bs with 

the physical properties of the solute-free system, the 

column geometry and the rotor speed using dimensional 

analysis 

= 23 
wu 0.90 ian 
2S) = 0.012 (42) (2D) By) (4.70) 

p c DIN E i c 
(   

A conclusion arising from the constancy of ws 

was that the mean droplet size was independent of the 

phase flow rates and the dispersed phase hold-up and only 

dependent on rotor speed. Droplet interaction in the R.D.C. 

is not pronounced within the normal range of operating 

characteristics, although deviations would be expected at 

higher flow rates and energy input levels, that is under 

conditions when the extent of drop interaction becomes 

appreciable. Logsdail alsc showed that in those. systems 

with a solute initially present in one of the phases, 

specifically the rafinate dispersed phase, the characteristic 

velocity vy at rotor speed N increased with hold-up, 

implying that'the mean droplet diameter also increased. When 

the mass transfer was in the opposite direction there was 

no noticeable change in the droplet size. No attempt was 

made to correlate Vo under mass transfer conditions. 
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In section 4.1.1.3 it was shown (Table 4.2) 

that several investigators reported variation of mean drop 

size with dispersed phase hold-up for different. systems 

and extractors even in the absence of mass transfer. In 

this situation, if equation (4-65) is applied, the character- 

istic velocity no longer remains constant and independent 

of the flow rates and a factor quantifying the effect of 

coalescence on the former is required. 

Misek (14) investigated the dependence of the hold- 

up of dispersed phase on the flow rates of both phases, on 

the effects of hindered settling and coalescence of droplets 

in an agitated liquid extractor. His theoretical analysis 

was based on the assumption that an agitated extractor 

consists of a series of agitated compartments vertically 

positioned, that the physical properties of both fluids 

remain ‘constant during the flow through the system and 

that neither heat nor mass transfer occur. A population 

balance on a volume element under conditions of no droplet 

collision led to an expression of the relative velocity of 

isolated drop identical to the one proposed by Gayler et al 

Wp Yo go ee (4.61) 
ee Sy 

Misek stated that the relative velocity uy is in the 

case of agitated extractor, not constant, even for a given 

system and intensity of agitation, owing to interactions 

(collision and coalescence) among the droplets at greater 

hold-up. This phenomenon manifests itself in two different 

ways: first the relative velocity of the drops is decreased 
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with increasing concentration of droplets in a similar way 

as the sedimentation of solid particles is hindered by 

collisions among them and second it increases on account of 

drop coalescence due to the increase of the droplets size. 

For the quantitative evaluation of the effect of 

hindered settling, Misek used the equation derived by 

Steinour (76 (77) for the settling of non-aggregating solid 

particles 

10; ‘¢ ae -4 
Vig ust Je p (4.71) 
oe 

where U, is the "characteristic velocity" previously 

named Yo and Vy- and Uog the settling velocity or relative 

velocity of drop under no coalescence in a suspension of 

hold-up ss 4 

The quantification of the effect of coalescence on 

the relative velocity, required first an expression which 

allows to estimate the change of the mean size of the 

droplets with the coalescence frequency. This expression 

has been already presented in Section 4.1.1.2 and the coal- 

escence model, on which it is based, was discussed in detail. 

The equation is 

(4.50a) 
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In order to transform the drop size ratio to a relative 

velocity ratio, Misek assumes that the values of v, and Toe 

are very close, so that the respective velocities may be 

expressed by 

u,* = b.d : tie = bd (4.72) 

ax (4.73) 
oe 

  

Substituting equation (4.73) on (4.50a) the 

expression quantifying the change of relative velocity due 

to coalescence is obtained 

Sone > (4.74) 

The final equation was obtained by Misek after combining 

equations (4.61), (4.71) and (4.74), 

Vv. Vv (2/o-4. 2. 
D c a 4 o D 

é, + Ts) = U5 (1 05) se (4.75) 

The validity of equation (4.75) was claimed by Misek 

to have been experimentally checked in different agitated 

extractors (R.D.C., A.R.D.C. and Oldshue-Rushton columns) 

with different binary systems of immiscible liquids. 
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For calculations of s according to equation (4.75) 

the constants characterizing the extractor and the 

binary system must be known, i.e. the characteristic 

velocity Uge the coalescence coefficient Z and the 

velocity exponent a. Misek proposed the following proced- 

ures 

(a) Characteristic Velocity US 

It is assumed that U, can be considered within 

sufficient accuracy for technical calculations 

equal to the terminal velocity V,, of falling 

rigid spheres. The applicability of this assumption 

was verified approximately by Misek in the range 

of low drop Reynolds number (10 to 60). Values 

of V, or Uo are estimated then from the plot (77) 

Be ee ot ees, (4.76) 
eo. U 

Cc 2 Ve 
c ° 

a 
D3 

where doy is the hydraulic mean drop diameter 

defined by 

2 
— id doy = ae (4.77) 

(b) Coalescence Coefficient 2 

The coefficient Z is calculated from the physical 

properties of the system, and geometry of the column 

according to the following equation 

nee (ost eo. 5\ 5 0rs 
Z= 1.59 x 10* |(s2) (>) (4.78)   

ed 
c co 
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where dg corresponds to the diameter of a single 

spherical drop calculated using the expression 

proposed by Misek and listed in Table 4.2 

(c) Velocity Exponent a 

This factor can be estimated from the relation 

presented in (a) for the Drag Coefficient Cp vs 

Reynolds number plot for rigid spheres 

d Uo 
’ ee = 02020 2 5 3 

Stc&kes Law Region: Re (arop) bere 7 

24 5 = 
en ake Go *Uce caniy 

Intermediate Region 0.3 < Re < 103 
i (drop) 

1855 5 
c. = d. « U a= % 

D (re) 6 ° oe 

4. ae 
Newtons Law Region: Re (arop) > 1000 

Cy = 0.44 Game tee =2 
Do ° © Moe cere 

These values of o represent characteristic values 

of each region. 

In spite of the claims made by Misek of the applica- 

bility of equation 4.75 to any agitated extraction columns, 

the relation is open to criticism, especially in the 

following points; 

1. The theoretical analysis was based on the assumption 

that no mass transfer is occurring. The same limita- 

tions applied to Logsdail's equation (4.70) and Gayler 
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et al equation (4.65). It is known that under mass 

transfer direction continuous? dispersed phase, 

coalescence hindered. The magnitude of the coalescence coeff- 

icient is in this case lower than the value predicted by equation 

4.78 and under some conditions may even approach zero. 

The coalescence model (section 4.1.1.2) from which 

equation (4.78) is derived, is oversimplified by the 

assumption that every collision leads to a combination 

of the colliding drops. 

The rate of drop interaction depends on the dispersed 

phase hold-up as well as on the distribution of 

energy in the agitated compartment. At low hold-up 

coalescence effects were shown (78 to be significant 

even in the discharge region of an impeller type 

agitator. Then it is expected that the coalescence 

correcting coefficient Z includes a factor quantifying 

the level of agitation in the system. 

Only very small drops behave like rigid spheres. 

The terminal velocity can be greater by a factor of 

1.5 than that given by the drag coefficient curve 

for solids in the 10 to 500 Reynolds number range 

because of internal circulation within the drop. 

Correlations of the type given by Hu and Kintner (79) 

or Klee and Treybal (80 ) look at the first sight, 

to be more appropriate to estimate Uy for a wide 

range of physical properties. Also it is expected 

some influence of the level of agitation (N) on the 

value of U, as it was shown by Logsdail et al. 
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The hold-up correlations presented above when 

compared with others reported in the literature can be 

considered as general for a certain type of extractor. 

They have the merit of being based on theoretical 

considerations and proved to be applicable under certain 

conditions. 

Several ether correlations based on dimensional 

analysis (81) or on the relationships presented above 

(82) had been reported to be applicable to R.D.C. and 

Oldshue-Rushton columns. No correlation has yet been 

reported to be suitable to apply in Schiebel column. 

4.1.2.3 Flooding 

The values of the limiting flow velocity of the 

dispersed and continuous phase, widely known as "flooding 

point", are extremely important in extrator design since 

it is the only information required to estimate the extrac- 

tor diameter. This condition of "flooding" is a typical 

hydrodynamic phenomena particulary associated with 

differential contactors. The increase in flow rates has as 

a consequence the approach to a limiting value of hold-up 

and velocity and to limiting conditions under which the 

velocity can no more be increased under preservation of the 

original countercurrent flow. Any increase in flow 

velocity above themaximum leads to one of the following 

situations: 
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(a) The entrainment of the dispersed phase into the 

continuous one (true flooding). Limiting conditions 

of this sort are characteristic in packed and spray 

columns. 

(b) The occurrance of phase inversion, i.e. the dispersed 

phase changes into the continuous phase and vice versa. 

The equilibrium between coalescence and redispersion 

under steady state conditions is disturbed and shifted 

towards the former. This phenomena has been reported 

to occur in R.D.C. and Oldshue-Rushton Columns. 

(c) The formation of a second interphase boundary 

beneath any of the packing sections of a Scheibel 

Column packed with a material preferably wetted by 

the dispersed phase. 

Breckenfeld and Wilke (83) were among the first 

investigators to present a correlation for predicting 

flooding rates in packed columns. They observed that the 

sum of the square roots of the continuous and dispersed 

phase velocities were essentially constant for a given 

packing and liquid system. They developed the following 

correlation, 

£2 apo? 98 -1-98 

0.82 0.32 0.26 
as ie o 

(Vv (4.79) cof 

which was later modified by Crawford and Wilke (84) to 

cover larger Raschi.g rings. The theoretical basis for 

the square root plots of equation (4.79) was provided by 

Dell and Pratt (85) using a simple hydrodynamical model to 

117



represent the flow behaviour of the phases inside the 

packing section. Recently, Watson et al (86) presented 

the correlation 

<j es 5 % 4 (0.844 190 145 qp0-298, -0-084,-0.078) y 
Mi Uc a.f. Gar 

0.2694,0.494, -0.084_0.5 (4.80) 
= 23.8Ap a dp 

which it was claimed to be more reliable in predicting 

flooding rates for new systems since it was based upon more 

extensive data and a wider range of physical properites. 

When the hold-up correlating equation for a particular 

extractor is of a form similar to equation (4.61), the 

limiting values of hold-up and velocities may be calculated 

using a procedure similar to that developed by Thornton 

(75). At the flooding point the flow rates Vp and No 

reach a maximum value. This condition can be introduced 

into the hold-up equation by differentiating which respect 

to 6p treating V, god Vp as dependent variables and 

setting (=e) and Cael equal to zero. 
D D 

Logsdail and co-workers (62) using the above procedure 

obtained the following equations; 

= 0F 2 = Vp.g = 2Vy SH (1 - O) (4.81) 

= —_ 2 _ Vee —~\y (>> Sa) be 2e,) (4.82) 

2 055) 
(Eo + 8h) = 3b 

Le (4.83) 
i 4 (i= U5)



  

They showed that these equations are valid for R.D.C. 

columns under conditions of low or no droplet interaction. 

Misek (13) presented other expressions to predict 

flooding rates, claimed to be applicable for R.D.C., A.R.D.C. 

and Oldshue-Rushton columns. He solved equation (4.75) 

for the maximum and then eliminated the characteristic 

velocity to obtain 

  

2 
£ 

ze - 
Vcbe 1 ae - 26, + (2-4.1) © = 2°) 

2 v 26 le ~ + (2-4.1) @& - Defeat £ £ taney 

An equation related hold-up and phase velocities at 

phase inversion in R.D.C. and Oldshue-Rushton column was 

proposed by Sarkar (87). The hold-up correlation used by 

Longsdail et co-workers was corrected for droplets 

coalescence by empirically assuming that v5 is given by 

= _ n 
Vo = KG 

and taken n = 2. After solving the hold-up correlation 

for the maximum the following expression is given 

ve i Cu ~ @) (3-4 eo) 
SS ee (4.85) 

Vo. yore) 

Sarkar found this expression to be in good agreement 

with the experimental values for aa < 1.0; 
Di 
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All these flooding correlating equations suffer from 

the same short-comings as the respective hold-up correlation 

from which they were analytically derived. Moreover they 

are strictly valid only for monodisperse behaviour of the 

dispersed liquid. The actual dispersion iis of a polydisperse 

nature and flooding sets in gradually, not instantaneously. 

Before noticeable bulk flooding situation is reached in the 

column, already small velocities of the continuous phase 

cause drop entrainment, this factor may become the limiting 

one for the column operation. The practical significance 

of the type of polydispersion in the column hydrodynamic 

is illustrated in Table 4.3 (70). 

  

  

  

TABLE 4.3 

Property of dispersion Normal Log-Normal 

Proportion of smaller drops Lower Higher 

mean mass transfer coeffs Higher because | Lower - more 
more drops: stagnant drops 

are circula- 
ting 

Interfacial area Lower Higher 

Settling rate Higher Lower 

Tendency to flood Higher Lower 
colum         
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4.2 The Overall Mass Transfer Coefficient K 

The overall mass transfer coefficient in terms of 

the dispersed phase can be expressed, according to Whitmans 

two-film theory, as the combination of individual resistance 

to mass transfer of the continuous (ae and dispersed 

(ker) phases as follows; 

a
|
P
 

+ 
*|
8 l Be (4.86) 

Ky 0 Q 

The validity of this simple additivity concept rest upon 

the assumption that there is no resistance to transport 

at the actual interface. 

Several different mechanisms have been proposed to 

describe conditions near the interface between two phases. 

A'brief account of some of the most commonly used models is 

given below. 

The film model was originally proposed by Nernst €8) 

and is the basis of the Whitman's two film theory (89). 

It assumes that turbulence dies near the interface and 

the resistances to mass transfer are confined largely to a 

region quite close to the phase boundary of thickness Yo 

in which transport occurs by molecular diffusion. Using 

the equations for molecular diffusion, the mass transfer 

coefficient is given by 

kel y (4.87) 
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This concept is a gross over-simplification of the real 

hydrodynamic conditions near an interface and specially a 

liquid-liquid interface. Its major pitfall is that it 

fails to predict the power dependence of the mass flux on 

the molecular diffusivity D. The actual dependence is known 

to be between the zero and unit power while the model 

predict unity. Nevertheless, this theory has been quite 

useful in several applications. 

The penetration model of Higbie (90 ), contrary to the 

stationary nature of the transport proposed by the film 

model, considers that mass transfer occurs during the 

repeated brief contacts of the two-phases. It proposed 

that small fluid elements of uniform solute concentration 

are continually being brought into contact with a phase 

boundary, remain there for a short and constant penetration 

time tc and undergo unsteady-state transfer of solute by 

molecuar diffusion, before being swept away to be replaced 

by other fluid elements. Application of the Fick's second 

law 

  
at AB 2 (4.88) 

and a subsequent integration along the contact time tc gives 

the following average flux over tc. 

ie 

vata (C, = €,) (4.89) 
mtc ° 
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Since k is defined by the mass flux per unit concentration 

difference, the time-avenage mass-transfer coefficient is 

given by 

2s k =2 rae (4.90) 
  

A procedur2 to estimate tc is not provided by the theory. 

It was originally applied to a gas-liquid solute transfer. 

Higbie assumed that as a gass bubble rises through a liquid, 

the liquid surface renewal occurs in a time, tc, approxim- 

ately equal to that required for the bubble to rise one 

bubble diameter. Substitution of the expression of tc in 

the equation (4.90) gives the well known Higbie relation 

> sh = 1.13(Re)°*> (sc) 99 (4.91) 

This theory has been widely used and in each application 

the estimation of tc was done according to the problem 

and/or the availability of measured variables which after 

algebraic combinations, produce a characteristic time scale. 

The surface renewal model of Danckwerts @}) is an 

extension of the penetration theory. Danckwerts assumed 

that the times of exposure of fresh elements of liquid 

were not identical as assumed by Higbie, but that the 

probability of replacement of any given liquid element 

was independent of the time for which it had already 

resided at the interface. Then the variables contact time 

may be anything from zero to infinity. The fractional rate 

of renewal, S, of the area exposed to penetration, in 

other words, the rate of replacement of the fluid elements 
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in the surface, is assumed to be constant. Application of 

these concept to the transient diffusion equation render 

the following relations 

  

2 oie 

Ny, = (C, - 6.) Ws -= dt = sc (4.92) 
= A eC o vat Ds 

k = Js (4.93) 

The eddy cell model of Lamont and ( 95 ) Scott 

considers the surface renewal be due to turbulent eddies, 

According to this model the very small scale of turbulence 

in the equilibrium range are considered to be controlling 

the mass transfer process. Lamont's calculation based on 

the eddy cell model gives the following relationship for 

the mass transfer coefficient at a free interface. 

k a (Sc)? _(€v) ® (4.94) 

More details on these and other models are reviewed 

by Sherwood et al (2), Skelland (93), Treybal (7) and 

Scriven (94 ). 

4.2.1 Mass Transfer to and from Single Drops 

The complex interactions presented when extraction 

occurs in agitated vessels has made necessary the study of 

mass transfer to and from single drops in order to gain 

insight into the practical situations. 
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The literature dealing with mass transfer between fluid 

particles and their fluid surroundings is very extensive. 

Since the individual mass transfer coefficients (ky and kg) 

are expected to depend differently on the liquid properties, 

operating conditions and vessel and impeller geometry, most 

of the studies have tried to isolate the resistances to mass 

transfer into an internal and external one, relative to the 

phase interface. The resistance to transfer, whether 

internal or external to the droplet surface, depends upon 

the motions of the fluid particle and the surroundings. 

Widely ranging magnitudes of resistance have been reported 

for drops which behave as rigid spheres (stagnant drops), 

those performing like circulating fluid bodies (circulating 

drops) and those exhibiting a fully oscillating regime 

(oscillating drops). Oscillating drops show a far greater 

rate of transfer than any other type. 

This section will be divided into two main parts. 

viz. mass transfer in the continuous phase and that in 

the dispersed phase. The situation for rigid and non-rigid 

drops will be considered separately. 

42st. Mass Transfer in the Continuous Phase 

(a) Stagnant drop 

A drop can be considered essentially rigid if the 

ratio of dispersed to continuous phase viscosity is 

high, if it is quite small or if drop circulation 

is eliminated by the presence of a surfactant. Under 

this condition, correlations derived for solid spheres 
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have been used. For drop Reynolds number < 4, 

where creeping flow around the drop can be assumed, 

Levich (39 gives the following relation 

k, 4 

D 
1 1 

= 1.0(pey2 = 1.0(Re.Sc)4 (4.95)   (Sh), = 

valid for Pe > ioe. 

An equation widely quoted and used for solid spheres 

at low Re is the one proposed by Ranz and Marshall (96 

which is a modification of the Frossling (97) 

equation 

8 0.33 
{So} (Sh), = 2 + 0.6 (Re) °° ) (4.96) 

c 

Both previous equations require the drop terminal 

velocity ( ) which can be estimated from the Hu and 

Kinter correlation (79). 

Above Re >10 the above equations are not strictly 

applicable, since wake formation at the rear of the 

drop needs to be taken into account. Kinard et al 

( 98 ) proposed the equation 

(Sh). = 2+(Sh)_ + 0.45 (Re) 21s ) 440.0484 (Re): (Ss 4 (4.97) iC n eC Ce ome. 

where the figure 2 is for a stagnant continuous phase, 

(Sh), accounts for the natural convection effect, which 

is important at low fluid velocity and high mass 

transfer rate. The third term is the contribution 

at the front of the drop and the last term is the 

contribution at the rear taking into account the wake 

effect. Since the concentration at the wake is larger 
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(b) 

than in the bulk of the continuous phase at the same 

level and the Ka is an average value over the entire 

surface of the drop, the contribution of mass transfer 

by the wake is therefore not very large. This equation 

can not be applicable in an agitated system since the 

wake phenomena has little significance in turbulent 

flow systems. 

An alternate and widely accepted relation for rigid 

drops with relatively high Reynolds number was 

presented by Garner et al (99) 

0.515 07733: 
) ele (4.98) (Sh) ¢ = 0.6(Re) , 

It is instmective to mention that all the above 

equations are of the boundary layer type. The assumed 

rigid interface of the stagnant drop give rise to 

the formation of a boundary layer which is represented 

by the 1/3 power in the Schmidt number. 

Circulating drops 

For drop Reynolds number in the region 50-200 internal 

drop circulation develops in clean systems with drops 

of intermediate sizes. This circulation, due to the 

drag on the surface of the fluid droplet, increases 

the drop terminal velocity and the continuous phase 

Ko The motion of drop surface should hinder any 

formation of a boundary layer or at least thinned 

and then the power of So should be larger. Under 

this condition it is expected that either Higbie or 

Danckwerts' surface renewal theories should be 

applicable. 
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(c) 

Applying the penetration theory, one may assume 

the contact time be given by the ratio of the drop 

diameter to drop terminal velocity. Substituting 

into equation (4.90) the Higbie relation is obtained. 

OLS 0.5 
(Sh), = 1.13(Re) , (S_) b) 3 (4.91) 

This equation was also obtained by Boussinesq (100 

and Ruckenstein (10) using the velocity distribution 

for potential flow. 

Garner and Tayeban (102 correlated experimental 

data with the proportionality constant lower than 

1.13 because of the existence of the wake 

rs 5 * (Sh) , = 0.6(Re), (See (4.99) 

Oscillating drops 

It was mentioned above that oscillating drops show a 

far greater rate of transfer than any other type and 

a lower terminal velocity than the circulating drops. 

Garner and Tayeban (102 studied the effect that drop 

oscillation had on the continuous phase resistance. 

They proposed the following equation 

0.7 (Sh), = 50 + 8.5 x 10? (Re) .(S (4.100) 
ec 

In the development of a mass transfer model based on 

interfacial stretch and internal droplet mixing 

Rose and Kintner (103 used the equation (4.99) given 

by Garner and Tayeban to predict the outside mass 

transfer coefficient by a drop assumed to oscillate 

from a nearly spherical shape to an oblate ellipsoidal 
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one and back to a spherical shape. 

Angelo et al (104 generalised the penetration theory, 

in an analogous manner as done by Rose and Kintner, 

by considering the stretching or shrinking of the 

phase boundaries with special application to forming 

and oscillating drops. They claimed that their mass 

transfer coefficient equation holds for both phases 

with the same characteristic time and the appropriate 

diffusivity. However, Von Berg and Henkel (157 

reported negative dispersed phase coefficient being 

obtained when the Angelo et al equation was used 

for the continuous phase coefficients. 

4.2.1.2 Mass Transfer in the Dispersed Phase 

(a) Stagnant drops 

Mass transfer inside a completely stagnant drop: 

can be expected to follow the equations derived 

by Newman (109 for molecular transient diffusion for 

spheres 

Goes 4 2 pt 
Be eee aes oes CADE =) (4.101) 

- w n=ln d 

where Ee. is the ratio of the accomplished to total 

possible drop concentration change during time t. 

A mass balance across the surface of the spherical 

drop can be integrated along the rising or falling 

time t assuming the interface concentration constant 

to give the following relation between the time 
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(b) 

average Ky and Eg 

vague 1 
Hp > Gee" “eee! 

then 

d 
kp = Ge fn (4.102) 

  

Vermeulen (106 suggested an empirical approximation 

to equation (4.102) by taking only the first term of 

the series and neglecting the coefficient 6 fan 

4n-Dt 3 
= oe s & = = ky = > ee oP Gy =" exo { a: iD (4.103)   

Circulating drops 

As a result of circulations and oscillations the 

mixing inside the drop can be by laminar and by 

turbulent circulation. 

For the regime of laminar circulation, the generally 

accepted relation is that drived by Kronig and Brink 

(107), based on the Hadamard-Rybezynki (108,109) internal 

circulation flow patterns, 

640. De 
HN 2 ote 2 2 n 

Kp = aE an i A exp a | (4.104) 

t
o
m
 

8 

n 
n=1 

Equation (4.104 is restricted to regimes for which 

Re § 1 and can be applied for the case when resistance to 

mass transfer in the continuous phase is zero. 
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Calderbank and Korchinski (11) used a correction 

factor of the molecular diffusivity D to account 

for the increase in mass transfer due to the 

circulation of the drop. The effective diffusivity 

was considered to be equal to (2.25J) and used in 

the Vermeulen equation (4.103) to give 

- An? (2.259) t 2 
kp = Gem [2 - (2 - exp JS) (4.105) 

For drops with turbulent motion, Handles and Baron 

(ll) proposed a dispersed phase mechanism consisting 

of circular and concentric stream lines with mixing 

in between. Their equation derived for no resistance 

in the continuous phase is 

Ve = 0.00375 —=$—— (4.106) 
D 

(ie ae 
oD 

This model was claimed to be applicable also to 

oscillating drops. However, photographic studies of 

oscillating drops revealed that no ordered circulation 

patterns exist due to the strong-oscillation which 

cause complete mixing of the fluid inside the drop. 

Therefore, this correlation is not reliable due to a 

rather unconvincing physical basis. 
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(c) Oscillating drops 

Two of the most important models available for the 

analysis of oscillating drops are the Rose-Kintner 

(103) model and the surface stretch model of Angelo 

et al (104). 

Rose and Kintner proposed a model of an interfacial 

stretch with intermal mixing applied to an oscillating 

drop. They assumed that all the resistance to 

transfer (both in the continuous and dispersed phases) 

lie in a thin film near the interface which varies in 

thickness during the oscillation period. In order 

to estimate the drop intemal mass transfer coefficient 

they assumed also that the interface would be 

renewed during each drop oscillation. Hence, two 

interface concepts are assumed to be applicable, 

the stagnant film model and the penetration or 

surface renewal model. The last one was used to 

obtain an expression of the dispersed phase mass 

transfer coefficient using as the penetration time 

the time of one oscillation. Hence, 

Kg = 0.45 Dow (4.107) 

where w is the frequency of oscillation given by 

2 _ 9b n(n+1) (n-1) (n+2) 
3 {(n+1) pptne, 

(3) 

  (4.108) 

l
a
s
 

in which the empirical amplitude coefficient b is 

estimated by 

sz 

 



0-225 

De= ae2400 (4.109) 

the radius of the drop , as a function of the 

amplitude apr is given by 

d d ; GC) p+ ap sin ae (4.110) 

and n, the mode of oscillation is 

n= 2 200°< Re-< 250 

n= 3 Re >250 

The continuous phase mass transfer-coefficient k,, 

was calculated by Rose and Kintner using the Garner and 

Tayeban equation (4.99) which is based on penetration 

theory with a penetration time equal to the time required 

for the drop to rise or fall one drop diameter. 

The calculated fractional extraction based on this 

model presented an average deviation of approximately 15% 

with respect to the experimental values. In spite of 

the many drawbacks observed in this model (104)(112) it 

has a more appealing physical basis and is more reliable 

than that of Handles and Baron. 

The Angelo et al (104 model is also based on the 

surface stretch and complete mixing concepts outlined above. 

However, only penetration theory is considered and the mass 

transfer coefficient relation, developed by correcting 

the basic equation (4-90) for the surface stretch effect, 

is assumed to be applicable to both sides of the interface. 

When the model is applied in the analysis cf large 

oscillating drops the following expression of a time average 
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k, is obtained 

aye ke /4 Dw ( ae +3, € 4) (4a) 

based on an assumed surface-time relation 

D 

  

S =S, (1 + €' sin*wt) (4.112) 

where el, the dimensionless amplitude of the surface stretch 

is calculated from the values of the maximum and minimum 

surface area per cycle. 

Based on the assumption mentioned above that the 

coefficients at both sides of the interface differ only 

in the value of the appropriate diffusivity, the overall 

dispersed phase mass transfer coefficient is given by 

(4.113) 

  

It should be mentioned that the above expressions 

are correct only for an integral number of complete 

oscillations and they will predict low values for a 

fractional number. 

Although the Angelo et al model includes a convective 

term reSulting from the surface-stretching or shrinkage 

motion, it predicts extraction efficiencies which are in 

close agreement with the ones obtained using the Rose and 

Kintner model. Then, as far as the application of these 

models to oscillating drops, both models can be considered 

of equivalent reliability. 
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Recently, Al-Hassan (12) studied large oscillating 

drops under high mass transfer rate. The data for the 

system toluene-acetone-water were empirically correlated 

by 

& 2.692 _ 1.672 Ky = 4.3 €t Ey ‘Sw (4.114) 

where Ey is the Eotvos number 

ga a 
a, Ree oe (4.115) 

Both Rose and Kinter and Angelo et al equations have 

the real disadvantage that they require a knowledge of the 

physical motionof the drop. Experience in this area 

indicates that the oscillations can not always be readily 

observed and measured, especially in agitated vessels with 

a high drop population. 

4.2.2 Mass Transfer and Interfacial Phenomena 

The widely used equation (4.86) employs the assumption 

that the phases are in equilibrium at the interface, i.e. 

that there is no diffusional resistance at the phase 

boundary. However, significant interfacial resistance is 

encountered when a surface-active agent is present in the 

system due to its tendency to concentrate at the interface. 

Furthermore, the transfer of solute, especially at high 

concentration, sometimes causes interfacial turbulence 

which substantially increases the rate of mass transfer 

between the phases. This last is equivalent to a negative 
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interfacial resistance. 

The interfacial phenomena resulting from local 

changes in interfacial tension may manifest itself in a 

variety of ways, i.e. rippling of the interface, eruptions 

and cellular convection. Sawistowski (65) classified all 

the different types of disturbances in two main categories 

(a) interfacial convection of ordered type 

(Marangoni instabilities) 

(b) disordered interfacial convection 

(transient disturbance) 

Mathematical analysis of mass transfer induced 

surface tension driven instabilities (Marangoni instabil- 

ities) was first done by Sternling and Scriven (113). The 

phenomena was studied as a problem of hydrodynamic stability 

with diffusion and interfacial movement playing a major 

part. Linearized stability theory was applied to determine 

the conditions for the onset of instability and the nature 

of the dominant disturbance. The analysis explained the 

experimental well known situation that some systems may 

be stable with solute transfer in one direction yet unstable 

with transfer in the opposite direction. A complete review 

of the phenomena is given by Sawistowski (65) and 

Sherwood et al (92 ). 
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4.2.3 Mass Transfer in a Turbulent Dispersion 

Derivations of the equations which predict single 

drop mass transfer coefficients normally make the following 

restrictive assumptions. 

(a) 

(b) 

(c) 

(da) 

(e) 

(£) 

local mass transfer coefficient averaged over the 

total time of contact of the drop with the continuous 

phase 

no circulatory motion (interfacial turbulence) in the 

interfacial region 

constant physical properties 

uniform continuous phase composition 

no mass transfer resistance in the continuous phase 

when Kp is studied 

long contact times, as in Newton and Kronig and Brink 

analysis of kp or short contact time when penetration 

theory is applied. 

In agitated vessels and extraction columns, the 

dispersion, or drop swarm, passes through a continuous 

phase which changes in composition and does offer a 

resistance to mass transfer. 

A drop size distribution exists which gives rise to 

two complicating factors 

(a) 

(b) 

a distribution of drop contact time 

different drop behaviour (stagnant, circulating, 
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oscillating) within the same dispersion. 

