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A new de®ice for liquid] liquid extraction was de®eloped, tested, and modeled, based
on two immiscible thin films, flowing one on the top of the other while exchanging
mass. The films are formed by impinging streams: collision of two immiscible jets flow-
ing one toward the other on the same axis. Thus, the flow of the films is in a direction

( )perpendicular to the initial flow of the jets. Two liquid systems diluent ] solute ] sol®ent
were tested: water ] iodine] kerosene and aqueous solution of HCl ] pure water. In the
latter case, HCl is transferred from its initial solution comprising one film to the other
film of pure water flowing on the top of it. The experiment determined geometrical
parameters of the thin film, mass-transfer coefficients of the solute between the films, as
well as power input. For a relati®ely identical power input, the measured mass-transfer
coefficients were higher by a factor of 10 ] 200 compared to con®entional de®ices. In
addition, the mean residence time in the new de®ice is shorter than in con®entional
de®ices due to minimal dispersion of the phases during the extraction stage, making the
settling stage relati®ely simple and short.

Introduction

Liquid]liquid extraction, a widespread process in the
chemical industry, is a method for separating the components
of a solution by their distribution between two immiscible, or
partially miscible liquids. It has been used for recovering var-
ious organic and inorganic compounds from various solutions
in the petroleum, pharmaceutical, metallurgical, nuclear, and

Žother industries Laddha and Degaleesan, 1976; Treyball,
.1963; Kogan, 1977; Rydberg et al., 1992 . In parallel, re-

search on various extraction processes has also been contin-
Žued Czapla and Bart, 1998; Wilson and Manousiouthakis,

1998; Bouaifi and Roustan, 1998; Rauline et al., 1998; An-
. Žgelov et al., 1998 , as is that in biotechnology analyses Weigl
.and Yager, 1999 .

Various types of extraction devices have been used, such as
spray towers, perforated plate columns, pulse columns, cen-

Žtrifugal extractors, and mixer-settlers Laddha and De-
galeesan, 1976; Treyball, 1963; Kogan, 1977; Rydberg et al.,

.1992 . For any extraction process the total process time, t ,tot
is of a particular importance, that is,

t s t q t , 1Ž .tot m s
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where t is the mixing and extraction time of a solute recov-m
ering from feed to solvent, while t is the time of phases sep-s
aration in the settler. Generally, in order to reduce the size
of the equipment for a given throughput, t should be mini-tot
mized. Shortening t may be achieved by increasing the sur-m

Žface area between the phases Handlos, 1957; Laddha and
Degaleesan, 1976; Treyball, 1963; Kogan, 1977; Ryberg et al.,

.1992; Brounshtein and Fishbein, 1977 , which, on the other
hand, will increase t . Thus, these conflicting effects becomes
a serious restriction in modern design of extraction equip-
ment. As shown in the following, the application of impinging
streams for generating thin films that make up the major ele-
ment of the new device, solves the preceding problem.

The first patent on method and apparatus for mixing and
contacting fluids by impinging streams was probably obtained

Ž .by Carver et al., 1956 . It was found that the extraction effi-
ciency of alcohol from water into kerosene attains a maxi-
mum of 96%. However, no mass-transfer coefficients or power
input were reported. Additional methods for dispersing one

Ž .liquid into the other Janssen et al., 1993 make use of the
stagnation flow of two opposed liquid jets forming hyperbolic

Žflow streamlines, and the impinging-stream jet mixer Trey-
.ball, 1963, p. 142 .
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Figure 1. Principal schemes of extraction in impinging
streams.
Ž . Ž .a In dispersion; b in thin films. 1} Initial solution;
2} solvent; 3} light phase; 4} heavy phase, 5} nozzles for
liquid atomization; 6} coaxial nozzles; 7} two films flowing
one on the top of the other.

A new device for liquid]liquid extraction based on imping-
Ž .ing streams Tamir, 1994 , shown in Figure 1a, was developed

in the past and tested in our laboratory. Feed 1 and solvent 2
are introduced into the system through spray nozzles 5 posi-
tioned one toward the other on the same axis, which caused
atomization of the liquid at their exit. Mixing between the
phases, intensive mass transfer due to a droplet’s coalescence
in the impact zone and on the walls of the reactor, as well as
a relatively short contact time are achieved due to the im-
pinging-stream configuration. Extraction experiments with the

Žwater]iodine]kerosene and kerosene]acetic acid]water di-
.luent]solute]solvent systems indicated that the impinging-

Ž .stream device yielded Tamir, 1994, table 12-2 the highest
volumetric mass-transfer coefficients, of the order of
0.001]0.3 sy1 as compared to regular devices for which the
maximum coefficient was 0.03 sy1. However, in the imping-
ing-stream device, power input was relatively high, 35]1500

Ž 3 . ŽkJr m liquid , as compared to other devices Tamir, 1994,
.table 12-3 . The high-power input in the impinging stream

was caused by creation of droplets with spray nozzles in or-
der to achieve large mass-transfer areas, as well as other
characteristics of impinging streams.

