
Entrainment and Extraction Efficiency of Mixer-Settlers 

In mixer-settler extraction systems 
the settlers are seldom completely ef- 
fective. Usually there occurs some en- 
trainment of light phase in the heavy 
one and of heavy phase in the light 
one. This entrainment is analogous to 
axial mixing in continuous columns, 
which has been treated in the literature 
(3,4). In this note a theoretical analy- 
sis is made of the effect of entrainment 
on the efficiency of countercurrent ex- 
tractors consisting of multiple mixer- 
settler stages with finite rates of mass 
transfer. 

The effect of entrainment on effi- 
ciency of extractors has been analyzed 
by Felix and Holder (2) for the case 
of mixers which operate at 100% effi- 
ciency, that is, infinite mass transfer 
rate. Their results however are unreal- 
istic since their Equation (21) yields 
zero extraction for infinite internal en- 
trainment rate. Such an extractor is 
actually equivalent to one stage. The 
difficulty can be traced to their bound- 
ary condition, which should be replaced 
by a balance around the first stage. 

The present problem is closely re- 
lated to that of the effect of entrain- 
ment on the efficiency of plate absorb- 
tion towers and distillation columns, 
which was investigated in the 1930's 
by several authors (1). The problem 
of entrainment in extractors differs 
principally in that there is entrainment 
of two phases rather than one. Further- 
more the solution presented here is for 
the &ect of entrainment on the over- 
all efficiency of extractors, whereas the 
distilldtion work concerned the effi- 
ciency of individual plates. 
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DESCRIPTION OF EXTRACTOR 
MODELS 

Figure 1 shows the extractor sche- 
matically and identifies symbols. The 
liquids leaving the first and last settlers 
go to after settlers or to purification 
equipment of some kind which returns 
entrained liquid to streams entering 
the mixers. Solute is transferred from a 
raffinate phase that passes countercur- 
rent to the solvent phase. Each of the 
phases from a settler is contaminated 
with entrainment of the other phase. 
Note that f is expressed as a fraction 
of Q,; similarly s is a fraction of Q.. 
In this note "entrainment", when used 
quantitatively, refers to f and s and 
not to entrainment holdups. 

From each settler at very high en- 
trainment rates the concentrations of 
solute in the solvent leaving in the sol- 
vent phase and leaving as entrainment 
in the ra5nate phase from each settler 
would be about the same. Similarly the 
concentration of solute in the raffinate 
phase entrained with the solvent stream 
would be equal to that in the raffinate 
leaving in the raffinate stream. At very 
low rates of entrainment however the 
entrained drops would be small and 
nearly in equilibrium with the entrain- 

phase. Because of this difference '"5' ca culations have been made for two 
models. The model for high entrain- 
ment rate is called Model I, and the 
principal assumptions for it are the 
following: 

does not vary with solute concentration 
and hence stage number). 

3. The volume rates of solvent and 
feed phases do not change from stage 
to stage. 
4. The distribution coefficient (equi- 

librium ratio) is constant; that is it is 
not a function of concentration. 

5. Coalescence and redispersion of 
the dispersed phase and mixing of the 
continuous phase in the mixer is SO 
rapid that the solute concentration is 
uniform throughout each phase. 

6. The rate of mass transfer in the 
mixer is given by Kav (x,, - my,,). Kav 
is assumed to be the same for every 
mixer. 

7. All mass transfer takes place in 
the mixer. 

For Model 2 all assumptions are the 
same as for Model 1 except assumption 
7. At the low rates of entrainment 
ascribed to Model 2 enough mass 
transfer is assumed in the settlers to 
allow the drops to reach equilibrium 
with the entraining phase. For this 
model, then, assumption 7 is the en- 
trainment that leaves with each bulk 
phase from the settler is in equilibrium 
with that bulk phase. 

This condition means that some mass 
transfer takes place in the settlers and 
that therefore the composition of the 
feed that leaves as entrainment with 
the solvent stream is different from the 
bulk concentration of the feed or raffi- 
nate stream from any settler. 