In agitated dispersions the flow pattern of the continuous 

phase affects the contact time of the drop according to 

their sizes. Small drops have larger contact time than 

the calculated from the expression of terminal velocity in 

a quiescent environment (hindered settling), since they 

tried to follow the turbulent motion. Drop interaction 

effects the repeated coalescence and redispersion of the 

dispersed phase, can be important depending on the extrac- 

tor geometry and chemical system. Coalescence of drops 

in swarms causes an \increase in osci llations and a 

decrease in surface area. These factors counteract each 

other with respect to mass transfer. 

Most of the available empirical correlations of mass 

transfer coefficient in extractors or agitated vessels deals 

with the resistance in the continuous phase, ko: Treybal (7) 

has recommended use of the relation of Barker (114) for 

baffled vessels using flat blade turbines. 

0.833 5 . oO. eee = O05 2 (Rey), (Se) , (4.116) 

where Rey is the impeller Reynolds number. The validity 

of this relation is highly questionable since it was 

obtained from the study of solution of crystalline solids 

in various liquids batchwise. The application of equa- 

tion @.116 to liquid-liquid dispersions will certainly 

under estimate the continuous phase mass transfer coefficient 

since the surface of a liquid drop is mobile. Nevertheless, 

equation (4.116) was used by Treytal in the analysis of 
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the data presented by Karr and Scheibel in relation with 

their study of an isolated Scheibel column mixing section. 

Schindler and Treybal (115) reported that i for 

the continuous flow contact of ethylacetate and water 

in an agitated vessel, ethylacetate dispersed, were 

substantially larger than might be expected from considera- 

tion of the data obtained from solid particles in agitated 

liquids. They measured the continuous phase resistance 

by using the Colburn and Welsh technique. The enhancement 

of the mass transfer coefficients was attributed to 

coalescence and redispersion of the drops of ethylacetate 

as they were thrown radially from the impeller and 

circulated to the top and bottom of the vessel, eventually 

around again to the impeller. For baffled vessels they 

correlated the data by the equation 

g 0.5 

ky = Ky ESS OA &) (4.117) 
ic 

where Ke was estimated from the data for suspended solid 

particles of the same size as the drops (116) and OF 

represents the time between coalescence and redispersion. 

The latter was empirically estimated from observation of 

the change in mean drop size from the level in the vessel 

just opposite the impeller to that at the top and bottom 

2 3 +4 )/2-4 2,7 a if 32, 32,B ; 32,M - Cale 
c a30 Mm et 
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The circulation time toi was estimated for the baffled 

vessels from the work of Holmes (117. 

Years later, Mok and Treybal (118), using the same 

equipment as Schindler et al, intended to verify the 

validity of equation (4.117) which was based on the data 

of only one liquid-liquid system. They used the same 

Colburn and Welsh technique applied to paraldehyde saturated 

with water as the dispersed phase with water continuous. 

The results of their investigation are summarized: 

(a) the coalescence frequency were substantially lower 

than those observed with ethylacetate-water of 

Schlinder (115) 

(b) the coalescence frequency remains essentially constant 

with variation of ss (0.1% <> 10%) 

(c) terminal velocity» measured in a long glass cylinder 

indicated that surface active contaminants were 

probably not present 

(d) average drop diameter increase with hold-up 

(e) all the kc's were larger (13% to 61%) than the 

comparable suspended solids 

(f£) Ke increase with increasing agitator speed and 

decrease with increasing hold-up. 

The low coalescing rate (point b) of the paraldehyde- 

water system was explained in base of the small density 

difference between the phases. The drops are more likely 
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to follow closely the fluid motion and retain their relative 

distances, thus offering less opportunity for collision, 

than with the larger density difference of ethylacetate- 

water. Hopefully one may use the argument above to 

explain also the results given in point (b). 

An explanation to the increase in kg, over that 

expected for solids, in terms of circulation within the 

drops was found to be unsound. The analysis was made 

using the correlation of Hughmark(119) for single drops, 

which estimates the ratio of ky for circulating and rigid 

spheres if the particle slip or relative velocity can be 

estimated. It was concluded that circulation was small 

for the small drops (0.1<~» 2.5mm diameter) encounted in 

the experiments. Finally, the situation was left without 

a convincing explanation. 

The decrease of ky with increased hold-up and drop 

diameter, at constant coalescence frequency parallels the 

observation made by Harriot that the mass transfer coefficient 

decreases with increased sus2ended solid particle diameter. 

An overall conclusion from the work of Mok and Treybal 

is that much more data have to be analysed before the 

mechanism of coalescence-redispersion expressed by equation 

(4.117) and (4.118) can be accepted. One can speculate 

that the overall behaviour of k, > kg and Ky decreasing 

with increasing 6, and azo, may be explained by a combina- 

tion of surface-drop mobility and a decreasing turbulence 

intensity with increasing drop population and drop diameter 

instead of putting all the weight on interdrop coalescence 
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and redispersion. 

A combination of the theory of local isotropic turbulence 

and conventional mass-transfer correlations has been used by 

Calderbank and Moo-Young (120). The Kolmogoroff theory was 

used to give information on the turbulence intensity in the 

small volume around the drop. The turbulence statistical 

parameter describing the variation in fluctuating velocity 

over a distance comparable to the drop diameter d, Bag (4) 

On Bin ‘9) was previously defined by equation (4.12). A 

square root of Baa or BL. is a scaler function of d with 
n 

the dimensions of a velocity and it may be used in place 

of the velocity of the particle in correlations of mass 

transfer rates. According to equation (4.19), valid for 

the inertial subrange of the local isotropy domain, the 

relation 

  

\ 1 1 Bag = =céa® =c@i a% (4.119) 
2 

Ww (a) 

give the following Reynolds number for local isotropy, 

  4 2 
an ae a45 4 wy) 4 
a ree Coa (4.120) Re = u u % 

c c 

If the usual functional relationship between the Sherwood , 

Schmidt and Reynolds numbers for mass transfer is assumed, 

the following relation is obtained; 

1 
kod ce . feo. (P/V) % ae ve 

a(—= (4.121) Do Pod ut 
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Mass transfer data for mixing vessels were correlated 

according to equation (4.121) to give 

1 

(ey) wu, 4 % 
Ky = 0.13 eames at 

Hes 

ee) 
Pa ere 

  (4.122) 

Equation (4.122) originally obtained by Calderbank and Moo- 

Young for gas-liquid system, has been recommended by Misek 

(3 for R.D.C. Equation (4.122) can be put in the form 

of impeller Reynolds Number to yield 

3 yy, k_D : ‘ : a 
7 023) & (Re,), 4 (Se) 4 laa ) (4.123)   

Tank Volume 

where Np is the Power Number 

Keey and Glen (121) studied the continuous-phase mass 

transfer coefficient for the system iso-octane-‘o -nitrophenol 

(solute) /water in continuously operated baffled vessel 

agitated with various sizes of six-blade paddles. 

An expression was derived on the assumption that the 

drops are surrounded by a turbulent boundary layer (36) ) 

within it the turbulence is gradually damping in the vicinity 

of the interface-- (122), as follows 

kD 
Crag t. L375 0.5 
es =c (Rey), (Sc) , a) ° 

(4.124) 

Their experimental data, obtained at hold-up values of 

around 5%, were correlated by the equation 
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1.36 =O. 58 036 
(Rez) Do Dy = 3988 (Ao 25)) = 8.92 x 10 4 

  

104 < Rey < 107 

Recently, Skelland and Lee (123) presented a mass 

transfer coefficient correlation based on penetration 

theory with Kolmogoroff's time scale. The penetration 

time t, of the Higbie equation (4.90) was assumed to be 

equal to the Kolmogoroff's time scale 

5 
= (2 4.12 bac lz) ( 6) 

Combining equation (4.90), (4.126) and the expression for 

energy per unit mass for a fully baffled agitated vessel, 

the following expression was obtained assuming vessel 

diameter Dor equal vessel height H, 

(4.127) 

  

Influence of the hold-up on ko was suspected and later 

confirmed when the data from batch operation of an agitated 

vessel were correlated by the equation 

nw
 a D, 0.548 1.370 

= 2.932(10°7) -@, 9,208 (2) (Re,) (4.128) 
YND c 

Cc 

The significant difference between the exponents on any 

given variable of equation (4.128), (4.127) and (4.125) 

suggest that these data are not well correlated with 

expressions derived from penetration theory with Kolmogoroff's 

time scale and from turbulent boundary layer theory. 
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Dispersed phase mass transfer coefficient, Kp, in an 

agitated and turbulent swarms of drops has been much more 

difficult to analyse and correlate within a theoretical 

framework. While k, seems to be possible to analyse with 

the turbulence theory, and derived hydrodynamic concepts, 

the interpretation of kg based on turbulence parameters is 

extremely difficult. For example, an initially rigid 

single drop may be transformed into a non-rigid drop 

during its passage through the turbulent environment owing 

to a gain of an amount of energy transmitted from the 

turbulent eddies of the continuous phase. This situation 

is complicated by the fact that the dispersed phase consists 

of a distribution of drops spanning different hydrodynamic 

regimes and each drop will be affected differently by the 

continuous phase turbulent motion. The situation becomes 

even worse when the phenomena. of interdrop coalesence- 

redispersion and interfacial turbulence are added. 

Under the circumstances that no reliable correlations 

for Ky and Kg exist, the different relationships applicable 

to single drops in a quiescent environment are the only 

available solution. This approach has the advantage 

that in the design of an agitated column or vessel one 

takes the conservative basis since the mass transfer coeff- 

icients predicted from single drop correlations are usually 

lower than values obtained in agitated systems. 
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4.3 The Driving Force - AC 

4.3.1 Measurement of the Concentration Profiles 
  

A very important requirement in understanding and 

modelling the operation of a liquid-liquid extraction 

column is a knowledge of the composition of each phase 

throughout the length of the column. 

Geankoplis and Hixson (124) were the first to obtain 

continuous phase concentration profiles in a spray column 

by withdrawing samples at various positions using a hook 

shaped sampling probe at the end of a tube which was 

inserted from the top of the column. Slow sampling rates 

were necessary in order to avoid disturbances in the 

extraction process as well as entrainment of the dispersed 

phase and the large hold-up in the tube must have introduced 

errors. 

The use of hypodermic needles for the sampling of the 

cohtinuous phase was pioneered by Gier and Hougen (125) in 

their studies of both packed and spray columns. For the 

first time they obtained samples of the dispersed phase by 

use of a series of downward-facing funnel-shaped samplers. 

A fast rate of dispersed phase withdrawal was considered 

necessary in order to avoid a significant amount of solute 

transfer when the drops were being coalesced and collected 

inside the funnel. This resulted in a significant amount 

of the continuous phase being entrained. Entrainment 

was reported to occur occasionally in the continuous phase 

samples. The measured dispersed phase concentration 
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had to be corrected due to entrainment in order to obtain 

the true column concentration. 

Cavers and Ewanchynq (126) combined the sampling 

technique of Gier (125) and Geonkoplis (124) in their 

study of spray columns. The used a hook-shaped probe to 

obtain continuous phase samples and a funnel-shaped probe 

for the dispersed phase samples, each being attached to 

the end of a tube inserted from the top of the column. 

While clean continuous phase samples were obtained with 

the hook-shaped probe, it was not possible to obtain 

uncontaminated dispersed phase samples with the funnel- 

shaped probe. 

Smoot and Babb (127) were among the first to use 

samplers made from materials preferentially wetted by the 

phase to be sampled. They sampled both phases in a 

pulsed column using hypodermic needles. Stainless steel 

needl‘es, preferentially wetted by water, were used to 

sample the aqueous continuous phase above each sieve 

plate. The organic dispersed phase was sampled below 

each sieve plate using needles with flared polyethylene 

sleeve pointing downwards. Essentially, the same tech- 

nique was used by Souhrada et al (128) on a vibrating 

plate extractor. 

The work done by Chiu (129) and Honekamp @,2) are very 

important to this research, since both workers investigated 

the behaviour of a York -Scheibel column. Chiu studied 

the steady state and transient behaviour of the column by 
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comparing a perfect-mixed-cell model with the experimental 

concentration profiles. Samples of each phase were 

obtained by use of a copper cup soldered onto the tip of 

a stainless steel hypodermic needle. Samples were 

removed from the column by withdrawing the liquid into 2.0cc 

syringes. The aqueous continuous phase was withdrawn 

when the cup was concave upward and the MIBK dispersed 

phase when the cup was concave downward. No failures 

were reported and the significant amount of scattering 

in some of the profiles was attributed to errors incurred 

in the chemical analysis of the samples, and to the fluct- 

uations of the composition in the column resulting from 

the adjustment of the effluent stream at the bottom to 

maintain the interface. 

Honekamp (@,2|) determined the amount of extraction 

that tok place in the York mesh packing of a 4 stage 

Scheibel column by using a sampling technique to obtain 

point concentration of both phases inside the packing at 

the extremes of the packing sections. The principle of 

using an organophilic sampler for the organic phase and 

a hydrophilic sampler for the aqueous phase was again 

applied. For the aqueous continuous phase, an 18-gauge 

stainless steel hypodermic needle was used. For the 

MIBK dispersed phase a 12-gauge stainless steel hypodermic 

needle packed with -28+48 mesh granulated aluminium 

coated with polyethylene was used. The external surface 

of the packed needle was also coated with polyethylene. 

Samples were collected at very low flow rates (0.5 cc per 

minute) and in some cases contamination was unavoidable 
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and two-phase samples were withdrawn from the column. 

The concentration profiles were stagewise, showing a 

large concentration change across the packing and a small 

concentration change across the mixing chamber due to 

the axial mixing. 

A completely different approach to sampling was 

presented by Treybal (130). He withdrew a two-phase sample 

from the column, allowed equilibrium to be reached and 

then measured the volumes of the collected phases and 

their equilibrium concentrations. The simultaneous 

solution of the sample solute balance equation and the 

operating line equation gives the composition of each 

phase within the column. At the time this article was 

published (1955), the effects of axial dispersion or back- 

mixing on the concentration profiles were not fully 

recognised and the assumption adopted by Treybal of plug 

flow in the column to obtain the equation of the operating 

line seem justifiable. 

Bibaud and Treybal 62) used the single two-phase 

sampling technique to determine the concentration profiles 

in an Oldshue-Rus hton column. The determination of the 

operating line was done by the method proposed by Rod (131) 

which takesinto account the axial mixing of the phases. 

This method requires the knowledge of the overall mass 

transfer coefficient, the mass transfer specific inter- 

facial area and the eddy axial diffusivity of each 

phase and the location of the operating line had to be 

done by a trial and error procedure when axial mixing 
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was present in both phases. It is clear that the amount 

and type of information needed to locate the true operating 

line makes the single two-phase sampling technique of 

very little value. 

The double two-phase sampling technique was first 

mentioned by Honekamp (2) and thoroughly investigated by 

Pollok and Johnson (132). It consisted in simultaneous 

withdrawal of two two-phase samples from essentially the 

same locations in the column. The samples are allowed to 

equilibrate and the final concentrations, :as well as phase 

volumes, were measured. Providing that the ratio of the 

volumes of the two phases are not equal, the concentration 

of each phase in the column could be determined by solving 

a pair of simultaneous material balance equations, one 

equation written for each two-phase sample. The reported 

(132) experimental results were poor and inconclusive. 

This problem was attributed to errors in the volume measure- 

ments, especially when samples were small, difficulties 

in achieving a complete phase separation in the collector 

and obtaining representative samples. 

From this review of sampling techniques it can be 

concluded that: 

1. Two-phase sampling techniques, either single or 

double, are subject to large experimental error and 

especially the first require information that in 

general is the final objective of a research programme; 
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2. The most suitable technique, single-phase sampling, 

was in general tested in relatively caim regions of 

extraction columns (with the possible exception of 

Souhrada (128) for a high frequency of vibration), 

and no work has been reported of such techniques 

being successfully applied to highly agitated mixing 

compartments. 

A novel single phase sampling technique suitable to 

operate in agitated vessels has been designed by the 

author (133)and detailed presentation of this technique is 

given in section 7.3 

4.3.2 Axial Mixing and Mathematical Models 

4.3.2.1 Axial Mixing Concept 

It has been common practice in the past to design 

extraction columns or to interpret experimental results 

by assuming perfect countercurrent plug-flow for both 

phases. Since Newman's work (134)it is nowadays completely 

accepted that considerable nonidealities or deviations from 

plug-flow exists in the column flow patterns which 

cause appreciable reduction in the departure from equil- 

ibrium, the driving force (Ac) and hence, of column 

performance. All phenomena that lead to a deviation from 

plug-flow conditions, distribution of residence times in the 

phases, are known collectively as "axial mixing" or 

“longitudinal mixing". The effect on the driving force 

and the concentration profiles is illustrated in figure 4.8 

where it is observed a sudden concentration change at each 
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Figure 4.8 - Effect of Axial Mixing on Concentration 
Profiles in the Column 
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inlet and a zero concentration stope at each outlet. The 

mean potential is much less for curves B than for the 

piston flow case, illustrated by curves A. 

The overall observed effect of longitudinal mixing in 

liquid-liquid extraction columns are the combined result of 

several phenomena which will vary according to the type 

of contactor and the flow conditions within it. Longitudinal 

mixing in the continuous liquid phase may be considered 

to be the sum of two effects, the first of which is a true 

turbulent and molecular diffusion in the axial direction 

characterized either by an eddy diffusivity or a back mixing 

coefficient. This may be manifested by vertical circulation 

currents, or mixing in the eddies from the wakes of the 

dispersed drops, entrainment of the continuous phase by 

the drops or forced back mixing action due to turbulence 

in the column. The second effect is a spreading effect 

that is specific in the forward direction. This may be 

caused by non-uniform velocity across the cross section of 

the column or a channelling phenomenon or a Taylor type of 

diffusion. This effect predominates over the eddy diffusion 

in columns operated under non or very small degrees of 

agitation. Although turbulent effects and drops entrain- 

ment may be important for the dispersed phase, an exceedingly 

dominating contribution to the total axial mixing of this 

phase is the one caused by the distribution of residence 

times in the drop swarm, which results from the distribution 

of the drop sizes and the distribution in rising velocities 

for the drops. This phenomena is commonly known as "forward 

mixing". 
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The determination of the total axial mixing in the 

column can be done in different ways: 

(a) from the concentration profiles 

(b) by "stimulus-response" technique 

Evaluation of the total axial mixing from solute concentration 

profiles requires the withdrawal of a sufficient number of 

samples along the extraction column length during steady 

state mass transfer. The longitudinal mixing can then be 

evaluated by comparing the experimental concentration profiles 

kt ee ---\. with theoretical values computed from an 

appropriate non-ideal flow model. Often it is not possible 

to take internal samples and only the overall performance 

is available. In this case, the longitudinal mixing is 

found by the "stimulus-response" technique. This technique 

uses the injection of tracers into the system during steady 

state operation and the experiments take two main forms 

according to whether a steady state or a transient injection 

of traces is used. In the steady state variation, a steady 

and continuous stream of tracer is injected into the column 

and the steady state concentration profile of the tracer is 

measured in the column upstream of the point of injection. 

This technique measures only those flow mechanisms that are 

actually capable of causing physical backflow of material 

(true physical backmixing). The dynamic method, the truly 

simultaneous-response technique, imposes a varying tracer 

concentration at the inlet stream and observes the correspond- 

ing response at the exit stream of the system, as in the 
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standard determinations of residence time distributions 

in flow systems. Input concentration disturbances may 

take any form but the most used are the impulse, pulse, 

step, ramp, parabolic and sinusoidal. This method measures 

the overall non-ideal flow behaviour, that is the total 

axial mixing. The break-through curves obtained in the two 

types of tracer analysis (steady and transient) can be 

compared with the form of the curves calculated according 

to the appropriate flow model. From this comparison, it 

should then be possible to quantify the axial mixing, 

according to the value of the particular parameter in the 

flow model which gives the best fit to the experimental 

and theoretical curves. More details about these techniques 

are given in the Wen and Fan (135) monograph. 

4.3.2.2 Mathematical Models 

A description of mass transfer can be made in equip- 

ment in which axial mixing of phases occurs by a diffusion 

model (136, 10,9) differential contact equipment and the so- 

called cell models with backflow (138,139) for stagewise equip- 

ment. Thuss- 

4.3.2.2.1 Diffusion Model 

In this model, the also called "axial dispersion model" 

or the "dispersed plug-flow model", the various contributions 

causing deviations from plug flow are all assumed to follow 

on eddy diffusion relationship, analogous in form to Ficks 

law for molecular diffusion, but in which the dispersion 
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is characterised by a constant value of an eddy diffusion 

coefficient, appropriate to the given conditions. 

The formulation of the model, with a graphical 

description given by Figure 4.9, is based on the following 

assumptions; 

1. The dispersed phase can be considered as a second 

continuous phase. 

2. Deviation of plug flow may be characterised for the 

whole equipment by a constant axial eddy diffusivity, E. 

3. Mean velocity and concentration of each phase are 

constant across the column diameter. 

4. Solvents are immiscible. 

5. Volume rates of solvert and feed raffinate does not 

change with height. 

6. The volumetric overall mass transfer coefficient Ka 

or Kye are constant throughout the column. 

7. There is a smooth variation in concentration profiles. 

8. The streams coming into the column haw tniform concen- 

tration and zero axial mixing. 

Material balances on each phase over the differential 

volume of height 85 gives 
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Figure 4.9 - Diffusion Model 
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For a linear equilibrium relationship 

k= + ce my, q 

the following dimensionless variables can be defined 
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(4.129) 

(4.130) 

(4.131) 

(4.132) 

(4.133) 

(4.134) 

(4.135) 

(4.136) 

Substitution of equations (4.134) @.135) and @.136) 

on equations @.131) and @.132) gives 
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ax = - =e (Pe), azo (No), (Pe), (X =" Y) (4.137) 
dz 

ay (Pe) a - (No) | (Pe), F(X - Y) 4.138 
nee y dZ x y (4.138) 

where 

VL 

(Pe), = Raffinate Peclet Number = aa 
sc 

VL 
(Pe)y = Solvent Peclet Number = = 

¥ 

K aL 

(No) , = Raffinate Number of Transfer Unit = —; 
x 

< xm 

V. 
ai 

F = Extraction factor = 

The necessary boundary conditions to solve the above 

system of equations are obtained as follows. Consider 

a very small boundary region at the x-phase entrance (z = 0) 

such thatthe amount of mass transfer between the phases can 

be neglected. 
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A material balance on the raffinate x-phase gives 

| :0 dc, 
Wy Cat Sav. Cae ceca (ae) + 

or (4.139) 

id. = ¢,,°) = = ex ee 
xi xi Vie dz Pat 

where equation (4.139) quantifies the x-phase concentra- 

tion Jemp at the column inlet. In terms of the dimensionless 

variables defined above, equation (4.139) takes the form 

ax aed fr ° ae = (eyes au x; ) (4,140) 
z=0" 

A material balance on the y-phase gives 

6 dc. 

vy Cy = Vy Coe eee de (4.141) 

or in dimensionless form 

L ay ° —— (=) = Yy_-y (4.142) 
(Pe), az s=Or O° 6 

; I day 
Since el, 2 (oy az In

 

O and eee 2 0, the only conditions 

that satisfy equation (4.142 is 

° d SB) 420 YS =Y (4.143) ° ° 
z=0 

A similar analysis at the top of the column gives the 

rest of the boundary conditions 

160



ax ° 
Ge =O; a (4.144) 
da =1- ° ° 

ayy. = se ° (aa ge 1g, (Pe), (4.145) 

where sae is the y-phase inlet concentration jump. 

In summary, the mathematical formulation of the model 

is 

TE (pe), SE = (Wo) (Pe) (X-¥) 
az 

@Y 4. (pe) & = - (no), (Pe) FK-Y) 
az y az x y 

Boundary conditions: 

(Pe) (1-x, 

day 
(yh ae ee i 
az eel a y 

The system of second order differential equations 

(4.137) and @.138) is solved by using matrix algebra with 

the differential operation to give 
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k= A, tA 3 + Ao -e ie Ay e (4.146) 

ye Ay tA a, 2st A3a3 e + Agays e (4.147) 

where Nae i = 2,3,4 are the roots of the characteristic 

equation 

a3 = ((Pe,) - a.)x2 - (No,Pe, + Pe Pe. + No Pe F)A 
< Y x xX Zoey ey 

(4.148) 
=) No,Pe,Pe, (1-F) =O 

and ar i = 2,3,4 are calculated by 

Ay Aye 

eat aaa oe (4.149) 
i No,  No,Pe, 

The coefficient Al rAg 1A, and Ay are determined by 

substituting equation (4-146) and (4.147) into the four 

boundary conditions. The resulting four linaar algebraic 

equations are expressed in maxtrix form by 

1 (1-A,/Pe,.) (1-A,/Pe,,) (1-A4/Pe,,) Al 1 

° apr» asi, aghy Ao fe ° 

1 (HPe)ae? (lA *3) (an Mal ae 22/Pey ay ( 3(Pey) ase (i+ 4/Pey) a,e A3 ° 

Z a3 4 
O rAze Ae Aye Ay 0 

(4.150) 
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A computer program to solve equations (4.146), (4.147), 

(4.148), (4-149) and (4-150) has been written and is given 

in Appendix 3- The program generates X- and Y- profiles 

from Z = 0* to Z = 1 for different values of the 

parameters Noy, Pe, and Ec? 

Analytical solutions for various special cases, each 

involving at least one less degree of freedom than in the 

above general case, were summarised by Miyauchi and 

Vermeulen (\9. Approximate analytical solution 040, (141) 

suitable for quick manual calculation has also been published. 

These approximations are useful for design purposes since 

they can be made explicit in L (length of the extracton). 

Until this point we have been concerned only with 

linear model, that is the rate process is linear with respect 

to concentration (straight equilibrium line). Only under 

this condition and with the assumptions listed above, 

analytical solutions can be found. 

For situations of non-linear rate process (curve 

equilibrium line), solutions must be obtained numerically. 

Numerical solutions of the diffusional model generally begin 

with the substitution of standard finite-difference approx- 

imations for the differential terms. Rod (lit) presented a 

graphical method to be applied with the distribution diggram 

which permits solution of the difference equations. The 

technique is straightforward when axial mixing is present 

only in one phase, but for the general case of axial 

mixing in both phases, a trial and error approach based on 

the method of boundary-value iteration, is required. 
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Mecklenburgh and Hartland (142) have found that this end 

to end approach can be very difficult or impossible to 

converge and they suggested that the set of difference 

equations be solved simultaneously by Newton-Raphson 

methods or other high order convergence scheme, or more 

conveniently to formulate the problem in terms of the cell- 

backflow model. 

4.3.2.2.2 Cell-Backflow Model 

This model is closely related to the one used by 

Sherwood (143 and Colburn (144 to describe mass transfer 

in absorption towers and distillation columns with entrain- 

ment. The basic"perfect mixed cells in series with back- 

flow" model has been introduced by Sleicher (138) in his 

studies of the entrainment and its effect on the extraction 

efficiency of Mixer-Settlers. The analytical solutions of 

the general and special cases of the linear version of this 

model is well presented by Misek and Rod (145). 

Two formulations of the non-linear case exist, that 

of Prochaska and Landau (46) and that of Miyauchi and 

Vermeulen (147). Both approaches write the same material 

balance equations of each stage of a N-cell or stage 

cascade for rafinate and solvent phase separately obtaining 

a set of 2N non-linear equations, but different kinetic 

expressions are used in each model. Prochazka et al. 

characterized the kinetic of the process using the 

concept of stage efficiency while Miyauchi et al. adopted 

the standard overall mass transfer coefficient approach. 

The former does not require a previous knowledge or 
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assumption of the flow behaviour inside each cell; on the 

contrary, the second assumes a perfect mixing situation 

in both phases in each stage. Axial variation in backflow 

parameters, distribution coefficient and stage efficiency 

or mass transfer coefficient can be readily introduced 

in the model accordingwith the available degree of freedom 

of the system under study. 

A graphical representation of the N-cell backflow 

model is shown in Figure4.10 and a detailed derivation of 

the Prochazka version, adopted in this research, is given 

below. 
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Figure 4.10 - n-cells in series with backflow model 
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For the case of immiscible solvents, the material 

balance on the solute for the eo stage can be written as 

(Tr) ee Meet | Sen Ye ee = 

(Ltr) 41) Xo ar xa + 

(14% _1)Y, + UV (A, 15d) 

where @ = 

Bi
la
 

Defining an average stage inlet concentration as, 

(14+rk) x) + Tye % 41% TN eaeie = : 

%-) = (142,44, 44) 4 Mc Ue) 

and 

L _ (1+4,) y. ve 

Yel = Ost. (4.153) 
k k-1 

then after substitution of equation (4.151) 

L de 
(ltr, try 44) % x, * (142, +2) Yea = (Ltr try yy) OX, + 

GES ea (4.154) 

Defining 

sees. a(1l+ry,+ry 41) 

k > (+R) (4.155) 

then 

¥y: ve k kil! 3 
7 pe He (41156) 
ek 
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A stage efficiency corresponding to the kth stage, 

Ter is defined as 

al ih 
— Bice _ YR Yk+1 (4.157) 

n = ere ROL AN Se : Ky xt ae, k,y Pe 
k-1 *k Yq TY 41 

where x,* and ye are equilibrium concentrations that satisfy 

the following material balance 

1 Lh (+r, + Kear) Xe + (142, + £y oY = 

(ltr 4) + T)%,*a + (1+ 2, + by) ¥y* (4.158) 

This last material balance equation can be expressed in 

the form 

H 

Wee Ye ee 
1 ate S 

Rica oer 

It can be shown that for the stage efficiency defined 

above 

"x = "ey 

To complete the formulation of the model a general 

equilibrium relationship is given by 

Y= Dex + GC. (4.160) 

and the boundary conditions established by the following 

equalities 

Ci eetadl ome CRESS (4.161)



Equations (4.156), (4.157), (4.159) and (4.160) plus 

the boundary conditions equation (4.161) constituted the 

mathematical formulation of the stagewise model. Algebraic 

manipulation of these four equations leads to the following 

set of linear algebraic equations 

(Ltr) X40 tite. Veen (ltr, ay Ty 41) = 

Wee ee eng) Vic tier ee i Vici © (4.162) 

i 
(2+ (1-n,) 821 

(1=n,) (L+ry) x = a 

k 

(1tr,+ Leap) %& + 

Deak) 
Vice Ue vices i 

D, (148) ) 

(4.163) 

Ste ancl) Gy 
T 

Dy, (1+8)) 

where ey is a modified extraction factor defined as 

a (ltr, a2 Ty 41) 
he 

* Dells ) yc (TF E thy 

Equations (4.1€2) and (4.163) define the state of the system 

from stage 2 to (n-1) inclusive. The first and last stage 

have different expressions due to the boundary conditions; 
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First Stage: 

ax, — a(ltr)x) - (1+2;)y) + argx> + (1+2,;)¥yp =O (4.164) 

G+(a-n,) 877 ny (1x9) 
(1-ny) x5 = See bea) Xy) + aie es 

(1487) Dy (1+87) 

ny (14x) 
CS) =o (4.165) ep eee 1 1 

D, (1+8)) 

n-Stage (last): 

(el? tenet yna1 7 OE) a ey, t Ya =O 

(4.166) 
Ey Hula) ar] : 

(1+n,) (14r,) x7 - aR oe ee + 
(1+87) 

n 

ny (1tr,) n, (ltr) 

pret) “®  p caeety) oP 
n n n n 

Equation (4.162), (4.164), (4.166) (material balance 

equations) and equations (4.163), (4.165), (4.167) (kinetic 

relations) describe the whole system and they can be written 

in mastrix form as; 

fe a = [ c | (4.168) 

Hexadiagonal coefficient matrix (2n)x(2n+2) 

T 

> 1 

(XQ ¢Xq Vy eXgrVgree + Xyr¥n Vy ay) 

a
 * 

f
a
e
 

u 

concentration vector (2n+2) 

o
t
 

aQ
 

e
e
 

W vector (2n) of the right hand sides of the 

kinetic relations 
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The elements of the coefficient matrix [a] 

are generated according to the following procedure, 

Even rows generated by Equation (4.162): 

i = 2k ee 2, ee, a nol, 

a4 4-2 = a (1+r,) 

ay icd = PkH2 
aia = va (ltr, x ry41) 

Seis be ice) 

e142 > “Tee 

Sie ey tie! 

