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Abstract -Studies  have been carried out on the axial dispersion in the continuous phase and 
the hold-up of dispersed phase in a rotating screen-blade extraction column, by employing an axial 
dispersion model. Experiments on both single and two phase operations have been conducted with 
the plate spacing, the mesh size, the impeller speed (RPM), and the superficial velocities as the 
system parameters. By regression analysis of experimental data, empirical equations correlating the 
dispersion coefficients and the fractional hold-up of dispersed phase with the system parameters 
were obtained. 

INTRODUCTION 

In the design of continuous countercurrent liquid- 
liquid extraction columns, the general objectives are 
to achieve a high mass transfer effectiveness and a 
high throughput in relation to the column size. To 
achieve these, the externally agitating components are 
adopted, which supply additional energy for creating 
a large specific interracial area and generating turbu- 
lence. External agitation can be applied in many ways; 
by rotary stirrers [1-4], rotating discs [5, 6], reciproca- 
ting plates [7-9], pulsation [10, 11] and others, which 
greatly enhance the interfacial contact area by break- 
ing up the dispersed droplets. As the agitation inten- 
sity is increased, however, axial mixing tends to reduce 
the effectiveness of any countercurrent mass transfer 
process by flattening the axial concentration gradients 
in each phase and thus reducing the overall driving 
force. This effect leads to a growing volume of counte- 
rcurrent columns allowing the backmixing. 

Also, in the scale up of an extraction column the 
axial dispersion effect may increase with column dia- 
meter resulting in a less effective performance on the 
large scale than predicted on the basis of constant 
throughput and energy input [12]. In some extraction 
columns, it has been indicated that the scale up of 
the columns should be possible without increasing the 
height of the columns [13, 14]. 

An important factor in understanding tire fundamen- 
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tal mass transfer mechanisms in an extraction col- 
umn is the effect of axial dispersion or residence time 
distribution (RTD) of the continuous phase. The best 
reasonable values of Peclet number and holding time 
are obtained experimentally by injecting an impulse 
of tracer and measuring the change in concentration 
profile as it passes through the column. The axial dis- 
persion coefficients in the continuous phase are deter- 
mined from these values. 

Much work is concerned with the axial mixing effect 
in an agitated impeller column. However, studies on 
the overall mass transfer, the hold-up and the flow 
characteristics of a rotating screen-blade extraction 
column have not been given much consideration. A 
less power requirement and more beneficial effect of 
increased interfacial area as compared to an agitated 
impeller column may be achieved in the rotating 
screen-blade extraction column. 

The primary objective of this study is to determine 
experimentally, the axial dispersion coefficients in the 
continuous phase by an impulse tracer technique and 
to obtain empirical equations correlating the system 
parameters by regression analysis of experimental 
data. 

THEORETICAL 

I. Axial Dispersion Model 
Dispersion models have been widely used to depict 

the flow and mixing characteristics of a flow system 
[15, 16]. These models have been used mainly to de- 
scribe the flow in empty tubes and packed beds; sys- 
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tems in which the velocity profiles are closer to plug 
flow. Under the assumptions of negligible radial gra- 
dient and a constant axial dispersion coefficient, a dis- 
persion model can be described by the equation, 

OC, +uOC, = E ~ + S , + r  (1) 
0t 0x 0 x ' 

where 

C,=the time-averaged concentration of species i, 
E~=the axial dispersion coefficient, 
S ,= the  rate of input of species i from sources, 
u = the axial velocity, and 
r, = the  rate of generation of species i by chemical 

reaction. 

In tracer experiments without chemical reaction, 
r , - 0 ,  and the source term is given by 

I 
S, = ~ -8 (x -  x,) f(R) 

where 
I=injection rate of tracer, 5(X-X,,)=Dirac-delta 

function, 

f (R)=[ l/R,', R_<R, 
L 0, R,_<R, and 

R,=injector tube radius. 
In dimensionless variables, Eq. (1) has the form: 

0C + 0C _ 1 0'C +SE(Z-Zo)~8(0) (2) 
O0 0Z P 0Z 2 

where 

@ = ut/L = Ft/Y, Z = x/L, P = uL/Ec (Peclet number), 
and C =  C/Co. 