The major aim of the present investigation was to develop
an extraction device exhibiting high mass-transfer coefficients
at a relatively low input power, as well as model it for scale-up
purposes. Figure 1b shows the essence of a new device in
which two immiscible liquid streams, feed 1 and solvent 2,
leave nozzles 6 in the form of cylindrical jets. The two jets
collide at the impinging plane, forming thin films 7, of the
order of 10]500 microns, which flow one on the top of the
other in a plane perpendicular to the initial jets. Theoretical
and experimental investigations indicated that the motion of
the thin films is of a wavy turbulent character, which intensify

Žthe mass transfer Kapiza, 1948; Davies, 1972; Taylor, 1960;
Chu and Dukler, 1974; Hasson and Peck, 1964; Boyadjiev and

.Beshkov, 1984 . Thus, the elimination of the formation of
droplets and the application of extremely thin, wavy, and tur-
bulent films, flowing one on the top of the other for solute
recovery, as demonstrated in the present investigation, cre-
ated a significant enhancement of the mass transfer between

Figure 2. Laboratory setup for extraction in thin films.

the phases, with relatively low power consumption. This re-
duces the mixing and extraction time t between the solventm
and the solute in the feed. In addition, due to the flow of the
films one on the top of the other, with minimal dispersion of
the phases, their separation in the settler becomes relatively
easy and fast, that is, t , the time of phases settling, is simul-s
taneously shortened. Thus, t , the overall extraction-settlingtot
time in Eq. 1 is reduced, manifesting the major advantage of
the new device.

Experimental Studies
Setup

The impinging-stream scheme in Figure 1b for generating
thin films of a circular shape flowing one on the top of the
other, was realized in a laboratory setup made up of the sin-
gle extractor-settler unit shown in Figure 2. It was manufac-
tured of transparent Plexiglas for determining the diameter
of the circular films by photography. The experimental sys-
tem consisted of the following elements:

1. Reactor 1 of diameter Ds0.11, 0.15 m and height Hs
0.004]0.04 m, in which extraction takes place in the thin films
4.

Ž . y32. Two coaxial nozzles 3 of diameter 1]5 =10 m. The
Ž .clearance between the nozzles varied in the range of 0.05]2

=10y3m.
3. Settler 2 of diameter 0.04 m and height 0.15 m, in which

separation of the phases into light and heavy takes place.
4. Rotameters 5, 6 for the feed and solvent.
5. Pumps for feed and solvent. In addition, manometers

were installed for measuring pressure drop on the nozzles to
determine the power input.

Liquids tested
Ž .Two liquid systems diluent]solute]solvent were tested:

Ž .1 aqueous solution of HCl]pure water where all liquids are
Ž .miscible; and 2 water]iodine]kerosene where water and
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kerosene are immiscible. In the first case, a solution of HCl
was introduced into one nozzle and pure water into the sec-
ond nozzle. The extraction process was the transfer of HCl
from the aqueous solution comprising one film into the other
film of pure water flowing on top of it. The employment of
this system made it possible to test the setup at relatively
high stream flow rates. The second system was chosen due to
the rapid change in the color of the phases, water and
kerosene, when iodine was extracted by the kerosene. It
should also be noted that another reason was a practical case
in which iodine was extracted by kerosene from Chilean salt-

Ž .peter by the SQM process McKetta, 1984, p. 718 . The solu-
bility of iodine in water is usually very small. Thus, KI was
added to the water, resulting in the following reaction I qIy

2
™Iy, which increased the solubility of the iodine in the form3
of the Iy complex. In addition, this complex can be easily3

Ž .determined Manzurela, 1977 .

Procedure and analyses
An experimental run consisted of the following procedure.

Ž .Feed HCl aqueous solution or iodine solution in water and
Ž .the solvent pure water or kerosene, respectively were fed

into reactor 1 in Figure 2. At steady state, reached after 5]10
min, samples of the solution were taken at the inlet to reac-
tor 1 and the exit of the thin films, that is, initial and final
concentrations. The latter were determined by well-known
titration methods. In the case of HCl, samples of 0.5 mL were
taken directly from the edge of the film. This was done by
carefully placing a small syringe’s needle near the surface of
the pure water side into which diffusion of HCl took place
from the HCl aqueous solution film. It should be noted that
in the absence of turbulence in the film, it is expected that
the two initial films do not mix. In some cases, 25 samples of
the final concentration were taken for determination of the
statistical variance.

Experimental range
I. Aqueous solution of HCl]pure water: Initial concentra-

Ž .tion of HCl in water, x s 10]50 mgrmL; diameter of noz-1
Ž . y3zles, d s 1]5 =10 m; clearance between nozzles, d s0

Ž . y30.1]2 =10 m; flow rates of the liquids, Q and Q ss r
Ž . y6 32]20 =10 m rs; the ratio g sQ rQ s1; height of reac-s r
tor, Hs20=10y3 m.

