
 

 

PLEASE SCROLL DOWN FOR ARTICLE

This article was downloaded by:
On: 25 January 2011
Access details: Access Details: Free Access
Publisher Taylor & Francis
Informa Ltd Registered in England and Wales Registered Number: 1072954 Registered office: Mortimer House, 37-
41 Mortimer Street, London W1T 3JH, UK

Separation Science and Technology
Publication details, including instructions for authors and subscription information:
http://www.informaworld.com/smpp/title~content=t713708471

Operation with Three Liquid Phases in a Staged Liquid-Liquid Contactor
R. A. Leonarda; A. A. Zieglera; R. A. Wigelanda; R. W. Banea; M. J. Steindlera

a Argonne National Laboratory Chemical Technology Division, Argonne, Illinois

To cite this Article Leonard, R. A. , Ziegler, A. A. , Wigeland, R. A. , Bane, R. W. and Steindler, M. J.(1983) 'Operation with
Three Liquid Phases in a Staged Liquid-Liquid Contactor', Separation Science and Technology, 18: 14, 1563 — 1579
To link to this Article: DOI: 10.1080/01496398308056115
URL: http://dx.doi.org/10.1080/01496398308056115

Full terms and conditions of use: http://www.informaworld.com/terms-and-conditions-of-access.pdf

This article may be used for research, teaching and private study purposes. Any substantial or
systematic reproduction, re-distribution, re-selling, loan or sub-licensing, systematic supply or
distribution in any form to anyone is expressly forbidden.

The publisher does not give any warranty express or implied or make any representation that the contents
will be complete or accurate or up to date. The accuracy of any instructions, formulae and drug doses
should be independently verified with primary sources. The publisher shall not be liable for any loss,
actions, claims, proceedings, demand or costs or damages whatsoever or howsoever caused arising directly
or indirectly in connection with or arising out of the use of this material.

http://www.informaworld.com/smpp/title~content=t713708471
http://dx.doi.org/10.1080/01496398308056115
http://www.informaworld.com/terms-and-conditions-of-access.pdf


SEPARATION SCIENCE AND TECHNOLOGY, 18(14&15), pp. 1563-1579,1983 

Operation with Three Liquid Phases in a 
Staged Liquid-Liquid Contactor 

R. A. LEONARD, A.  A. ZIEGLER, R. A. WIGELAND, R. W. BANE, and 
M. J. STEINDLER 

ARGONNE NATIONAL LABORATORY 
CHEMICAL TECHNOLOGY DIVISION 
9700 SOUTH CASS AVENUE 
ARGONNE, ILLINOIS 60439 

ABSTRACT 

Operation with three liquid phases was demon- 
strated in a staged liquid-liquid contactor. 
possibility that three liquid phases could be handled 
in a liquid-liquid contactor normally used with two 
liquid phases was initially established using a 
laboratory batch test. 
obtained using a thorium flow sheet having high 
concentrations of both acid and thorium. 
the batch test, the concept of a dimensionless disper- 
sion number for use with two liquid phases was extended 
so that it could be applied to three liquid phases. 

The 

The three liquid phases were 

To analyze 

Based on the batch tests, continuous flow tests 
were run in a staged liquid-liquid contactor used for 
solvent extraction. A critical factor in the success 
of these tests was determining the position of the 
liquid-liquid interface in the contactor. Thus, a 
contactor was used which allows the position of the 
liquid-liquid interface to be adjusted. 
phase operation was demonstrated using a 4-cm annular 
centrifugal contactor, albeit with a somewhat greater 
(3-4 vol. %) aqueous-phase contamination of the organic 
exit stream than normal (<1 vol. K). 

Actual three- 
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INTRODUCTION 

LEONARD ET AL. 

Under certain conditione, three liquid phases can occur 

during solvent extraction. For example, a second organic phase 

has been observed when testing flowsheets €or Separating thorium 

from its fission products and from other heavy metals (1,2,3). 
This second organic phase occurs when both the thorium concentra- 
tion and the acid concentration are high. This second organic 

phase is a complex of thorium nitrate and tri-n-butyl phosphate 

which has low solubility in the organic solvent, n-dodecane.(3). 

High thorium concentrations are desired because they increase the 

decontamination of thorium from fission products. Some concern 

has been expressed that operation with three liquid phases might 

be unstable (4) or, at least, cause serious difficulties (5). 
In spite of this, successful thorium separations with a second 

organic phase present have been reported both for pulsed columns 

(6) and for mixer-settlers (7). However, :Lt has been stated by 

others that "the ANL centrifugal contactor probably will not work 
with a third phase" (8). 