THE ANALYSIS AND ITS RESULTS 

1. The amount of entrainment in a 
given phase is the Same from each 
settler. 

2. The solvent and solute-free raffi- 
nate are immiscible (or their solubility 

The extractor models can be de- 
scribed by the difference equations 
formed from appropriate material bal- 
ances. These equations and their end 
conditions can be written in terms of 
the dimensionless variables f, s, N ,  F, 
t, q,, and r,. 

TABLE 1. REPRESENTATIVE RESULTS OF MODEL 1 

N = 6  

f S t $ N / $ N O  E ,  

0.1 
0.1 
0.1 
0.1 
0.4 
0.4 

0.1 
0.1 
0.1 
0.1 
0.4 

0.1 
0.1 
0.1 
0.4 
0.1 
0.4 

0.1 
0.1 
0.1 
0.4 
0.4 

1 
10 
00 

00 
00 
00 

1 
10 
00 
00 
oc) 

0.9926 
0.9989 
0.9994 
0.9958 
0.9988 
0.9943 

0.980 
0.979 
0.978 
0.948 
0.923 

0.95 
0.87 
0.83 
0.62 
0.76 
0.58 

0.95 
0.87 
0.86 
0.72 
0.63 

E O  

0.32 
0.72 
0.83 
0.62 
0.76 
0.58 

0.47 
0.80 
0.86 
0.72 
0.63 

A; in reference 4 the solution is ex- 
pressed in terms of Y,,. It varies from 0 
at the feed inlet stream to a possible 
maximum at the outlet of 1, which OC- 
curs when the raffinate is in equilibrium 
with the incoming solvent. 

The solution of the difference equa- 
tion for Model l is 

T* = c,+ CIA," + CAP + Cdx," (1)  

f ( l + s ) A " [ ( l + s ) ( l + t )  

+ 4 2  + 3f + t)]A = s(1 + f )  (2)  

where the A are the roots of 

+f(2+3s+Ft) I A * + [ ( l + f )  ( l+Ft)  
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The four constants of Equation (1)  
are determined from four end condi- 
tions, which are found by writing mate- 
rial balances for each phase at each 
end of the column. In writing these 
end conditions the after settlers are 
designated 0 and N+1. Observe that 
from the viewpoint of Mixer 1 the 
influent feed has composition x,, and 
for Mixer N the influent solvent has 
composition The end conditions 
are then With no entrainment 

Dimensional form Dimensionless form 

For equilibrium in the mixer 

FA" - A 
Q, = (11) FaAN - A 

w h e r e X = ( F + f F + s ) / ( l + f F + s )  

and when F = 1 

(12) 
f + s + n  

2(f  + s)+ 1 + N 
Q, = 

h"-1 
.Pn = - 

FAN - 1 (13) 
X N  = x N + l  y N = y N + l  (3) 

x'+fxl=(l+f)xo fQ1=(1+f)Yo 
where A = (1 + F t ) / ( l  + t )  

and when F = 1, (4) 
yo= y1 r,,=rl (5) 
yt+syN= ( 1 +s) yNtl srS= ( 1 +s)ri+l 

(6)  
Equations (3) and (5)  specify that 

no mass transfer takes place in the after 
settlers, and Equations (4)  and (6)  
specify the composition of the feed to 
stage 1 and of the solvent to stage N, 
respectively . 

Substitution of Y from Equation (1)  
into Equations (3) through (6) yields 
four linear algebraic equations that can 
be solved for the constants C,. These 
equations will be designated by the 
numbers (7)  through (10).  