Odd rows generated by Equation (4.163: 

i = 2k-1, k= 2, Bieta n-1 

» tl (1=nj) (141) i,i-1 

ein a 
ai 

. var (+r, + ry) ([1+(1-n,) By) 

ert (ate) 

a =n, (ltr, + 3, ) /D, (1+e2) i,it+2 Kk k k+1//°k k 

Sins a ok) Then 

Elements generated by the first stage Equations (4.164), 

(4.165) are, 

Even elements: 

i = 2k; k=l 

51! =a 

aoo = -a(1+r5) 

Boa) get) 

ee) 

ao5 = (1+h)) 

t71



Odd elements: 

i = 2k-1; k=l 

1195 ‘25ny) 

— Giedeay eid 
Be ees 

ae a 

D, (1487) 

aya = (isn), 

Elements generated by the last stage equations (4.166) and 

(4.167) are, 

Even elements: 

aio ie a(ltr,) 

ee en) 
a = -a(ltr,) 

ay isl =-(14L77 3) 

oe 
Odd elements: 

i= 2k=1; ken 

54-1 = (1+n,) (+x) 

enue ry 
£ “ _ 7 +ryy C14 -n9) 85 J 

tpi (148) 

43142 = Gawutsny 7 Dy, (1+8) 
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The elements of the [ce ] vector are generated 

as; 

Even elements = 0 

Odd elements: 

i = 2k-1, k=1, veo th 

cL = G. eT Mi deo Sic 

The matrix equation (4.168) allows the calculation 

of the stagewise conéentration profile if the rafinate and 

extract back mixing parameters (xy7 %) and the efficiencies 

are known. On the other hand, when experimental concentra- 

tion profiles are available the model parameters can be 

estimated from the same equation by a data fitting procedure 

(148) (149. It is necessary to mention that the degree of 

freedom of the model limits the number of parameters to be 

evaluated to 2n according to the following analysis; 

total number of unknown parameter: 

n > Nk 

  

on-2 

total number of equations = 2n 

n=2 W Degree of freedom 

Then (n-2) independent equations or constraints must be 

introduced in the model in order to make the problem just 

determined. Several ways are open to specify the (n-2) 
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equations: 

ie Independent measurement of the back mixing parameters 

dy or xy, i.e., tracer analysis. 

Use mean values of r, and 2, for every two consecutive 
k 

stage and calculate them by material balance. 

Based on experience and some known behaviour of the 

column under studied, assume equal value of the 

parameters for a specific number of stage. This 

procedure divides the column in a number of segments. 

The possibility of segmentation of the column is an 

attractive feature of the above version of the cell model. 

End effects, excluding back mixing of the phases ( mass 

transfer during drop formation, long end sections or 

settling zones) can be associated with the two end 

stages and isolated from the main column. This procedure 

is mathematically valid only when the column contains a 

number of stages greater than the minimum obtained by an 

analysis of the degree of freedom similar to the above 

presented. 
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CHAPTER V 

MODEL PARAMETERS ESTIMATION TECHNIQUES 
 



MODEL PARAMETERS ESTIMATION TECHNIQUES 

5.1 Diffusion Model 

In this Chapter several techniques for the estimation 

of’ the parameters of the models discussed in Chapter 4 

are studied. Their validity and reliability are assessed by 

applying theoretical profiles to the experimental profiles 

obtained during thepreliminary experimentation. 

5.1.1 Sensitivity Analysis 

Before presenting the different techniques for para- 

meter estimation to the Diffusion Model, it is convenient 

to present the results of several test performed to assess 

the sensitivity of the concentration profiles X (Equation 

4.137) or Y (Equations 4.138) to changes in the parameters 

(No), (Pe), and (Pe) y- 

A computer program was written to calculate the partial 

derivatives (numerical differentiation using forward 

difference) of X or Y at different step sizes and levels 

of the parameters, using as subroutine to generate the 

concentration profiles, the program listed in Appendix 3. 

Table 5.1 presents the results of the analysis Y-profiles 

for a step size of h = 0.001, being the derivatives 

evaluated at Z = 0.5 (middle of column). 
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Table 5.1- 

E 

0.794 

0.794 

0.794 

1.405 

1. 405 

1.405 

0.9552 

0.9552 

0.9552 

Sensitivity Analysis Diffusion Model 

  

3.2h 5.50 4.40 1.78x102 -7.23x10° 8.67x10 4 

3.21 0.50 25.00 1.27x102 -2.27x1I02 1.59x10 4 

3.21 25.00 0.50 2.98x102 -2.0lxl0? -2.15x10 2 

4.47 2.70 9.00 1.58x102 4.03x1l04 2.15x10 2 

4.47 0,50 25.00 1.20x102 9.55x10° 1.71x1l0 4 

4.47 25.00 0.50 1.87x102 1.99x104 -5.53x10 > 

4:88 7,70. 3.701) “5,34xl01* —=4:20n1o > «1. Bextor? 

1.88 0.50 25.00 4.70x102 -2.16xlo* 2.21x104 

1.88 25.00 0.50 6.47x102 -2.89x104 -8.gx10 2 
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Estimation of the errors due to discretization 

and rounding off were not done. Instead, different 

derivative estimates were obtained using step sizes 0O.Ol, 

0.001 and 0.0001 and their magnitude were compared, 

revealing that h = 0.001 gave derivative values of 

sufficient accuracy for the purpose of a sensitivity 

analysis. 

The following conclusions can be withdrawn from 

the results listed in Table 5.1. 

1. For all cases, the concentration profile is very 

sensitive to changes in (No), and less sensitive, 

approximately one degree lower, to (Pe), and (Pe), - 

2. For values of (Pe), and (Pe), within the same order 

of magnitude, the profile is more sensitive to the 

Peclet Number of the phase in which the concentration 

profile is under study. This means that Y-profile 

is more sensitive to (Pe), than to (Pe), and 

vice versa for the X-profile. 

3. For any phase, if the corresponding axial mixing 

coefficient decreases (Pec’lt Number increases) the 

profile becomes less sensitive and vice versa. 

4. For any Peclet Number above 30 the sensitivity is so 

low that it is better to assume plug flow in the phase 

(Pe = 9% and use a 2-parameter model. 
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From the above conclusion it can be said that in a 

curve fitting or optimization process using the diffusion 

model the (No). can be estimated more accurately than the 

two Pedet Numbers. 

5.1.2 Parameter Estimation - Mecklenburgh and Harfand 
  

Algorithm 

Mecklenburgh and Hartland (142) present an algorithm 

(AlgorithmlO.21) to evaluate the differential profile of 

a caunter-current solvent extraction with straight equil- 

ibrium line. 

The method requires an accurate value of the true 

Number of Transfer Unit (No) , which is calculated by the 

following equation 

ge eo 

CO (5.1) 
i (Cl-C,*) dz 

ot 

To solve equation (5.1) it is necessary to have concen- 

tration data at points very close to the column ends in 

order to perform an extrapolation and obtain reliable 

values for the concentration jumps (end effects) which are 

needed for the solution of the integral. According to the 

model boundary conditions the limits of the above integral 

a = 
should be Z2=0 andZ=1 (column ends inside the 

column) . 
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The algorithm does not take into account the whole 

concentration profile; it only requires a central value 

(Cx or Cy at Z = 0.5) to start the iteration,the first 

root, Aor of the characteristic equation (4.148) and the 

Peclet Number of the x-phase are approximately estimated. 

The values of the other two roots of the characteristic 

equation and (Pe), can now be estimated and from these 

better values of Ao and (Pe). obtained. The iteration 

continues until convergence of (Pe), and (Pe), is 

achieved. 

In order to assess the validity of the algorithm 

several theoretical profiles were studied using a 

computer program designed to process the algorithm. 

The choice of which profile tostudy, was made based on 

the results of the sensitivity analysis regarding 

Peclet numbers. One of the conclusions of the analysis 

was that the larger the value of (Pe), the lower the 

sensitivity and less reliable is its estimate. Then, 

theoretical profiles with Peclet Number ratio in the 

range 0.1 - 8 were studied and the results are as follows: 

  

x- Theoretical Profiles Estimated Values 

a (No) e (Pe) fe (Pe) y (Pe) = (Pe), 

0.955 2,00 60.00 8.00 43.00 7.00 

O.955 2.00 45.00 10.00 34.00 8.65 

0.955 4.00 40.00 6.00 30.60 6.67 

1.405 2.00 40.00 10.00 40.20 10.10 

1.405 6.00 50.00 10.00 68.90 9.80 

1.405 10.00 60.00 8.00 57.00 8.00 
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Overall, it can be said that the estimation is good 

and the table corroborates the conclusion of the sensitivity 

analysis regarding the expected accuracy in the estimated 

values of large Peclet Numbers. 

The experimental aoncentration profiles obtained 

during the preliminary experimentation were then analysed. 

The procedure to estimate the true (No), is given in Section 

5.1.4. For all the profiles the algorithm did not converge 

and the programme stopped due to numerical overflow or 

underflow of the Peclet Numbers. 

It seems that the algorithm cannot converge when 

there are large experimental errors in the profiles. 

Moreover, the estimation of the true (No) , for each of the 

experimental concentration profiles could not be done 

accurately since no data points close to the column ends 

were available and the algorithm itself did not improve 

the values of (No) ,- Another reason for the failure of 

the algorithm is simply that the diffusion model may not 

be the most suitable one to represent the behaviour of the 

column. 

5.1.3 Parameter Estimation - Rod's Graphical Techniques 

V. Rod had published two graphical techniques to 

evaluate concentration profiles based on the diffusion 

model. Both techniques can be applied to the cawof a 

non-linear equilibrium relationship. 
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Technique 1 (131) 

The diffusion model is approximated by a finite 

difference model and the difference equations are solved 

graphically on a distribution diagram. The technique 

is basically a boundary iteration marching solution method. 

The three parameters need to be guessed initially and a 

suitable height increment AZ selected. The trial and 

error procedure in the parameter estimation terminates 

when the calculated length of the column matches the 

real length. 

The properties of a marching solution method has 

been extensively discussed by Mecklenburgh and Hartland 

(142). They show that when backmixing exists in both 

phases, marching is mathematically unstable in both 

directionsand its application is strongly discouraged. 

On the other hand, if backmixing is absent in one of the 

phases, the difference equations are stable if matching 

is started from the exit of the phases with non-zero 

backmix. 

To assume that the experimental concentration profiles 

obtained during the preliminary exerimentation have no 

longitudinal mixing in the dispersed phase, is highly 

questionable. The fact that the true backflow or entrainment 

did not exist in the dispersed phase is not sufficient 

to consider plug flow of the phase. Based on the above, 

the technique was considered impractical and it was not 

applied. 
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Technique 2 (158 

This technique yses a- completely different approach. 

The evaluation of the concentration profiles is performed 

by graphical integration of the expressions for the 

Number of Transfer Units and the Peclet Numbers derived 

from the basic differential backmixing equations as 

follows: 

ee 
(Pe)y = = (5.2) 

r (x*-c,)az 
° 

Co ce 
SS (5.3) 

sr (y-xtyaz 
° 

Coasc bal xLLaexO. 
(NO) ° “ae ae (5.4) 

fee ae 

where 

a &x gee nN =) ae E>) 
x 

dc. ue ey yey YA cy ae F yz ) (5.6) 

cy = Concentration jump in the raffinate phase 

Ca = Concentration jump in the extract phase 
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The technique suffers from the same drawback of 

the Mecklenburgh-Hartland's algorithm, the concentration 

jump at the ends need to be known by means of 

extrapolation of the cy and C,-profiles. Nevertheless, 

it seems more reliable in estimationg (Pe), and (Pe), 

since errors in the concentration profile tend to be smoothed in 

the graphical integration step and the sensitivity of 

the solution to inaccurate concentration values will be 

reduced. 

This technique can be used to provide the initial 

parameter estimates needed in a more complex curve fitting 

technique. 

5.1.4 Parameter Estimation - Miyauchi and Vermeulen Technique 
  

The method proposed by Miyauchi and Vermeulen (9) 

has been used in this research and the results of its applic- 

ation to experimental concentration profiles are given in 

Chapter 8. 

The technique is iterative and requires an initial 

estimated value of the "true" Number of Transfer Unit 

and the concentration jumps in both phases. 

A set of variables called jump ratios are defined. 

Using the dimensionless concentration X and Y defined 

in Chapter 4, these ratio are as follows: 

O 
1 Xp 

Ro (S27) SUE E Xe 
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(5.8) 

The reason for defining these new variables is that 

they are much less sensitive to variation in the (N.T.U.), 

than the corresponding concentration jumps Xo and ate 

and they can be considered constant for the whole iteration. 

The procedure consists in constructing a complete 

grid of theoretical jump ratios using the initial value 

of the (N.T.U.). Then locate in the grid the experim- 

ental (Rly Ry) point as shown in Figure 5.1. Approximate 

values of (Pe), and (Pe)y are then read by interpolation. 

This completes the first cycle of iteration. Using a set 

of empirical equations based on the estimated (Pe), and 

(Pe) ys a new and better estimate of (No). is obtained 

leading to a second grid jump ratio plot which in turn 

gives better values of the Peclet Numbers. It was claimed 

by the authors:that convergence is attained with a few 

cycles. 

Three different definitions of the Overall Number 

of Transfer Unit (N.T.U.) has been commonly used in the 

analyses of longitudinal mixing in continuous columns. 

They are "true" (N.T.U-)o, (No), or (No) 1 the "measured" (N.T.U.) 

" 0 nye 1 (No) say or Wo) 4 and the "plug flow" or "piston flow’ (N.T.U.) 0, (No) or 

(lo) yp 

(a) The "true" (N.T.U.) as originally defined by Chilton 

and Colburn (159) is given by the following equation 
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K,-a.L 
(No) ,. Se (57:9) 

x 

When the diffusion model is used to interpret the column 

experimental data, an expression for the number of "true" 

overall transfer units (No) , can be obtained in terms of 

the x-phase concentrations. The differential mass balance 

equation (4.31) 

  ote Vie soa a Ka (C-C,*) (4.131) 

can be written in the following form 

a eo dc. Ka 
az a a CS Sa (c,. “5G, *) (5.10) 

x x 

or 

e, dc 
ee ee ee 

Oe dz cy) Ka 
Sa Fe dz (5040) 

(Cl-C.*) aS 

Integrating the above expression, assuming Vy constant 

  

gives 

xO 

of ge Cc.) 
We daz x Kab 

ae (5.12) 
—c * ° (Cc, Cy. ) x 

xi 

then 
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< dc, 

aT ag cx) 
(No) a= en (5.13) 

ce (cy-C,*) 
xi 

A more useful expression is obtained if the hypothetical 

concentration xt defined by Equation (5.5) is used with 

  

the dimensionless column height Z. Substituting xl 

a ox Cee 
Ry = | Ce oy C5).5)) 

x Vy Z 

and 

#= 2.L (4.136) 

in Equation (5.10) gives 

—K au 
ial x ke 

dx” = Vy (C=C, #).dz (5.14) 

The boundary conditions given by Equation (4.139) and 

Equation (4.144) lead to 

iS dc. 
at Sy AS gee AO agree Dn ee = 

Be OF Cee Sei 8 = Or aye “az ae Ox 
x ° 

e dc 
a a x x 

Reece ro = “xe | yee az + BEKO 

Integrating Equation (5.14) assuming V,, constant 

  

Ce ac K aL xi xo Tec he 
wa ve = (No) , (5.215) 

{ (Cy-Cx*) dz 

Z=0" 
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The solution of the above integral can be obtained by 

fitting.1a polynomial to the (Cy=Crs) vs Z experimental 

curve » which is then integrated analytically. This approach 

has been used in the analysis of the experimental data 

obtained during this research (see Section 8.3.2.2.1). 

(b) The "measured" (N.T.U.) 0, (No) sy proposed by 

Geankoplis and Hixson (124) and Gier and Hougen (125) 

uses the real or correct driving force but omits the 

e, dc 
transport term = Aan of Equation (5.13). 

x 

Pei dc, 
Ne = a a (No). J (ee) (5.16) 

ee ae 

(c) The "plug flow" or "piston flow" (N.T.U.) oy (No) Lp 

applies to the ideal situation of ex = 0 in which 

case 

xi 

(No) = Se ae x,P c,? ie (5.17) 

xO 

where the superscript P means the hypothetical 

concentration for the x- and y- phases that would 

be found in the column if both phases flowed through 

it in piston type flow. The integration of Equation 5.17 

gives the well-known Colburn equation (7) which in 

terms of the dimensionless concentration defined in 

Section (4.3.2.2.1) has the form 
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a! 
l, . (1-F) + F| 

ears 

  (No). p = (5.18) 

Comparing Equations (5.13) and (5.17) it is seen 

that (No), differs from (No) Jp in that it includes the 

effect of changes in the driving force (cusce*) and in 
2 ac 
— the transport term v az: 

x 

5.1.5 Optimisation Technique 

As it was mentioned in Section 5.1.4, the 

Miyauchi and Vermeulen technique was used in this 

research only for the purpose of obtaining the initial 

values of the parameters needed in a curved fitting or 

optimization method. 

The fitting of the parameters (No). (Pe), and (Pe), 

to the experimental profile involve, the optimization of a 

non-linear function in the above parameters. The:problem 

is to compute those estimates of theparameters which will 

minimize the following objective function. 

m m 2 
i (rey = £ R, (8) (5.19) 

= i=l 

subject to the constrains a < [8] < b 

where 
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¥, = value of Yy predicted by E(Y;) = £(K,6) for the 

ith observation 

Y, = experimental value of the dependent variable for 

the ith observation 

R, = residual for the ith observation 

m = number of experimental points 

n = number of parameters to be estimated 

{g] = vector of parameters 

a,b= lower and upper limit of the parameters 

Non-linear techniques are iterative in nature, i.e. 

starting values are guessed and upgraded by the algorithm 

until a convergence criterion is satisfied. The method 

adopted in this research was the Marquardt algorithm (160). 

The Marquardt algoritimhas been chosen because it 

combines the best features of the Gauss-Newton and Steepest 

Descent methods, and avoides their most serious limitations. 

The algorithm shares with the gradient methods (Steepest 

Descent) their ability to converge from an initial 

guess which may be outside the region of convergence of 

other methods. The algorithm shares with the Taylor 

series methods (Gauss-Newton) the ability to close in on 

the converged value rapidly when the vicinity of the 

converged value has been reached. The algorittmmodifies 

the Gauss-Newton normal equation by adding a scalar 

factor X to give the following matrix equation 

[ots + atls = - a7 (5.20) 
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where 

we 

J = Jacobian matrix m xn, Tix = 7B, 

dX = scalar, when equal zero the technique reduces 

to Gauss-Newton, when approaching +# the 

technique is identical to Steepest Descent 

I = identify matrix m xn 

6 = correction or direction vector, n xl, (6-8*) 

R = residual vector, mx 1, (Y¥,-¥4) 
1 

Thus in the Marquardt procedure, the initial values of }) 

are large and will decrease towards zero as the optimum 

is approached. 

This algorithm was chosen as the most appropriate 

based on the fact that convergence can be achieved with a 

relatively poor starting guess of the model parameters 

as is the case in this work, especially with the two 

flow parameters. 

The Marquardt algorithm is available in the NAG 

Routines Library for ICL 1904 computers as Subroutine 

EO4GAF. The initial optimization exercises were done 

using the above subroutine but it was soon noticed that a 

better control and monitoring of the computation was 

required and modifications of the subroutine were needed. 

As is discussed further in section 5.1.5.1, this 

situation necessitated discarding the above subroutine 

in favour of a more easily programmed routine. 
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The strategy adopted in this study as well as in the 

stagewise model optimization exercise, was to study first 

a theoretical profile in order to check the applicability 

of the regression algorithm to the model under study, its 

accuracy, different formulation of the problem and the 

ability to converge to the right answer from different 

starting points. 

Three different formulations of the optimization 

problem are possible according to the type of function 

£(K,B) chosen: 

Objective Function Formulation 1: Optimization based on 

the extract phase concentration profile 

Ao2 AZ 42 
a sf A383 e +A e Y= £ (K,,8) = A, tA,a 474 Plage 

Objective Function Formulation 2: Optimization based on 

the rafinate phase concentration profile 

e Agz gz AgZ 
X= £5 (K2,8) = A) tAz2 + A3e +R 4S 

Objective Function Formulation 3: Optimzation based on 

an overall behaviour of the column represented by the 

difference in concentration profiles of both phases 

ie Age 32 
H-¥ ="E5(Ky,F))= aoe (1-a,) $ A,e  (1-a,) + 

A32 
Age (1-ay) 
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Any one of the above formulations can be used since 

all will lead to the same optimum when theoretical 

profiles are fitted. On the contrary, when experimental 

profiles are studied, each formulation may give different 

answers mainly because the model may not be the most 

appropriate to represent the behaviour of each phase and/or 

the experimental errors in the profiles are different in 

each phase. 

5.1.5.1 Analysis of Y-theoretical profile 
  

A theoretical concentration profile with the following 

values of the diffusion model parameters 

EF = 0.9552 

(Pe), = 0.050 

(Pe)y = 6.045 

(No), = 5.000 

was generated (Appendix 3) and the Y-profile was studied 

using the Marquardt's algorithm. The above values were 

chosen in such a way as to impose a severe test on the 

ability to converge the regression algorithm. The fact 

that (Pe), is so close to one of the constraints, the low 

sensitivity of Y- profile to (Pe), values and the high 

PecletNumber ratio, creates a difficult problem to 

optimize, especially when the starting values of the 

parameters are poor. 
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The subroutine NAG EO4GAF was used with the 

following initial values 

(Pe), = 3.00 (Pe), = 3.0 (No), = 3.0 

and constrains -10< [8] <60. The iteration progressed 

satisfactorily with decreasing values of the sum square 

of the residuals and the program made a normal exit at 

the point (Pe), = 0.304, (Pe), = 2.520 and (No) , = 4.430. 

This premature stop could be due to an improper criterion 

for the termination of the computation or more likely to 

rounding errors in ¢ since the subroutine uses a single- 

precision calculation. In order to make the appropriate 

modifications, the listing of the NAGEO4GAF subroutine 

was obtained. The number of auxiliary routines called from 

the main NAGEO4GAF were so many that a clear understanding 

of the line of programming and execution of the necessary 

changes was difficult and tootime consuming. It was then 

decided to use the computer code given by Henley and 

Rosen (161) (BSOLVE Algorithm), which is more easily 

programmed and the required modific ations, such as 

double precision cahculation, different criterion of 

termination of the computation and monitoring the most 

important Marquardt parameters, i.e. \ angle between steepest 

descent gradient vector and modified Gauss-Newton gradient 

vector and the value of ¢ at each iteration, can be easily 

done. A listing of the computer program using the BSOLVE 

routine is given in Appendix 5. 
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The results using the BSOLVE Program with the above 

guess values were 

(Pe), = 0.04983 

P = 6.0476 ( ey 

(No), = 4.9992 

Number of iterations = 1.0 

Sum of square of the residuals = 0.8510 x 1079 

This clearly indicates that the optimization method works 

well for the diffusional model and convergence is achieved 

with a small number of iterations. 

No further work was done on the study of the properties 

of the solution vector, error analysis, etc., since as it 

is shown in Section 8.3.2.2.1, the adequacy of the diffusion 

model to the experimental data was found to be unacceptable. 

5.2 Cell-Backflow Model 

In Figure 4.8 a diagram of anwn-cell backflow model 

is shown. For this case the non-ideal behaviour of the 

phases is characterized by means of coefficients Tye 

Ke= 27s RD and Bee k = 1, ... n-1, which express the 

"relative' entrainment between individual stages for the 

respective phase. 

As before, approximate methods for the estimation of 

the model parameters are presented first, followed by 

the optimization method. 
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5.2.1 Parameter Estimation - Rod's Method 

Rod (158) had published an analytical method to 

evaluate stagewise concentration profiles assuming that 

the backflow coefficients r, and Re and the overall 
k 

coefficient of mass transfer are constant, and that the 

stages are perfect mixers. 

A material balance on the rafinate phase of the 

k-stage of Figure 4.8 leads to the following equation 

K, (avy) 
Xo E (XX) [rear Omen? | = a pee) > eet) 

A similar equation for the extract phase enables the 

following hypothetical variables to be defined 

=r (x ke x) (5.22) 

tea eel eee ac?) 

us 
which are analogous to the xX and yi defined in Section 

5.1.3. 

Then equation (5.21) can be expressed as 

" K,, (avy) 
o ve, =a xX, X71 R (xy, x ) (5.24) 

and the boundary conditions of the model became 

Xo" =x Y."=y 

c z 5 (5.25) 
tie ie 

fo Sn Yut1 = Yn41 
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Summation from k=l to k=n on both sides of Equation 

5.24 leads to the following expression after proper consider- 

ation of the boundary conditions 

Kx (a- Vy) x 
acca ner a (5.26) 

An analogous procedure is used to derive expressions 

suitable for the calculation of the backlfow coefficients 

n 
ae (Xp) 

ee (5227) 
x17, 

n 

= (y,-¥y) 
k=1 s jer WS ee (5.28) 

Y17Yn 

The x values to use in Equation (5.27) are calculated 

by the following expression 

K, (avy) k 
XQ7ky op ee ee (x5 7x, *) (5.29) 

i=l 

and the corresponding YY by the balance line 

RX = EY ty = Rx, ~ Ey, (5.30) 

The method was applied to the concentration profiles 

obtained in the preliminary experimentation cael the results 

shown in Section 8.3.2.2.2, Table 8.9 were used as the 

initial value in the optimization step. Although the 

summation reduces the random experimental error affecting 
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the concentrations the errors of fit can be large, as is 

shown in Figure 8.3 and a least square curve fitting is 

necessary. 

5.2.2 Optimization Technique 

The Marquardt's method and its computer code BSOLVE 

routine, already presented in Section 5.1.5, has also 

been applied to the stagewise model in a curve fitting 

using the least square approach. 

Two formulations of the sum of squares objective 

funtion, based on the equation 

[a | | = [c] (4.168) 

are possible; 

(i) Objective Function 1 

The values of the (2n + 2) concentrations are substituted 

in equation (4.159) and the optimization consists in 

minimizing the objective function defined as the sum 

of the squares of the difference of left-hand and 

right-hand sides of the above equation 

@= ||fa] . Ex] - fell? (5.31) 

(ii) Objective Function 2 

The inlet concentrations X and Ynez are combined 

with the vector of the right-hand side [c] making [al 

a square coefficient matrix 2n x 2n. Minimization 

concerns now the sum of squares of the differences of 
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the measured concentration [x] and the corresponding 

calculated values [x] 

  

(5.32) 

Both objective functions are minimized with respect 

to the vector (ej? = [ Wa, Hes 35, Sk ] subject to the 

constraint 

as [s] <b (5.33) 

As it is shown in Chapter 9, Section 9.3.4.1, it is 

convenient not to constrain the parameters ry and hy to 

positive values since the optimum can be approached from 

the negative side, then a < 0. 

Both formulations were analysed using a 5-stage 

theoretical profile. Results indicated that > is less 

affected by round-off error although it consumed more 

computer time and storage. Another advantage of formulation 

2 is that the solution vector [el and the fitted concentra- 

tion profile are obtained simultaneously. Based on this, 

the Objective Function o> was used in this research. 

5.2.2.1. Model Formulations 

In order to solve %; and/or > the number of equations 

(2n) must at least equal the number of parameters in [el]. 

In practice, (2n) usually exceeds the number of parameters 

to be estimated. Based on this, several models : of a 5- 

stage column with known concentrations and a different 

number of parameters were formulated. 

199



(i) 

(ii) 

Model Formulation 1 

This is a problem in which ten parameters (n=5) are 

estimated and three independent equations are stated 

in order to satisfy the degrees of freedom (Section 

473 e202 .2) . 

Vector parameters: 

"2 J [6] =[n Np eames ts aa 4e ty Py 

Independent Equations: 

40 tee8 
8Xo Yq = (1+r3) ax2 + L2Y> - F30x3 - (1#25)y¥3 

hg = ho 

Other independent equations can be chosen but it is 

considered that the assumption of equal backflow 

coefficients for the inner stages is close to the 

real behaviour of a stagewise column. 

Model Formulation 2 

In this case eight parameters need to be estimated 

and five independent equations are specified. This 

formulation actually divides the column into 3 

segments. The first segment consists of stage 1, 

second segment of stages 2,3 and 4 and the third 

segment of stage 5 only. The formulation isolates 

the central part of the column from the two extreme 

stages affected by end-effects. 

Vector of parameters: 

2 [el = [my Fo 41 93.53 15 Ts hy | 
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(iii) 

(iv) 

Independent Equations: 

ee) 

na 7 Ay 

<4 bs = 

axe Yaa (1+r3)ax2 + Loo - 13%X3 (1+) ¥3 

U5 a b= 
Model Formulation 3 

This is a five-parameter model requiring eight indep- 

endent equations to be fixed. No axial variation 

of the backflow coefficient is assumed. 

Vector of parameters: 

as 
[s]* = [ny Namen sora | 

Independent Equations: 

ata eo 

OO see ee oS, 
ae 1S =k = 

In this formulation the end-effects are damped into 

the efficiencies of the first and last stages. 

Model Formulation 4 

This is the simplest of all the model formulations. 

No axial variation of the parameters is assumed. 

Vector of parameters: 

[s]* =["1 24 £5] 

Independent equations: 

‘Ve ee =n, =A 

Kal owe epee 

Yo = 43 = ty =) ¥5



5.2.2.2 Analysis of Theoretical Profile 

To generate a theoretical profile [x], requires the 

solution of the equation (4.168) for a known set of 

parameters. Initially, the Gauss-Siedel iteration method 

was used in order to avoid apossible ill-conditioned 

coefficient matrix [al]. It was soon~ found that for some 

values of the parameters, the diagonal elements of [a] 

were of approximately the same order of magnitude than 

the off-diagonal elements. This caused a very low rate 

of convergence and in some cases even after 500 iterations 

the Gauss-Siedel routine did not reach the solution| x | . 