The focus of our experimental tests was to show that the 

AUL centrifugal contactor (9) can indeed work with three phases, 
and work quite well. This claim was demonstrated in both single- 

stage and multistage tests by showing that the two organic phases 

flow out one exit of a contactor stage while the aqueous phase 
flows out the other exit. In addition, it was required that the 
phases flow easily from one stage to the next. As a part of 
these tests, a design criterion €or the centrifugal settling 

zone was proposed and checked. 

contactor throughput can be estimated from a simple batch test. 

In addition, it was shown that 

Although the work presented here is for a mixer-settler 
with a centrifugal separating zone (9,10,11), the results should 
also apply to other centrifugal contactore, to mixer-settlers 

with a gravity settling zone (12,13,14), and to extraction 

columns which have a series of discrete separating zones such as 
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OPERATION WITH THREE LIQUID PHASES 1565 

the Haneon-Kaye design (15). 
the dispersion band in the separating zone can not be changed, 

e.g., the Bobatel centrifugal contactor (ll), the theory pre- 
sented here still applies. 
unit before the unit is built which can represent a major incon- 
venience. 

For units where the position of 

However, it must be applied to a 

BATCH SEPARATION TESTS 

Definition of Dispersion Number for Three Phases 

It has been shown that, for two liquid phases, the separa- 
ting zone volume can be related to the stage throughput by the 
dimensionless dispersion number N D ~  (16). 
tests, the two phases are dispersed and the time-to-break tg 
is measured as the two phases separate under gravity g. 
dispersion container has a uniform cross section with a height 

AZ, the dispersion number is given by 

For batch separation 

If the 

For three dispersed phases, there are two dispersion numbers: 
NDi,M, which uses the time-to-break between the two more dense 
phases tg,M, and NDIDL, which uses the time-to-break between 

the two lees dense phases tB,L' 
height of all the liquid phases and the separating zone has a 

cross section that does not vary with vertical height. 

As before, A2 is the total 

In some cases a dispersion does not form at one interface, 
but tiny droplets move to the interface and change the interface 
position as they reach the interface and coalesce there. For 
these cases, the position of the interface is measured as a 
function of time. The time-to-break, then, becomes the time for 

the interface to be 1% or less from its final position or, in 
some cases, to be only 5% from its final position. 
sion number will vary, depending on which criterion is chosen for 

The dieper- 
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1566 LEONARD ET AL. 

measuring the time-to-break. It is expected that, if the design 
criterion chosen is to have the interface only x% from its final 
position, the use of the resulting dispersion number to design a 
continuous-flow unit would give a unit that has x% carry over of 

the other phase or phases in a given separating zone effluent. 

Thorium Tests 

Using thorium nitrate, nitric acid, water, tri-n-butyl 

phosphate (TBP), and, In all but one case, n-dodecane (nDD), 
seven multiphase syetems were prepared. The initial concen- 

trations and volume of each phase are given in Table 1. The 
physical properties of these syetema after being equilibrated 

are given in Table 2, and their diepersion numbers are listed in 

Table 3,  In three cases, the viscosity of the viscous more- 

dense organic phase was measured. The results indicate that the 

TABLE 1 

Composition of Test System Components before Equilibration 

Initial Conditions in Initial Conditions in 
the Aqueous Phase the Organic Phase 

Free 
Thorium Acid TBP nDD 

System Vol, Conc, Conc, Vol, Conc, Conc, 
Number mL - M !! mL x % 

1 25 0.5 1.0 25 30 70 
2 25 1.0 1 .o 25 30 70 
3a 25 1.0 1.0 25 30 70 
4 25 1.5 1.0 25 30 70 
5 25 2.0 1 .o 25 30 70 
6 25 2.0 1.9 25 30 70 
7 25 1 .o 1 .o 7.5 100 0 

aDuplicate test of System Number 2. 
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OPERATION WITH THREE LIQUID PHASES 1567 

TABLE 2 
Physical Properties of Equilibrated Thorium Systems 

System Vol, Densitgb, Thorium Free Acid 
Number Phasea mL kglm Conc, E Conc, E mPa's 