For special cases the solutions are 
much simpler than the general solution 
represented by Equations ( l ) ,  (7) ,  
(8 ) ,  (9) ,  and (10). Listed below for 
reference are solutions for particular 
cases of interest. 

tn 
l + t + t N  Q, = (14) 

With no entrainment and equilib- 
rium in the mixer 

and when F = 1, 

n 
Qn = - 

l + N  

SOLVENT 0.) PHASE 
i-- Q, = FLOW RATE 

RAFFINATE 

Qf %+it I vi = CONCENTRATION 

_ _ _ _ _ _ _ _ - - - - -  - 

/' 

TOTAL FLOW OF SOLUTE = 
( l+s)Qs ~n + f Qt x . 4 ~  

(i+f)Qf xn-I + 5 Qs ~ n - I  . \.. 
- - - - - - __  - - - - - - - 

f.s = ENTRAINMENT RATE 

INLET FLOW RATES 

SOLVENT RESPECTIVELY 

EXPRESSED AS A 
FRACTION OF THE 

O F T H E F E E D A N D  

Qf = FLOW RATE 
x i  = CONCENTRATION 9s Yo 

Fig. 1. Nomenclature for staged extraction, Model 1. 

Page 530 A.1.Ch.E. Journal 

parameters in the following range: 
3 4 N 6 10, 0.25 < F < 4, 0.3 <t < co, 
0 < f and s < 0.8. Table 1 gives some 
representative results. The settler effi- 
ciency E ,  is defined by N./N, where 
both No and N reflect the same t, F, 
and Q N .  I t  was found that the settler 
efficiency is only weakly dependent on 
N and F and is more strongly depend- 
ent on t at low F .  The magnitude of E ,  
is of particular interest. For example 
with F = 1 and N = 6, 10% entrain- 
ment of each phase yields a settler effi- 
ciency of 0.86 to 0.95, and 20% en- 
trainment yields 0.77 to 0.89. These 
entrainment rates are quite high, and 
yet the efficiency is decreased by at 
most 23%. It  is not until the entrain- 
ment of each phase reaches 0.4 that 
the stage efficiency falls below 60%. 
The over-all efficiency is of course 
strongly dependent on the rate of mass 
transfer (expressed by t )  as well as 
entrainment. Throughout most of the 
studied range of parameters the settler 
efficiency is correlated within 5% by 
the following empirical equation: 

(18) 
logF + ( N -  1) logh' 

E ,  = 
N log F 

where 
F+Em ( F  f +s) For infinite entrainment of both h'= 

phases 

Yl = Q2 = ....= Q p =  
1 +Em ( F  f +s) 

N + Em(f + s3 
For F = 1 this simplifies to Nt 

1 + Nt + FNt 
(17) 

The equations for the general case 
were solved on a digital computer for 'Here Em is the efficiency of a single 
about 800 combinations of the five mixer, Ft/ (1  + F t ) .  It is easily shown 

that this expression for the mixer effi- 
ciency is equivalent to the M q h r e e  
plate efficiency of a distillation column. 
Equation (18) is exact for the case of 
t = co and is proposed in place of 
Equation (22) of reference 2. 

For the over-all efficiency it was 
found that multiplying the settler 
efficiency by an over-all mixer efficiency 
gives an adequate correlation. The 
over-all efficiency of an extractor with 
no entrainment is equal to the mixer 
efficiency only when the extraction 
factor is unity. In general 

E e =  N + NEm(f + s )  

1 + Ft  
log ___ 

l t t  
(19) Em, = log F 

This equation multiplied by the set- 
tler efficiency correlates the over-all 
efficiency within 10% throughout most 
of range of parameters investigated; 
that is 

E, = E,E,, (20) 

Equations (18),  (19),  and (20) af- 
ford a means of calculating the num- 
ber of actual stages of a mixer-settler 
extractor from the entrainment and 
mass transfer rates. 
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Model  2 
The difference equation for Model 2 

is of second rather than fourth order. 
Its solution is 

FHX“ - J 
PHXN - J 

?P* = 

where 
H = l + f F + s  

1 = F + fF + s 

ticular if an extractor has low efficiency, 
measurements of entrainment from the 
settlers will establish whether the low 
efficiency is caused by the entrainment 
or by poor mass transfer in the mixers. 