On the other hand, satisfactory results were obtained over 

the whole range of the parameters when the Crout's Factor- 

isation Method (NAG FOGATF) was used (Appendix 2). 

The properties of the models presented in Section 5.2.2.1 

were studied from the following points of view, 

(ae) the influence of data error on the convergence 

rate and on the accuracy of the results or uniqueness 

of the solution vector, and 

(ii) the influence of the number of parameters of the 

model on the results. To carry out these studies a 

5-stage theoretical profile was generated using 

the computer program listed in Appendix 2 with the 

following conditions 

n=0.5, r =0.8, 2 = 1.0, ao =0.8 

Equilibrium line, y* = x 
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In order to study the influence of the data error on 

the solution, the above theoretical profile random errors 

of magnitude — 2%,3%,and 5% were inserted leading to the 

three concentration profiles shown in Table 5.2. The 

selection of the magnitude of the error and its allocation 

to a particular concentration point was done randomly 

using a table of random numbers (150). In all the profiles 

listed in Table 5.2 it was assumed that the feed concentra- 

tions Xo and Y,_ are controlled. 

The computer program listed in Appendix 4 was used 

to fit the profiles given in Table 5.2 to the models of 

Section 5.2.2.1. 

(1) Case 1 

Model Formulation 1 was used to evaluate the exact 

and the perturbed concentration profiles of Table 

5.2. Table 5.3 presents the initial values of the 

parameters and the fitted solution. 

(ii) Case 2 

Same as Case 1 but using a different starting point. 

Only the exact concentration profile was studied. 

Initial guess: 1 =D geen igs Seog = One: 

K 
N 

" K 
w 

" K 
uo
 W °°
 

w 

Se 1.50 

Fitted solution - Exact profile: 

0.467, 7 6537, 17 i Ml Wy 2 3 0.500, % = 0.468 

15 0.515 

ro 
N 

i 0.970, r3 0.794, 75% 0.974 

~ u 1 0.732, 25 = 1.00, X4 = 0.905 
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Sum Square of Residual = $.S.R. = 0.17 x 10° 

Number of Iterations = 9 

(ii1)fCase 3 

(iv) 

(v) 

Model Formulation 2 was used in this case. Table 

5.4 lists the initial values of the eight-parameters 

and the fitted solutions for the profiles of Table 

5.2. 

Case 4 

The five parameter model of Formulation 3 was 

studied in this case. Table 5.5 gives the para- 

meters initial guess values and the fitted solutions. 

Case 5 

No axial variation of the parameters, Model 

Formulation 4, was studied in this case. Table 

5-6 presents the results 

The above results presented in Tables 5.3 to 5.6> 

reveals the following properties of the solution of the 

model: 

1. With the first determined model (Model Formulation 1) 

and also with the Model Formulation 2 (not shown 

above) different minima of the objective function 

are obtained for different starting points with 

values of S.S.R. (sum square of residuals) indistin- 

guishable within the limits of the used calculation 

precision (Case 1 and Case 2, exact profile). Since 

in both Case 1 and Case 2 the theoretical and calcula- 

ted profiles agree exactly up to the 6th significant 
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digit it is difficult to find a criterion of choice 

of the best solution vector. The greatest disagree- 

ment between both solution vectors is in the values 

of the backflow parameter; the efficiencies are less 

affected and on average, their values are close to 

0.50. 

The backflow parameters 2 and r are more affected by 

the number of parameters in the model and data error 

than the efficiency n. An increase in the number of 

Parameters to be estimated creates a significant 

bias in the % and r estimates. Concentration profiles 

with 5% data error lead to high error in the para- 

meters. Analysing the results of Case 5 it is seen 

that the error in the parameter estimates grows 

approximately linearly with the data error affecting 

the profiles and that errors in £ and rare almost 

an order higher than that of n. 

Only Case 4 and Case 5 gave the same solution vector 

for different starting points. 

As the number of parameters increases, the curve 

fitting improves. For Case 1, even for the profile 

with 0% - 5% data error, the agreement between 

calculated and theoretical concentrations was extremely 

good. This does not mean that Model Formulation 1 is 

the best model to optimize, on the contrary, the degree 

of reliability of the estimates, especially the back- 

flow parameters, decreases since the sensitivity of 

each of the parameters is highly reduced. This 
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situation can even lead to negative value of the 

Parameters as occurred in Case 3. 

The following conclusions set up requirements that 

have to be met in future practical work and also provide 

guidelines for future model analysis. 

die The error affecting the concentration profiles, i.e. 

error due to random variation in the column and 

error in the analytical determination of solute 

content, cannot be greater than 5%, prferably 2% 

at most, if a reliable estimation of the backflow 

parameters is required. This is a high requirement 

on the precision of concentration measurements. 

Assuming that in the real situation, the concentration 

profiles are affected by error levels of 2%, the 

comparison between the average values of.{ and r 

for all the above Cases (b) ‘reveal ithat only the solutions 

obtained in Case 4.b (Table 5.5) and Case 5.b (Table 

5.6) are in the neighbourhood of the exact solution, 

showing the correct relationship between the back- 

flow parameters e and r. Thus, in future analysis 

of experimental profiles, if isolation of the end- 

effects is attempted, the Model Formulation 3 is 

the most appropriate to use. 
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CHAPTER VI 

EQUIPMENT AND OPERATION



EQUIPMENT AND OPERATION 

6.1 Description of Equipment 

A flow diagram of the equipment is shown in Figure 6.1 

and a general arrangement in Figure 6.2.. All lines and 

vessels were arranged so that the column was accessible 

from all sides, to facilitate sampling and photography, 

and all valves were within easy reach. Drain points 

were incorporated at the lowest points in the system. 

Two columns with the same number of Scheibel stages but 

different packing pad thickness were used. 

6.1.1 The Columns 

The column shown in Figure 6.3, identified as Column l, 

consists of a 0.10lm diameter 0.70m long Q.V.F. glass section 

divided into 5 packing sections each 0.06m high, 4 mixing sections each 

0.05m high and two non-agitated end sections. 

The Scheibel column shown in Figure 6.4 is labelled 

Column 2 and consists of 0.10lm diameter 0.50m long Q.V.F. 

glass section with the same number of Scheibél stages as 

Column 1 but with packing pads of 0.03m high. It was 

intended that the non-agitated end sections of both columns 

have similar geometrical and dimensional characteristics 

which hopefully will lead to similar flow dynamics and end 

effects. This was a very important requirement in the 

execution of the experimental design since it is desirable 

to avoid any non-controlled systematic variation which can 
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Figure 6.4 Column 2 
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  Figure 6 Impeller and Packing Support Unit



 



inflate the error variance and mislead the statistical 

analysis. 

Eight sampling points were provided in Columns 1 

and six in Column 2. They were located at the middle of 

each mixing compartment and at the middle of the top and 

bottom distributor plates. These last two sampling 

points were intended to measure the phase concentration 

jump at the feed inlets. In addition to the above 

sampling points, a sampling point for each end section was 

provided in Column 1. Each point comprised a 13mm 

diameter drilled hole through which the sampling head probes 

can be set inposition. 

The colunn internals were fabricated entirely from 

18/8 stainless steel. The rotor shaft, was fabricated 

from 9.6mm stainless steel rod and was supported by 

bearings at three points throughout the column length. 

There was no support bearing within the effective column 

length. Each 4-bladed standard disc turbines of 33mm 

diameter was fabricated from 2mm thick stainless steel 

elements and secured to the shaft by grub screws as shown 

in Figure 6.5. The packing pad supports shown in Figure 6.5 

were made from 2mm diameter stainless steel wire and they 

were located in each mixing chamber and end sections. 

Welded to the upper and lower wire ring of the supporter, 

four vertical baffles each 8mm wide and 2mm thick were 

located at 90° apart. The baffles were machined to 

obtain a close fit at the column walls. It is necessary 

to point out that the original Scheibel column contained 
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an unbaffled mixing chamber. In this work the baffles 

were necessary, mainly because, for a low r.p.m. a good 

dispersion is required for an accurate measurement of 

hold-up by sampling. 

In both columns at the second chamber, numbered 

from the column bottom, a 1.5cm diameter hole was drilled 

to accommodate the on-off brass valve for hold-up measure- 

ments. 

The dispersed light phase was introduced into the 

column through a stainless steel distributor plate located 

at the bottom of the column, and left via a lateral pipe 

above the coalescence interface. The light phase distri- 

butor plate assembly as shown in Figure 6.6 was designed 

such that the feed could, if required, enter directly 

into the column as a continuous stream. A similar 

distributor plate assembly was located at the top of the 

Scheibal column for the introduction of the heavy phase. 

The two distributor plates were designed according to the 

methods of Treybal (7). Each consisted of forty-six, 2mm 

diameter holes arranged on 6mm triangular pitch inside a 

0.05m diameter plate. The holes were drilled undersize 

and then counter-punched to the correct size to provide 

a small upward projection around the periphery of each 

hole. 
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The column end plates were fabricated from 8mm thick 

18/8 stainless steel plate. The bottom fate supports a 

QFV pipe section located below the low distribution plate 

and has the necessary lines for draining the columand the 

heavy phase exit. The top end plate housed a PTFE bearing 

and a stuffing box filled with 'T-seal' PTFE grannules. 

6.1.2 Associated Equipment 

The agitator shaft was driven by a % D.C. electric 

motor, controlled by a single phase 0.25 KW thyristor. The 

effective speed range was 0-1200 r.p.m. The drive shaft 

of the motor was coupled to the column shaft via a flexible 

rubber joint. A 60-tooth wheel was fixed to the top end 

of the shaft and a magnetic perception head probe 

positioned at lcm from the periphery of the wheel send 

the electrical signal to an electronic tachometer. 

Process fluids were stored in any of four 50 litres 

QVF spherical glass vessels mounted on special supports. 

Two of these served as reservoir and receiver for the 

light phase and the other two as reservoir and receiver 

for the heavy phase. Pipework was mainly of 16mm i.d. 

borosilicate glass but where flexible lines were unavoid- 

able, 12mm diameter inert PTFE tubing was used. 

Flow rates were measured by size 14 rotameters with 

Korannite ceramic floats type K. Each rotameter was 

individually calibrated at room temperature using the 

corresponding liquid phase. 
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Flow control valves were made of glass with P.T.F.E. 

stem and seat. Provision was made for the circulation 

of the liquids within one vessel or between two vessels 

containing the same liquid by means of by-passes on the 

pumps. 

Fluids were transferred by means of two Stuart-Turner 

centrifugal pumps, type No. 10 and No. 12 designed to give 

flow rates of 1.25/0.45 ne/s at hydrostatic heads of 2.0/ 

10.0m. Stainless steel casings and impellers were 

incorporated in these pumps together with graphite and 

"Viton. A" seals. The speed of each pump could be varied 

by means of a "Torovolt" variable voltage unit. The 

pumps were located away from the vessles in order to 

protect them from any leakage of process fluid. Drip trays 

were placed underneath the process vessels. 

No provision was made for temperature control of 

the equipment but temperature was always within 18°-20°C. 

The equipment was located in an isolated pilot plant room 

provided with flameproof switchgear and lighting and an 

efficient air extraction system. 

6.1.3 Packing Selection and Pad Construction 

In the Scheibel extractor studies, reported in Chapter 

3, knitted stainless steel wire mesh packings were 

extensively used. Plastic wire mesh wettable by organic 

dispersed phase was only briefly studied by Piper (3). 

In all the cases, the only variable used as a criteria 

for packing selection, for the same material, was the 
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percentage voidage. A lower limit of 97% was empirically 

set up and no further information concerning the number of 

interlocking loops and wire diameter were given. As it 

will be shown in Chapter 8, pad voidage alone is not a 

sufficient criterion for the selection of the proper packing 

mesh, 

After testing packing pads made from different materials 

with various mesh sizes and thickness (see section 8.2, 

Table 8.1) and considering that the main objective of this 

research is to study a Scheibel column under the condifion 

of packing wetted by the dispersed phase, a composite 

knitted mesh called Dual Coalescer (D.C.) .9041 was 

selected. This packing consists essentially of two 

dissimilar materials i.e. polypropylene wire of O.25mm 

diameter and stainless steel wire of 0.155mm diameter, 

knitted together to form a mesh structure of asymetrical 

inter-locking loops of 4 x 5 stitches/inch. This type of 

packing, patented by Jeffreys and Davies for Knitmesh Ltd., 

UK (167), uses the concept that at the junction of two 

dissimilar surfaces, enhanced coalesence takes place, 

which is termed the "junction effect" (167). Thus, total 

wettability of the pad by the dispersed phase, with good 

column capacity performance, is obtained using the above 

knitted mesh. Immersion tests confirmed that polypropylene 

wire was unaffected chemically by the process fluids chosen. 

The construction of the packing pads required the 

design and construction of the apparatus shown in 

Figure 6-7. Plate A, the bottom plate, consists of the 
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following parts: 

1. Three threaded rods to serve as guidesfor the vertical 

displacement and position of the plate B. Also they 

are used to set both plates A and B horizontal. 

2. A central rod which simulates the column rotor shaft 

serves as a guide to the layers of knitted mesh. 

3... sAycircular groove with three small holes slightly 

greater than the head of the 10BA counter sunk brass 

screws (part D) drilled all the way through the plate. 

A stainless steel ring of 0.10m external diameter 

(part C) also with three holes drilled through it, 

can be positioned in the groove in such a way that both 

plates holes and ring holes are aligned. This ring 

constituted the lower part of the pad. Plate B has 

also a circular grove with three holes to accommodate 

another 0O.10m external diameter stainless steel ring 

(part C). 

To construct a packing pad the following steps must 

be observed. 

1. Cut the required number of circular (0.10m diameter) 

knitted mesh layers. 

2. Adjust the level of Plate A by using the nuts located 

below the plate in each of the threaded rods. 
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Located in one of the stainless steel rings in the 

circular grove of Plate A and the other in the circular 

groove of Plate B. In both plates, the holes in the 

ring and in the plates must be aligned. 

Fix the three spacer rods E to the ring in Plate A using 

three 10BA;" countersunk brass screw (part D) which 

are inserted from below the plate in each of the plate- 

ring holes and screw into the spacers. Make sure, by 

locating Plate B in position, that the three plate B- 

ring holes are aligned with the three spacers. 

Remove Plate B and start to position the circular 

mesh layers using as guides the central rod and the 

three spacer rods. Make sure that the central rod 

goes through the centre of the layers. 

After the required number of layers have been positioned, 

locate the Plate B on top of the pad and fix it in 

position by the nuts located below and above it on the 

threaded rods. Check the level of the plate. 

Fix the spacers to the upper ring in Plate B by 

locating the remaining three brass screws in each of 

the Plate B-ring holes and screw them into the 

spacers. Remove Plate B and thepad. 

Cut a rectangular piece of knitted mesh of length 

equal to the perimeter of the pad and width slightly 

greater than the thickness of the pad. Locate it 

around the pad side. Pad is now completed. 
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A total of ten pads of 0.03m and 0.06m thickness were 

constructed with an average percentage voidage of 96%. 

The number of circular mesh layers required was calculated 

using the density of the wire materials, i.e. polypropylene 

0.89 gr/cc and 304 stainless steel 8.0 gr/cc and an 

experimental determined average weight/layer. Twenty 

layers were required for the 0.03m pad and double for the 

0.06m pad. 

6.2 Chemical System 

High energy levels are created in the Scheibel 

extractor compartments due to the high degree of turbulence 

generated by the impellers. It is well established that in 

a turbulent environment the size of the drops is roughtly 

proportional to (0/0,)°°S. Thus ideally, a high inter- 

facial tension system would be preferred for study since 

the resulting drop sizes would be larger and thus easier 

to record and measure. 

The system toluene-acetone-distilled water was chosen 

for the investigation with the distilled water as the 

continuous phase in all experiments. The advantages of 

this system are as follows: 

(i) The solubility data was available for the system (168) 

(Figure 6.8) 

(ii) Advantages from the point of view of availability, 

cost, stability and low toxicity have been described (169) 

(iii) The interfacial tension of the system is affected 

by the concentration of solute (acetone) in the 
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dispersed phase. Thus, it is expected that the 

direction of mass transfer to have a large influence 

on the column hydrodynamics and mass transfer 

performance. See Figure 6.8. 

(iv) The system has been adopted as standard in liquid 

extraction column research by the European Federation 

of Chemical Engineering Working Party on Distillation, 

Absorption and Extraction. This facilitates 

comparison of results from different sources. 

(v) The solvent could be easily recovered and purified. 

(vi) Analytical techniques are available for the determina- 

tion of acetone content in the aqueous and organic 

phase. 

(vii) The equilibrium relationship is approximately linear, 

in the immiscibility region. This facilitates the 

theoretical analysis of the experimental data. 

Also the equilibrium data are not greatly affected 

by small variations in temperature. 

Materials of the highest grade available were used 

and no further purification was made. The material 

grades and specifications are listed in Table 6.1 

Constant monitoring of the purity of the chemicals by 

measuring the interfacial tension, was done during the 

whole experimental work and if there were serious 

discrepancies, the liquids were discarded. 
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Table 6.1 - Specification of Material Used 
  

Toluene “Analar" 

Wt. per ml at 20°C 0.863 - 0.8669 

Refractive Index at 20°C 1.494 - 1.497 

Nt less than 92 percent distils within 0.4°C in the 

range 110.0° - 111.0°c. 

Impurities Maximum Limit Percent 

Acidity 0.012 

Alkalinity 0.012 

Non-Volatile Matter 0.002 

Benzene 0.5 

Organic Impurities Passes Acid-Wash Test 

Sulphur Compounds 0.0003 

Thiophen Homologues 0.0002 

Water 0.03 

Acetone "Analar" 

Wt. per ml at 20°C 0.789 - 0.791g 

Boiling Range (95%) 56.0° - 56.5°C 

Refractive Index 1.3580 - 1.3600 

Impurities Maximum Limit Period 

Water 0.2 

Acidity 0.02 

Alkanity 0.03 ml N/1 

Non-Volatile Matter 0.0005 

Aldehyde (HCHO) 0.002 

Methanol (CH30H) On 5 

Substances Reducing Permanganate 0.0002 
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The physical properties of the system were measured 

as follows: 

(a) Specific gravity. 

The standard pyknometer technique was employed for all 

solutions. Measurements were made at 20°C + 0.1°C. 

(b) Viscosity 

The method of timing the passage of the fluid through 

a capillary immersed in a constant temperature bath 

(20°C + 0.1°C) was used. The types of viscosimeter 

used were Cannon-Fenske BS/IP/CF No. 25 and No. 50. 

(c) Interfacial Tension 

The standard Du Nuoy ring method was used on a 

"Cambridge" torsion balance at 26°C + 6,1°C.” The 

measurement was dane with mutually saturated liquid 

phases. 

Table 6.2 presents the measured physical properties. 

6.3 Experimental Procedures 

6.3.1 Non Mass Transfer Studies 

6.3.1.1 Cleaning Procedure 

A 2% v/v aqueous solution of Decon-+90 decontaminant 

was used to clean the column vessels and the process lines. 

The whole system was filled with the cleaning solution for 

at least eight hours and this was then circulated throughout 

the system with the agitator on for about an hour. The 

solution was drained and the system was then flushed through 
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Table 6.2 - Measured Physical Properties of Fluid System 
at_20°C 

(a) Toluene 

Interfacial tension with water 
(mutually saturated) 

Density 

Viscosity 

(b) Distilled Water 

Density 

Viscosity 

0.0295 N/m 

(0.868 + 0.002)x102 kg/m 
oa 

(0.58 + 0,01)x107> -§ 
m 

(0.99g + 0.002)x10° Kg/m 
aunt 

(1.02 + 0.01)x107? -$ 
m 

(c) System Toluene-Acetone distilled water 

Interfacial Tension - see Figure 6.8(b). 

Equilibrium Relationship - see Figure 6.8(a). 
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with tap water and finally rinsed with distilled water. 

Care was taken to ensure that all sample points and drainage 

points were well flushed and free of traces of detergent. 

Checks were made by measuring the surface tension of the 

distilled water. 

6.3.1.2 Preparation of Fluid System 

Toluene was employed as the dispersed phase throughout. 

It was used without further purification and its purity 

was carefully monitored. If a significant discrepancy 

inthe value of the surface tension was obtained, it was 

then purified by distillation in an Oldershaw column with 

low reflux. 

The continuous phase was once-distilled with water 

throughput produced from an all-glass still. Before use, 

the phases were mutually saturated by recycling them 

through the column for at least two hours. 

6.3.1.3 Flooding 

Flooding rates represent the maximum volumetric 

capacity of a contactor under a given set of conditions. 

In the Scheibel columns studied in this research, flooding 

was characterized by the formation of a second interface 

underneath any packing.pad. If conditions persist the 

coalesced layer increases occupying the whole stage and 

eventually spreads to the whole column inverting the 

physical appearance of the phases. 
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The operating procedure to determint the onset of 

flooding was as follows: 

The colummwas filled with the aqueous continuous 

phase up to the plane to be occupied by the interface, 

generally a distance of 0.15m above the top distribution 

plate. With the agitator stationary and with no 

continuous phase flow, dispersed toluene phase was 

admitted to the column at a low flow rate. When the build- 

up of coalesced dispersed phase above the interface was 

sufficiently high it flowed out of the column and back 

to the reservoir. The agitator was then started and 

its speed adjusted to the required value. The dispersed 

phase hold-up steadily increased, and the continuous phase 

which it displaced was allowed to flow out of the column 

via the outlet valve. The continuous phase was then admitted 

to the top of the column at the desired rate. 

Careful control of the outlet flowrate of the 

continuous phase was necessary to maintain the interface 

at a constant level at the top of the column throughout 

this start-up period during which the hold-up was increasing. 

Steady state was achieved when the interface level remained 

steady and the continuous phase inlet and outlet flowrates 

were equal. 

The dispersed phase flowrate was then increased 

incrementally until the appearance of a second interfiace 

beneath any pad inside the column. Sufficient time 

(15 minutes) was allowed for steady state conditions to 

be re-established following each increase. Occassionally 
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temporary incremental increases in the continuous phase outlet 

were necessary to maintain aconstant interface position 

during re-establishment. 

At the onset of flooding, the dispersed and continuous 

phase flows and the agitator speed were recorded. As a 

check, all the flows and agitations were stopped, the 

dispersed phase allowed to: collect above the interface 

and the whole operation was repeated in order to duplicate 

the experiment. The flooding data obtained and discussion 

are given in Section 9.2.1. 

6.3.2 Mass Transfer Experiments 

6.3.2.1 Preparation of Fluid System 

The toluene dispersed phase was prepared in the same 

Manner as described in Section 6.3.1.2, as was the distilled 

water. Solutions were made up to the required solute 

concentration by the addition of "Analar" Acetone. 

It is customary in mass transfer experimental 

program to run the experiments alternating the mass 

transfer direction, i.e. the rafinate - phase at one 

experiment constitutes the extract phase in the next run. 

This procedure s‘aves time and material. Unfortunately, 

when ‘the experimental program is based on a statistical 

factorial design, the above procedure is totally 

unacceptable since the experiment has to be carried out 

in a random order. Therefore, it was decided that each 

experiment will run with fresh solvents and the aqueous 

phase product will be discarded. The organic phase 
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product was collected and distilled, except in a few cases, 

i.e. toluene phase as rafinate phase, in which the organic 

rafinate was exhausted by multiple acetone extraction with 

fresh distilled water. In all the runs, the purity of the 

solvents to be used was checked by measuring the surface 

tension and the refractive index of each one. 

6.3.2.2 Experimental Procedure 

The procedure for the mass transfer experiments was 

as follows: 

1. Assemble and clean the ‘sampling head probes as 

described in Section 7.3. 

2. Positian the head probes inside the mixing chambers of 

the Scheibel column using the needle clamp assembly 

shown in Figure 7.4. Insert also the head probe- 

needles in the holes provided in the distributor plates 

in order to measure the feed concentration jumps. 

3. Connect the head probe-needles with the sample collector 

device as shown in Figure 6.9. Each of the lcc syringes 

must be filled with the liquid phase to be sampled. 

4. Start circulation pumps. The continuous aqueous phase 

is allowed to fill the column slowly, using the 

connection between the aqeous feed line and the lower 

distributor. The reason for filling the column from 

the bottom at a low rate is to avoid trapping air inside 

the packing zones. 
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As soon as the head probes in a chamber get immersed, 

inject half of the content of the syringes into the 

column and fix the plunger in position using the brass 

stopper attached at the back of the syringe. 

Continue filling the column until the level reaches 

the required height above the top distributor plate. 

Close the main feed valve located below the heavy 

phase rotameter. Close the valve connecting the 

aqueous phase line with the lower distributor and 

open the valve connecting the aqueous phase line 

with the top distributor. 

Start the agitator motor and set the stirrer speed 

to the desired value. Open the main valve for the 

organic dispersed phase feed and set the flowrate 

to the required value. 

After the coalesced dispersed phase overflowed by 

gravity from the top of the column, open the valves 

of the heavy phase feed line and adjust the flowrate 

at the desired value. Open the valve at the heavy 

phase exit and maintain the column principal interface 

at a constant height. 

Open the small Teflon-Rotaflow valve of each sampling 

collection system, individual phase start to flow out 

of the columns. Regulate the sampling rate, preferable 

very low at the beginning. Check the tip of the 

syringe for possible entrainment of the undesired 

phase. If this occurs flush the contentsof the syringe 
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10. 

ws 

12. 

13. 

14. 

15. 

into the columand slowly start moving the plunger 

back into position. 

Allow the sampling system to work at low sampling 

rates for about 5 minutes. In parallel, control the 

position of the main interface. Occasionally, 

temporary upset of the heavy phase outlet flow is 

necessary to keep the level of the interface constant. 

After 15 minutes of operation, close all Teflon- 

Rotaflow valves in the collection system and discard 

all the samples collected in the sample bottles. 

After 30 minutes of operation, get a 10ml sample of the 

coalesced dispersed phase at the top of the column and 

of the heavy phase out let at the bottom. 

When 45 minutes of operation have elapsed, collect 

a second sample of the organic phase outlet flow and 

aqueous phase outlet flow. Start the collection of 

single-phase samples by opening the Teflon-Rotaflow 

valves. Adjust the valves to obtain the desired 

sampling rate. After 5 minutes, start collecting 

the samples in the 10ml sample bottles. 

While the sampling is taking place, start taking 

the pictures of the agitated chambers. 

When single phase sampling is completed, shut-off 

all the Teflon-Rotaflow valves and remove the 

sample bottles. 
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16. 

17. 

Remove 100ml two-phase sample from Chamber 2 for 

hold-up measurement. It is necessary to wait 5-10 

minutes if a second sample is desired. 

Stop agitator and shut-off all the inlet and outlet 

mains valves. Experiment is completed. 
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CHAPTER VII 

EXPERIMENTAL TECHNIQUES



EXPERIMENTAL TECHNIQUES 

7.1 Drop Size 

The photographic technique was chosen to measure 

drop size. Photographs of the dispersions were taken 

on H.P.5 Ilford 35mm film, 400 ASA, using an Asahi Pentax 

Spotmatic still camera with a Macro Takumar, 100mm lens 

3 at a shutter speed’ of 1 x 10 ~s to "freeze" the movement 

of the drops. 

A fixed focus guideor spacing adapter was constructed 

to control the distance between the column wall and the 

camera anditwas used to maintain the plane of focus at 

the same depth inside the column wall for all the drop 

size photographs. The focus plane was approximately between 

5mm to 15mm inside the column wall, and the depth of field 

was in the neighbourhood of 3mm. The focus plane could not 

be moved further into the column because the drops between 

the wall and the focus plane blurred the picture, especially 

under operating conditions of aqeous continuous phase 

rafinate and high r.p.m. Figure 7.1 shows a typical drop 

size picture. 

The light source was a twin Kobold SR2 cine light 

which produced 1250W at 125V. Light was directed into the 

mixing compartments at an angle of 90° to the camera. 

Two photographs were taken for each mixing chamber. 
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Figure 7.1 Typical Photographs of Dispersion 
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Distortion in the drop size pictures introduced by 

the curvature of the column wall was reported (70, 87) 

to be negligible for columns of similar size to the one 

studied in this:research. Furthermore, the depth of field 

of the pictures was so shallow that it was reasonable to 

neglect distortion effects. Nevertheless, the drops at the 

extreme edges of the picture were not measured because the 

curvature of the wall may place them too far behind the 

focus plane and distortion would occur. 

Enlargement of thenegative to give an overall magni- 

fication of 3 to 4 times the true drop size, with printing 

on Kodak grade 4 "Bromesko" paper, gave sufficient magnif- 

ication and contrast for counting the drops. Calibration 

of the measuring procedure was performed by photographing 

a stainless steel ballotine of 4.0mm diameter immersed in 

the continuous phase at Chamber No. 2 at a distance of 

5 to 15mm inside the column wall. This allowed the focal 

plane to be fixed for the rest of the experiments pictures 

and the resulting enlarged photographic print of the 

ballotini allows the calculation of the magnification 

factor to be used in the drop size calculations. This 

operation was done in every experiment before the start 

up of the plant. 

The counting of the drops on the enlarged prints was 

performed using the Zeiss TG3 Particle Counter. The 

number of drops to be measured on eachprint is a function 

of the variance of the drop size distribution and the 

desired precision of the sample mean. If one assumes 
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that the drop sizes are normally distributed then for a 

knownvariance, the sample size, n, can be obtained by 

equating the required precision of the sample mean to the 

95% confidence interval, 

eRe 
2 Va 0.05 (n-1) 

A = precison on the mean diameter (e.g. O.lmm 

or confidence interval +0.05mm) 

Ss = standard deviation of the drop size distri- 

bution 

n = number of drops measured 

to.05 (n=1) = the value of 5% of the Student "t" distribu- 

tion with (n-1) degree of freedom. 

Application of the aboveequation to various drop size 

distributions using a precision equal to O.lmmgave n in the range 

of 100 to.160 drop. ‘Thus a sample size witilin the above limits was considered 

satisfactory. A Honeywell 316 digital minicomputer was 

used to process the measurements to produce a comprehensive 

statistical analysis of the distribution. The listing 

of the computer program in BASIC language is given in 

Appendix 1. 

Additional high speed cine films were taken to record 

and enable qualitative analysis of the drop formation 

mechanism at the impeller zone. Kodak 16mm Tri-X Reversal 

roll film was used in a Milliken R16 with a P3 type, fo.75 

lens. Lighting was provided by two 500W photo flood lamps. 

in addition to the Kobold lamp. The films were taken at 
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500 and 1000f.p.s. 

7.2 Hold-up 

A substantial amount of time was devoted to find=a 

suitable technique to measure the dispersed phase hold-up. 