From Eq. (2) Van der Lann [17] obtained the mo- 
ments at Z= Z,,(Zo<Z,,<Z~) for general boundary con- 
ditions; 

= 1 + 1 [ 2 -  ( 1 -  a )exp(-  PZ,,)~ p l 

- (1 - b)exp[- - P(Zt- Z~)] (3) 

, 2 ~ [ 8 + 2 ( 1 - a ) ( 1 - b ) e x p ( - Z , )  

(1 - a)exp( - PZo) 14ZoP + 4(1 + a) 
+ (1 - a)exp(-  PZo)} - (1 - b) 
exp{ - P(Z,-  Z,.)}E4(Z~ Z~)P + 4(a + b)~ 
+ (1 - b)exp{ - P ( Z -  Z=)}~ (4) 

where a =P/P~ and b=P/Pb, 
Z,, = injection point, and 
Z, =end  of column test section. 

Aris [18], Bischoff [19], Jeong E20], Kim E21] and 
Bischoff and Levenspiel [22] utilized the output tracer 
concentrations for an imperfect delta input signal 
measured at two points Z,, and Zm both within the 
test section, and calculated the moments: 

Ap~ = 1 -  ~ - {  I -  e x p ( -  P)}exp{P(Z~- Z,)] (5) 

2 +~2bexp lp ( z ,~  Z,}14(l+b) A ~  ~ ~- 

[ e x p ( P )  - 1} + [4P(Z, ,-  Z,) + ( 1 -  b){exp(- 2 
P ) -  1}exp{P(Z~ Z,)}+4P(Z~,-Z,,)exp(-P)] 

(6) 

2. Analys is  of  the  R e s p o n s e  Curve 
Because of the long tail, the response curves have 

been divided into two sections in obtaining the deter- 
ministic moments. The tail section could be described 
by an exponential decay function [201 

C=C~ exp{-K( t  t4)} 

where CA is the dimensionless concentration obtained 
when C reaches one-sixth (1/6) of C,,~ at t=tA. and 
K is a decay factor. The parameter K is eva]uated 
from the tail section of the response curve and found 
approximately in the range of CmJ30 and CmJ6. This 
procedure leads to the following deterministic mo- 
ments; 

ct = "v C,At -~ C,, ,:,) K (7) 

1 " C7/ I '~3 
p ~-[~C, t ,  A t + ~ t t , + ~ )  ] , =  , (8) 

1 " Cr , 2L. ~z= ~-[,s C,t,At + ~ (t' + ~ § ~)]- pl' (9) 

where Cr-C~/30 at t - t , .  
3. R e g r e s s i o n  A n a l y s i s  and R e s p o n s e  Surface  
M e t h o d o l o g y  

In multiple linear regression, the regression equa- 
tion can be written as 

y,=~,,+p~X,,+p, X,, .... +[L X~,+c, 
k 

=~,,t ]g~, X.,~gj j=l. 2c.-, n (i0) 

The estimation procedure requires that the random 
error components have E(e)-0 ,  and Var(E)=c~ ~. 

The response surface methodology is a combination 
of mathematical and statistical techniques useful for 
analyzing problems where several independent varia- 
bles influence the dependent variables or the re- 
sponse, and the goal is to optimize this response. 

April, 1994 



The independent variables in this study are the Pe- 
clet number  P and the holding time T. They were ob- 
tained by the parameter estimation using determinis- 
tic moments and are taken as the first values, and 
in the two level factorial design the two levels of inter- 

est are set to be - 5 %  and + 5 %  [-20-23]. 
Using the independent variables coded to a ( - 1 ,  

1) interval and the two-level factorial design, the steep- 
est path is obtained. In terms of four data, the regres- 

sion Eq. (10) can be written as 

y, = [3,, + 6~ X,,(P) + [32 X~j(t) + e, 
(j = 1, 2, 3, 4) (Ii) 