The major conclusion to be drawn 
from this work is that high entrainment 
rates have relatively little effect on the 
efficiency of mixer-settler extractors. 
When such extractors have poor effi- 
ciency, it is therefore more likely to be 

Only a few calculations were made 
for Model 2 because it became evi- 
dent that at entrainment rates in the 
range of validity of the model (prob- 
ably f and s of 0.1 or less) the entrain- 
ment has little effect on extraction. 
When equilibrium is reached in the 
mixer, both models give the same re- 
sult. For other cases the extent of ex- 
traction is always greater for Model 2 
because of the mass transfer in the 
settler. 

USE OF THE ANALYSIS AND 
CONCLUSIONS 

caused by low mass transfer rate than 
by entrainment from the settIers. This 
suggests that efficiency of some mixer 
settlers might be improved by operat- 
ing the mixers at higher rates provided 
that (1) there occurs no deleterious 
effect such as the formation of stable 
emulsions and ( 2 )  the capacity of the 
after settlers is adequate. If after set- 
tlers are not used, then improvement 
might be obtained without excessive 
entrainment in the effluents by increas- 
ing the mixing rates in all but the first 
and last mixers. 

This analysis will find utility in the 
design of settlers, for it suggests that 
settlers other than after settlers are 
sometimes over-designed. If there are 
no complicating consequences of en- 
trainment, such as the formation of 
stable emulsions, entrainment rates as 

E, 

Em 

= entrainment or settler effi- 
ciency, N J N  

= Murphree efficiency in dis- 
tillation or mixer efficiency 
in extraction, Ft/ ( l  + F t )  

high as 10% are rarely consequential. 

interpreting experimental data. In par- 

Em, = over-all efficiency of a column 
The results will also be useful for with no entrainment [see 

Equation ( 19) ] 

E .  = over-all efficiency, N , / N  
F = extraction factor, mQ,/QS 
f = fraction of Q, entrained in 

the solvent phase from a 
settler 

= product of a mass transfer 
coefficient and the interfacial 
area per mixer 

Kav 

N 
N ,  

= number of actual stages 
= number of stages to effect a 

given extraction with no en- 
trainment 

N ,  = number of theoretical stages 
Q, = Bow rate of feed phase to 

extractor 
Q. = flow rate of solvent phase to 

extractor 
s = fraction of Q. entrained in 

the feed phase from a settler 
t = Kav/Q. 
X = concentration of solute in 

feed or raffinate phase 
y = concentration of solute in 

solvent phase 
?Pn = dimensionless concentration 

of feed phase, ( r l  - xn)/ 
(xi - my,) 

t, N )  
r, = dimensionless concentration 

of solvent phase, (yn - y,) 
QY/(x* - myt)Qr 

V . ~ / ~ N O =  Y ( s ,  f, F, t,  N ) / V ( O ,  0, F, 
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Evolution of the Unit Operations, War- 
ren K. Lewis. The technological achieve- 
ments of the profession in America 
during the last half century have been 
impressive. No small part of the credit 
is due to the training the young engi- 
neer has received. The emphasis on 
basic science has given the under- 
standing of inner mechanisms and the 

analytical ability to foresee and plan 
for ultimate results. The unit operations 
approach has stimulated technical 
imagination and has shown the way to 
the transfer of experience acquired in 
one area to others which sometimes 
seemed unrelated. Moreover, making it 
possible to reduce coverage of detail 
without sacrifice in breadth has re- 
sulted in training in greater depth. The 
foundations laid by the educational 
pioneers have proved sound and de- 
pendable. Development of Chemical 
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Engineering at the University of Mich- 
igan, Donald L. Katz. The sixty years 
of chemical engineering education are 
surveyed for the influences that have 
dominated the curriculum. As in most 
schools, at Michigan the birth of this 
new branch of engineering was due 
largely to teachers of chemistry. The 
association of the faculty with indus- 
trial processes drew the teacher into 
research on engineering problems and 
provided the stimulus for new engi- 
neering courses. The evolution of the 
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