1 A 
HO 
Lo 

24 
6.25 
19.75 

1150.8 
1088 
837.7 

0.306 
0.463 
0.092 

d d 
d 12.4e 
d d 

2 A 
HO 
LO 

23 
9 
18 

1307 
1235 
787.9 

0.686 
0.807 
0.0406 

1.02 d 
0.21 d 
0.046 d 

3 A 
HO 
LO 

24.75 
8.5 
16.75 

1290.8 
1234 
789.5 

d 
d 
d 

d d 

d d 
d 535 

4 A 
HO 
LO 

24 
9.5 
16.5 

1466 
1301 
775.3 

1.108 
0.953 
0.025 

d d 
d 127 
d d 

5 A 
HO 
M) 

23.2 
9.7 
17.2 

1659 
1342.6 
767.6 

1.637 
1.05 
0.014 

1.01 d 
0.81 d 
0.017 d 

6 A 
HO 
Lo 

24.2 
9.3 
16.5 

1647.9 
1338.9 
766.6 

1.57 
1.037 
0.013 

1.51 d 
0.23 d 
0.023 d 

7 A 
Hog 

24 
8.5 

1298 
1312 

0.664 
0.971 

d d 
d d 

a A is aqueous phase; HO is heavy organic phase; and LO is light 
organic phase. 

bDens ty of pure nDD is 759 kg/m3; that of 30% TBP in nDD, 826 
kglm f . 

C The viscosity of the aqueous phase is 1.0 mPa.8. The viscosity 
of the light organic phase is essentially that of nDD, that is, 
1.9 mPa's. All system were measured at 26OC except as noted. 
dNot measured. 
e Measured at 25OC. 
fEieasured at 25.5OC. 
%o third liquid phase formed in this test system. Note that the 
organic phase is more dense than the aqueous phase. 
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1568 LEONARD ET AL. 

TABLE 3 

Dispersion Numbers of Test Systems 

Re8 iduala Residual b A in 0 
System (0 in A), OH in OL, 
Number NDi,M X lo4 Vol x N D ~  ,L x lo4 Vol x 

1 10.8 0.0 14.4 1.3 
3 6.2 1 .o 6.2 1.5 
4 4.3 0.4 2.9 0.0 
5 3.0 6.9 2.0 C 
6 3.3 5 .O 2.0 C 

7 3.0 (2 DO) 
-- -- 

aA indicates aqueous phase; 0 indicates organic phase. 
bOH indicates heavy (more dense) organic phase; 4. indicates 

‘Not measured. 
light (less dense) organic phase. 

viscosity increases and the dispersion number decreases as the 

thorium concentration increases. The relatively high value of 

the dispersion numbers, especially for the lower three-phase 

thorium concentrations, indicates that satisfactory contactor 

performance can be expected in continuous-flow separation tests 

up to relatively high throughputs. 

During the batch settling tests for nystem 2 in Table 1, 
the three-phase dispersion was observed an it coalesced to 

determine which phase was continuous. 

usually valid, is that the dispersed phase will be the clear 

phase. Since only the light organic phase was clear, it appears 

to have been the dispersed phase. 

for the final separation of a batch settling test where the 

dispersion band is very distinct, the overall continuous phase 

will have the least volume in the diepersion band. Using this 

second criterion indicates that the aqueous phase was the over 

One criterion, which is 

A second criterion is that, 
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OPERATION WITH THREE L I Q U I D  PHASES 1569 

all continuous phase. Thus, it appears that the light organic 

phase is dispersed in the heavy organic phase which in turn is 
dispersed in the aqueous phase. 

why, early in the separating process, large droplets of heavy 

organic phase appeared at the interface between the dispersion 
layer and the light organic phase. Over a period of time, the 

drops would break free from this interface and drop down through 

the dispersion layer to the heavy organic phase layer. 

Such a structure would explain 

CONTINUOUS SEPARATION TESTS 

Continous separation tests of two- and three-phase liquids 

were made using an annular centrifugal contactor, often called 

the ANL centrifugal contactor. This design features an annular 

mixing zone, which promotes excellent mixing even at very short 

residence times, and a centrifugal separating zone as shown by 

Bernstein et a1 (9). 
a double aqueous weir) could have been used if the unit were 

larger, the small size of the rotors (4-cm diameter) in these 

tests made it easier to build rotors with a single aqueous weir. 

A schematic of the rotor with a single aqueous weir was given 

in an earlier paper (11). 