II. Water]iodine]kerosene: Initial concentration of iodine
Ž .in water, x s 0.2]0.5 mgrmL; diameter of nozzles, d s11 0

y3 Ž . y3=10 m; clearance between nozzles, d s 0.05]0.5 =10
Ž . y6 3m; flow rates of the liquids, Q and Q s 3]10 =10 m rs;s r

Ž .the ratio g sQ rQ s0.2]2.5; height of reactor, Hs 4]40s r
=10y3 m. The experimental error was "10]15%.

Modeling, Results, and Discussion
Phases-separation rate

Ž .The phase-separation rate in the settler 2 in Figure 2 was
determined as the rate at which the dispersion zone of the
phase disappears after the liquid flow into the reactor was

Ž .terminated Marchuk, 1980 . Experiments were conducted
with the water]iodine]kerosene system, for which the height

Ž . y3of the dispersion zone was 10]20 =10 m and the mean
separation rate about 20=10y3 mrs. The settler’s effective-

ness was determined by comparing its separation rate with
that of a laboratory agitated vessel of 0.10 m diameter and
height of 0.15 m, in which a water]iodine]kerosene solution
with volumetric ratio of water to kerosene of 0.5]1 was inten-
sively mixed. The optimal mean residence time of the liquids
in the vessel was about 60 s, the initial height of the separa-

Ž . y3tion zone 100]120 =10 m, and the average separation rate
was about 2=10y3 mrs. As seen, the separation rate in the
new thin liquid film device was about 10 times higher com-
pared to the agitated vessel. This is probably due to the mini-
mal dispersion between the thin films.

Geometry of the thin film
Figure 3 shows the formation of the thin film. Two immis-

cible liquid streams, feed and solvent, leave the nozzles, 1,
with clearance d between them in the form of cylindrical jets.
The two jets collide at the impinging plane, forming ex-
tremely thin films of varying thickness, h, with initial thick-
ness of the order of 100]500 micron. These films flow one on
top of the other in a plane perpendicular to the initial jets.

Ž .The initial thickness of the film is L ) h , and its average
radius is R, where Rrr )1. Two cases are demonstrated in0
Figure 3: d G r and d - r , for which appropriate relation-0 0
ships, Eqs. 6a and 6b, are derived below, where if d - r ,0
then Lsd , and if d G r , then Ls r . The latter result fol-0 0
lows from Eq. 4 because the velocity vector only changes its
direction by 908 and not its magnitude, namely u su . As0 n
shown later, the basic parameters that affect the mass trans-
fer in the film are its thickness and radius. Thus, in the fol-
lowing, these quantities will be considered from the theoreti-
cal point of view.

In general, gravity, viscosity, and friction with the air are
the forces that may affect the motion in the film. However,
evaluation of the effect of these forces, considering the rela-
tive high velocity in the film, u )1 mrs, indicated that their0

Žeffect can be ignored. Therefore, it can be assumed Taylor,
.1960; Hasson, 1964; Ranz, 1959 that the liquid motion in the

film is inertial; thus, its average velocity u remains constant.0
Conservation of the momentum rate between the begin-

ning of the film near the exit from the nozzles and any point
along its thickness h in Figure 3 reads

ru2 L2p r s ru2 h2p R , 2Ž .0 0 0

Figure 3. Formation of the thin film by impinging
streams.
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yielding the local film thickness:

hs Lr rR or hrLs r rR . 3Ž .0 0

Conservation of mass between the exit of the nozzles and
the beginning of the film reads

r2p r Lu s r2p r 2u , 4Ž .0 0 0 n

yielding that

u ru s r rL. 5Ž .0 n 0

Two cases are considered with respect to Figure 3:

1. d G r resulting in0

u ru s1 and Ls r , 6aŽ .0 n 0

which is also applicable for conditions of a free-flowing film.

2. d - r yielding d s L, so,0

u ru s r rd )1. 6bŽ .0 n 0

Combining Eqs. 3 and 6a results in the following equation
Ž .for the free-flowing film, also obtained in Ranz 1959 and

Ž .Hasson 1964 :

hRrr 2 s1. 7Ž .0

For a continuous film, a balance between inertia and sur-
Ž .face tension forces Millikan et al., 1965 yields the following

equation for the maximum radius of the film:

1 1 4p R2s R
2 2ru h2p Rs4p R s q s 1q . 8Ž .0 ž / ž /R R R R2 2

Combining Eqs. 8 and 3 yields

R Lru2
0

s . 9Ž .w xr 2s 1q RrR0 2

If Ls r and R ™`, that is, the external surface of the film0 2
thickness is plain, it follows from Eq. 9 that

R r ru2
0 0

s . 10Ž .
r 2s0

Ž .Ranz 1959 wrote that Eq. 10 gave large deviations for small
nozzles, due to flow disturbances inside the nozzle, and for
the large nozzles, due to the effects of gravity. Comparison
between calculations based on Eq. 10 and experimental data