The technique of measuring the difference in static pressure 

at two points in the column was first examined. The measured 

pressure drop can be used to calculate hold-up if dynamic 

pressure variation is negligible, the mean density of the 

fluid is known and from this value the percentage volume 

of the dispersed phase can be estimated. Batch tests were 

performed in an agitated baffled vessel of 0.10m diameter 

with two 0.015m diameter holes spaced 0.05m axially. These 

two holes accommodate P.T.F.E. plugs in which lmm diameter 

holes (static hole) were \drilled in each one and connected 

to a Differential Pressure Transducer with a working range 

of O-5cm water and accuracy better than 5 x 107 2m of water. 

The results obtained for several impeller speeds and loca- 

tions indicated that the dynamic pressure was of a random 

nature and constituted a large percentage of the total 

pressure difference. This led to the conclusion that this 

technique cannot be applied to the mixing chamber of the 

Scheibel column under study. 

Previous work (70, 87) had reported that the hold-up 

of the dispersed phase in an extraction column can be 

satisfactorily measured by sampling in the agitated 

compartments. A 4mm bore on-off brass valve was located in 

Chamber No. 2 of the column described in Section 8.2,. 

247



Figure 8.1. All the parts of thevvalve in contact with the 

dispersion inside the column were made from 18/8 stainless 

steel and the flexible sealing washers from Viton. Due 

to the large bore of the valve, 100ml samples could be 

taken in about two seconds. 

The accuracy of the sampling technique was checked 

by comparison with the results obtained using the 

displacement technique under the same operating conditions. 

It is necessary to point out that the displacement tech- 

nique cannot be normally applied to a Scheibel column due 

to the high entrainment of the dispersed phase inside the 

"wetted" pad, but in thecase of the column used in the 

preliminary experimentation the thickness of the pads was 

so small, 0.015m, that any entrainment can be considered 

negligible in comparison with the total column hold-up. 

The results of applying both techniques are listed in Table 

7.1 and they clearly indicate that the sampling method 

gave reliable data. Replicated experiments using the 

sampling technige gave % hold-up values with an error 

variance around 0.52 for all operating conditions. 

7.3 Concentration Profiles 

None of the sampling techniques discussed in Section 

4.3.1 can be successfully applied in highly turbulent 

mixing chambers. In small mixing chambers, as encountered 

in a standard Scheibel column, the movement of the drops 

follows quite closely the toroidal flow pattern created by 

the turbine impeller. Under this condition, it is very 
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Table 7.1 - Hold-up data. Displacement vs Sampling 
Technique 

  

Vpx 10° v,x 10° REM Q, Displacement -;, Sampling 

1.42 0.98 400 0.0415 0.0432 

1.42 1.74 400 0.0454 0.0469 

1.42 0.98 500 0.0643 0.0660 

2.08 0.98 500 0.0834 0.0946 

1.42 0.98 700 0.1438 0.1467 

2.08 0.98 700 0.2000 0.2060 
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difficult to obtain uncontaminated samples of the 

light dispersed phase using a downward-facing funnel- 

shaped sampler. 

The idea behind the technique developed in this 

research, as far as the dispersed phase sampling was 

concerned, is the creation of a spatially fixed droplet 

coalescence nucleus inside the turbulent chamber from which 

the coalesced dispersed phase can be withdrawn out of the 

column by means of a hypodermic needle. The creation of 

the coalescence nucleus is achieved by the immersion 

into the dispersion of a small hollow cylinder made from 

material wetted by the dispersed phase which accommodates 

inside successive layers of dispersed phase wetted micro- 

mesh cloth. One end of the cylinder is welded to a 

22-gauge hypodermic needle with its open tip protuding 

into the cylinder chamber. 

Sampling of the continuous phase is based on a concept 

similar to the one applied by Staffin (162). In this 

situation the sampling probe behaves as a drop filter. 

A chamber similar to the one described above is: made 

from material wetted by the continuous phase and 

several layers of micromesh cloth preferentially wetted 

by the continuous phase are positioned inside it. 

The materials used were P.T.F.E. and Nylon micro- 

mesh Ve oT of opening) for the organic phase sampling 

head and brass and stainless steel micromesh (27M width 

of opening) for the aqueous phase sampler. Figure 7.2 
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shows schematically the different types of sampling head 

probes constructed iduring this investigation and Figure 7.3 

is a picture showing all the different components of the 

head probes. 

Based on the principle of operation of the dispersed 

phase sampler, the rate of withdrawal of the sample depends 

on the drop population (hold-up) and onthe number of 

drops that hit the head probe with subsequent coalescence. 

All the factors, operational and physico-chemical, that 

affect the dispersed phase hold-up and drop-liquid and 

solid interface coalescence mechanism will influence the 

performance of the sampler. 

Thomas and Mumford (163) have indicated that surface 

preparation is of paramount importance in the "wetting" 

behaviour of surfaces. They demonstrated that most 

surfaces when scrupulously clean and dry, display prefer- 

ential wetting effects, i.e. that phase which first wets 

the dry surface will be the "wetting" phase. This behaviour 

is more pronounced with high free-energy surfaces (stainless 

steel, glass) than with low free-energy surfaces (poly- 

propylene, P.T.F.E.). The micromesh cloths, both nylon 

and stainless steel, were therefore cleaned with a concen- 

trated Deecon solution, followed by a rinse with acetone 

and finally left immersed for several hours in the liquid 

which will constitute the respective "wetting" phase. 

An analogous treatment was given to the head probes. 

After the samplers were assembled they were kept immersed 

in their respective "wetting" phase right up to the moment 
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to be positioned in the column. 

The high standard of cleanliness required for a succ- 

essful sampling, necessitated removal of the probes from 

the column to clean them thoroughly at the end of every 

experiment. This situation calls for a simple, leak-free, 

plug made from an inert material, which can be easily 

positioned and removed from the orifices drilled in the 

columns. Figure 7.4 shows the dimensions and arrangement 

of the .viton plugs. The combination of screw, self- 

locking washers and nut allows the compression of the 

viton plug working from outside once it has been positioned 

in the column hole. The axial compression imposed on the 

plug induces a radial expansion which gives and excellent 

seal at the column wall and around the needles. 

The head probe-needles were connected outside the 

column to the sample collector device shown in Table 7.5. 

The sampling rate was controlled by the small P.T.F.E. 

Rotaflow valve. Controlled suction for removing the samples 

was found unnecessary since the hydrostatic pressure inside 

thecolumn at the different sampling points was sufficiently 

high. Procedures for starting-up and purging the sampling 

system were given in Section 6.3.2.2. 

7.3.1 Results and Discussion 

The column shown in Figure 8.1 of Chapter 8 was 

constructed to study different designs of the sampling 

probes as well as to obtain preliminary information about 

the hydrodynamic behaviour of the Dual Coalescer packing 
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Figure 7.4 - Needle clamp assembly 
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pads. It was intended tomeasure the dispersed phase 

concentration profiles using the P.T.F.E. Probe 1-D shown 

in Figure 7.2, since batch tests in a one liter beaker 

demonstrated that the technique was feasible for any 

sampler positions. Difficulty was encountered when the head 

of the probe was used in the column. Under all operating 

conditions the rate of sampling was kept low in order to 

avoid contamination and in some cases of especially low 

hold-up with the mass transfer direction dispersed to con- 

tinuous phase, two phase samples were withdrawn. However, 

after careful observations of the operation of the column, 

it was noticed that the mechanism of drop formation in 

each mixing chamber was mainly jet break-up at the impeller 

tip which in turn was responsible for the creation 

of double dispersions. The formation of continuous phase 

drops within the drops of the dispersed liquid, known as 

double-multiple emulsions, have been studied by Kessler and 

York (164). They found that the mechanism of inclusion 

formation involves the drawing out of a ligament or sheet 

from the flowing jet, followed by the recoalescence of the 

free end of this ligament or sheet with the main jet body, 

entraining in the process a portion of the containing 

phase. Their observations that large drops contain a 

higher number of inclusions than the smaller -drops was 

corroberated by photographs taken in this research. 

It is then simple to explain the difficulties exper- 

ienced when sampling the dispersed phase, especially when 

mass transfer is occurring from the dispersed phase to the 

continuous phase since this produces the largest drops. 
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When a large drop of the organic phase coalesces on the 

P.T.F.E. head of the probe, several small drops of the 

continuous phase are deposited as inclusions close to or 

in the suction hole of the head. Repeated coalescence of 

dispersed phase drops in the head trap an increasing number 

of inclusions around thehead probe and if the coalescence 

rate of the inclusions with the continuous phase is not 

fast enough, contamination of the withdrawn sample cannot 

be avoided. The simple solution of positioning the head 

with the suction hole in the direction of the continous 

phase main flow improved the ‘sampling, but still the rate 

of withdrawal was rather slow (0.5cc per minute). High 

rates of withdrawal of dispersed phase sample was made 

possible by using a different head; sample probe 3-D. 

This probe had an external surface larger than Probe 1-D 

and the suction hole was positioned at the bottom of a 

funnel-shaped internal well. The intermal funnel as shown 

in Figure 7.2, enabled a large amount of clean coalesced 

dispersed phase to be obtained while, at the same time 

prevented the capture of any inclusions from the suction 

hole; both conditions were necessary to obtain a fast 

rate of sampling. 

The sampling of the continuous phase by using Probe 

1-C was under all conditions satisfactory. However, 

relatively low sampling rates of about lcc per minute 

were necessary when the hold-up was high (20% and above) 

and the drop size was small (d35 = 1.0mm and lower). 
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7.3.2 Tests on the Reliability of the Sampling Technique 

When the problem of obtaining clear single phase 

samples had been solved, attention was focussed on the 

reliability of the measured concentrations of the samples. 

A-possible source of error in the measured dispersed 

phase concentration might arise from the mass transfer 

promoted by impingement and coalescence of the drops 

on the liquid and solid interfaces of the head of the 

probe before interaction with the continuous phase could 

be prevented. In addition the amount of solute transfer 

that can take place during the time the coalesced drops 

rest on the external surface of the head of the probe can 

invalidate the sample from being representative of the 

particular point concentration in the mixing compartment. 

Based on the previous publications it appears that 

the rate of withdrawal of the dispersed phase sample and 

the dimensions of the head of the probe may have some 

influence on the reliability of the sample obtained. In 

order to examine this possibility, the dispersed phase 

was withdrawn using heads of different sizes, at different 

rates of sampling and column operating conditions. The 

concentrations of the collected samples, under steady 

state conditions, are listed in Table 7.2. 

The results of Table 7.2 show that there are no 

significant effects due to the rate of sampling or the 

dimensions of the head of the probe on the results obtained 

for any experimental conditions investigated. Test 3 in 
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particular is a very severe check on the reliability of 

this technique, since the combination of sampling rates 

and the design of the head of the probe coalescence areas 

produces extremely different rest times of the coalesced 

drops. The difference in the resulting acetone concentra- 

tion is opposite to what would have been expected if the 

effect of the rate of sampling had been significant. 

Therefore, it can be concluded that the differences in 

the concentrations found are due to a wide range drop 

residence time distribution whose organic feed is propor- 

tional to the standard deviation of the drop size distrib- 

utions tested in Table 7.2. Since in each test, two 

samples were withdrawn simultaneously from different 

points inside the mixing chamber, the resulting concentra- 

tion difference could be interpreted as a deviation from 

an ideal plug flow situation in the dispersed phase. 

The concentration of the continuous phase sample can 

be considered reliable and free of error. Any concentra- 

tion difference between the samples taken from the same 

mixing chamber within any particular run, can only be 

attributed to incomplete mixing of the continuous phase. 

Nevertheless, the following test was designed and carried 

out. After the column reached the steady state level under a 

particular set of operating conditions, a sample of the 

continuous phase was withdrawn from the second agitated 

chamber over a period of five to ten minutes, using the 

probe head 1-C and the Rotaflow-syringe system. Afterwards, 

using the large bore on-off valve located at the column wall 

of the second chamber, a large two phase sample (50 to 80 cc) 

261



was quickly removed into a graduated cylinder and approx- 

imately 2cc of the decanted aqueous phase at the bottom 

of the cylinder were rapidly removed by a pipette already 

located inside the cylinder. The whole operation did not 

take more than five seconds since the operating conditions 

of the column were such as to give dispersed phase hold-up 

values in the range of 5% to 10%. The results of this 

test, are presented in Table 7.3, where it can be seen that 

the validity of the technique and the sample probe is 

confirmed. 

7.4 Solute Concentration Determination 
  

There are a number of methods available to determine 

the concentration of acetone in the organic dispersed and 

aqueous continuous phases. The most suitable technique 

was chosen based on accuracy and practicality. 

7.4.1 Refractive Index (R.I.) 

Several authors have used the refractive index 

technique in the system Toluene-Acetone-Water within the 

acetone concentration range 0-12% in which practical 

immiscibility of the phases can be assumed. 

An Abbé 60 refractometer with temperature control was 

used in this work to measure the acetone concentration in 

the samplesof the aqueous continuous phase at a tempera- 

ture of 20°c + 0.1°C. An accurate calibration curve was 

obtained using as a consolute distilled water saturated 

with toluene. Figure 7.6 confirms the reported linearity 
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Figure 7.6 - Calibration Curve Refractive Index vs 
sw/w_Acetone in Water 
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of R.I. vs % w/w Acetone in Water. Each point in the 

calibration curve is the arithmetic average of at least 

six R.I. measurements having a reproducibility of +0.5 

minutes. The following regression line represents the 

data. 

w/w % Acetone/Water = 1399.87 x (R.I.) - 1866.32 (7.1) 

with a standard deviation on the estimated concentration 

of 9.02 x 107. 

The measurements of the refractive indices of standard 

solutions acetone/toluene saturated with water did not give 

reproducible results. While the reproducibility for the 

pure solvent was satisfactory, it becomes poorer as the 

acetone content increases. In this case, the demarcation 

line between the light and dark zones in the refractometer 

was far from sharp and bright as in the measurement of the 

aqueous solution samples. This error was totally unaccept- 

able it was decided touse the method of Gas-Liquid 

Chromatography. 

7.4.2  Gas-Liquid Chromatography 

The chromatographic unit used in this research consists 

of a PYE UNICAM Series 204 Gas Chromatograph connected 

to a Venture MK2 Digital Integrator and a Phillips PM8251 

Single Pen Recorder. The chromatograph has two detector/ 

amplifier systems; the Flame-Ionization Detector (F.I.D.) 

and the Thermal Conductivity (Katharometer) Detector. 

The F.I.D. was chosen as the most convenient to use in the 
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analysis of a hydrocarbon mixture since it has higher 

sensitivity and better linearity when compared with the 

Katharometer. Its response is proportional to the weight 

of solute passing in unit time through the burner. 

In order to perform a quantitative analysis of a 

mixture the following steps must be followed: 

1. Select a chromatographic column with a suitable 

stationary phase and length. For an accurate quanti- 

tative analysis, partially overlapping peaks cannot be 

accepted and a complete peak resolution must be 

obtained. Relative retention data provided by 

column manufacturers are helpful in solving the 

above problem. 

2. Find the optimum operating conditions of the chromato- 

graphic unit. These conditions must produce reasonable 

small retention times for the sample component, good 

peak resolution and a convenient amplification of 

the detector signal which gives a base line with good 

stability and low noise. 

3. Select the method for the quantitative interpretation 

of the chromatograms. 

With different detectors the area under a chromato- 

graphic peak (A;) is related to the amount of substance 

present (wy) in the carrier gas by the equation 

A, = f£,.w, (7.2) 
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where fy is a factor of proportionality which is not 

only a functionof the sensitivity of the detector but 

rather a function of the combination of sample-detector- 

amplifier-recorder. 

Initially, samples of Acetone-Toluene with concentra- 

tions (% w/w Acetone) in the range 1% - 10% were analysed 

using a PEG 400 (pdlyethylene Glycol M.W. 400, stationary 

phase) column with 10% stationary phase/support. The 

resolution of the peaks was good and the retention times 

obtained were 1.99 minutes for Acetone and 4.23 minutes 

for toluene. Whenthe "acetone relative peak area" 

A. 
Ae eg = ee RCT (7.3) 
Boo Aac + Ato1 

was calculated for each chromatogram it was observed 

that the repeatability was very poor (10 to 20% variation). 

This was due to the factt that the chosen concentration 

range produced toluene. peaks with areas 20 to 30 times 

larger than the corresponding areas for the acetone peak. 

In this case small changes in the conditions of operation 

and/or smail random perturbations in the apparatus, such 

as electrical noise, during the analysis seriously affected 

the repeatability. Also, when a constituent gives a peak 

so large that its height occupies the whole chromatogram, 

the peak is badly shaped and its area is not reliable. 

Thus the Internal Normalisation Method or Total Peak Area 

Method is inappropriate for the quantitative interpretation 

of the chromatogram. 
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The most generally used and convenient method for 

the quantitative evaluation of a chromatogram, particularly 

in the analysis of components present in small concentra- 

tion, is so-called Internal Standard Method (165). This 

method relates the area of each of the peaks of the mixture 

being analysed (together with its own factor of propor- 

tionality) to the area of the peak obtained by the introduc- 

tion into the mixture of a known weight (ws) of a 

standard substance that iswell separated from the other 

constituents. The ratio of the area of a peak to the 

area of the standard peak is directly proportional to the 

concentration of the respective component in the sample. 

Using equation (7.2), the following expression 

A 
s Ss w= eG (7.4) Ay £ ; 

establish a calibration curve from which the ratio of 

the factors of proportionality is calculated. Having 

obtained the value of (£,/£,) it is possible to take an 

unknown mixture containing component i, add to it a known 

weight of the standard component (wo) inject the sample 

and obtain A; and A, from the chromatogram and finally 

calculate the amount of component i present in the sample 

(w;) using the expression 

A 
= i y= Ws (4/f.)ca1 Ke (7.5) 
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The choice of the substance to be used for internal 

standard depends upon the nature of the component to be 

determined and also upon the concentration range in which 

they are present. It is generally recommended that the 

internal standard peak should be located in clos: proximity 

to, but not overlapping, the peak to be evaluated (acetone) 

and that its concentration range be chosen to produce 

peak heights similar to those of the peak of interest. In 

this way, the reproducibility of the measurement will be 

satisfactory. 

The following stationary phases and reference substances 

were tried under different conditons of operation; 

Stationary Phase Internal Standard 

PEG 400 (polyethylene Glycol 

M.W. 400) - Benzene 

DNP (dinonil phtalate) Ethyl Acetate 

APL 2 (Apiezon-mixture of High 

Molecular Weight hydrocarbons) - Butanone 

Porapak T (cross-linked porous 

polystyrene) - Ethanol 

Porapak Q -(cross;-linked porous 

polystyrene) 

The best combination was found to be benzene-APL 2 

column (1.8m) since it produced short retention time 

for the three components, toluene (9 minutes) acetone 

(1.7 minutes) and benzene (4.6 minutes) with good resolution 

of the peaks. Table 7.4 presents the operating conditions 
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to run with the combination benzene - APL 2 Column. 

Figure 7.7 presents the calibration curve which confirms 

the very good linearity of the detector and Figure 7.8 

shows a typical chromatogram. 
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Table 7.4 - Operating Conditions in G.L.C. 
  

- PYE UNICAN 204 Series with FID 204 Flame Ionization 
Detector 

- Column Apiezon L 

- Syringe - Injection volume, 0.32 
- Needle length, 7 cm 

Operating Conditions 

- Column Temperature - 180°C 

- Detector Injector Temperature - 250°C 

wi Hy pressure - 0.7 Kg/cm? 

- Air Pressure - 0.5 Kg/om? 

Carrier (No) flow rate FID - 0.043 ml/sec. 
Katharometer - 0.645 ml/sec 

Ionization Amplifier 
= Attenuation - 4 x 10 

- Recorder 
= Range — 5 My 
- Chart Speed - 300 mm/hr 

Integrator 
- Minimum peak widths - 9 
- Noise 2iiter setiq9 
7 Aréa print >.20 
- Threshold Voltage - lv, 10 MV 
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Figure 7.7 - Calibration Internal Standard G.L.C. 

    
  
  

1.64 

54 

1.444 

2.3) 

1.24 

as 

Weatone Area aes 

1.04 Ww. 
benzene 

0.5189 OF225 

0.94] 0.8679 0.396 

T2979: 0.600 

1.5969 0.728 

0.8 | 

0.74 

O26 7 

0.54 

T T T T T T T 
0.2 0.3 0.4 0.5 0.6 On? 0.8 

Area Acetone Peak/Area Benzene Peak 

BCP



Figure 7.8 - G.L.C. Chromatogram Acetone-Benzene-Toluene 
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CHAPTER VIII 

EXPLORATORY EXPERIMENTATION



EXPLORATORY EXPERIMENTATION 

8.1 Objectives 

The lack of information about Scheibel column with 

dispersed phase wetting packings and the need to test new 

experimental techniques necessitated a substantial amount of 

time to be devoted to a preliminary experimentation. The 

objectives of this exploratory work can be summarised as 

follows: 

(i) To test the validity and accuracy of the single 

phase sampling technique for the determination of 

the concentration profile. 

(ii) To test the accuracy of the dispersed phase hold-up 

data obtained by two-phase sampling in an agitated 

compartment 

Both techniques (i) and (ii) and the experimental 

tests and results have been extensively discussed in Chapter 

he 

(iii) Qualitative analysis of the behaviour of different 

types of packings and fluid dynamic patterns. 

(iv) Perform test to establish the existence of back flow 

between the mixing chambers. 

(v) Provide experimental concentration profiles which 

allow a model searching and a preliminary analysis. 
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8.2 Experiment and Techngiues 

The column shown schematically in Figure 8.1 

consists of two borosilicate QVF pipe sections of O.10m 

diameter and 0.39m and 0.25m of length respectively. The 

central section of the column was divided in four compart- 

ments each of height 0.05m and wire gauze packings of 

different thickness of mesh size were inserted in each 

compartment to give a "stage" consisting of a mixing chamber and coalescence 

chamber. A hole was drilled in the colum wall at the middle point of 

each of the four 0.05m height mixing chambers -in. order to introduce and 

position the single phase sampling head probes and needles. 

In Chamber 2 an extra hole was drilled to accommodate the 

large bore sampling valve to withdraw two phase samples 

for hold-up determination. Details of the distributors at 

the top and bottom of the column and of the impellers and 

packing support dimensions were presented in Chapter 6. 

The following types of wire mesh packing pads of 0.25m, 

©.05m and 0.10m thickness were obtained from Knitmesh Ltd. 

and tested in the above column, 

Table 8.1-- Knitmesh Packing Material 

  

  

  

: Filament ; : 4 
Material Type No Titaneter “Gn Stitches/inch | % Voidage 

Stainless steel} 9059SL 2 x O.12mm Gust 7, oh 

Polypropylene 9059SL 2 x 0.13m 16 x 14 97 

D.C. Coalescer | 9201SL 1 x 0.12st. st, 6x7 97 
(st.st. - 1 x 0.13PPL 
Polypropylene           
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Figure 8.1 - Column for Preliminary Experimentation 

Heavy phase 

Light phase 
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No rules or criteria exist that can help in the 

selection of an appropriate packing material with the 

suitable dimensions. The only information available in the 

literature is the percentage voidage and the type of 

material from which the pad is made (stainless steel or 

plastic). The packings listed in Table 8.1 were 

selected on the basis of manufacturers information and 

information in the literature. The result was that none 

of the listed packings worked satisfactorily when the 

column was operated counter-currently with the binary 

system toluene-water. For all combinations of packing 

thickness, packing material, dispersed phase flow rate and 

agitator speed, premature flooding occurred after the 

continuous phase was introduced counter-currently. This 

revealed that, although the packings voidage was correctly 

chosen, the number of stitches per inch were such that 

very small interstice sizes resulted, hence large fluid 

flow resistances developed. The behaviour of the D.C. 9201 

was slightly better than the other packings since at low 

agitator speed and very low throughputs, operation was 

possible. Then, it was necessary to select a knitted mesh 

with less stitches per inch in the horizontal and vertical 

directions. The Dual Coalescer, D.C. 9041, with 4 x 5 

stitches/inch, already described in Chapter 6, worked 

satisfactorily and was used throughout this research. 

Packing pads of 0.015m thick with 94% voidage were contruc— 

ted using the apparatus and technique described in 

Chapter 6 and tested during this exploratory experimentation. 
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During the mass transfer runs with the system 

toluene-acetone-water, single phase samples were removed 

from the top and bottom of each of the 0.05m height 

mixing chambers after steady state had been reached. 

This was done using the head probe-needle shown in Figure 8.2 

which, by a simple rotation enables samples to be obtained 

from any position. Eight sample head probes were used 

to withdraw a total of sixteen samples from the column in 

each mass transfer experiment. Probes 3-D were used to 

remove eight dispersed phase samples and Probes 1-C for an 

equal number of continuous phase samples (see Figure 8.7) 

At the end of each experiment, samples were obtained from 

the inlet and outlet streams by using the sampling 

valves located in the respective pipelines. Still photo- 

graphs of each mixing chamber were taken in order to 

measure the drop size distributions and to calculate a 

representative Sauter mean drop diameter. The dispersed 

phase hold-up was determined by withdrawing a relatively 

large amoung of dispersion from Chamber No. '2 using the 

large bore on-off brass valve. The sample was withdrawn 

through the valve into a graduatedcylinder and the two 

layers were separated and measured. 

8.3 Experimental Results 

8.3.1 Non-Mass Transfer Studies 

The non-mass transfer investigations were performed 

to achieve the first three objectives listed in Section 8.1 

as well as to find the appropriate values of the operating 

20,



Figure 8.2 - Head probe needle for single phase sampling 
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variables to be used later in the mass transfer runs. 

The column shown in Figure 8.1 was used with the system 

toluene-water with the organic phase dispersed in all 

the runs. 

8.3.1.1 Flow Regime 

The flow regimes obtained for different impeller 

positions and agitator speeds were observed and they are 

schematically shown in Figure 8.3. The toluene drops were 

found to wet the D.C. 9041 packing fibres and coalesce in 

the packing, leaving the pad surface in streams as shown 

in Figures 8.3 a-1 and b-1 and Figure 8.4. The position 

of the impeller at low agitator speed was found to have an 

important effect on the hydrodynamic of the system as 

will be seen in Figures 8-3 a-2 and b-2. The resulting 

differences between the two modes of operation are 

summarized below; 

1. Impellers positioned as in a-2 produced as visually 

observed in the majority of the low RPM runs, larger 

drops when compared with the ones obtained under the 

same operating conditions but with the impellers close 

to pad as in b-2. This situation arises from the fact 

tha some of the organic phase exit points at the 

pad surface are outside the area swept by the 

impeller. In this case, the organic streams pass through 

zones of relatively low energy, compared with the 

high energy zone in the immediate vicinity of the 

impeller (see Figure 4.6) with the result that breakage 
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of the streams are jncomplete and large globules are 

formed. This situation is more pronounced when the 

exit point is very close to the wall, since, truly by~ 

pass flow can then be produced (see Figure 8.5) 

The location of the impellers at a distance about one 

impeller blade height from the upper surface of=the pad as 

in b-2, eliminates or substantially decreases the random- 

ness in the exit mechanism of the organic phase. The 

torodial flow pattern generated by the impeller goes deep 

into the pad forcing the coalesced organic phase to move 

towards the high voidage centre zone to leave the pad 

as a single stream surrounding the shaft below the disc of 

the impeller (see Figure 8.6). This mechanism allows all 

the fluid elements of the coalesced organic phase emerging 

from the pad, to be subjected to the same high turbulence 

intensity, with a much better control over the desired 

drop size average value and distribution. 

2. The formation of large and irregular shaped globules 

into the mixing chamber presents difficultes in the 

estimation of interfacial area by optical or photo- 

graphic techniques and can lead to inaccurate results. 

3. The position of the impeller as shown in Figure 8.3 b-2 

has as will be discussed in Section 9-3. a favourable 

influence over the column capacity. It was observed 

that the coalesced organic phase inside the pad was 

collected, pushed towara the shaft and evenly sucked 

out by the pumping action of the impeller. This was 
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  Figure 8.6 Exit mechanism of coalesced phase for 
impeller close to pad 

284



accepted as a possible explanation forthe very unusual 

observations that the colum capacity increased with 

agitator speed while the column efficiency was not 

affected. No systematic study of the column capacity 

was done during these exploratory runs, but this 

observation was quantitatively confirmed in the final 

experimental program and these results are presented in 

Chapter 9 and also clearly indicated in the preliminary 

runs, numbers 2,3,6 and 8 listed in Table Bat on With 

the impeller positioned for normal operation as shown 

in Figure 8.3 a-2 it was observed that the relationship 

of flooding velocities vs RPM followed the usual 

behaviour; that is, increasing agitator speed decreases 

column capacity. In this case the pumping effect 

mentioned above tended to be the less intense, mainly 

because of the spreading of the organic phase discharge 

points and the longer distance between impeller and 

pad upper surface. 

8.3.1.2 Drop Size and Hold-up 

Table 8.2 shows the values of the hold-ups and Sauter 

mean drop diameters in different mixing chambers during 

preliminary non-mass transfer runs. In the experiments at 

high r.p.m.'s (70Orpm) it was not always possible to obtain 

measurable pictures of all the chambers due to the presence 

of minute drops sticking at the wall of the chambers and 

high hold-up of small drops. 
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Table 8.2 - Preliminary Runs - No mass transfer 

  

  

              

Vo Va 3) 
Buh | i aeeae| apes N(r.p.m.) ss mieae Observation 

(x10 ~) (x10 ~) (10.~) 

aS 1.00 1.43 400 0.041 (2) 2.04 = 
(3) 2.49 
(4) 2.43 

2 1.00 1.78 400 o a flooding 

3 1560 143) 300 - - flooding 

4 1.78 1.43 400 0.047 os = 

5 1.00 1.43 500 0.064 (2) F7 od 

(3) 1.64 
(4) 1.60 

6 1.00 eel2 500 0.090 (2) 1.84 =. 
(4) 1.81 

7 1.00 1.43 700 0.146 (4) 1.06 a 

8 1.00 2542 700 0.206 > close to 
flooding 

  

* Sauter mean drop diameter at the specified mixing chamber 

Impeller position - Dy/5cm from upper surfaye of pads 
(Figure 8.3 b-2) 
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The drop size data confirmed that drop size was 

independent of compartment number. This was expected 

because coalescence and redispersion at each stage. The 

data were correlated using the regression models presented 

in Chapter 9 and the ICL Statistical Package XDS3/27 

available in the Computer Centre of the University of Aston. 

The best model was found to be 

io (1 tL. 39 76, ) 270-708 (8.1) d,, = 5.719 x 10° x 32 (€) 

with a multiple correlation coefficient of 1.000 and a 

4 
standard error or residual error of 0.1099 x 10°. The 

hold-up was found to be a significant variable. 

More data points need to be obtained and correlated 

before a reliable conclusion of the exponential variation 

of drop size with impeller speed be made. From equation 

(8.1) it is observed that 

= 25h 
dz, aN (8.2) 

and the value of the exponent of N for all fitted regression 

models was in the range of -1.5 to -2.1. This suggests 

a strong deviation from Kolmogoroff's law. 