Putting in matrix notation, Eq. (11) can be written 
as 

Y=X/13+E 

where 

Y, 
y =  Y-' 

y2 

V4 

1 + 1  + 1  
1 1 +1 

X =  
i +I --i 

I -i -i 

/13= and E =  ez 

The components of the least square estimator are 

found; 

13,, = (yl + y_~ + y:~ + y4)/4 
~1 = ( y l -  y,_,+y:l y4)/4 
13,_,- (yl + y~ y:l y4)/4 (12) 

I 

E X P E R I M E N T A L  

The overall schematic flow diagram is shown in Fig. 
1. The heaw and light phases were fed to the column 
close to the first stator ring (doughnut type plate) from 
the head tank equipped with an overflow outlet to 
maintain the liquid level constant. The continuous 
phase outlet is equipped with an adjustable limb to 

maintain constant interface level, and the dispersed 
phase outlet is equipped with an overflow. The rotaing 
unit is connected to the top of the main column. Sole- 
noid valves are installed at the inlet and outlet of the 
column in order to stop the flows simultaneously. 

The main extraction column is made of pyrex glass 
of 6.55 cm inside diameter with an overall height of 
220 cm. The top and bottom sections of the main col- 
umn are made of 13.5 cm inside diameter lucite col- 
umn segments of 23 cm and 27 cm length, respec- 
tively. The main column is provided with the injection 

IO 

A 00;; 

I 

Fig. I. Schematic flow diagram. 
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1. Aqueous storage tank 2. Organic storage tank 
3. Aqueous head tank 
5. Aqueous reservoir 
7. Rotameter 
9. Main column 

11. D.C. motor 
13. Conductivity cell 
15. Recorder 

4. Organic head tank 
6. Organic reserw)ir 
8. Solenoid valve 

10. Sampling needle 
12. Speed adjuster 
14. Wheatstone bridge 
16. Level adjuster 

Table 1. Description of  system 

Column Effectiw.' height (cm) 200 
Inside diameter (cm) 6.5 
Opening diameter of stator (cm) 4.5 
Impeller diameter (cm)/ 4.4/1.5 

width (cm) 
Impeller type Screen-blade 

System Continuous phase Distilled water 
Dispersed phase Refined kerosene 

Tracer KCI 

ports at 20 cm intervals on one side and at two, 200 
cm apart on the other side. 

The doughnut plates and the screen blade impeller 
are made of 1 mm thick SUS304 stainless steel plates 
(Table 1). The doughnut type plates are supported 
in the main column by means of three 220 cm length 
rods of 3.5 mm diameter. Stainless steel sleeves around 
the rod serve as spacers for the plates. The spacer 
plays a role to adjust the compartment height. The 
impeller are fixed by a 10 mm diameter 296 cm length 
stainless steel rod. Four little bearings are installed 
to keep the rod free from vibration. The entire rod 
assembly can be set by lifting it from the open top 
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Table 2. Experimental variables 

Variable Range 
Mesh size (NO) 10-50 
Impeller speed (N, RPM) 120-480 
Compartment height (H, cm) 5-9 
Velocity of water (U~, cm/min) 7.42-22.26 
Velocity of kerosene (Ud, cm/min) 7.42-22.26 
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Fig. 2. Residence time distribution (RTD)-experimental 
vs. theoretical-. 

of the column. The shaft rod is driven by the pulley 
attached to an impeller speed adjuster driven by a 
1/4 hp 110 volt D.C. motor. 

The column was initially filled with the hea~ '  phase 
(distilled water) set at the desired flow rate, and the 
rotating unit was set in operation maintaining a proper 
impeller speed. The light phase (refined kerosene) 
set at the desired flow rate was then gradually intro- 

duced. 
When steady state was reached, an half second im- 

pulse of 0.5 N potassium chloride was carefully injec- 
ted into the main column using a syringe at an injec- 
tion port. Concentrations of the tracer were measured 
at sampling port by a conductivity bridge network. 

The conductivity probe is made of 5 mm width and 
5 mm length platinum plate. 