Ž .of Kawada Ranz, 1959 indicated that these data were lower
by a factor of nearly 31r2. Similarly, our experimental data
were 2]3 times lower than those predicted by Eq. 10. Thus,
the surface curvature of the film edge related to the term
w x1q RrR in Eq. 9 affects the results and will be determined2
in the following. It is now assumed that

RrR s RrR sconstant. 11Ž .Ž . Rs r2 2 0

Table 1. Experimental vs. Calculated Values of Rrrrrrr for the0
System Water–HCl–water

Rrr Rrro ou uDev. Dev.o o
Ž . Ž .mrs Exp. Calc. % mrs Exp. Calc. %

Case 1 Case 2
1.66 6.5 5.7 y12.9 1.0 4.0 3.8 y5.3
1.90 7.5 7.4 y1 1.1 4.0 4.9 22.0
2.07 8.0 8.8 10 1.24 7.1 6.2 y12.9
2.30 9.0 10.9 21 1.33 7.8 7.1 y8.5
2.55 11.5 13.3 15.6 1.37 8.2 7.6 y8.0
2.71 14 15.0 7.4 1.53 10.2 9.4 y7.7
2.87 15 16.9 12.9 1.62 10.7 10.6 y1.1
3.11 17.5 19.9 13.7 1.76 12.4 12.5 0.3
3.19 19 20.8 9.5 1.96 12.9 15.5 20.0
3.27 21.5 22.0 2.3 2.50 26.5 25.2 y4.9

1. Lrr s1, r s10y3m, ReF1,650; 2. Lrr s 0.44, r s 2.55=10y3m and0 0 0 0
Re s 5,600.max

Abbreviations: Exp.} experimental; Calc.} calculated; Dev.} deviation.

This assumption, as well as the following definition in Eq. 13,
which yields Eq. 19, is justified by the satisfactory agreement
between experimental results and the theoretical predictions
given in Table 1. In addition, Figure 3 indicates that the ve-
locity vector changes its direction by 908 after collision and

Žformation of the sheet Elperin, 1972; Tamir, 1994; Popiel
.and Tass, 1991 . Thus, it is further assumed that as soon as

the flow begins in the thin film, the following conditions hold
for its initial velocity profile, assuming also that liquid aver-
age velocity equals u in the nozzles:0

1. Ls ro

d X s0: usu nozzle su nozzleŽ . Ž .rso max
12aŽ .Xd s Lr2: usu nozzle .Ž .rsr r 2o

2. L- ro

d X s0: usu su equivalent nozzleŽ .rsr s0 maxo ,eq
12bŽ .Xd s Lr2: usu equivalent nozzle .Ž .rsr r 2o ,eq

As noted, an equivalent radius r was defined on the basiso,eq
of the following mass balance

rp r 2u s rp r 2 u , 13Ž .o n o , eq o

yielding

0.5r rr s u ru . 14Ž .Ž .o , eq o n o

ŽAn expression for R was suggested elsewhere Korn and2
. U Ž .Korn, 1968 in a dimensionless form y s R r Lr2 ; it reads2

3r22 2dZ d Z
Uy s 1q s F X , 15Ž . Ž .2ž /dX dX

where

Zsuru s f X and X s rrr 0F X F0.5Ž . Ž .max o

15aŽ .
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UThe dimensionless mean value of y is given by

0.5U Uy s 1r0.5 y dX , 16Ž . Ž .H
0

where

Uy s R r Lr2 . 16aŽ . Ž .2

From the preceding definition it follows that

R 2 ro
s , 17Ž .Už / y LR2 R s ro

where Eq. 6a for 1G r yieldso

R 2
s . 18aŽ .Už / yR2 R s ro

On the other hand, for d - r it follows that Ls r , ando o, eq
according to Eq. 14,

0.5R 2 uo
s . 18bŽ .U ž /ž / y uR n2 R s ro

Thus, Eq. 9 yields

R Lru2
o

s . 19Ž .0.5r 2 uo o
2s 1q U ž /y un

Equations 15 and 16 make it possible to calculate the di-
Umensionless radius of curvature of the film, y , once the ve-

locity is known; for example:

1. For turbulent flow the velocity profile is approximately
Uflat, that is, Zs1, thus y ™` and Rrr is given by Eq. 10.o

2. For laminar flow Zs1y X 2 and according to Eqs. 15
and 16, for the initial velocity profile in the film, X s0 and
X s0.5, yielding that Z varies between 1 and 0.75. Thus, the

U U U0.5mean value of y reads y s1r0.5 H y dX s0.86.0
3. For other cases where the velocity profile is not de-

Uscribed explicitly, y is calculated from Eq. 19 on the basis of
experimental data of Rrr and other needed data. For theo
water]iodine]kerosene systems and aqueous solutions of

UŽ .HCl]pure water Figure 4 . As seen, y increases by decreas-
ing Lrr , where u increases according to Eq. 5, while theo o
velocity profile becomes flatter. It is important to emphasize

Uthat if the values of y are calculated on the basis of experi-
Ž .mental data Rrr , u , and s by Eq. 19 for laminar flowo o

UŽ .inside the nozzle Re-2,300 , it is found that y s0.86; the
latter coincides with the theoretical value obtained by the in-
tegral given earlier.