While an air-controlled aqueous weir (k, 

Single Stage Operation 

Single-stage continuous Separation tests were made t o  

evaluate criteria proposed for the design of the centrifugal 

separating zone. For these tests, the aqueous feed was 0.70 g 
thorium nitrate in 1.15 5 nitric acid and the organic feed was 
30 vol. % TBP in nDD. At an O/A flow ratio of 3.0, the concen- 

tration of thorium in the organic phase is low enough that no 
second organic phase forms. 

densities of 1129 and 868 kg/m3, respectively. 
The aqueous and organic phases have 

However, at an 
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1570 LEONARD ET AL. 

Q I A  ratio o f  1.0, there is a second organic phase. 

phase, the heavy organic phase, and the light organic phase have 

densities of 1222, 1162, and 792 kg/m3, respectively. These two 

flow ratios were used in the single stage tests reported here. 

The aqueous 

In a centrifugal contactor, such as used in this test, the 

interface between the organic and aqueous phases in the centri- 

fugal separating zone of the rotor must be balanced between the 

organic weir and the aqueous underflow to the organic weir. 

an air-controlled aqueous weir (17), this balance can be adjusted 

by changing the air pressure over the inner aqueous weir. For a 
single aqueous weir, which cannot be controlled by air pressure, 

the interface position is adjusted by changing the aqueous weir 

radius. 
tests, each stage has a single aqueous weir. 
are removable so that it is easy to test various aqueous weir radii. 

For 

For the contactor used in these single and multistage 
The aqueous weirs 

Two alternative criteria were proposed for the design of the 
centrifugal separating zone. The one criterion assumes that the 
two organic phases can be treated as a single organic phase with 

an average density of 891 kg/m3 based on the amount and density 

of each of the two organic phases. The alternative criterion 

assumes that the densities used must be those of the two phases 

between which a separation is desired. Ia  the tests reported 

here, the separation is  to be made between the aqueous phase and 
the heavier organic phase. 

the densities of these two phases should be used in making the 
hydraulic balance that determines the interface position in the 

centrifugal separating zone of the rotor. 

Thus, using the alternative criterion, 

The results of the single-stage thorium tests are listed in 
Table 4. 
of 9.75 mm was chonen as being close to optimum for this test. 
If the first design criterion applies for three phase operation, 

test 2 should be near its optimum aqueous weir radius so that 

the aqueoue phase should all come out one exit and the two 

Test 1 has only two phaees, and the aqueoue weir radiue 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



S
in

gl
e-

S
tn

ge
 

T
ho

ri
um

 T
es

t 
R

es
u

lt
s 

Ph
ns

e 
C

m
p

o
si

ti
o

n
 o

f 
E

ff
lu

en
ts

b
 

T
o

ta
l 

A
qu

eo
us

 
E

ff
lu

en
t 

P
lw

 
Ef

 f
 lu

en
t 

O
rg

nn
ic

 E
x

it
 

A
qu

eo
us

 E
x

it
 

B
at

e.
 

O
IA

 
R

ad
iu

s,
 

O
rs

an
ic

 
A

qu
eo

us
 

O
rg

nn
ic

 
A

qu
eo

us
 

Pl
ow

 
W

ei
r 

R
at

e,
 

L
/d

n
 

T
m

p,
 

‘C
 

A
m

t 
A

D
t 

P
re

ne
nt

, 
P

re
se

n
t,

 
T

es
tn

 
L

lm
ln

 
b

t
i

o
 

P
 

E
x

it
 

E
x

it
 

E
x

it
 

E
x

it
 

Ph
ns

e 
v

o
l 

X 
Ph

ns
e 

v
o

l 
X 

N
ot

en
 

1
 

0.
6 

3.
3 

9.
75

 
0.

45
2 

0.
14

0 
26

.6
 

25
.8

 
0
 

10
0 

0
 

0.
7 

C
 

A 
99

.3
 

2 
0.

6 
1.

0 
9.

75
 

0.
24

0 
0.

35
7 

26
.5

 
26

.5
 

Lo
 

94
.4

 
Lo
 

0.
9 

d 
BD
 

5.
6 

11
0 

17
.2

 
A

 
81

.9
 

3 
0.

2 
3.
3 

8.
59

 
0.

15
6 

0.
04

72
 

25
.7

 
25

.6
 

0
 

10
0 

0
 

0.
4 

C
 

A 
tr

ac
ee

 
A

 
99

.6
 

0.
2 

1.
1 

8.
59

 
0.