8.3.2 Mass Transfer Studies 

The column shown in Figure 8.1 is not a totally well 

designed Scheibel column for the execution of a mass transfer 

experimental programme. The two excessively large end 

sections and the unrestricted chambers 1 and 4, will 

certainly create "end effects" larger than those normally 
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expected in an agitated column. Nevertheless, it was thought 

convenient to perform a few mass transfer experiments not 

only to test the validity of the singk:phase sampling 

technique but also to study the concentration profiles 

within the central part of the column. This was confirmed 

by the preliminary experimentation which helped substantially 

in saving a large amount of work and time in the final 

experimental programme. 

8.3.2.1 Concentration Profiles 

Figure 8.7 presents the concentration profiles 

corresponding to Runs PM-1 (Table 8.3) and PM-5(Table 8.7) 

Large end effects, mainly of the back mixing type, can be 

readily observed in the profiles. The unrestrictive 

chambers 1 and 4 produce large back mixing end effects, 

especially in the continuous phase, where large concentra- 

tion jumps can be seen to occur at the phase inlet. 

The stagewise form of the profiles indicated that, 

from a practical point of view, the phases within any 

Scheibel agitated compartment (chambers 2 and 3) can be 

considered well mixed. Thus in future studies only one 

sample per phase, per chamber will be necessary in order 

to characterise the solute content of that phase at the 

respective stage. The apparent anomaly of a negative 

mass transfer in chamber 2 and 3 of Run PM-1 is in reality 

a fluctuating random variation of the solute concentration 

plus a non-ideal flow behaviour of the phases. In this 

run, the collected volume of the single phase samples and 
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the sampling time was very small (lcc in 10 seconds). In 

the rest of the preliminary runs several 1.0cc samples of 

each phase were withdrawn and collected in order to have 

a better time average concentration. The Continuous 

Sampling device, as described in Chapter 7, was designed 

afterwards and used in the final experimental programme 

presented in Chapter 9. 

The large concentration changes across the 0.015mm 

thickness D.C.pads, observed in Figure 8.7, cannot be 

attributed to mass transfer within the packing zones. 

The total coalescence of the dispersed phase on the mixed 

knitted mesh packing and the short pad height, certainly 

created a very small mass transfer interfacial area within 

the pad which cannot account for the large solute transfer 

across the stage. Therefore, it is reasonable to believe 

that the major part of the solute transfer within a stage 

takes place in the neighbourhood of the impeller where 

the flow pattern induces jet formation and break-up (see 

Figure 8.6). In order to clarify this point, the following 

experiment was designed. The column was provided with 

several single-phase sample points at chamber 3 as shown 

schematically in Figure 8.8 . Organic dispersed phase 

samples were withdrawn from the middle of chamber 3 using 

head-probes 3-D and 2-D and from below the impellermthe 

same chamber using a standard G18 Stainless Steel needle 

which was introduced through chamber 2. Another organic 

phase sample was removed from Chamber 4. Aqueous continuous 

phase samples were withdrawn from Chamber 3 and 4 using 
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Figure 8.8 - Mass Transfer at Organic Phase Redispersion Zone 
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(a) G-18 St.St.needle 

Organic phase - 5.00%w/w 

(b) 1-C Aqueous pahse, 4.50%w/w 

(c) 2-D Or phase, 4.20%w/w 
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(d) 3-b organic phase 4.28%w/w 

(e) G18 St.St. needle 
Aqueous phase 4.67%w/w 

(£) 1-c ammeous phase 5.20%w/w 

(g) 3-D organic phase 3. 40%w/s



head-probes 1-C and from inside the upper pad using a 

G18 Stainless Steel needle. Operating conditions and feed 

solute (acetone) concentration of the rafinate and extract 

phases were the same as in Run PM-3. The resulting 

acetone concentrations, in w/w %, at the sample points 

are given also in Figure 8.8. The following conclusions 

can be obtained from the above experiment; 

1. Comparing the concentration data from this experiment 

with those obtained in Run PM-3 (Table 8.9 it can be 

accepted that the acetone concentration (5%) of the 

sample withdrawn from below the impeller in Chamber 3 

is, practically, the same as the concentration of the 

organic phase in Chamber 2. Therefore it is clear 

that almost all the mass transfer from Chamber 2 to 

3 (5.0% —»4.2%) took place in the impeller region; 

that is at the zone of organic phase redispersion, 

and almost none inside the pad. 

2. The purpose of sampling from inside the upper pad was 

to monitor the solute concentration of the organic 

phase within a whole stage. It was quite a surprise 

the fact that allthe samples collected from inside the 

pad (0.02m to 0.04m from column wall) were uncontam- 

inated aqueous phase and not organic phase as it was 

originally thought, based on the belief that all the 

voidage inside the pad was occuppied with coalesced 

organic phase. While a complete description of the 

flow pattern inside the pad cannot be drawn the 

experiment revealed that the dispersed phase coalesced 
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inside the pad and ascended through preferential 

paths with large areas of the pad being occupied by 

the continuous phase of the underneath chamber. This 

situation indicated that for low pad thickness 

high agitator speed and impeller situated close to 

upper surface of pad, the pumping action of the impeller 

can also produce a back flow in the continuous phase. 

This was confirmed by the following experiment. 

The column shown in Figure 8.8 was operated at the 

same conditions as the above experiment. To test for 

entrainment in the continuous phase a solution of water 

and methylene blue was injected in Chamber 1. A strong 

blue colour appeared in Chamber 2 fading upstream in 

Chamber 3 and 4, indicating the presence of this back flow. 

Ananalogous procedure was adopted to test entrainment of 

the organic disversed phase. A solution of toluene and 

iodine was injected at the exit of the upper pad (chamber 

3) right below the impeller. A few drops of very small 

diameter were observed to return backto Chamber 3 at the 

vicinity of the wall. This was due to the high linear 

velocity of the continuous phase in the neighbourhood of 

the wall. The amount and size of the drops entrained in 

the continuous phase were so small that it is reasonable 

to conclude that no entrainment of the dispersed phase 

occurred. This conclusion did not rule out the possibility 

of the existence of a non-ideal flow behaviour, since only 

one hydrednamic factor, out of the many affecting the 

phases flow pattern was studied. 
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Tables 8.3 to 8.7 present the concentration profiles 

of all the mass transfer runs performed in this 

exploratory experimentation. In Run PM-3 only one sample 

per phase per chamber was withdrawn. Superficial velocities 

of the organic and aqueous feed were not corrected for 

density since solute concentration was low in all the runs. 

8.3.2.2 Estimation of the Model Parameters 

The axial diffusion model and the compartments with 

back flow model described in section 4.3.2.2 were applied to 

evaluate the experimental profiles. Only Run PM-1 to PM-3 

were studied because they presented the largest variation of 

N. These runs proved sufficient to obtain useful informa- 

tion for future modelling exercises. 

The process of parameter estimation consisted of two 

parts, the first was an approximate analytical or graphical 

method of estimation appropriate to the model under considr- 

ation, was applied on the experimental concentration 

profiles. The results of this approximate estimation were 

then used as the initial guess of the parameters in the 

final stage of curve fitting by non-linear regression. 

The approximate method of parameter estimation and the 

optimization technique used have been presented in Chapter 5. 

294



Table 8.3 - Run PM-1 

  

  

  

Chamber | Z | y’ x! y x y X 

° 5200, x, =7.43 0.0526} 0.0802 | 0.507=¥9} 15 4 

0.39 4.65 6.46 0.0487] 0.0690 | 0.471 0.872 

0.468 | 4.60 5542) 0.0482} 0.0539 | 0.466 0.695 

0.4836} 3.70 S.12 0.0384} 0.0539 | 0.376 0.695 

0.562 4.00 5.02 0.0416] 0.0528 | 0.405 0.681 

0.577 | 2.68 3.97 0.0275 0.0413 0.272 0.542 

0.655 | :2590) 4.00 0.0298] 0.0416 | 0.295 0.547 

©.671 _| 1950, Boc0 0.0152] 0.0341 | 0.153 0.453 

0.749 1.60 2.97 0.0162] 0.0306 | 0.163 0.408 

1200) O=y, 3.00) ° 0.0309 0.0=¥5 0. 408=x                 
  

V,=1.0x10>m/s, Vp = 1.43 x 10°73 m/s, N = 400 r.p.m. 

d35 (chamber 2) = 3.2 x 107 3m, standard deviation = 1.0 x 1073 

aaa = 0.04 

Mass Transfer Direction = Organic Dispersed to Aqueous 
Continuous 

295



Table 8.4 - Run PM-2 

  

  

  

Chamber | Z y! x! y x ly x 

O° 6.25 8.20=x; 0.0666 | 0.0893 0.574=¥, 1.0=K; 

0.390 | 6.15 6.46 0.0655 | 0.0690| 0.560 0.792 

0.468 | 5.73 Seg2: 0.0607] 0.0561) 0.526 0.654 

0.483 | 5.20 Boe: 0.0548] 0.0561; 0.478 0.654 

0.562 4.85 5.27 0.0509] 0.0556 0.446 0.649 

O:S77. 3.63 4.33 0.0376| 0.0452] 0.335 ©.535. 

0.655 Sel 4.18 0.0385} 0.0436 0.342 0.527 

0.671 | 2.2 3620) 0.0225} 0.0330} 0.203 0.398 

0.749 2.18 2.90 0.0222} 0.0298} 0.201 0.363 

1200 0.0=y;| 2.70 0.00 0.0277 0.0=¥;, oO. 338=K,                 
  

a os 
Vo = 1500x210 

d (chamber 2) = 2.6 x 102m, standard deviation = 0.85 x 107 3m 
32 

Op = 0.058 

m/s, Vp = 1.43 x 1073 m/s, N = 500 r.p.m. 

Mass Transfer Direction = Organic Dispersed to Aqueous 

Continuous 
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Table 8.5 - Run PM-3 

  

  

                  

Chamber | Z y! x! y x Y x 

° 5:50) 7.80=x; 0.0582 | 0.0845 0.5431=¥, 1.0=X,; 

0.429] 5.40 6.00 0.0571 | 0.0638] 0.521 Onis 

0.522] 4.91 5.05 0.0516 | 0.0531] 0.4733 0.647 

0.616} 4.25 4.11 0.0443 | 0.0428] 0.411 0.535 

0.710} 3.01 3.30 0.0310] 0.0341] 0.291 0.432 

120 0.0=y, 3.08 0.00 0.0317} 0.00=Y¥3 0.404=K, 

Vo = 1.0 x 10 3m/s, Vp = 1-43 x 1073 m/s, N = 700 r.p.m. 

d35 (chamber 2) = 2.1 x 1073, standard deviation = 0.7 x 10) °m 

eb = 0.063 

Mass Transfer Direction = Organic Dispersed to Aqueous 
Continuous 
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Table 8.6 - Run PM-4 

  

  

                
  

Chamber | 2 y? x7 y x ey | x 
1 i 

Oo 5.10 | 10.20—x, | 0.0537] 0.113 | 0.681=¥, | 1=x, 

0.25 | 3.70 | 6.60 0.0384] 0.0706 | 0.489 0.647 

: 0.328 | 3.80 | 6.60 0.0390] 0.0706 | 0.502 0.647 

0.343 | 3.11 | 5.40 0.0321] 0.0571 } 0.410 0.529 

‘ 0.422 | 2.90 | 5.21 0.0298} 0.0549 | 0.384 0.509 

0.437 | 2.31 | 4.45 0.0236] 0.0465 | 0.305 0.433 

? 0.515 | 2.23. | 4.27 0.0228] 0.0446 | 0.295 0.416 

0.531 | 1.47 | 4.05 0.0149] 0.0422 | 0.194 0.395 

i 0.609 | 0.55 | 2.65 0.0055} 0.0372 | 0.073 0.355 

1.0 0.00-y,| 3.60 0.00 0.0373 0.00=¥, | 0.349=x, 

| 

Vo = 1O'x 10°? m/s, Vp = 1.43 x 10°°m, N = 500 r.p.m. 

d35 = (chamber 2) = 1.3 x 107 3m standard deviation = 0.4 x 10 

2 = 0.12 

Mass Transfer Direction W Aqueous Continuous to Organic 
Dispersed 
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Table 8.7 - Run PM-5 

  

  

  

Chamber | Z y! rad y x Y 7 

° 5.00 10. 40=X, 0.0520} 0.116 0.651=¥9| 15 i 

Os2d: 3.85 7.00 0.0400} 0.0752 | 0.502 0.676 

0.328'| 3.55 6.80 0.0368] 0.0729 | 0.463 0.657 

05343))|" 2575) 5.43 0.0282 | 0.0574 | 0.359 0.523 

0.422 | 2.80 5.43 0.0288} 0.0574 | 0.365 0.523 

0.437} 1.85 4.50 0.0188} 0.0471 |} 0.241 0.432 

0.515 1.70 4.45 0.0173} 0.0465 | 0.222 0.427 

OCSeT ee 55: 3.95 0.0116} 0.0411] 0.151 0.378 

02609" |) "022. 3.85 0.0020} 0.0400] 0.026 0.368 

1.0 0.0=y; 3383: 0.00 0.0398 0.0=Y; 0. 365=K,                   

Vg = 1.0 x 10 3m/s, Vp = 1.43 x 10 3m/s, N = 700 r.p.m. 

dy2 (chamber 2) = 1.0 x 10 3m, standard deviation = 0.3 x 10 4m 

Sy = 0.15 

Mass Transfer Direction = Aqueous Continuous to Organic 
Dispersed 
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8.3.2.2.1 Diffusion Model 

The approximate estimation of (Pe). (Pe)y was done 

using the Grid Jump Ratio Plot Technique published by 

Miyauchi and Vermeulen (9) (Chapter 5). This technique 

requires a knowledge of the inlet concentration jumps, 

xe and ay and an initial estimate of the (No) ,- The 

concentration jumps were estimated by extrapolationof the 

smoothest curve that could be drawn through the pair of 

concentration points that characterise each mixing chamber, 

as shown in Figure 8.9 for Run PM-3. These values were 

used to calculate the Jump Ratios Ry and Ry: 

The initial estimated value of the true (N T.U), 

(No) .+ was obtained by solving the basic transport 

equation (5.15) expressed indimensionless concentration 

ee x, 
(No), = ==——2 (8.3) 

f (X-v)az 
o+ 

The solution of this integral was obtained by fitting a 

polynomial (third degree in Z) to the (X-Y) vx Z experimental 

points and integrate analytically the fitted polynomial. 

It is important to point out that for the purpose of 

estimating the true N.T.U., the value of the concentration 

jumps at z=0* and Z=17 have to be considered in the poli- 

nomial fitting and the integration performed from z=0" 

to Z=1°. 
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Figure 8.9 - Preliminary Run PM-3. Extrapolation of 
profile to locate concentratiop jumps 
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The overall numbers of transfer unit (N.T.U.)o under plug flow 

condition (No). p and the measured W.T.U.) 0, (Wo) were also 

calculated in order to make a comparison with the estimated true (No) x 

The (No) was calculated by the equation given in standard text x,P 

books on mass transfer (7) and the (No) my was estimated by the equation 
, 

oe
 

-ax 
°° ty (8. 3a) 
a 

(No) Mm = 

S
 

according to the definition given by Gier and Hougen (125). 

The initial estimated hue (No),, and the extraction factor F, were 

used in the computer program given in Appendix 3 to calculate the theore- 

tical concentration jumps at different (Pe), and (Pe), A complete grid 

of Jump Ratios for the estimated NTU was constructed and with the 

experimental R, and Ry the first estimate of (Pe), and (Pe)y were 

Obtained by interpolation as shown in Figure 8.10 for Run PM-3. Only 

this first cycle, of the iterative procedure was completed for each 

run and the results are given in Table 8.8. 

The values of Ey in Table 8.8 came out suspiciously high when 

compared with the axial diffusivities for the dispersed phase obtained 

by Bibaud and Treybal (82) in an Oldshue-Rushton colum with the same 

chemical system (20.8 x 10° m/s for N = 150 - 300 REM). ‘the two 

unrestrictive mixing chambers especially Chamber 1 and the long end 

section could be responsible for the apparent high axial diffusivities. 

Although the absolute values of E, seem unreliable, its variation with 

N can be readily understood. ‘The decrease in Ex with increasing speed 

of agitation is the result of a more uniform drop residence time 
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Figure 8.10 - Preliminary Run PM-l. Jump Ratio Grid Plot. 
(No), = 1.88, Ry = 0-21, Ro = 0-27, (Peyx = 3.3878 (Pe)y = 5-0 
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is the result of a more uniform drop residence time 

distribution as indicated by the decrease in the standard 

deviation of the drop size distribution. Increasing the 

speed of agitation brings more uniform sized drops and 

rising velocities which in turn reduced the axial spreading 

effect of the discrete phase. Since it was shown that 

truly back flow of the dispersed phase did not exist between 

the components, the above effect is the only one which 

controls the E,. 

The values of the continuous phase axial diffusivity 

Ey, presented in Table 8.8 are well within the order of 

magnitude of the ones ieiported by Bibaud and Treybal 

in an Oldshue-Rushton column (25 - 43.3 x 1052 my. In 

this case, Ey = £(N) presents a minimum value, which is 

the result of the competing opposite effects of the 

radial diffusivity, which increases with N, reducing 

channeling at the column wall and creating a more uniform 

continuous phase velocity profile, in addition to the 

already observed back flow of the continuous phase which 

increase with agitator speed. As the impeller speed 

increases from 400 RPM the increase in radial diffusivity 

results in a decrease in Ey up to a value of N at which the 

back flow starts to be the predominant factor and as a 

consequence Ey increases. 

The column efficiency represented by the value of the 

(No) , presents a variation with agitator speed typical of 

almost all agitated extraction columns and is analogous 

with the behaviour reported by Scheibel and Karr (17) in 
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a 12 inch diameter Scheibel column. An increase in N above 

500 RPM did not result in a better performance. Although 

the mass transfer interfacial area increased, the drop sizes 

decreased resulting in a lower overall mass transfer 

coefficient and furthermore, the back flow increased, thereby 

reducing the concentration driving force. In fact an 

increase of impeller speed above 500 RPM decreased the 

(No) , or column performance as is shown in Table 8.8 

The above parameter estimation results were afterwards 

used in the next step of model fitting by the non-linear 

regression method. The Marquardt Algrithm was applied to 

the three different model formulations of the optimisation 

problem, already discussed in Chapter 5, with the experim- 

ental concentration profiles of Run PM-3. 

The formulation 1, optimization based on Y-concentration 

profile was first studied, with the objective function 

So we 
(Y5-¥,) (. 84) o 

Wl 

w
a
g
 

i=l 

where m, number of experimental points equalled 5 since 

there are four internal concentration points (Chambers 1 

to 4) plus the outlet stream concentration. The feed concen- 

tration can not be used since the diffusion model only 

considers the inlet concentration inside the column 

(concentration jump) and this value is an output from the 

optimization process. The starting point of the three 

parameters optimization was 

(Pe), = 3.80, (Pe)y = 2.50, (NTU) oy = 2.75 
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These values were fed to a computer program (Appendix 3) 

being the output of the computation 

(Pe), = 27.8, (Pe), = 1.77 (No) ,. = 2.38 

Sum Square of Residuals = 0.1 x io“ 

The above starting point was also used with the model 

Formulation 2, optimization abased on X-concentration 

profile, and the result of the optimization was 

(Pe), = 14.70 (Pe), = 34.30 (No) , = 1.91 

If comparing the results of Formulation 1 and Formula- 

tion 2 it is seen that in Formulation 1 the Y-profile is 

very insensitive to the parameter (Pe), and in Formulation 

2 the X-profile is very insensitive to (Pe), - The 

substantial difference in the regressed values of the (No). 

indicates that both the profiles are very affected by the 

experimental error or that the same model can not be 

applied to each phase separately or both. While experimental 

error in the concentration profiles can not be ruled out, 

it is considered a more acceptable explanation in terms of 

model adequacy. 

The model Formulation 3 optimization, based on the 

overall behaviour of the column, was finally studied using 

the following least square objective function 

m 

= « ooxe 2 ® fe [tx Y) 4 (x »,| (3.5) 
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where m is equal four; that is only the internal concentra- 

tion points. The result of the computation was 

(Pe), = 123.60 (Pe), = 1.72 (No)y = 3.44 

The resulting regressed value of (Pe)y compares very well 

with the one obtained with Formulation 1, and can be 

considered an acceptable estimated value. The situation 

is quite different when the (Pe), value is compared with 

the one obtained in Formulation 2. The difference between 

them is so large that an acceptable value can not be 

assigned to the rafinate phase Peclet Number. A similar 

situation occurs with the (No) ,. value when compared with 

the first two formulations. 

In summary, all the three different formulations of the 

same differential model produced different answers, which 

did not adequately fit the experimental profile in Run PM-3 

as is shown in Figure 8.11. This analysis reveals that a 

different modelling approach is needed which must allow for 

the possible axial variations of the non-ideal flow 

parameters. The next section presents the analysis of the 

experimental profiles based on the compartments with back 

flow model. 

308



  

Figure 8.11 - Diffusion Model. 
Run_PM-3 
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8.3.2.2.2 Compartments with Back Flow Model 

The interpretation of the experimental concentration 

profiles in terms of a stagewise model made it necessary 

to introduce an important assumption regarding the column 

construction. This assumption, was made as a result of 

inspection of the concentration profiles and involved the 

substitution of ficticious mixing cells for the long end 

sections. Then the column concentration profiles were 

interpreted to correspond to a five stage column. This 

interpretation includes the end effects into the extreme 

stages, offering the possibility of isolating them from 

the rest of the column. The Figure 8.12is the representa- 

tion of the column and its ficticious end stages. 

In this study the solute concentration was expressed 

in weight fractions on a solute free base (y and x) and the 

concentration of each phase in the mixing chambers was 

characterized by a single value resulting from the 

arithmetic average of the chamber top and bottom concentra- 

tions. 

The approximate evaluation of the model parameters 

was done using the Rod technique already presented in 

Chapter 5. The results are given in Table 8.9 for Run 

PM-1 to Run PM-3 and illustrated in Figure 8.13 

These results were used as the initial values for 

the next step of model fitting using the Marquardtalgorithm. 

In order to express the kinetics of theprocess in terms of 
K, (av,) 

the stage efficiency, n, the values of the group D k 
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Figure 8.12 - Stagewise model. Application to 
column of Figure 8.1 
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Table 8.9 - Application of Rod Technique to Experimental 

  

  

  

Profiles 

Backflow Coefficient Dispersed Phase 

Ran! Kp (aVy) 

a e e 

Pyed 0.861 2.65 0.564 

Pu-2 1.00 2.60 1.498 

Pu-3 0.183 BE) Le?       
  

3t2



Figure 8.13 - Stagewise model fitting. Rod's method 

ve y* = £(x*) 
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given in Table 8.9 were substituted in the following 

relationships between stage efficiency and mass 

transfer coefficient (146). 

Ke: Vy) 

Nu 5 RULE +7, ) (S26) 
k"k+1 

1 
a= (A+B Ny 

3 (148;) +1 (8-7) 

where 

al 2 8 Pahl ee (8.8) 
KO Dy (1#2y +2) _4) 

The different formulations of the stagewise model were 

studied. They correspond to Formulation 3 (five parameter 

model) and Formulation 4 (three parameter model ,,no axial 

variations of model parameters) already discussed in 

Chapter 5. The computer program used in this optimization 

step is presented in Appendix 2. 

Table §.10 to Table 8.12 present the results of the 

computations corresponding to Run PM-1l to PM-3. These 

results show that the stagewise model with back flow 

describes the behaviour of the column quite well. Even 

the simplest formulation i.e. no axial variation in the 

parameters gave a fitting for the profiles with a maximum 

error (Sum Square of Residuals) SSR = 0.65 x 10". 

The formulation based on five parameters model assumes 

that Np = ng = 4 and all end effects are included in ny 

and 5° Then for this model the parameter which 
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characterize the column performance is "yr which is 

associated with the inner part of the column. 

Comparing the solution vectors for the two model 

formulations for the three experimental profiles it can 

be concluded that both formulations produce similar 

values of nin the central part of the colum. The 

variation of nwith N presents a maximum value at 500 RPM. 

No improvement in column performance can be obtained by 

increasing the level of agitation above 500 RPM in spite 

of the increased mass transfer interfacial area. This 

behaviour is explained by the fact that the continuous 

phase back mixing increases sharply for N above 500 RPM, 

decreasing the mass transfer drivina force and also the 

drops being smaller produce lower mass transfer coefficients. 

Further inspection of the solution vector reveals 

that both formulations produce quite different estimated 

values of the back flow parameters. This situation can be 

explained based on the conclusions drawn from the theore- 

tical studies of the different model formulations 

presented in Chapter 5. It was theoretically shown that 

the accuracy of the back flow parameters e and r are more 

influenced by the number of parameters in the model and 

the experimental errors in the concentrations than the 

stage efficiency 1. Also an increase in the number of 

parameters in the model produces a significant bias in the 

values of e and r, which increases with experimental and/ 

or modelling errors. Since the 5-cells with back flow 

model is still a simple approximation to the real behaviour 
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of the column (Figure 8.1) which implies large modelling 

errors, it is believed that the estimated values of the 

back flow coefficients e and r based on Formulation 3 are 

unreliable. On the other hand, the values of the back flow 

parameters obtained with Formulation 4 give a reasonable 

and explainable relationship among themselves as well as 

with the speed of agitation. As was expected, the 

ratio (e/r) increases with N, since r decreases due to a 

more uniform drop size distribution and e increases due to 

the increase of the true back flow which existence has 

been experimentally established. 

The estimated values of the overall mass transfer 

coefficients presented in Table 8.B were obtained by 

substituting the results from Formulation 4 into equation 

(8.6) to (8.8). Theoretical mass transfer coefficients 

were also calculated using the correlations proposed by 

Newmann (105) for stagnant drops, Garner and Tayeban (102) 

for circulating drops and Rose and Kintner (103) lately revised 

by Al-Hassan (112) for oscillating drops. 

It is necessary to mention that the K's values 

obtained from the best fitted value of the model parameter 

n, do not represent a real local value but rather an 

equivalent value for the simplified column of the model 

For this reason it is expected that Kp) may be correlated 

with the back flow parameters. 
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Table 8.13 - Overall Mass Transfer Coefficient 
Preliminary Runs 

  

  

  

  

K, (theoretical) 
Run K, (experimental) 

Stagnant | Circulating | Oscillating 

pues 0.91x1074 0.16x104] 0.38x104 | 0.66x10 4 

Pyo| 1.33104 _ - 0.61x10 4 

es 0.72x10 4 0.15x10 “| 0.35x1074 0.66x10 ¢         
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The comparison between the theoretical and the 

estimated mass transfer coefficients reveal that the 

latter are higher than the expected theoretical value 

even for oscillating drops. Same behaviour was found in 

the final experimental program and the discussion of the 

situation is given in Section 9.3.4.5. 
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CHAPTER IX 

EXPERIMENTAL PROGRAM, RESULTS AND DISCUSSION



EXPERIMENTAL PROGRAM, RESULTS AND DISCUSSION 

9.1 Planning of the Investigation 

The final experimental programme was planned to 

interpret the experimental profiles under the cells with 

backflow model and at the same time identify the variables 

that have the greatest effect on the process, in order to 

obtain design information. 

The following points were considered: 

1. Selection of the operational and design variables 

2. Number of levels and range of the variables 

3. Most convenient response to study 

4, Experimental design 

Each of these will be discussed. 

9.1.1 Process Variables 

The speed of agitation N is a factor that has to be 

considered since the preliminary investigation was revealed 

that there was a strong affect of this variable on process 

operation and performance. 

The packing pad height is an important design variable 

since not only does it control the amount of backflow of 

the phases but it also influences the column capacity. 
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The height of the mixing chamber was shown to be 

within . reasonable range, not important as far as mass 

transfer is concerned and it will be kept constant through- 

out the experimentation. 

The effect of the mass transfer direction on the 

column performance had not been analysed in the 

exploratory investigation. Nevertheless, the results of 

run PM-4 and PM-5 indicated that there was a strong 

influence of this variable upon the drop size and 

dispersed phase hold-up; which justifies its inclusion. 

The dispersed and continuous phase superficial 

velocities YD and Vc were included in the plan’ in order 

to complete the analysis of the operating variables. 

Many other variables such as packing element size 

and voidage, geometric variables (Dr ,DorW), physical 

properties of the system and feed solute concentration, 

may affect the operation as well as the rate of mass 

transfer in the column. However, only those cited above 

which are independent and capable of control, were 

considered initially to be sufficient to start a system- 

atic investigation. 

9.1.2 Levels and Range of the Variables 
  

The number of levels of the variables chosemwas based 

on the selected experimental design and a 2" factorial 

design, as discussed in Section 9.1.4, was initiated since 

it was considered to be the most economical and reasonable 
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initial design in which all variables would be studied at 

two levels. 

9.1.2.1 Impeller Speed 

The levels of the variable N chosen were based on the 

results of the exploratory runs. Speeds below 400r.p.m., 

did not impart sufficient energy for the dispersion to be 

fully uniform in each compartment, especially when mass 

transfer took place from the dispersed to the continuous 

phase. At speeds of 700r.p.m. and above drop sizes in 

the case of mass transfer continuous to dispersed were 

very small and serious difficulties were encountered in 

obtaining pictures from which drop: size could be measured. 

Therefore, impeller speeds 400 and 600r.p.m. were chosen 

as representative of the range of normal operating speeds 

for the column under study. 

9.1.2.2 Packing Pad Height and Number of Scheibal Stages 

It has been shown in Chapter 8 that, due to the 

"junction effect" there is total coalescence of the organic 

dispersed phase inside the packing. Therefore, the 

function of the packing pads in the column is to act as a 

coalescer and at the same time, isolate the mixing chambers. 

In view of this, the following packing pad heights 

reported inthe literature 5(0, 23(17), and 33(17) cm for 

2.5 and 30.5 cm diameter columns, seem unnecessarily large. 

Since small column heights are convenient practically 
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and 1.5 cm pad heights had been tested, it was decided 

to study pads of heights 3.0 and 6.0 cm. 

The number of Scheibel stages selected were based 

on the following points: 

1. A small number of stages permit a rapid approach 

to steady state condition. This is an important 

limiting factor in view of the relative small feed 

capacity of the pilot plant (70 litres). 

2. The number of stages while small, has to be sufficient 

to give a representative performance and to be able 

to apply the model fitting exercise with a sufficiently 

large number of data points. This last requirement 

is crucial in the parameter estimation of the cell 

model as shown in Chapters 5 and 8. Based on the 

above four Scheibel stages were considered appropriate. 

9.1.2.3 Phases Volumetric Flow and Feed Solute 

Concentration 

Initially it may be considered that the levels of ve 

and Vp can be chosen considering only the total feed 

capacity of the unit, the flooding characteristic ‘of the 

column and the operating time necessary to reach steady 

state condition, plus some extra time for sampling and 

picture taking. 
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The pilot plant utilized in this study is shown in 

Figure 6.2 and it has a feed capacity of each phase of 

7O litres. The time estimated to attain steady state, 

based on results from the preliminary experiments and 

Treybal's (17) approximated method, was about 45 minutes. 