Table 1 reports experimental results for a water film in
which mass transfer of HCl, reported in the following, also
takes place. As observed, there is satisfactory agreement be-
tween the experimental and calculated results. It should be
noted that if the physical properties of the components are

Figure 4. Dimensionless radius of curvature of the film
vs. dimensionless initial film thickness for

( 2 )HCl–water jets R s0.99 .c

significantly different from each other, the following mean
values of the density and surface tension, respectively, are
applied:

r s r qgr r 1qg s s s qgs r 1qg , 20Ž . Ž . Ž . Ž . Ž .r s r s

where r and r and s and s are, respectively, the densi-r s r s
ties and the surface tensions of the pure raffinate and sol-
vent, respectively, and g is defined by Eq. 27.

Kinetics of the mass transfer
One of the basic characteristics of any transfer process is

XŽ .the mass-transfer coefficient k mrs . However, its determi-
nation in the present investigation is not possible because the
exact surface area between the phases in the film is not known
due to its wavy and turbulent nature. Therefore, the mass-

Ž .transfer coefficient k mrs given in Eq. 26 with respect to the
geometrical area will be applied.

Usually, the modeling starts with the following mass bal-
Žances Laddha and Degaleesan, 1976; Treyball, 1963; Kogan,

. Ž . Ž .1977 in the raffinate feed and solvent extract , respec-
tively:

XQ x y x s k SD x 21Ž . Ž .r 1 2 r

XQ y y y s k SD y , 22Ž . Ž .s 2 1 s

where

x y xU y x y xUŽ . Ž .1 1 2 2
D xs 23Ž .Ux y x1 1

ln Ux y x2 2

yU y y y yU y yŽ . Ž .1 1 2 2
D ys . 24Ž .

Uy y y1 1
ln Uy y y2 2
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Since the actual surface area, S, for the mass transfer be-
tween the raffinate and solvent is not known, the following
ratio is defined

CsSr p R2 , 25Ž . Ž .

that is, C is the ratio between the actual area and the geo-
metrical area for the mass transfer between the phases. C)1

Žcorresponds to a wavy and turbulent film Kapiza, 1948;
Davies, 1972; Taylor, 1960; Chu and Dukler, 1974; Hasson,

.1964; Boyadjiev and Boshkov, 1984 or for phase dispersion;
C-1 indicates that the geometrical surface area has not been
fully utilized. Considering Eqs. 21 and 22 leads to the follow-
ing modified definition of the mass-transfer coefficients with
respect to the geometrical area;

k sCkX k sCkX . 26Ž .r r s s

Making the following definition

g sQ rQ 27Ž .s r

yields that

Q sQ qQ qQ (Q 1qg rg sQ 1qg s2p r LuŽ . Ž .tot r s sol s r 0 0

28Ž .

x y x r y y y sg , 29Ž . Ž . Ž .1 2 2 1

where the flow rate of the solute Q is negligible. Applyingsol
the preceding quantities yields the following nondimensional
numbers resulting from Eqs. 21]24:

Ux y x1 1
ln U2k p R 1 x y xr 2 2

N s s 30Ž .r UUQ 1qg x y xtot 2 1
1q

x y x1 2

Uy y y1 1
ln U2k p R g y y ys 2 2

N s s . 31Ž .s UUQ 1qg y y ytot 1 2
1q

y y y2 1

The quantities N and N , considering Eq. 28, can be ex-r s
pressed as a function of the hydrodynamic conditions, Re, as
well as physical properties, Sc, and in the present case also as
a function of w, as follows:

N sSh r 2 ReSc w and N sSh r 2 ReSc w , 32Ž .Ž . Ž .r r r s s s

while the following definitions are applicable:

2 2Resu Rrn; w s hrRs r LrR sQ r 2p u R ;Ž .0 0 tot 0

Sh s k RrD ; Sc sn rD , 33Ž .i i i i i i

where is r for raffinate and is s for solvent; and n is the
mean kinematic viscosity of the film. It should be noted that

the righthand sides of Eqs. 30 and 31 are a function of the
experimental conditions, that is, flow rates as well as initial
and final concentrations of the solute in the raffinate and
solvent. In addition the following relationships, which are de-
termined from the experimental equilibrium curve, are appli-
cable using Eq. 29:

xU s f y ; xU s f y s f y q x y x rgw xŽ . Ž . Ž .1 1 2 2 1 1 2

yU s f x ; yU s f x s f x y y y y g . 34w xŽ . Ž . Ž . Ž .1 1 2 2 1 2 1

If the equilibrium curve is a straight line, f s m, where m is
the coefficient of distribution of the solute between the
phases. In this case, Eqs. 30 and 31 will be written in the

Žusual form for extraction processes Treyball, 1963, p. 403,
.table 10.1 .