10
5 

0.
09

50
 

26
.4

 
26

.5
 

LO
 

71
.5

 
0

 
0.

1 
B

 
4 

11
0 

25
.Z

f 
A 

99
.9

 
A

 
3.

3 

5 
0.

6 
1
.1

 
8.

59
 

0.
33

2 
0.

28
2 

26
.0

 
26

.0
 

u
)
 

69
.9

 
0

 
0.

5 
8.i
 

BD
 

26
.5

 
A

 
99

.5
 

A 
3.

Lh
 

.A
qu

eo
us

 
fe

ed
 c

on
tn

in
ed

 0
.7

 
n T

h 
n

d
 1.

15
 
I! 
Bm
)3
. 

bo
 i

n
d

iu
tt

. 
th

e 
or

ga
ni

c 
ph

ns
e 

fo
r 

n 
tv

o
-p

h
u

e 
sy

st
em

 a
n
d
 t

h
e 

to
ta

l 
o

ry
n

ic
 p

hn
se

 f
o

r 
n

 t
h

re
e-

p
b

se
 

sy
st

eu
. 

CH
o 

se
co

n
d

 o
ry

n
ic

 p
hn

se
. 

h
n

v
y

 o
rg

nn
ic

 p
hn

re
 s

lo
w

ly
 s

ep
nr

nt
ed

 f
ro

m
 t

tt
e 

o
ry

n
ic

 e
ff

lu
en

t 
sa

m
pl

e.
 

%
m

e 
nq

-s 
d

ro
p

le
ts

 w
er

e 
on

 w
al

l 
of

 
th

e 
cy

li
n

d
er

 c
o

n
tn

in
in

g
 t

h
e 
or

yn
ic

 e
ff

lu
en

t,
 
bu

t 
no

 a
qu

eo
us

 p
h

re
 n

cc
cn

u
k

te
d

 a
t 

th
e 
bo
tt
om
. 

fA
qu

eo
ns

 p
hn

se
 n

pp
en

re
d 

sl
w

ly
. 

8A
a 

no
te

d,
 

th
e 

th
re

e 
ph

ns
es

 i
n 

th
e 

o
rg

an
ic

 e
ff

lu
en

t 
tn

ke
 s

om
e 

ti
m

e 
to

 s
ep

n
ra

te
 o

ut
. 

hA
qu

eo
us

 p
h

u
e 

np
pe

nr
ed

 .
lo

w
ly

. 

h
ft

e
r 

te
nt

, 
ro

to
r 

nn
d 

p 

O
rg

nn
ic

 f
ee

d
 w

ns
 

30
 v

o
l 

X 
TI

)P
 i

n
 n
DD

 w
it

h 
no

 t
h

o
ri

k
 o
r 

n
it

ri
c

 n
ci

d.
 

B
ot

h 
fe

ed
s 

w
er

e 
pr

ep
nr

ed
 t

h
e 

dr
y 

of
 

th
e 

te
st

s.
 

ph
ns

e.
 

R
ot

or
 s

pe
ed

 w
ns

 
35

68
 i
 9

 r
pm

. 
T

es
ts

 u
se
d 

in
 s

ta
g

e 
3 

of
 

th
e 

4-
st

ng
e 

c
e

n
tr

if
u

y
l 

co
n

tn
ct

o
r.

 
A 

in
d

ic
n

te
s 

th
n 

n
q

u
eo

w
 

LO
 

in
d

ic
at

es
 t

h
e 

li
g

h
t 

o
ry

n
ic

 p
hn

se
. 

HO
 i

n
d

iu
te

s 
th

e 
he

av
y 

o
rg

an
ic

 p
hn

m
e.

 

A
ft

er
 3

6 
m

in
ut

es
, 

th
e 

nq
ue

ou
s 

vo
lu

m
e 

ha
d 

be
co

w
 c

on
st

nn
t 

n
t 

th
is

 v
ol

um
e 

pe
rc

en
t.

 

A
t 

0
.0

 
m

in
ut

es
 a

ft
e

r 
th

e 
te

st
. 

th
er

e 
w

as
 n

o 
aq

ue
ou

s 
ph

ns
e;

 
4.

5 
m

in
ut

es
. 

0.
6%

; 
10

 m
in

ut
es

. 
2.

4%
; 

28
 m

in
ut

es
. 

3.
6X

; 
34

 m
ir

m
te

a.
 