Hold-up measurements were made when two pha- 
ses were completely separated after the solenoid val- 
ves were shut off in order to stop the flows. Experi- 
mental conditions are listed in Table 2. 

R E S U L T  AND D I S C U S S I O N  
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Residence time distribution (RTD)-experimental 
vs. theoretical-. 

While a dispersion model has been commonly em- 
ployed for flows in pipes, packed beds and others 
where discrete stages were not readily identified, the 
application of this model has been attempted to the 
present system considering the interchange of liquid 
between the fl:ee area of interplate regions. 

The typical results of the moment analysis are com- 
pared with the experimental data for single and two 
phase operations in Figs. 2 and 3 where the mean 
(MEAN), the variance (VAR) and the optimized (OPT) 
values are shown. Also specified in the Figs,. are the 
system parameters and experimental conditions includ- 

ing the velocities of both continuous and dispersed 
phases, U, and U,~. The value of the sample variance 
(ss) in the regression analysis was lower than those 
for moment analyses, hence, in good agreement with 
response curves. 
I. S ing le  P h a s e  Correlat ion 

The effects of the mesh size or the mesh number  
NO and the impeller speed N on the axial dispersion 
coefficient Ec are shown in Fig. 4. The dispersion co- 
eflicient tends to increase with increasing these param- 
eters which are the determining factors for mixing. 
When mechanical agitation is applied to enhance mix- 
ing, a part of fluid recirculates and is mixed to the 
fluid in adjacent stage opposite to main flow, resulting 

in the backmixing that is expected to increase with 
mixing intensity. 

The degree of backmixing could be estimated by 
an axial dispersion coefficient which is significantly 
affected by the mesh size and the impeller speed. This 
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Fig. 5. Effect of compartment height on axial dispersion 
coefficient (single phase). 

trend is in accordance with the most previous data 
for agitated impeller columns of different types [20] 
and rotary disc columns [6]. 

The compartment height H was found to have a 
positive effect on the axial dispersion coefficient as 
illustrated in Fig. 5. The axial dispersion coefficient 
increased with the plate spacing and this trend is in 
accordance with previous data for agitated impeller 
columns [3, 20]. 

In the column used in this study in turbulence level 
tends to incline with an increase in plate spacing lead- 
ing to the present results. 
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Fig. 6. Effect of continuous phase superficial velocity on 
axial dispersion coefficient (single phase). 
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Fig. 7. Correlation of axial dispersion coefficien! (single 
phase). 

The effect of the continuous phase superficial veloc- 
ity is shown in Fig. 6. The continuous phase superficial 
velocity has no significant effect on the axial disper- 
sion coefficients. This trend corresponds to the pre 
vious data for the reciprocating column [7] and agita 
ted impeller column [21]. On the other hand, a minor 
effect was observed in the study of Bibaud [3] and 
in the data for the rotary disc column [24]. 

The axial dispersion coefficient was correlated with 
the mesh size, the impeller speed, the continuous 
phase superficial velocity and the plate spacing. Noting 
that the effect of the continuous phase superficial ve- 
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Fig. 8. Effect of dispersed phase superficial veloci~ on 
axial dispenion coefficient (two phase). 
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Fig. 9. Correlation of axial dispersion coefficient (two 
phase). 

locity is insignificant, the following expression was ob- 
tained by the regression analysis of experimental data. 

E,.=2.06 N ~ H ''a9 NO"UL (13) 

The results are shown in Fig. 7. 
2. T w o  P h a s e  Correlat ion 

Experimental data was obtained in the emulsion 
flow regime in which the dispersed phase droplets 
moved freely within the continuous phase. There was 
only a minor indication of clustering and coalescence 
near the doughnut plates during agitation. 