Equations 30 and 31 also indicate, on the basis of experi-
mental data, that it is possible to determine the mass-transfer
coefficients. In addition, the following efficiencies indicating
the degree of approach of the process toward equilibrium
conditions can be determined:

x y x y y y1 2 2 1
E % s100 and E % s100Ž . Ž .Mr MeU Ux y x y y y1 2 2 1

35Ž .

Additional important quantities are the volumetric mass-
Ž y1.transfer coefficient K s defined below assuming that the

volume of the reactor is given by V sp R2H:r

k p R2 k k p R2 kr r s s
K s s and K s s , 36Ž .r sV H V Hr r

as well as the liquid mean residence time in the reactor, t,
which reads

V R
ts ( . 37Ž .

Q utot 0

The experimental work consisted of determining the ex-
traction efficiencies as well as mass-transfer coefficients as
functions of the operating conditions. Preliminary experi-
ments were conducted to determine the effect of the ratio
Hrr . It has been established that for Hrr G8 and a constant0 0
value of u , the extraction efficiency given by Eq. 35 and the0
mass-transfer coefficient remain practically unchanged. For
the water]iodine]kerosene system the results shown in Table
2 were obtained. The behavior of these results can be ex-
plained as follows. The thin film demonstrates a wavy behav-
ior that intensifies the mass transfer; the amplitude of the
waviness is on the order of the average film thickness or less
Ž .Chu and Vuklar, 1974 . Thus, there is a minimal H below
which the effect of the waviness is eliminated, while it is ef-
fective above this value. In the present case, minimal H is
approximately 4 ?10y3 m.

Figure 5a and 5b demonstrate the results of extraction effi-
ciencies, E and E , against the average liquid film veloc-Me Mr
ity u . As observed, the efficiencies are independent of the0
initial concentration of HCl and of the ratio g sQ rQ , but,s r
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Table 2. Effect of Reactor’s Height H on E for r s0.5=Mr 0
10y3 m

3Ž .H=10 m 4 10 15 20 40 Means
Ž .E % for 91.3 95 93.1 91 92 92.5M r

y3Ls0.1=10 m
and u s19 mrs0

Ž .Deviation % y1.3 2.7 0.6 y1.6 y0.5

Ž .E % for 48.7 } 49 } 52 50M r
y3Ls0.3=10 m

and u s6.4 mrs0
Ž .Deviation % y2.6 } y2 } 4

Deviations are in the range of experimental error.

as expected, are increasing by increasing the velocity u ,0
which strongly depends on the chemical system. For achiev-
ing an efficiency of 98%, u is approximately 2 mrs for wa-0
ter]HCl]water, and 30 mrs for water]iodine]kerosene.

Mass-transfer coefficients were computed as follows. For
the water]HCl]water system, the distribution coefficient be-

( )Figure 5. a Extract efficiency vs. film velocity for wa-
( 2 ) ( )ter–HCl–water R s0.90 , b raffinate effi-c

ciency vs. film velocity for water–iodine–kero-
( 2 )sene R s0.95 .c

tween the phases is ms1 and, correspondingly, N s N ands r
Ž .k s k ; thus, Eq. 31 reads Treyball, 1963, table 10.1 :r s

Q g 1qg EŽ .tot M e
k s k sy ln 1y 38Ž .r s 2 2 g q Ep R 1qgŽ . Me

Ž .where Rs f u as demonstrated by Eq. 19. The following0
equation was obtained for the equilibrium curve for the wa-
ter]iodine]kerosene system:

yU s x0.615 xU s y1.626.2 2 2 2

Since the curve is nonlinear, Eq. 30 was applied for comput-
ing k . The experimental mass-transfer coefficients varied inr
the range of 4=10y3 ]73=10y3 mrs for the aqueous solu-
tion of HCl]water, and 0.5= 10y3 ]2= 10y3 mrs for
water]iodine]kerosene. The data were correlated by the fol-
lowing equation:

ua b 3Sh s ARe Sc w =10 , 39Ž .Ž .i i

where all quantities were defined in Eq. 33. Physical data
needed were n s1=10y6 m2rs for water and 5=10y6 m2rs

Žfor kerosene Kutateladze and Borishansky, 1959; Perry,
. y9 2 Ž .1950 ; D s 2.64=10 m rs Perry, 1950 ; andHCl-water

y9 2 Ž .yD (0.35=10 m rs Reid et al., 1987 . Under the ex-I -water3

perimental conditions, the film’s Reynolds number varied in
the range of 1.104 ]1=106, namely, turbulent flow. Under

Žthese conditions, various investigations Treyball, 1963; Ko-
gan, 1977; Brounshtein and Fishbein, 1977; Eckert and Drake,

.1961 indicated that a s0.8]0.83 and b s0.33]0.55, where
similar results were also obtained in the present experiments:
a s0.83 and b s0.5.