Hence it can be assumed that a total operating time of 

60 to 75 minutes is possible per run. Column flooding 

conditions were measured with the 6.0 cm pads height 

inserted into the column under no-mass transfer operation 

and the results obtained are presented and discussed in 

the following sections. These results together with the 

selected impeller speeds led to the tentative conclusion 

that a volumetric feed rate and solvent rate of 1000 ml/min 

could be accepted as a practical maximum value. Then the 

choice for levels of Vo and Vp were 500 and 1000 ml/min. 

The concentration of the feed was fixed by considering 

the following: 

1. Maximum solute content allowed in each phase while 

maintaining phase immiscibility, 

2. The concentration range in the column should be within 

the linear portion of the system equilibrium relation- 

ship. Based on the systems physico-chemical data 

presented in Chapter 6 it was decided that the feed 

concentration be about 8% w/w together with the pure 

solvent would be used in this study. 
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An important variable in extraction studies that had 

not yet been considered is the extraction factor F, defined 

as 

ae (9-4) 

where m is the distribution coefficient of the equilibrium 

relationship 

x* = f(y) (9.2) 

An analysis of this variable was made for the case of the 

aqueous continuous phase i.e. the raffinate phase, since 

similar conclusions can be drawn from a similar analysis 

of the opposite mass transfer direction case. The solid 

lines in Figure 9.1 shows the ideal operating lines for the 

values of F, 2.55 (a and a@& ) and 0.64 (b) calculated using 

the levels of Vo and Vp tentatively assumed above. The 

dotted lines simulate the real operating lines. 

For F > 1, case a, Figure 9.1 shows that the existence 

of a "pinch point" condition is possible at the bottom of 

the column,.depending on the extent of deviation from plug 

flow exhibited and the number of real stages in the column. 

This situation must be avoided, since the experimental error 

affecting the values of the phase concentrations can be a 

large portion of the total driving force in the "pinch 

point" region, due to the extremely low values of the 

x- or y- driving forces. This large error in the experim 

ental value of the driving force certainly will affect the 

accuracy of the model parameter estimates. 
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Figure 9.1 - Analysis of Extraction Factor F 

X — Aqueous Raffinate Continuous Phase 

y = Organic Extract Dispersed Phase 
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Case b, F < 1, represents the situation of a low 

extraction factor and also needs careful analysis since 

problems can arise in the event-of large flow non-idealites. 

From Figure 9.1 it is noticed that, for large axial mixing 

or backmixing of the extract: phase, the concentration 

profile can become almost horizontal. Under this 

condition, unavoidable experimental errors and column random 

variation can mask the extract phase concentration change in 

the middle part of the column with the consequence of a 

poor and unacceptable solution of the model fitting stage. 

The above discussion indicated that the selected 

levels of Vo and Vp (500 and 1000 ml/min) are not convenient 

and that values of F in the range of 0.8 to 1.2 are suitable 

under operating conditions of organic phase raffinate and 

dispersed. 

Setting two levels of a phase flowrate and F, results 

in four values of the other dependent flowrate. This may 

require an experimental design of the type 24 with k = 4 

n = 1 which was considered to be unnecessarily large and 

it was decided not to study Vor keeping its value at 

500 ml/min, which then gives a reasonable 24 = 16 runs 

complete experimental design. 

In summary, the factors to be investigated were chosen 

to be: 
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Factor (=) aC-h)) 

Impeller Speed, r.p.s. (A) 6.66 10 

Pad Height m (B) 0.03 0.06 

Mass Transfer direction (c) D=C Cc3D 

Volumetric Dispersed Phase 

Flowrate ml/min (D) 625 950 

Volumetric Continuous 

Phase Flowrate - 500 ml/min 

9.1.3 Treatment Response 

The mean drop diameter and drop size distribution, 

the dispersed phase hold-up and the concentration profile 

of each phase are to be measured in each experiment and 

later subject to analysis. 

Still photographs of several agitated chambers were 

taken in order to produce a characteristic Sauter mean 

drop diameter. Although it was shown in the preliminary 

experimentation that no relationship exists between the 

mean drop diameter and the column height, the above 

procedure was considered convenient when mass transfer 

is taking place. Hold-up determination was made by 

withdrawing a large two-phase sample from a mixing 

compartment. More details of these techniques, as well as 

the sampling technique for concentration measurement are 

presented in Chapter 7. 
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9.1.4 Experimental Design 

Since large interactions between the factors . listed 

in Section 9.1.1 are expected to exist, the Latin Squares 

and/or Randomised Blocks experimental designs can not be 

used. 

Each of the statistical treatments presented in 

Section 9.1.3 may require different experimental designs. 

The significance of the effects and interactions will be 

different according to the response of the analysis, and 

in some case a simple design will supply the information 

while for others a more complete one is required. Since 

it is desirable to run a single design, at least as a starting 

point, a complete - factorial was considered to be the 

most economical and reasonable. 

The four variables or factors generate sixteen 

treatment combinations as presented in Table 9.1. The 

factors are denoted by capital letters and the two levels 

of each factor by (1) and the corresponding small letter. 

By convention (1) refers to the lower level, the normal 

condition or the absence of a condition while the small 

letter refers to the higher level, the change from normal the 

presence of a condition, etc. The next table-9-2 shows a more familiar 

representation of the 34 design. 

It was decided that each treatment would be tested 

once giving a total number of sixteen experimental runs. 

The runs would be made at random. As will be shown in the 

Data Analysis section, this design requires some interaction 

mean squares to be used as estimates of the experimental 
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Table 9.1 - Symbols for Treatment Combinations 

  

Level of Factors 

  

Treatment 
Combination 

A B Ce D 

(1) = = 5 = 

a + - - - 

b ~ + - - 

ab ots + = = 

c - - + - 

ac at = + - 

be i ae + - 

abc ae 7 + - 

d = a es + 

ad +. = = + 

bd - + - + 

abd + ay = - 

cd = - + + 

acd + - + e 

bed = SS + + 

abcd + au a a 
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error since a single replication of the experiment will 

be carried out. 

9.2 Experimental Results 

9.2.1 Columns Capacity 

The flooding characteristics of the columns shown in 

Chapter 6, Figures 6.3 ana 6.4, were investigated under "no 

mass transfer conditions" in order to assess the maximum 

flow rates permitted in the columns. Although it was 

realised that in the mass transfer experiments the flooding 

characteristics can be quite different, the data shown in 

Tables 9.3 to 9.7 would serve as a guideline in the 

selection of the levels of the phases flowrate. 

The influence of the agitators location on the 

flooding behaviour was tested by running the columns 

alternatively with the impellers positioned at the middle of 

the mixing chambers and at D,/5 cm from the upper surface 

of the pads. 

The determination of the onset of flooding and the 

experimental procedures adopted have been described in 

Chapter 6. In all the runs the system was mutually 

saturated toluene (dispersed) and water (continuous). 

The data listed in Tables 9-3 to3-7 and plotted in the 

Figures 9.2 to 9.5 are the average values of at least two 

runs. The position of the onset of flooding reported in 

the tables was specified relative to the bottom packing pad. 
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Table 9.4 - Flooding Data - Column 1, 6 cm pad height (5) 

Volumetric flowrate ml/min 

ie 

850 

1230 

1650 

1230 

1650 

2070 

1230 

1650 

2070 

Impeller Position: 

2p 

1160 

1160 

1000 

1780 

1550 

350 

2300 

1740 

1300 

336 

Impeller 
Speed r.p.m. 

400 

500 

700 

Onset 
Flooding 

Below lst Pad 

" 

" 

Below Ist Pad 

" 

" 

Below lst Pad 

Dy/5 cm from upper surface of the pad
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9.2.1.1 Continuous Phase Entrainment 

Tests for entrainment in the continuous phase 

similar to the ones described in Section 8.3.2.1, were 

performed in both columns with the impellers positioned 

at D,/5 cm from the upper surface of the pads. No 

evidence of backflow or entrainment of the continuous 

phase was found in either colum. 

EY) De Factorial Design 

This section presents the results of the 27 factorial 

design given in Table 9.2. In all the runs the impellers 

were positioned at approximately D,/5 cm from the upper 

surface of the pads. The positionof the interface at the 

top of the column was maintained at about 20 cm from the 

top distributor plate and carefully monitored in all the 

runs, in order to avoid random variations which enlarge 

the experimental error. 

The two columns identified as Column 1 for the 6 cm 

pad height and Column 2 for the 3 cm pad height, were 

constructed from standard QVF pipe sections of 10 cm 

diameter. The columns were of such length as to give, as 

close as possible, comparable end effects. Undetected 

large differences in the end effects would give bias 

results which lead to wrong conclusions in the statistical 

analysis. 
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Tables 9.8 to 9.12 present the concentration profiles, 

hold-up and Sauter mean drop diameter obtained for each 

of the experiments of Table 9.2. A total of 22 samples 

per run were analysed for Run 1 to 8 inclusive, 

fourteen samples from inside the columns and two samples 

from each of the inlet and outlet streams. The samples 

labelled Dist. T and Dist. W, corresponding to the organic 

and aqueous phase respectively were taken at the exit (~1cm) 

of the distributor plates. For Run 9 to 16, each produced 

8 samples from inside the columns, one sample at the exit 

of each distributor plat@ and two samples from each of the 

inlet and outlet streams, giving a total of 19 samples/runs. 

Figure 9.6 shows sc.iematically the sampling position 

and system behaviour at both distributor plates. At the top 

of the column the dispersed phase coalesces completely in 

the upper pad leaving it by several jets. This is in agree- 

ment with the fact, common to all of the runs, that the 6T 

and 5T samples have approximately the same concentration. 

This confirms the conclusion of the preliminary investiga- 

tion that almost no-mass transfer takes place inside the 

packing pads. 

The organic phase jets hit the intemals of the upper 

distributor plate breaking-up into large oscillating drops 

which coalesce at the top interface. This behaviour is 

quantitatively represented by the relatively large concen- 

tration difference found between 6T and the organic 

samples at the column top. This extra amount of solute 

transfer is considered to be part of the columns top end 
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effect and it is partially controlled by keeping the level 

of the main interface constant. The behaviour of the 

aqueous phase at the column top also needs careful examina- 

tion. Sample 6W on Column 1, as well as sample Dist. W 

in both columns, do not provide a concentration value which 

accurately characterize the aqueous phase beyond the upper 

pad. This region behaves approximately as a spray column 

with large backflow in the aqueous phase which produces 

concentration gradients below and above the distributor 

plate. If the concentration changes in both phases at 

the top of the column are compared, it must be realised 

that the aqueous phase concentration jump at te Gisemibator 

is the result of a mixing process and not of a solute transfer 

mechanism. 

The portion of the column between the lower distribu- 

tor plate and the first packing pad behaves also as a 

spray column. The organic phase concentration jump measured is 

the result of mass transfer at. drop formation. The magnitude 

of the jump was, in all the runs, substantially smaller 

than the organic phase concentration change across any 

Scheibel stage. This reveals as far as mass transfer is 

concerned, an important difference between the two 

mechanism of drop formation. No relationship was found 

between the operating variables and the organic phase 

concentration jump, probably because the experimental 

error was large compared to the magnitude of the jump. 

3a2



Figures 9.7 to9.14 show the concentration profiles. 

The columns are schematically presented with the sampling 

positions and the hold-up valve. Clearly indicated. In 

drawing these profiles it was the author's intention to 

represent, as close as possible, the real axial concentra- 

tion variation of the phases inside the columns. Thus, 

no mass transfer inside the packing pads, total mixing of 

the phases in the agitated chambers and total solute 

transfer located only at the impeller zones, were the 

conditions used in the drawings. 

9.3 Analysis of Data 

9.3.1 Flooding 

The observation reported in Section 8.3.1.1 regarding 

the unusual behaviour of the preliminary flooding studies, 

was quantitatively confirmed in the final experimental 

programme. The tables of flooding data and their corres- 

po.nding figures presented in Section 9.2.1 clearly show 

that by positioning the impellers close to the upper 

surface of the pads, the column capacity increases with the 

impeller speed. 

Flooding data on Column 2 were replicated, under the 

condition of impellers close to the upper surface of the pads, 

at the end of the factorial experiment program. The 

results listed in Table 9.7 still show the unusual behaviour 

mentioned above but the reproducibility is so poor that 

it is necessary to conclude that another variable, besides 

impeller position in mixing chamber, exists which has a 
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strong influence upon the flooding mechanism. It is 

suspected that this unknown variable has a random nature 

and it is closely related to the voidage distribution 

inside the pad. 

The very important practical implications and the 

consequences that the finding describes above could 

have over the future commercial applications of the 

Scheibel column, indicate that the problem requires a 

more complete and carefully planned investigation in which 

new variables describing the physical nature of the packing 

pad must be analysed. 

9.3.2 Drop Size 

9.3.2.1 Statistical Analysis 

The characteristic of this variable or response is 

that its normally reported value is not a deterministic 

one but a mean from a distribution curve. This situation 

has not always been recognised when drop size data were 

subjected to an analysis of variance. It is better to 

use all the measured drop diameters instead of the single 

valued mean drop diameter. That is, if in any particular 

experiment the drop size is characterized by, say, 100 

drops, measured from still photograps, then in the analysis 

of variance each drop diameter is considered to be a response 

of a treatment which has been replicated 100 times. 
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This approach can be criticized on the fact that 

the tabulated significance levels for the Fisher's test 

(F-test) used in the analysis of variance is based on the 

assumption that the observed responses in repeated trials 

of one treatment are distributed normally with the true 

response as mean, and variance ae (error variance). It 

is well known that drop sizes distributions in agitated 

columns in general, departs from normality and more often 

they are of the log-normal or Mugele-Evans distribution 

types. Nevertheless, the degree of freedom of the effects 

is 1, in which case F is equal to "2 (student t-distribution) 

and since t is not strongly influenced by departure from 

normality the above criticism is not important. 

The Sauter mean diameters listed in Tables 9.8 to9.1l 

are the result of measuring the drop sizes in several 

photographs taken when possible from all the mixing 

chambers and these are the values (d35) used in the 

correlations presented in the next section. 

In the following analysis of variance only the individual 

drop diameters of the pictures taken from the second 

mixing chamber were considered. Each of the of the runs 

in the factorial design were characterized by the measure- 

ment of the diameters of 100 drops and in those experiments 

in which more than 100 drops were measured, those in excess 

of 100 were eliminated randomly using a table of random 

numbers. This ensures that the design is symmetrical in 

all the factors and the main effects and interactions can 

be independently estimated without entanglement (ortho- 

genality). 
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The calculation of the effects and mean squares was 

done using the Yates' Method (150). The corresponding ANOVA 

(analysis of variance) table is presented - in 

Table 9.B. For 1 and infinite degrees of freedom the 5% 

probability of F is 3.84, so that using the calculated 

error variance, mean squares greater than 3.84 x 0.623 = 

2.39 are significant at the 5% level. It is seen that all 

effects except AD,BD,CD,ACD and ABCD are highly significant 

at the 5% level. 

The magnitude of the significant effects are; 

Agitator Speed (A) = -0.266 

Pad Height (B) = —0.179 
Main 

Mass Transfer Direction (C) = -0.742 

Effects 
Dispersed Phase Superficial 

Velocity (D) = 0.179 

DB = 0.117 
Two Factor 

Axc = -0.104 
Interaction 

Bx 'C = 0.241 

AxBxc = -0.198 
Three Factor 

A x B x D = 0.083 
Interaction 

Bx'C x D = 0.168 

The effects of A,C and D upon drop diameter agrees with 

observations made during the preliminary runs. The 

relatively high magnitude of the main effect C; that is 

drop diameter decrease when the mass transfer direction 

changes from dispersed —+ continuous to continuous — dispersed 

phase, is an indication that this variable is the most 
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Table 9.13 - Analysis of variance of drop diameter. data 

  

  

Source of Degrees of Sum Mean Fa 
variation freedom Square Square 

Mean 2571513) 

A - 28.30 28-30 48. 40*** 

B i 12.88 12.88 20..60*** 

Cc 1 220.55 220-95 354.0 144* 

D A 12.88 12728 20.60% ** 

AB 1 5.56 5.56 Sj 70%* 

AC 1 4.34 4.34 6.962%) 

AD ae 0.03 0.03 is 

BC 1. 23-29 23729 31 38** 

BD 1 0.18 0.18 = 

cD 1 1.08 1.08 = 

ABC a: 15672 Tore 25..20*%* 

ABD it 2215 PETS 4.42** 

ACD Z 0.56 0.56 = 

BCD 2 11.42 11.42 1333." * 

ABCD 1 0299 0.99: ms 

Error 1584=99x24 987.37 0.623 

Total 1599=100x24-1 4199.02 
  

a Fisher test made at 5% significant level, F(1,00)=3.84 

*** Highly significant 

** = § Significant 
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important one in controlling the degree of dispersion and 

that the selection of the phase (continous or dispersed) 

can not be done arbitrarily. 

The significanceof the pad height over the drop 

diameter was unexpected. The analysis shows that increasing 

pad height (3 -*6cm) results in a decrease in drop sizes, 

which is larger when the mass transfer direction is dispersed 

tocontinuous phase (two factor interaction B x C > QO). 

A direct comparison of the data presented in Tables 9.8 to 9.11 

reveal: that Sauter mean drop diameter and their correspond- 

ing standard deviations are lower for the experiments 

performed in Column 1 (6 cm pad height) than the ones in 

Column 2 under the same mass transfer direction. Since 

total coalescence of the dispersed phase inside the pads 

has been experimentally demonstrated, a possible explanation 

for the behaviour above could be that for lower pad height 

their particular voidage distribution allows ia portion of 

the coalesced phase to leave the pads far from the impeller 

region contributing in this manner with larger drops which 

increase the mean values as well as the spread of the 

distribution. Nevertheless, further work must be done to 

clarify this point. 
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9.3.2.2 Correlations 

The Sauter mean diameter data from the factorial design 

plus the ones obtained during the preliminary experimenta- 

tion were correlated using the regression models 

  

d K K K, H, K 
pe = 1 lp) 7 (Rep) ? (wey) 4 (By > (9.3) 
iD M 

(1+K@) K K “ty 27D" ey 3 4 7 dy, = K,-10 + (€) ~ (Hp) (9.4) 

a K 3200 3 By = (K, + Ky 6p) (We) (955) 

where 
3,2 

D."-N“p ee c 
Go 

2 
R Ls aT Nou 
Sy = 

Bo 

15 
é 2 4.4N Dy © 

2 
7D 

SH i: im? 

being 4.4 the value of the power number for a fully 

turbulent flow in a baffled agitated vessel (561). The 

coefficients and exponents of equation (9.3) and (9.5) were 

evaluated by linear regressions of the logarithms of the 

independent variables, that is, a logarithmic fit. For 

this purpose the ICL Statistical Package x DS$-3, available 

at the University of Aston Computer Centre, was used. 

Correlations were made with all of the terms included 
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in the above equations and also with some terms ignored 

for mass transfer in both directions. 

Equation (9.5) could not be linearised, requiring 

an optimisation method to evaluate the coefficients and 

exponents. The Gauss-Newton method based on the 

minimisation of an objective function of the type "sum of 

squares of residuals" was used. The NAG-EO4FDF computer 

program, available at the Computer Centre of the University 

of Aston, is an "easy to use" modified version of the 

Gauss-Newton technique and it was the one used. 

Table 9.14 lists the resulting correlations using the 

basic three regression models mentioned above. The 

correlations from the linearised meee show the exponents 

with their standard errors. For comparison, the 

"residual error" or "standard error" defined as 

     2 2 
2 (d35-d39) 

ree. =\|> = 
data “param 

Naata number of data points 

fT oaram = number of parameters to be estimated 

was calculated for each correlation. The lower the value 

of residual error, the better the correlation. 

For mass transfer in each direction, the correlations 

were improved by discarding Hp (height of packing pad). 

This is another indication that the influence of this 

variable on drop size has not been fully established since 

the above results contradict the conclusion of the 
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analysis of variance (Table 9.13): 

The best correlations found were 

A (1+(3.407)}@,) _ -0.277 
dj. = (1.240 x lo ”).10 @ (9.6) 

for mass transfer direction dispersed— continuous 

phase and 

q39 
D 

I 

= (1.763 + 16.117 -@))we °° 907 (9.7) 

for continuous—+ dispersed phase. Since equation (9.6) 

is not a dimensionless correlation, care must be taken to 

use them with the correct units. 

In these correlations, the influence of Vp over a35 

is implicit, being included in the hold-up factor. The 

influence of the agitator speed can be isolated from 

the correlations to give 

d35 a iceo Dispersed— Continuous 

d35 a Naas Continuous — Dispersed 

Kolmogoroff's law is not stictly followed in either case 

mile 
(d35 a N ), nevertheless, the exponents of the correla- 

tions for mass transfer direction Continuous —»Dispersed 

phase were found to be in the range 1.2 to 1.8; closeto 1.2 

required by the above law. The values of d35 are in the 

2 to 3.8 x 107 3m for Dispersed —Continuous 

5 

range 2.2 x On 

S and 0.8 x 10 ~ to 2.0 x 10 “m for Continuous —Dispersed. 

The integral scale of Turbulence Le, calculated according 
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to the approximation given by Cutter 65) (30) for the 

impeller-discharge stream of an agitated, baffled vessel, 

3n and the Kolmogoroff's length 

: to 0.03 x 107 3m. 

Le = 0.08 D,; is 2.7 x lo- 

scale n is in the range 0.05 x 10. 

Therefore, the drops for the condition dispersed—> continuous 

phase tnansfer, are most likely similar in size to the large 

and medium size eddies for which isotropic turbulence 

does not exist and consequently, Kolmogoroff's law can not 

be applied, as has been shown numerically. Less deviation 

from Kolmogoroff's law is expected when mass transfer is 

in the opposite direction since the sizes of the drops are 

around the upper limit of the domain G of isotropic and 

homogeneous turbulence. 

9.3.3  Hold-up 

9.3.3.1 Statistical Analysis 

Hold-up data from the factorial experiment were subject 

to an analysis of variance with the effects and interactions 

calculated using Yates' technique. 

Table 9.15 shows the ANOVA table. An estimate of the 

experimental error variance is required by which the signif- 

icance of the effects and interactions may be judged. 

There was insufficient background information, especially 

from the preliminary investigation, to provide a reliable 

external estimate and a true internal estimate from the 

experiment itself, as was done in the drop size analysis 

» was not possible since only a single replication of 

the experiment was carried out. Since the higher 
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Table 9.15 - Analysis of variance of hold-up data 

  

  

  

  

Source of Degrees of Mean F 
Variation Freedom Squares 

A 1 47.680 95 95% *=* 

B 1 0.366 O.733 

€ dl 129.846 260.20*%* 

D se 33.698 67 54ee* 

AB 2 0.308 0.617 

AC i 25.452 5LO2*** 

AD 2) 0.297 0.59 

BC As ost t 2.62 

BD L 1s550 3.10 

cD 4 31 2262 

ABC a 4) 0.632 ) 

ABD is 0.648 } 
BCL?) oer Gs ee QLOld )We2eag 45 oy, 5, 

Na Nee Se aa BCD 2 ) 0.648 ) 

ABCD, ‘i ; 0.555 ; 

F(1,5) = 6.61 at 5% level 

F(1,5) = 16.30 at 1% level 

*k* Highly significant 
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interactions are small, it was thought unlikely that they 

would be significant and it was decided to combine the 

three and four-factor interactions to give an estimate 

of the error variance. In order to have an experimental 

confirmation of the validity of this step a test based on 

the Bartlett's criterion ()) was performed. 

The Bartlett's criterion is a test for the equality 

of several variances. When this hypothesis is shown to 

be true, the compared variances are in fact estimates 

of the same variance and may therefore be used as an 

estimate of error. Since this test was used in the rest 

of the data analysis in this chapter, a detailed presenta- 

tion is considered appropriate. 

2 
Op rh cee OK 

Dis Dor wae D, degrees of freedom. The criterion for 

Consider the variances ao, based on 

measuring the divergence in the variance is based on the 

value of a random variable M defined by 

l
o
w
 

M=@ an ¢- = = Gi Ino; (OBEN) 
+ 1 

where @ is the total number of degrees of freedom and ae 

is the average variance defined as 

age (9,9) 

When the variances differ greatly the value of M is large 

and is equal to zero when all the variances are equal. 

Sas



In our case, 

M u 5 x £n 0.498 - &£n(0.632x0.648x0.011x01648x0.555) 

M 2.576 

From the table of significance points of M when each 

variance has a single degree of freedom, given by Nair (150), 

it is seen that a value of 12.0 is required for significance 

at the 5% level. Since the value obtained here is lower 

there is no evidence of heterogenity and the procedure 

to estimate the error variance is adequate. 

The results of the application of the Yates’) method 

produces the following magnitude and sign of the significant 

effects 

Agitator Speed (A) = 3.45 

Main Effect Mass Transfer Direction (C) = 5.69 

Dispersed Phase Superficial 

Velocity (D) = 2.90) 

Two Factor 
AC = 2252 

Interaction 

Table 9.15 shows that all factors, except pad height 

are significant with positive effects on the response; 

that is hold-up increases when the level of the factor 

increases. The relatively large interaction Agitator 

Speedx Mass Transfer Direction indicates that the 

positive effect of Agitator Speed on hold-up is greater 

at the mass transfer direction continuous —>dispersed 

phase. This strongly suggests that when hold-up data 
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are correlated, a factor must be included to represent 

the effect of the direetion of transfer or correlations 

for each direction be obtained. 

9.3.4 Stagewise Model Parameter Estimates 

9.3.4.1 Compartments with Backflow Model - Fitting Results 

The interpretation of the sixteen concentration 

profiles was carried out in terms of the 5-stage with 

backflow model schematically presented in Figure 9.15 

The three parameter model (Formulation 4) was fitted to 

the profiles, using the Manyuarat's algorithm (Appendix 4) 

to minimise the sum squares of the residual objective 

function. 

Table 9.16 to 9.24 present the results of the computations. 

The solute concentrations are expressed in weight fractions 

on a solute free base (y and x) and the values between 

the brackets are the resulting concentration fitted. 

In Runs 8 and 14 the computations very slowly approached 

towara tae minimum and in both cases, convergence was not 

achieved. This was due to the fact that one of the 

parameters (e) of the solution vector lies outside the 

boundaries of the constraints given by 
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Figure 9.15 - 5 stages model with backflow 
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Table 9.16 - Runs 1 and 2 

  

  

  

Run 1 Run 2 

x * Yk \ Yq 

° Xj 70-828 Xj 70-0782 

i 0.0700 0.0499 0.0577 0.0562 

(0.650) (0.0528) (0.0572) (0.0577) 

2 0.0540 0.0436 0.0483 0.0473 

(0.531) (0.0423) (0.0441) (0.0478) 

3 0.0331 0.0301 0.0298 0.0389 

(0.0423) (0.0308) (0.0333) (0.0362) 

4 0.0310 0.0146 0.0201 0.0258 

(0.0328) (0.0202) (0.0238) (0.0252) 

5: 0.0292 0.0136 0.0182 0.0140 

(0.0261) (0.0100) (0.0167) (0.0151) 

¥5n70-0 Yyn7O-00 

- Solution vector: 1=0.393 - Solution vector: n=0.606 
r=0. 485 r=0. 289 
e=0.075 e-0.68 

Number of iterations = 10 

{S-S-R.) oop = 0.17x10 
3 

Number of iterations = 14 

- —A (S-S.Re) og, = 0-574x10 
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Table 9.17 - Runs 3 and 4 

  

  

  

Ryn 3 Run 4 

s % Yq % Yc 

° ane 0.0848 Xj ,=0-0820 

1 0.0708 0.0741 0.0735 0.0794 

(0.0697) (0.0738) (0.0719) (0.0810) 

2 0.0606 0.0666 0.0650 0.0726 

(0.0614) (0.0666) (0.0629) (0.0726) 

3 0.0527 0.0530 0.0531 0.0629 

(0.0531) (0.0555) (0.0537) (0.0608) 

4 0.0424 0.0414 0.0417 0.0482 

(0.0451) (0.0425) (0.0436) (0.0472) 

5: 0.0394 0.0291 0.0342 0.0311 

(0.0396) (0.0271) (0.0333) (0.0319) 

Yj ,70-00 Yypy70-00 

- Solution vector: n=0.412 - Solution vector: 1n=0.626 
r=0.969 r=0.017 
e=0.605 e=0.946 

Number of iterations = 10 

=0.208x10 4 (S-S-R.) oot 

Number of iterations = 13 

4 
(S.5-R.) 5, 0-203x10 
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Table 9.18 - Runs 5 and 6 

  

  

  

Run 5 Run 6 

i oe Yk % Yq 

° Xin = 0.0951 Xin = 0.0830 

ds 0.0775 0.0513 0.0678 0.0455 
(0.0758) (0.0518) (0.0659) (0.0471) 

2 0.0653 0.0437 0.0554 0.0402 
(0.0652) (0.0448) (0.0561) (0.0397) 

3 0.0521 0.0352 0.0431 0.0318 
(0.0546) (0.0363) (0.0461) (0.0317) 

4 0.0420 0.0276 0.0308 0.0227 
(0.0441) (0.0272) (0.0360) (0.0233) 

5 0.0364 0.0178 0.0291 0.0140 
(0.0358) (0.0171) (0.0271) (0.0142) 

Yyp70-OOl Yj p70-000 

- Solution vector: n=0.655 - Solution vector: n=0.801 
r=0. 823 r=0.775 
e=0. 290 e=0.091 

Number of iterations = 8 

—4 
(S.S.R.) ote 

Number of interations = 42 

ae 
a (S-S-R.) p50 482x10 
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Table 9.19 - Runs 7 and 8 

  

  

  

Run 7 Run 8 

e oe Yq ok Yq 

O° Xin = 0.0893 Xin = 0.0857 

J 0.0624 0.0381 0.0575 0.0423 

(0.0625) (0.0381) (0.0566) (0.0441) 

2 0.0495 0.0307 0.0426 0.0368 
(0.0493) (0.0316) (0.0431) (0.0329) 

3 0.0392 0.0235 0.0298 0.0254 
(0.0386) (0.0241) (0.0319) (0.0237) 

4 0.0283 0.0171 0.0196 0.0173 
(0.0295) (0.0171) (0.0225) 0.0161) 

5 0.0233 0.0115 0.0172 0.0084 
(0.0231) (0.0107) (0.0142) (0.0099) 

y. in7- 00O Yin: o1o 

- Solution vector: n=0.633 - Solution vector: n=1.085 
r=0. 621 r=0. 798 
e=0.613 e=0.010 

- Number of iteration = 7 Number of iteration = 
no convergence 

+ 4 
= SS ee - (S.S.R.) = 0.479x10 
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Table 9.20 - Runs 9 and 10 

  

  

  

Run 9 Run 10 

u % Mig % Yc 

oO ae 0.0887 Xin = 0.0867 

i: 0.0631 0.0530 0.0619 0.0623 
(0.0609) (0.0542), (0.0605) (0.0652) 

2 0.0467 0.0482 0.0455 0.0591 
(0.0505) (0.0443) (0.0460) (0.0525) 

3 0. 0390 0.0332 0.0318 0.0394 
(0.0412) (0.0334) (0.0338) (0.0388) 