3.
6X

. 

1
0
-
d
 M

rk
~

n
g

9
, i

n
c

lu
d

e
d

3
 rL

 o
f 

n
q

u
ea

u
 p

hn
se

. 
10

 r
L
 o

f 
he

nv
y 

or
gn

ni
c 

ph
ns

e.
 

an
d 

40
 r

L
 o

f 
li

g
h

t 
o

ry
n

ic
 p

hn
se

. 
I
 v

er
e 

st
op

pe
d 

to
g

et
h

er
. 

C
on

te
nt

s 
fr

om
 t

h
e 

ro
to

r 
a

d
 th

e 
m

ix
in

g 
zo

n
e,

 
dr

ni
ne

d 
in

to
 n

 1
5-

 
be

nk
er

 w
it

h
 

D
o
w
n
l
o
a
d
e
d
 
A
t
:
 
1
3
:
3
0
 
2
5
 
J
a
n
u
a
r
y
 
2
0
1
1



1572 LEONARD ET AL. 

organic phases should come out the other exit. 

case. Considerable organic phase came out the aqueous exit. 

Thus, the second criterion seems to apply. 

This is not the 

To test this further, a smaller aqueous weir radius, 8.59 mm, 

was chosen based on the alternative crit:erion. With this weir 

radius, the maximum throughput for satiafactory two-phase opera- 

tion is much less, about 0.2 Llmin. 

radius is far from the optimum radius used in test 1. 

3 and 4 show, both tvo- and three-phase operation works well 
at this reduced flow rate. At this aqueous weir radius, the 

alternative criterion predicts that three phase operation should 

be nearly optimum, making flow rates up to 0.6 Llmin possible. 

This was checked in test 5 and found to be true; however, some- 

what more aqueous phase (3 to 4 vol. %) than normal (<1 vol. %) 

was found in the organic effluent. ThiH entrapment of 3 to 4 
vol. X of the aqueous phase in the two organic phases corres- 

ponds to the 0.0 to 6.9 vol. % residual aqueous phase in the 
organic phase for NDI,M of the batch gravity-settling tests 
given on Table 3. 

This result is because the 

As tests 

Prom these single-stage contactor tests, we see that, using 

the second design criterion, both organic phases can be made to 

come out one exit while the aqueous phase comes out the other 

exit. Based on these encouraging results, four-stage contactor 

tests were made. 

Multistage Operation 

The flow sheet to demonstrate annualar centrifugal contactor 

operation with three liquid phases is shown in Fig. 1. 
was expected that the two middle stages (stages 2 and 3) would 
have three liquid phases. 

stage (stage 4) and with the high acid concentration in the 
organic liquid going to that stage, it seemed possible that 

stage 4 might have three liquid phases and that stage 2 might 

It 

However, with only a single scrub 
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Aqueous Product  Aqueous Scrub -1 
D i s t i l l e d  Water 
R e l a t i v e  f l o w :  1.0 

FIGURE 1. Flow Sheet f o r  Multistage Thorium T e s t .  

have only two l iqu id  phases. Because of the  uncertainty over 

which s tages  would have three  l iqu id  phases, the  f i r s t  test of 

the  four-stage contactor  was run a t  a low flow rate (200 mL/min), 

using the  smaller weir radius  i n  each s tage.  Under these 

operating conditions,  the  contactor can handle the  flow sheet  

with e i t h e r  two o r  th ree  phases i n  a s tage.  During t h i s  test 

( t e s t  6 ) ,  t he  number of l i qu id  phases present i n  each s tage  w a s  

determined. The r e su l t s ,  given i n  Tables 5 ,  6 ,  and 7,  show t h a t  

t he re  were th ree  l i qu id  phases i n  s tages  3 and 4 and two l iqu id  

phases i n  s tages  1 and 2. 

Using the  same flow shee t ,  t he  contactor  was operated a t  a 

This is c lose  t o  the  maximum high throughput of 600 mL/min. 

throughput of 800 mL/min calculated from a dispers ion number of 

6.1 x 
present ,  t he  weir with the  l a rge r  radius  w a s  i n s t a l l e d  i n  place 

of t he  smaller w e i r .  

problem because, a t  t h i s  high flow rate, the  s tages  with w e i r s  

For each s tage where only two l iqu id  phases were 

Star t -up  w a s  seen t o  be a po ten t i a l  
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TABLE 5 

LEONARD ET AL. 