The determination of A and u in Eq. 39 was based on the
data presented in Figure 6a and 6b, which depend on the

Ž . Ž .ratio RrR . Values of RrR s Rrr r rR were obtainedr r 0 0 r
for r rR s0.5r50, whereas Rrr was computed from Eq. 190 r 0
and r and s from Eq. 20. It was found that when RrR -1,r
Rrr vary in the range of 50]100, and when RrR )1, Rrr0 r 0
vary in the range of 170]460. Analysis of the data presented
in Figure 6a and 6b with respect to Eq. 39 indicated that
under different conditions, u s0.67. However, As0.4 for the
water]HCl]water system, but for water]iodine]kerosene A
s0.133 for RrR -1, and As0.266 for RrR )1, where ther r
higher value of A is caused by additional mixing of the film
due to its impact on the walls of the reactor. In addition, the
coefficient A, and consequently the mass-transfer coeffi-
cients, is dependent on the type of the chemical system where

Žsimilar results were also reported elsewhere Laddha and
.Degaleesan, 1976; Treyball, 1963 . For example, extraction

mass-transfer coefficients in the toluene]diethyl amine]water
and kerosene]acetone]water systems differ by a factor of 2.
Finally, it should be noted that the coefficient A and the
exponents in Eq. 39 were obtained for the water]HCl]water
and water]iodine]kerosene chemical systems. For a more
complete discussion of the data, one should consider the list
suggested by the European Federation of Chemical Engi-

Ž .neering Rydberg et al., 1992; Misek, 1987 .
In the following we consider the case where RrR G1. Un-r

der these conditions, the basic parameters affecting the mass
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( )Figure 6. a Dependence of dimensionless parameters
( 2 ) ( )for water–HCl–water R s0.96 ; b depen-c

dence of dimensionless parameters for wa-
( 2 )ter–iodine–kerosene R s0.99 .c

transfer in the film are its velocity u and the radius of the0
reactors R , other quantities remain unchanged. The effectr
of u and R is explored in the following for two operating0 r
conditions:

1. Q ;u , that is, Q ru ;constant, yielding from Eq.tot 0 t o t 0
Ž 2.y133 that w ; R . Thus, it follows from Eqs. 32 and 39 thatr

k ;u0.83Ry1.51 and N ;uy0.17R0.49.r 0 r r o r
2. u is an independent quantity, while Q s2p r Lu re-0 tot 0 0

mains constant. Note that in this case r and L can be var-0
Ž 2.y1ied. Thus, w ; r R , and it follows from Eqs. 32 and 39o r

that k ;u0.16Ry1.51 and N ;u0.16R0.49.r 0 r r 0 r

As seen, the values of the mass-transfer coefficient k al-r
ways decrease when the reactor radius R increases, proba-r
bly due to an increase in the boundary layers on the interface
between the immiscible films that make up the entire film
Ž .Kogan, 1977; Brounshtein and Fishbein, 1977 . In addition,
considering the variation of N vs. u , it can be concludedr 0
that it is more efficient to operate the present reactor accord-

ing to the conditions in case 2, which simultaneously will in-
crease the efficiency according to Eqs. 30 and 31.

Power input
Ž 3. ŽPower input Jrm in impinging streams is given by Tamir,

.1994 :

P s Q D P qQ D P r Q qQ . 40Ž .Ž . Ž .s s r r s r

In the present setup, it was found that for g /1, D P ;D Pr r
'D P, probably because the distance between the nozzles was
extremely small, of the order of 0.1=10y3m. Thus,

P kJrm3 (100D P atm . 41Ž . Ž .Ž .

In addition, pressure losses in the nozzles are negligible by
comparison to the friction losses due to the 908 change in the
flow direction by the liquids leaving the nozzles as well as the

Ž .small distance between the nozzles Figure 3 . The latter
losses are determined as follows. The differential force, df,
acting on the liquid while changing its flow trajectory is given
by

df sp r 2d D P , 42Ž . Ž .0

while the force acting on a mass, m, changing its flow direc-
Ž .tion Millikan et al., 1965 reads

df s mR b s p r 2u r dt R b , 43Ž .Ž .t 0 n t

where R b is the tangential acceleration of the flow due tot
its trajectory change. Thus,

d D P su rbR dt. 44Ž . Ž .n t

Integration of Eq. 44 between the time the liquid leaves the
nozzle, ts0, and the time it enters the film, ts t , that is,t

Ž .completing its change of flow direction by 908 see Figure 3 ,
while considering Eq. 44 yields

D P sz u r sz u rLrr , 45Ž .n o o

Figure 7. Dimensionless flow resistance vs. initial di-
( 2 )mensionless film thickness r s0.98 .c
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Table 3 Regular Extraction DevicesU vs. Present Thin-Film Extraction Device

Thin-Film Device
for E s95%Regular M r

UUDevices Water]Iodine} Water]HCl]
Parameter Range of data Mean Value Kerosene Water