The effects of the mesh size, the impeller speed, 
the plate spacing, and the continuous phase superficial 
velocity, U, on the axial dispersion coefficients, have 
been correlated. Noting also that the effect of the su- 
perficial velocity of the dispersed phase was negligible 
on the axial dispersion coefficients as shown in Fig, 
8, the regression analysis was carried out excluding 
the dispersed phase superficial velocity to obtain: 

E,=1.53 N '':':~ H ~ NO ~ U? ':~ (14) 

The results are shown in Fig. 9. 
3. Hold-up  

The size of kerosene droplets decreased with in- 
creasing the mesh size and the impeller speed in two 
phase operation. Thus the difference in density of two 
phases decreased and the volmne fractional hold-up 
of the dispersed phase Op,, in each stage increased. 

Observing the insignificant effect of the continuous 
phase superficial velocity on the fractional hold-up, 
the experimental data were correlated resulting in an 
expression; 

0.I6 

"~ 0.12 

c~ 0 . 0 8  
x 

? 
,~ 0.04 

f 
n L I 
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/ 
O 

u 

0.16 

0 d = 1.6xI0-3N0.55Ud0.18H0.17NO0.11 

Fig. 10. Correlation of dispersed phase hold-up ratio (or- 
ganic/total). 

qbu 1.6X10 ~ N ~ U,? TM H ' ~  NO "u (15) 

The results are shown in Fig. 10. 
From this equation it is apparent that the dispersed 

phase hold-up is strongly influenced by the impeller 
speed. 

CONCLUSIONS 

An axial dispersion model has been found satisfac- 
torily applicable in depicting the flow characteristics 
in a rotating screen-blade extraction column. The axial 
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dispersion coefficients in the continuous phase and 
the dispersed phase hold-up have been successfully 
correlated with the system parameters, the impeller 
speed, the plate spacing or the compartment height, 
the mesh size and the velocities of the continuous 
and the dispersed phases. The empirical equations ob- 
tained by regression analyses show that the effect of 
the continuous phase superficial velocity is negligible 
in single phase operation whereas the effect is rather 
significant in two phase operations. Also noted is the 
effect of the dispersed phase superficial velocity on 
the fractional hold-up of the dispersed phase. 

NOMENCLATURE 

a 

b 
C 

C 
Ca 

CT 

Di 

Dr 
Ec 

F 
H 
I 
K 
L 
m 
N 

: P/P, [-] 
: P/P, [-] 
: tracer concentration [g-mole/cm :~] 
:dimensionless tracer concentration (c/c,,) [-] 
: dimensionless tracer concentration when C = (1/ 

6)C~=, at t=tA [-] 
dimensionless tracer concentration when C =  (1/ 
30)C,.~, at t t r  [-] 
impeller diameter I-cm] 
inside diameter of column [cm] 
axial dispersion coefficient for continuous phase 
[cm~/min] 
volumetric flow rate [cm:Tmin~ 
plate spacing [cm] 
injection rate of tracer I-g-mole/cm :~ sec] 

:exponential factor [-] 
:column length Ecm] 
:fraction of total free area [-] 
:agitator speed (RPM) [min ~] 

NO :mesh number [--] 
OPT: optimized by regression analysis 
P :Peclet number for continuous phase [-] 
r :rate of generation by chemical reaction 
R :radial position [cm] 
R, :injection tube radius Ecm] 
S :rate of input by sources Eg-mole/cm:~min] 

ss : sample variance 
t : time [mini 
L : t ime when concentration is CI l-mini 
tA :t ime when concentration is CA [mini 

: holding time Emin] 
u :superficial velocity [cm/min] 
VAR: variance 
x :axial coordinate [cm] 
X :matrix of independent variable (X,j) 
y, : response 
Y : response vector 

z :dimensionless axial length [-] 

Greek Letters  
a :area under response curve 
13 : regression coefficient 
/13 :regression coefficient vector 
g : error 
E : e r r o r  vector 

: fractional hold-up 
p :mean (lst moment) 
5 : delta function 
cr ~ : variance 
V : gradient 

Subscr ipts  
a :entrance or upstream section 
b :exit  or downstream section 
c : continuous phase 
d : dispersed phase 
e :end of cohlmn test section 
exp : experimental 
i : species 
o :injection point or the first of two measurement 

points 
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