Contactor Specif icat ions f o r  Multistage Thorium T e s t  

Stage Aqueous Weir Radius, mm Vane-to-Rotor 
 NO.^ T e s t  6 T e s t  7 Gap,b mm 

1 8.59 9.75 
2 8.61 9.75 
3 8.59 8.59 
4 a .62 8.62 

0.87 
1.0 
0.96 
0.4 

aFour-stage 4-cm contactor  w a s  used with the  flow- 
sheet as shown i n  Fig. 1. Rotor speed was 3568 f 9 
rpm. I n  addi t ion,  ro to r s  1 and 4 required Teflon 
tape beneath the  aqueous weirs t o  prevent leakage. 
(To measure ro tor  leakage, t he  amount of l i qu id  
i n  the  ro to r  was measured a f t e r  severa l  minutes a t  
no-flow conditions.) After  t he  tape w a s  added, t he  
l iqu id  i n  the  ro to r  a f t e r  2 t o  3 m:lnutes of no flow 
was 60 mL f o r  s tage  1, 65 mL f o r  s tage  2,  75 mL f o r  
s tage 3, and 70 mL f o r  s tage 4. For t h i s  tes t ,  only 
aqueous phase w a s  used. 

h h e s e  gaps were set f o r  test 6 l i s t e d  i n  Table 6. 
Vane-to-rotor gaps were not measured f o r  test 7. 

designed t o  operate with two phases cannot handle three  phases, 

and vice versa. 

problem. 

qu i t e  s a t i s f ac to ry  with the flow of the organic phases maintained 

countercurrent t o  the  flow of the  aqueous phase. Thus, three- 

phase operation is seen t o  be sa t i s f ac to ry  i n  annular cent r i fuga l  

contactors,  both a t  intermediate s tages  and a t  feed s tages  with 

ex terna l  feed and product flows. 

In the  actual test ( t e a t  7 ) ,  star t -up was not a 

As t he  r e s u l t s  i n  Tables 6 and 7 show, operat ion was 

For the  multistage tests, it w a s  necessary t o  es t ab l i sh  the  

number of l i qu id  phases i n  each stage.  

out the l iqu id  i n  each s tage  a f t e r  the  test. These r e s u l t s  are 

given i n  Table 7. 

heavy organic phase s taying with the  l i g h t  organic phase as 

This was done by draining 

Both tests showed good operation, with the  
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TABLE 6 

Multistage Thorium T e s t  Results 

Tee t T e s t  
No. 6 No. 7 

Aqueous Feed Rate, mL/min 
Liquid Temp, O C  

Organic E x i t  
Aqueous Exit  

Organic E x i t  
Amt of Each Phase i n  Effluenta 

Amt  of LO, X 

Amt  of 0, 4: 

Amt  of HO, X 
Aqueous Exi t  

Amt of A, X 
Effluent Flow Ratee, mL/min 

Organic Exit  
Aqueous Exit  

Time Allowed t o  Reach Steady S ta t e ,  min 

25 

24.3 
24.5 

87.2b 
12.8 

0.9 
99. l d  

168.5 
54.5 
18 

75 

24.6 
24.6 

79.5c 
20.5 

0.7 
99.3c 

454 
147 

6 

a 0 ind ica tes  the organic phase fo r  a two-phase system and the  
t o t a l  organic phase f o r  a three-phase system. 
aqueous phase. LO indicates  the l i g h t  organic phase. HO indi- 
cates the heavy organic phase. 

A t  t ha t  t i m e ,  
the  heavy organic phase volume was clear near the top but s t i l l  
cloudy below. This indicates  some t r ace  amount of aqueous phase 
was present. 
phases slowly separated so t ha t ,  20 minutes a f t e r  t he  sample was 
taken, there  was 90.8% l i g h t  organic phase and 9.2% heavy organic 
phase. 

Volumes were measured 28 min a f t e r  the samples w e r e  taken. No 
second organic phase was v i s i b l e  a t  f i r s t  i n  the organic exit 
e f f luent .  After s i x  minutes, two d i s t i n c t  organic phases were 
v i s ib l e .  The l i g h t  organic phase was clear which suggests it 
was the  dispersed phase. The heavy organic phase w a s  opaque 
as it st i l l  contained 5% of the l i g h t  organic phase. After  
13 minutes, the  two phases were completely separated. Even 
a f t e r  28 minutes there  was no v i s i b l e  aqueous phase. 

the sample was taken, there  w a s  only a trace of organic phase 
f loa t ing  on the  aqueous phase. 