U Uy5 y5 y3 y3Ž . Ž .k mrs 1y20 =10 ;5=10 0.56=10 9.8=10
U Uy4 y4 y2 y1Ž . Ž .K lrs 0.15y300 =10 ;35=10 5.6=10 9.8=10

y3 y3Ž .t s 2=10 16=10r
3Ž .P kJrm 100y2,500 ;300 280 20

Ž .u mrs 24 20

U ŽAgitated vessels; spray, packed, and perforated-plate columns; disc contractors, rotary and agitated columns Laddha and Degaleesan, 1976; Treyball,
.1963; Tamir, 1994; Perry, 1950; Handlos, 1954 ; t } mean residence time; )} minimal values; k, K } mass-transfer coefficients.r

where

t t
z mrs s bR dt.Ž . H t

0

It should be emphasized that the determination of z is based
on experimental data, while Figure 7 demonstrates such re-
sults for the present investigation. These data resulted in z ;
Ž .y1.25Lrr , yielding from Eq. 45 thato

y0.25
D P atm s Au r Lrr ,Ž . Ž .o o

where

Af0.88=10y4 . 46Ž .

Ž .Pressure-loss data are usually expressed via Eus f Re, z ,1
where z is a function of the fluid’s trajectory. Defining the1
following quantities:

Re su r rn EusD Prru2 z sz r rn . 47Ž .1 n o n 1 o

where n is the kinematic viscosity. Thus, for the present in-
vestigation Eqs. 45 and 47 yield

Eusz rRe , 48Ž .1 1

while an equation of the preceding type has been widely used
ŽElperin, 1972; Tamir, 1994; Kutatelaze and Borishansky,

.1959; Povh, 1976 .

Conclusions
Table 3 summarizes the major results, that enable one to

make comparisons between regular extraction devices and the
present device where the extraction process takes place in
thin films generated by impinging streams. The major conclu-
sion drawn is that the new device is superior by comparison
to other devices, yielding mass-transfer coefficients higher by
a factor of 10]200 for a relatively identical power input. In
addition, the mean residence time in the new extractor is
smaller, which is caused by the relatively fast separation in
the settler. This is due to the fact that dispersion between the
immiscible films is relatively small; however, mass transfer is
intensive, caused by the generation of thin and turbulent
films. Preliminary experiments are at present under conduc-

tion for cleaning by the new device, phosphoric acid, an im-
portant product manufactured by one of the biggest indus-
tries in Israel]Rotem Amfert Negev Ltd.
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Notation
Asconstant in Eqs. 39 and 46

D sdiffusion coefficient of solute in i, is r for raffinate, is si
for solvent, m2rs

E , E sextraction efficiencies with respect to raffinate and ex-M r M e
tract, Eq. 35, %

f sforce acting on the fluid while changing its direction by
908, N

N , N sdimensionless mass-transfer numbers of the raffinate andr s
solvent, defined by Eqs. 30]32

Pspower input, Jrm3

Ž .Q stotal volumetric flow rate of raffinate feed and solventt o t
Ž . 3extract , Q sQ qQ , m rstot r s

Žr scoordinate perpendicular to the flow in the nozzle Figure
.3

r sradius of the nozzle’s hole, m0
R sradius of curvature of the film of radius R and thickness2

h, Eq. 8 and see Figure 3, m
R smean value of R , m2 2
R sradius of curvature of the liquid flow while changing flowt

Ž .direction by 908 Figure 3 , m
R2 scorrelation coefficientc
ResReynolds number, defined by Eq. 33
Sc sSchmidt number defined in Eq. 33; is r for raffinate, is si

for solvent
Sh sSherwood number defined in Eq. 33; is r for raffinate,i

is s for solvent
uslocal velocity of the liquid in the film, mrs

u sinitial mean velocity of the liquids in the film defined by0
Q sQ qQ s2p r Lu , mrst o t r s 0 0

u smean velocity of the phases inside the nozzle, mrsn
V svolume of the reactor, p R2H, m3

r
x , x sinitial and final concentrations of solute in raffinate,1 2

Ž 3 .mgr cm raffinate
xU , xU sinitial and final equilibrium concentrations of solute in1 2

Ž 3raffinate corresponding to y and y , respectively, mgr m1 2
.raffinate

y , y sinitial and final concentrations of solute in solvent,1 2
Ž 3 .mgr cm solvent

yU , yU sinitial and final equilibrium concentrations of solute in the1 2
Ž 3solvent corresponding to x and x , respectively mgr cm1 2

.solvent
b sangular acceleration of a liquid while changing direction

along its trajectory, radrs2

d X scoordinate at initial film thickness perpendicular to the
film flow, see Figure 3
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D P spressure drop on solvent and raffinate streams, Nrm2

r smean density of the liquid phases, kgrm3

z sproportionality coefficient in Eq. 45, mrs
w sdimensionless geometrical factor or ratio between flow

rates, defined in Eq. 33
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