4 0.0349 0.0191 0.0207 0.0258 
(0.0335) (0.0228) (0.0234) (0.0264) 

5 0.0299 0.0103 0.0187 0.0125 
(0. 0286) (0.0117) (0.0157) (0.0151) 

Y4n70-000 Y4n70-000 

- Solution vector: 1n=0.379 - Solution vector: n=0.682 
r=1.569 r=0. 439 
e=0.050 e=0. 44] 

- Number of iterations = 19 - Number of iteration = 32 

4 <4 
(S°S-R-) 5470: 60710 = (S.S-R.) ,,-0- 810x10 
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Table 9.21 - Runs 11 and 12 

  

  

  

Run 11 Run 12 

K % ¥, cs Yq 

eo 0.0959 %in = 0.0922 

as 0.0841 0.0793 0.0786 0.0839 

(0.0800) (0.0828) (0.0786) (0.0878) 

2 0.0683 0.0753 0.0678 0.0794 
(0.0700) (0.0719) (0.0681) (0.0755) 

3 0.0554 0.0600 0.0573 0.0638 
(0.0597) (0.0576) (0.0569) (0.0604) 

4 0.0486 0.0447 0.0428 0.0483 

(0.0485) (0.0418) (0.0452) (0.0437) 

5 0.0442 0.0167 0.0377 0.0157 
(0.0418) (0.0237) (0.0351) (0.0248) 

Y4p,=0-000 Y4n70-000 

- Solution vector: 1n=0.451 - Solution vector: n=0.593 
r=0. 730 r=0. 446 
0.199 e=0.125 

- Number of iterations = 28 - Number of iterations = 24 

3 a < 2 -3 (S.S.R.) ,.,°0.13bd0 (S-S.R.) 54 0-160x10 
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Table 9.22 - Runs 13 and 14 

  

  

  

Run 13 Run 14 

is % Yq %& Yq 

O° 4 * 0.0942 Xin = 0.0920 

1 0.0755 0.0493 0.0744 0.0497 
(0.0760) (0.0496) (0.0729) (0.0508) 

2 0.0683 0.0389 0.0620 0.0405 
(0.0657) (0.0424) (0.0626) (0.0426) 

3 0.0547 0.0349 0.0497 0.0315 
(0.0551) (0.0336) (0.0519) (0.0339) 

4 0.0414 0.0243 0.0330 0.0244 
(0.0449) (0.0244) (0.0414) (0.0248) 

s 0.0373 0.0151 0.0338 0.0146 
(0.0370) (0.0140) (0.0325) (0.0145) 

Y4p,=0-000 Y4p70- 000 

- Solution vector: n=0.574 - Solution vector: n=0.713 
x=0. 827 x=0.922 
e=0. 143 ez0.01 

- Number of iterations = 16 - Number of iterations = 
no convergence 

4 4 
- (S.S.R.) 470. 350x10 - (S.S.R. =0.9 10x10 op ( ) opt 
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Table 9.23 - Runs 15 and 16 

  

  

  

Run 15 Run 16 

x % Yq %& Yq 

° Xj )70- 0904 XO: 0934 

iE 0.0596 0.0336 0.0584 0.0391 
(0.0602) (0.0337) (0.0578) (0.0405) 

2 0.0488 0.0288 0.0424 0.0321 
(0.0483) (0.0277) (0.0425) (0.0299) 

3 0.0394 0.0210 0.0295 0.0210 
(0.0384) (0.0210) (0.0308) (0.0209) 

4 0. 0290 0.0144 0.0187 0.0145 
(0.0304) (0.0149) 0.0217) (0.0138) 

S, 0.0257 0.0088 0.0177 0.0077 
(0.0254) (0.0091) (0.0149) (0.0082) 

Yyy70- col Yin7O- ool 

- Solution vector: n=0.494 - Solution vector: n=0.896 
r=1.251 r=0.455 
e=0. 229 e=0.358 

- Number of iterations = 9 7 Number of iterations = 25 

-5 —4 
eS eee (StS°R) coe oe aoaelO 
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Table 9.24 - Runs 10 and 14 

  

Replicated Run 10 Replicated Run 14 

  

  

K *% Yq ac Ye 

0 Xj ,7O0-0938 Xj) 70-0928 

1 0.0649 0.0718 0.0744 0.0546 
(0.0643) (0.0747) (0.0744) (0.0559) 

2 0.0493 0.0688 0.0624 0.0499 
(0.0495) (0.0605) (0.0640) (0.0476) 

3 0.0344 0.0478 0.0477 0.0393 
(0.0369) (0.0456) (0.0530) (0.0388) 

4 0.0234 0.0311 0.0334 0.0285 

(0.0258) (0.0319) (0.0415) (0.0295) 

5 0.0198 0.0168 0.0314 0.0179 
(0.0170) (0.0194) (0.0300) (0.0192) 

Y4p70-000 Yyn70-000 

- Solution vector: n=0.785 - Solution vector: n=0.934 
r=0. 465 x=0.900 
e=0.557 e20.029 

- Number of iterations = 10 

- (S.S.R.)_,=0.109x10 > opt 

- Number of iterations = 14 

=3 
= (S-S-R-) 5.70: 106x10 
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specifically oe -0.01. The results from replicated 

run 14 confirms the above explanation. Experimental 

and model errors, plus the proximity of the solution vector 

to the origen can lead to a negative value of the backflow 

parameter. In the following analysis of variance the 

parameters with negative values were considered to have 

zero values since negative ones do not have any physical 

meaning in the model under study. 

The sum squares of the residuals at the optimum 

(SSR) serves as an intenal criterion to compare the 
Opt.G 

fitting of the model to the various experimental profiles. 

The following Figures 9.16 to 9.31 help to visualize the 

goodness of fit of the model. It is seen that overall the 

model describes the behaviour of the column quite well. 

The results from Run 8 show a stage efficiency 

slightly greater than one. To conclude that a significant 

amount of mass transfer took place inside the pads is 

not justifiable since it is seen from the result of the 

extract phase backflow parameter (e < O) that an error 

greater than the average contaminates the profile and it 

could be responsible for the large value of n. Nevertheless, 

a statistical analysis of the stage efficiency will clarify 

the point. 

Table 9.25 summarizes the results of the factorial 

experiment. The column labelled M.B.C. gives the material 

balance closure percentage error. 
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Figure 9.16 - Run 1 
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Figure 9.17 - Run 2 
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Figure 9.18 - Run 3 
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Figure 9.19 - Run 4 
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Figure 9.20 - Run 5 
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Figure 9.21 - Run 6 
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Figure 9.22 - Run 7 
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Figure 9.23 - Run 8 
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Figure =9324)= Run: 9 
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Figure 9.25 - Run 10 
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Figure 9.26 = Run 11 
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Figure 9.27 5= Run 12 
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Figure 9.28 - Run 13 
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Figure 9.29 - Run 14 
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Figure 9.30 - Run 15 
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Figure 9.31 - Run 16 
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9.3.4.2 Statistical Analysis - Stage Efficiency 
  

The stage efficiencies resulting from the model fitting 

steps werestudied in an analysis of variance using the 

Yates' technique to calculate effects and interactions. 

Table 9.26 presents the ANOVA table. The error 

variance was estimated combining the three- and four- 

factor interactions. The application of the Bartlett's 

test led to a value of M of 7.20 which is below the one 

required for significance and therefore there is no 

evidence of heterogeneity. 

Table 9.26 shows that only agitator speed (effect A) 

and mass transfer direction (effect C) are significant. 

An important finding is that packing pad height, within 

the studied levels, do not influence n and therefore it 

can be concluded that noappreciable mass transfer took 

place inside the packing. 

The calculated sign and magnitude of the significant 

effects are, 

Agitator Speed (A) me (052513 

u Mass Transfer Direction (C) 0.2141 

Both factors affect the stage efficiency positively, 1 

increases with the level of the factors, and have 

approximately the same magnitude. The combined effect 

of increasing interfacial area and decreasing dispersed 

phase backflow parameter, as presented in the next section 

with the increasing level of the factors A and C explains 
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Table 9.26 - Analysis of Variance - Stage Efficiency 

Source Degree of 

  

  

of variation _freedom MOTE BENE oa 

A 1 0.2527 33.73 

B 1 0.0115 1.53 

c i 0.1833 24.43 

D 2: 0.0092 I22 

AB & 0.0000 0.00 

AC i 0.0044 0.00 

AD ah 0.0100 Asoo 

BC 1 0.0202 2.69 

BD z 0.0028 0.37 

cD a 0.0074 0.98 

ABC) 2 0.000. 

ABD 1 0.0026 

ACD ) Error 1):5 0.0330 oe = 0.0075 

BCD 1 0.0007 

al 0.0008. 

F(1,5) = 6.61 at 5% level 

F(1,5) = 16.30 at 1% level 

*** Highly Significant 
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the behaviour of the stage efficiency. 

9.3.4.3 Statistical Analysis - Dispersed Phase Backflow 

Parameter 

The data corresponding to the raffinate backflow 

parameter (r) for the experiments with mass transfer 

direction Dispersed—+Continuous phase and to the extract 

backflow parameter (e) for the experiments with the 

opposite mass transfer direction were analysed in terms 

of an analysis of variance. 

Table 9.27 presents the result of the analysis. The 

application of the Bartlett criterion to the three- and 

four-factor interaction gave M = 3.97, therefore, the 

estimated variance of the higher interactions can be 

combined to estimate the error variance. The analysis 

indicates that only agitator speed and mass transfer 

direction have a significant influence over the value of 

the dispersed phase non-ideal flow parameter. The 

magnitude and sign of these effects were calculated to 

be 

Agitator Speed (A) = -0.4280 

Mass Transfer Direction (C) = -0.4048 

and since interactions are not significant, both main 

effects are independent. The decrease in the value of 

the backflow parameter with N is the result of a more 

uniform drop size distribution, as indicated by the 

decrease in the standard deviations of the distributions 
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Table 9.27 - Analysis of Variance - Dispersed Phase Backflow 

  

  

  

Parameter 

Source Degree of 

of variation freedom ote a 

A 1 0.7357 7.12** 
B 1 0.0898 0.86 
c l 0.6556 6.24" 

D 1 0.0000 0.00 

aB FA 0.0147 0.142 

aC 1 0.1951 1.88 

AD 1 0.0000 0.00 

BC 1 0.1881 1.82 
BD l 0.0395 0.382 
© a 0.0965 0.934 

ABC Y 0.0743) 
ABD 1 0.3033 
ACD \ Error 15:5 0.00244 = see = 0.1033 
BCD 1 0.0910 

ABCD. 1 0.0456 

F(1,5) = 6.61 at 5% level 
F(1,5) = 4.06 at 10% level 
* 

* 

* Significant 

Probable Significance 
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("forward mixing" effect). The same results can be 

achieved by changing the direction of mass transfer from 

dispersed —> continuous to continuous—~dispersed phase 

(e.g. Run 2 and 6, Run 10 and 14 etc). With the exception 

of Run 16, the combination of high agitator speed and mass 

transfer direction continuous—> dispersed phase leads, 

practically to an ideal flow behaviour of the dispersed 

phase (backflow parameter 2 0). 

The insignificant effect of the dispersed phase 

superficial velocity (Factor D) cameout to be a surprise. 

In order to give an explanation the following points need 

to be considered: 

1. The non-ideality of the dispersed phase in this 

column is affected not only by the measurable spread 

of the drop size distribution but also by possible 

by-pass or/and accumulation of the phase on the 

internals which are not always noticed and much 

less measured. All these factors, whose presence 

increases the non-ideality, are at their minimum 

value at high agitator speeds. The increase of Vp 

is expected to increase both the spread of drops 

size distribution and the possibility of existence 

of a dispersed phase by-pass, at least at low N 

(400r.p.m.). For some experiments, (Run 1 and 3, 

Run 5 and 7, Run 13 and 15) the results follow the 

above; that is at equal N (400r.p.m.) the dispersed 

phase backflow increased with Vpr while for other 

experiments the opposite situation or at least no 

change (N = 600r.p.m.) occurred. This brings us to 
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the next point of the degree of reliability of the 

estimate of the solution vector. 

The study carried out in Chapter 5 concerning the 

properties of the solution vector of the compartmental 

model showed that the concentration profile is less 

sensitive to changes in the backflow parameters as 

compared with the stage efficiency. This implies 

that the backflow parameters r and e can be 

estimated with a relatively low accuracy. The 

estimated experimental error variances of n, 

dispersed phase backflow and continuous phase 

backflow, presented in the corresponding ANOVA 

tables, reflect the above property of the 

solution vector. 

Response Estimated Error 
Variance 

Stage efficiency 0.0075 

Continuous phase backflow 

parameter 0.0488 

Dispersed phase backflow 

parameter 0.1033 

Since the dispersed phase backflow presents the 

largest error, one can conclude that the high 

probable existence of a significant effect of Vp 

is masked by the total error (true experimental 

plus lack of fit). 
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9.3.4.4 Statistical Analysis - Continuous Phase Backflow 

Parameter 

Table 9.28 presents the results of the analysis of 

variance of the data corresponding to the continuous phase 

backflow parameter. The application of the Bartlett's 

test to the higher interactions resulted in a value of M of 

9.39, which is lower than the vaulue of 12.0 required for 

significance. Therefore, the procedure to estimate the 

error variance is adequate. 

The analysis shows that the Mass Transfer Direction 

(Factor C) is significant at the 5% level and the 

interactions Agitator Speed x Mass Transfer Direction 

(interaction A x C) and Pad Height x Mass Transfer Direction 

(interaction B x C) are significant at the 10% level. 

The corresponding sign and magnitude of the significant 

effects are 

Mass Transfer Direction = 0.422 

Agitator Speed x Mass Transfer Direction = 0.226 

Pad Height x Mass Transfer Direction = -0.236 

If very little or no reliance is placed on the 10% 

level of significance, the only significant mean square 

is the one associated with Mass Transfer Direction. The 

sign of this main effect indicates that a increase in 

the backflow parameter results from a change in the mass 

transfer direction from dispersed —+ continuous to continuous 

—»dispersed phase. Since physical backflow has been 

experimentally shown not to exist (section 9.2.1.1), and 

assuming other effects being constant or negligible, 
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Table 2.98 - Analysis of Variance - Continuous Phase 
Backflow Parameter 

  

Source Degree of 
of variation _freedan Roa ee 

A l 0.0251 
B 1 0.0617 
c ii 0.7131 
D i 0.0116 

AB l 0.1253 
ac 1 0.2040 

) ‘i 0.1159 
BC 1 0.2227 
BD l 0.0460 
© 1 0.0490 

ABC z 0.0035 
ABD l 0.1140 
acp \ Error 1):5 0.0001) = 9-2442 

BCD 1 0.0789 

ABCD z 0.0477 

F(1,5) = 16.3 at 1% level 
F(1,5) = 6.61 at 5% level 
F(1,5) = 4.06 at 10% level 
** Significant 

* Probable Significance 
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0.51 

1.26 

14.60 ** 

0.23 

2.56 

Aerie 

2.37 

4.56 * 

0.94 

1.00



i.e. end effects, the channelling effect in the 

continuous phase, created by the high continuous phase 

linear velocity in the packed section which persists in 

the vicinity of the wall at the mixing section, is 

considered to be whojJly responsible for any change in the 

continuous phase non-ideal flow parameter. This 

phenomenon which is associated with a poor radial 

diffusivity depends entirely on the intensity of turbul- 

ence in the continuous phase and its distribution on the 

vicinity of the chamber wall. A high level of turbulence 

increases the radial diffusivity and eliminates the 

channelling at the wall. It has been suggested in the 

literature that the degree of turbulence decreases as 

drop concentration or hold-up increases. The data obtained 

in the factorial experiment indicate that for equal agitator 

speed, the hold-up increases in the range of 150% to 200% 

when solute transfer direction changes from dispersed— 

continuous to continuous—.dispersed phase, therefore a 

change in the continuous phase backflow parameter is 

expected. 

Using the above assumed relationship between 

intensity of turbulence and hold-up it is reasonable to 

expect a significant influence of impeller speed on the 

backflow parameter. Such a situation did not occur and 

the variation of the backflow parameter with N is seen to 

be completely random leading to a non-significant effect. 

A tentative explanation could be that increasing impeller 

speed increases intensity of turbulence and hold-up and 

since both have opposite effects on the continuous phase 
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backflow coefficient, they may cancel out. The same 

results were observed in the preliminary experimentation 

for N in the range 400-500r.p.m. The above discussion 

points out to the need of further experimentation at 

higher levels of the impeller speed. 

9.3.4.5 Overall Mass Transfer Coefficient 

The overall dispersed phase mass transfer coefficient, 

Kp, for each experiment was calculated using Equations 

(8.6) to (8.8). These equations (45) were based on the 

assumption of perfect mixing of the phases within a stage. 

This assumption is reasonable in view of the results 

obtained in the preliminary experimentation. 

To solve the above equations the total interfacial 

area for mass transfer in a stage (a.Vy) must be known. 

The complexities of the drop formation process shown in 

Figure 8.6 makes it extremely difficult to measure or to 

predict, with a reasonable degree of accuracy, the total 

interfacial area for mass transfer in the impeller region. 

The results of the experiment presented in Figure 8.8 

and the characteristics of the dispersed phase fluid dynamics 

at drop formation shown in Figure 8.6 suggests that all the 

mass transfer takes place in the region where drops are 

detached from the jets created by the vortex behind the 

impeller blades. Even in very carefully controlled 

experiment of drop formation under jetting conditiom. (152,153) 

the interfacial area at drop detachment isso difficult 

to measure accurately that it is normally assumedto be 
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equal to the surface area of all free drops. This assump- 

tion has been adopted by the author and the total inter- 

facial area for mass (a. Vy) was calculated as 

68 D 2 
JA c 

a.Vy = a . (Hy ne H,) . z (9.10)   

The calculated overall mass transfer coefficient given 

in Table 9.29 are based on completely mixed stages and the 

values reported therefore, include allowance for the 

non-ideality in the stages. 

For the purpose of comparison, theoretical overall 

mass transfer coefficients were calculated using well 

known correlations derived from single drop mass transfer 

studies. Individual dispersed phase mass transfer coeff- 

icients were calculated using the correlation proposed 

by Neumann and later simplified by Vermeulen (106 for 

stagnant drops, Kronig-, and Brink. (107) later simplified 

by Calderbank (110) for circulating drops and Rose and 

Kinter (103) for oscillating drops. The continuous phase 

coefficients were calculated using the correlations given 

by Garner and Tayeban (102) for the case of stagnant and 

circulating drops. Diffusion coefficients were calculated 

using the correlations derived by Wilkie and Chang (154). 

Both individual coefficients were substituted in the usual 

equation (4.86) to give the overall coefficient of mass 

transfer. Not all the experiments were used to calculate 

the theoretical K)'s only those which most represent the 

whole range of operating conditions were chosen. 
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Table 9.29 lists the experimental and theoretical 

overall dispersed phase mass transfer coefficient. The 

theoretical cofficients for the oscillating single drop 

case were calculated for two different modes of oscillation 

n = 2 andn = 3. 

If drop size is the criteria used to select the 

appropriate single drop mechanism, the results of Table 9.29 

show that all the experimental coefficients are larger 

than the corresponding theoretical. Drops in Run 6 were 

expected to behave as rigid drops, in Run 4 as circulating- 

oscillating drops, in Run 7 as circulating drops, and so 

on. In fact, all of the coefficients came out to be one 

order higher in a scale of "intensity of drop motion". 

The result is . » that the predictions tend to under- 

estimate the experimental values and is readily understood 

in terms of the violent nature of the drop formation 

mechanism. Thus, even the most likely, stagnant drops 

of Run 6, probably began their free rise existence with 

some degree of oscillation induced by the breek- up process, 

so that mass transfer coefficient estimates based on 

completely stagnant drops would be on the low side. The 

circulating-oscillating drops of Run 4 probably experienced 

enhanced oscillation due to the violence of the swirling 

jet break-up, compared with a free oscillating drop 

created at a nozzle. 

The overall result is that predicted mass transfer 

coefficients are on the conservative side, which is a 

desirable feature for design purposes. 
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CHAPTER X 

CONCLUSIONS AND RECOMMENDATIONS 

FOR FUTURE WORK



CONCLUSIONS AND RECOMMENDATIONS FOR FUTURE WORK 

A study of the hydrodynamics and mass transfer 

performance of a four-stage Scheibel column under total 

coalescence in the packing sections has been undertaken. 

The experimental results obtained, using the system 

toluene-acetone-water, were used in a model fitting 

exercise in order to calculate the mass transfer perform- 

ance parameter (stage efficiency) and the non-ideal flow 

parameters (rafinate and extract phase backflow). 

10.1 Conclusions 

The main conclusions arising from this study are: 

1. In order to select the appropriate packing material 

for a Scheibel Column, it is necessary to know the 

desired voidage, and the averag:sizes of interstices 

inside the pads for each of the materials, since 

they control the fluid flow resistances and the 

column capacity. Since measurements of interstices 

sizes can be extremely difficult and laboriow to 

perform when knitted mesh packings are studied, it 

was found that the number of stitches per unit length 

in the vertical and horizontal direction in the mesh 

gave a good relative measurement of the size of the 

interstices and it can be used as a guideline in the 

selection of the packing. 
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Column capacity increased considerably when the 

packing pads are wetted by the dispersed phase 

and the impellers positioned in the vicinity of 

Dy/5cm from thepads upper surface. 

Sauter mean drop sizes under no mass transfer conditions 

can be estimated by equation (8.1), developed in this 

study. When mass transfer occurs Equation9.6 or 

Equation 9.7 may be used depending on the direction 

of mass transfer. Deviations from Kolmogoroff's law 

are large in the cases of no mass transfer and 

when the mass transfer direction is dispersed to 

continuous phase. 

The phases,inside the 5.Ocm height agitated compartments 

behave as totally mixed. 

No significant amount of mass transfer takes 

place inside a dispersed phase wetted knitted mesh 

pad. The major part of the solute transfer within a 

Scheibel stage occurs in the region of the impeller. 

The "cells in series with backflow" model best 

represents the behaviour of the Scheibel column. 

The non-ideal behaviour of the dispersed phase 

measured in terms of a backflow parameter is a 

function of the variance of the drop size 

distribution. The backflow parameter in the 

continuous phase is a function of the degree of 

turbulence in the mixing chamber which in turn is 

related to the speed of the agitator and the 

dispersed phase hold-up. The column performance 
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10.2 

le 

measured in terms of the stage efficiency, n, depends 

on the impeller speed and the direction of mass 

transfer; increasing when the mass transfer was 

continuous to dispersed. 

Experimental overall dispersed phase mass transfer 

coefficient based on completely mixed stages are 

larger than the corresponding theoretical coefficient 

calculated in base of single drop mechanism. 

Recommendations for Future Work 

Study of the column capacity for different sizes of 

knitted meshes, impeller position and voidage 

distribution within the pads. 

Determine quantitatively the amount of physical 

backflow of the phases as function of impeller 

speed and position, pad thickness and type of 

knitted mesh. 

Study the total flow non-identity of each phase 

under different operating conditions using the 

technique of "pulse injection of a tracer". 

Compare the obtained results with the ones reported 

in this thesis using the model fitting method. 
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MD 

NOMENCLATURE 

Specific interfacial area, m2/m? 

Activity 

Solubility of solute A in the phase where it 

is transferred, grmole/m? 

Proportionality constant in equation (4.52) 

Packing surface/packing volume, m2/m> 

Amplitude 

Concentration of B in bulk of B-phase, 

gmol/m? 

Drag coefficient Equation (4.76) 

Equilibrium concentration, Kg/m> 

Raffinate phase solute concentration, Kg/m> 

Extract phase solute concentration, Kg/m? 

Drop diameter, m 

Sauter mean drop diameter, m 

Collision diameter, m 

Critical packing size, m 

Impeller diameter, m 

Column diameter, m 

Diameter of uncombined drops, m 

Coefficient of turbulent diffusion of 

particles m/s 

Characteristic packing size, m 

Solute free extract phase mass flowrate, 

Kg/s 

Murphree dispersed phase stage efficiency 
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Ec 

F (h) 

Axial eddy diffusivity of continuous phase 

m/s 

Axial eddy diffusivity of dispersed phase 

m/s 

Axial dispersion coefficient continuous 

phase, E, x0, m-/s 
x D 

Axial dispersion coefficient dispersed phase, 

Ep x (1 - ©), m?/s 

Energy of adhesion between two-drops, N.m 

Eotuo’s. number = gaod? 

Fractional backflow coefficient in mee stage, 

extract phase (also dy) 

Extraction factor 

Force of adhesion between drops, N 

Acceleration due to gravity m/s 

Lenght of mixing vessel or stage, m 

Height of overall dispersed phase transfer 

unit, m 

Minimum distance between two drops, m 

Packing pad thickness, m 

Height of mixing compartment in a Scheibel 

stage, m 

Extinction ratio 

Dispersed phase overall mass transfer 

coefficient, m/s 

Dispersed phase mass transfer coefficient, m/s 

Continuous phase mass transfer coefficient, m/s 

Overall mass transfer coefficient based on 

activity, Kg/s m2 
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ky Second order reaction rate constant, m*/g mole.s 

cng Liquid side mass transfer coefficient, m/s 

L Height of active extraction part of a column, m 

a Numerical constant in Equation (4.5) 

Le Integral scale of turbulence, m 

m Distribution coefficient 

N Impeller speed, r.p.s. 

(NTU) op Number of overall dispersed phase transfer 

unit, also (No), or (No), 

Re Number of drops per unit volume of dispersion 

N, Power number, defined by Equation (4.54 

Na Mass flux of solute A Kg/s.m@ 

n Mode of oscillation 

Pe Peclet nunber 

P Power, J/s 

Pp Turbulent fluctuation of static pressure Bs 

ie Volumetric flowrate of continuous phase ae 

Qp Volumetric flowrate of dispersed phase ml/min 

R Solute free raffinate phase mass flow rage Kg/s 

ry, Fractional backflow coefficient in ao stage, 

rafinate phase 

R, Total rate of solute transfer per unit volume 

of dispersion Kgmole/s.m> 

R, Jump ratio, raffinate phase 

RY Jump ratio, extract phase 

r Magnitude of interval vector 

Yop Radius of stable drop, m 

(Re) > Tank or impeller’ Reynold number = Dy iN pg/te 

Re Drop Reynolds number = Ve_rd- Pe/Ue 
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<i
 

el
 

Yn 

Stator ring opening, m 

Surface area/weight, m2/kg 

Mean distance between collision, m 

Sherwood number = k.d/D 

Schmidt number = v/f 

Fractional surface renewal rate, si 

Area of time dependent surface, m2 

Charactarestic reference area for 

constant surface, m2 

Average time between collision, s 

Penetration or contact time, s 

Circulation time, s 

Kolmogoroff's time scale, s 

Instantaneous velocity, m/s 

Time average velocity, m/s 

Instantaneous fluctuation velocity m/s 

Root mean square fluctuation velocity, m/s 

Same asvy 

Same as 

Velocity defined by Equation (4.71) 

Dispersed phase superficial velocity based 

on extractor cross-section, m/s 

Continuous phase superficial velocity based 

on extracta cross-section, m/s 

Characteristic velocity, m/s 

Linear velocity, i.e. Vp = Vp/pr m/s 

Volume, m? 

Fluctuation velocity at scale of motion }, 

m/s 
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Stokes terminal velocity, m/s 

Relative or slip velocity, m/s 

True drop terminal velocity, m/s 

Volume of the «th Scheibal stage, m> 

Vessel Weber number = Bee -N*9./o 

Relative fluctuation velocity in the i-direction, 

m/s 

Collision frequency per unit volume (s.m3)72 

Impeller blade width, m 

Frequency of oscillation, ‘sy 

Raffinate phase solute concentration, w/w% 

Raffinate phase solute concentration, weight 

fraction solute free base 

Dimensionless concentration, rafinate pahse 

Hypothetical concentration defined by 

Equation (5.5), kg/m? 

Extract phase solute concentration w/w% 

Extract phase solute concentration, weight 

fraction solute free base 

Film thickness, m 

Dimensionless concentration, extract phase 

Hypothetical concentration defined by Equation 
(5.6) Kg/m3 
Stoichiometric number 

Coalescence coefficient 

Dimensionless axial column length 

Dispersed phase volumetric fractional hold-up 

Interfacial tension, N/m 

Density, Kg/m3 

Dynamic viscosity, N.s/m2 
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Density difference, Kg/m? 
3 . 

Fractional voidage of packing _(m™ void space _ 

(m> packed volume) 
Molecular diffusion coefficient m2/s 

Numerical constant in Equation (4.5) 

Universal function 

Local and average enery input per unit mass 

and time or energy dissipation per unit mass, 

respectively, m2/s2 

Kinematic viscosity, m/s 

Kolmogoroff's lenght scale, m 

Stage efficiency 

Kolmogoroff's velocity scale, m/s 

Eddy characteristic length or scale of 

motion, m 

Dimensionless amplitude factor 

Time between coalescence and redispersion 
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APPENDIX 1 

Drop Size Analysis - Computer Program 
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7 FEM peeeseessts prsessees== 

R ohEM 
10 REM MIXING CHAMBERS- SCHEL RAL LOLLY 

1p eM 
15 KEM 
1K OKEM 
2H DIM ACARD e LEARY g LC 48 9MC C4 SEED LC LIPUC AIA REED 

22 DIM KC ae OHV YC be 24) 
pe he 
re REM INPUT RLV TLENTIFICATION 
pa INPUT R 
30 KEM 
37 KEM REAL ZEISS AVALIZER MIL FONT RAVGES 
Ae FOR Ieteea: READ ACID: NEAT 1 
ar hEM 
Dh FOR Rede & 
“Mears Jar seser tee 
oe FOR Lede eet CL de DCT Nexd I 
ee KEM 
21 PRINT RUN =U the MIXING CHAYEER NUMBER "FE 
ot REM 
52 hEW ENTER ZEISS MEASURING hANGE 
5S REY PRIVI @ -STANDArl RAGE » 1 -PELUCEL hAVGE 

(® PRINT NZELSS AVALIZEr MEASURING RANGE sUtt INrUL A 
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195 SCASEMRESCAIZED= 1) 
eOP NEXT A 
HS REM 5 
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310 FOR Tete Vcr) 
215 PRINT DCT 1CH) 
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335 PRINT “SUUAKE MFAN CROP DIAMETER sce) 
Bee PRINT “CUBIC MEAY DROP LIAMETER 303) 
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NEKI A 
hem 
KEM 
FEM OLIPUL  SELTLON 
PRINT CRIN EERE MIXING COMF.= "EEE MAGY. FACIOR= "5M 
FRINI 
PRINT = PRINT 
FOR t= 1+ VCR) 
PRINT DOTS 1C1) 
VET I 
PRINT ¢ PRINT 
PRINT “191AL YUMFER OF LORS 
PRINT “ARITHMELIC MEAY LhO} LIAMETERE 
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END. 
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APPENDIX 2 

Computer Program to Calculate Concentration 

Profiles - Compartments with Backflow Model 
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