Total  volumetric flow r a t e  f o r  a l l  phases leaving t h e  specif ied 
e x i t  . 

A ind ica tes  t he  

bValues when the sample was held overnight (20 h). 

The l i g h t  organic phase was very c lear .  The two 

C 

dValue when sample held overnight (20 h). Twenty minutes a f t e r  

e 
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TABLE 7 

LEONARD ET AL. 

Liquid Volume i n  Each Stage a f t e r  Multistage Thorium Tests 

Four-stage 4-cm contactor.  
Flow sheet  as shown i n  Fig. 1. 
Feed pumps and ro to r  motors were stopped a t  the end 

of the test. Then a l l  l i qu id  was drained from each 
s tage.  

Volumes were measured i n  250-mL cyl inders  with 2-mL 
markings a f t e r  the  samples had been a l l w e d  t o  
separate  from 17 t o  20 h. 

Total  Phase Volume, mL (%) 
Liquid 
Volume, Heavy Light 

T e s t  Stage aL Aqueous Organic Organic 

27.4(28.8) 
2 95.7 67.0(70.0) trace 28.7(30.0) 

4 103 46.4(45.0) 31.6( 30.7)' 25( 24.3) 

trac% a 6 1 95 67.6(71.2) 

3 132 70.0(53.0) M(13.6) 44( 33.4 ) 

52 5( 50) 
a 7 1 105 52.5(  5 0 )  trace 

2 145 53( 36.5) 8.5( 5.9) 83.5(57.6) 

4 136 35(25.7) 51.5(37.9) 49.5(36.4) 
3 193 92(47.7) 36(18.6) 65(33.7) 

aAppears as d i r t y  white drople t s  a t  the  l iquid- l iquid in te r face .  
bAppears as drople t s  a t  the  l iquid- l iquid in te r face .  More drople t s  

C16 min a f t e r  t he  sample was taken and the  phases were st i l l  
than f o r  s tage 1. 

separating, cloud-like lumps w e r e  noted a t  the in t e r f ace  between 
the heavy and l i g h t  organic phases. 

intended. Since the  in t e r s t age  l i n e s  were t ransparent  polyvinyl 

chlor ide tubing, t he  heavy organic phase could be seen moving 

from s tage  3 to  s tage  4 i n  the  organic in t e r s t age  l i ne .  

To avoid po ten t i a l  problem i n  the  s t a r t - u p  of test 7,  t h e  

following procedure was used. 

t i l l e d  water) was s t a r t ed  and run alone u n t i l  i t  w a s  flowing 
out the  aqueous product exit.  Then the  organic feed was s t a r t ed .  

F i r s t ,  t h e  aqueous scrub (dis- 
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OPERATION WITH THREE LIQUID PHASES 1577 

One minute la ter ,  when the  organic phase reached s t a g e  3, t h e  

aqueous feed containing the  thorium n i t r a t e  and n i t r i c  ac id  w a s  

s t a r t e d .  I n  t h i s  way, s ta r t -up  went very smoothly t o  steady- 

state operation. No attempt was made to d i s t u r b  s teady-state  

opera t ion  t o  see i f  the contactor  could recover. 

CONCLUSIONS 

Operation with three  l i q u i d  phases was demonstrated using a 

thorium flow shee t .  The r e s u l t s  show that t h e  annular c e n t r i f u g a l  

contactor  can be designed t o  handle. t h r e e  l i q u i d  phases and t h a t  

the  presence of t h r e e  l i q u i d  phases in s e v e r a l  s t a g e s  of a multi-  

s t a g e  u n i t  does not  i n t e r f e r e  with mul t i s tage  operat ion.  

The c r i t e r i o n  to  be used i n  t h e  design of t h e  c e n t r i f u g a l  

separa t ing  zone is as follows. 

dens i ty ,  between which a separa t ion  is des i red ,  are considered. 

A hydraul ic  balance is es tab l i shed  such t h a t  t h e  t h e o r e t i c a l  

i n t e r f a c e  between these t w o  phases is loca ted  near  t h e  middle of 

t h e  separa t ing  zone. 

a t  o r  near i t e  maximum throughput. 

Only those  two phases c l o s e s t  i n  

A contac tor  operated i n  t h i s  way w i l l  be 
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