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APPENDIX

Mean volume radius is defined as

/ No vo
[ 2
ay = (AL}
al o Vo

However, in many cases the average particle radius is evalu-
ated experimentally by measuring of dispersed phase holdup
and total area of dispersed particles A and by expressing the
results as

3[Holdup vol.]
A

It should be noted that Equation (A2) gives the surface mean
radius which is defined as

agy = (A2 )

No Vo
2 ni aid
et 3¢ 3[Holdup vol.]
dgy = = = (A3)
Xr vy A/Vv A
~n ai?

By the use of Equation {14) and (32), Equation (A3) gives
,,.f adf* (a,8,) da

agy == =

f a f® (a,day) da

r(3.0)

= 1.148a,
r(zl/z )a1/2

(A4)
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Longitudinal DiSpersion in Rotating

Impeller Types of Contactors

TERUKATSU MIYAUCHI, HIROMI MITSUTAKE, and ICHIRO HARASE

University of Tokyo, Tokyo, Japan

On the basis of a back-flow model, the rates of interstage mixing of continucus phase for
RDC and Mixco columns are measured experimentally under flow and nonflow conditions.
These rates are correlated into dimensionless formulas for wide combinations of operational
condition, cofumn geometry, and dimensions, ond are put into a single formula by intro-
ducing the power number as an additional parameter. The final correlation covers the impeller
Reynolds number from 3.5 X 103 to 1.0 X 106 and the diameter of columns from 4.1 to 218 cm.

Longitudinal dispersion coeficients for continuous
phase in the rotating shaft types of columns have been
investigated here experimentally to interpret the extrac-
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tion behavior of the contactors along the concept pre-
sented for two-phase counterflow operations with longi-
tudinal dispersion (1, 5, 7, 8, 16, 19, 20, 23, 28). Two
types of contactors are investigated: the rotating disk
contactor (RDC) introduced by Reman and Olney (14),
and the Mixco column of Oldshue and Rushton (13).
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Fig. 1. Schematic diagram of nonflow, two-stage column,

Plan at Section A-A

These contactors utilize considerably different mixing de-
vices for droplets dispersion, that is, rotating disks under
unbafled condition for the former, and turbine im-
pellers under fully baffled condition for the latter.

Many measurements have been presented for longitudi-
nal dispersion in RDC (2, 12, 21, 22, 24, 26, 27). The
influence of column geometry on the coefficient, however,
is limited in these measurements. The apparent coeffi-
cients for continuous phase have also been reported (9,
29) for other rotating shaft types of contactors, including
the Mixco columns. According to the back-flow model
concept (4, 8, 24), the longitudinal dispersion coeffi-
ci;ent E. for continuous phase is expressed as follows (6,
8):

F.L, FcLo

28—1/np B

where g is a superficial number of perfectly mixed stages
in series in each compartment and E is the coefficient for
the mixed phases. Equation (1) simplifies further when
F. = ¢F, where F is the superficial rate of interstage
mixing of the mixed phases. The equation, with 8 = 1, is
then reduced to the relation presented experimentally for
RDC (22).

To measure E experimentally, continuous multistage
columns are operated, with transient injection of electro-
lyte solution as a tracer. For determining experimental F,
simple two-stage columns are utilized under nonflow con-
dition with transient injection of the tracer. This latter
experimental method is particularly advantageous in meas-
uring F in geometrically dissimilar columns and utilized
extensively in the following steps. F is then reduced to
E and vice versa from the use of Equation (1).

E, = ¢E (1)

EXPERIMENTAL APPARATUS AND PROCEDURES

Nonflow, Two-Stage Experiment for F

Experimental Apparatus. The assembly of the entire ap-
paratus is shown in Figure 1. It consists of constant level feed
vessels of water, and 0.02N aqueous solution of potassium
chloride as tracer electrolytes; and the two-stage main column,
stainless steel wire electrodes for detecting concentration change
of tracer electrolyte, 1.0 kilocycle a.c. oscillator, a four-channel
amplifier for measuring electrode circuit current, and a pen-
writing recorder. The range of experimental variables is sum-
marized in Table 1. The column is essentially a two-compart-
ment mixing vessel with a brass stator ring at the midheight
of the vessel. Two brass impellers (rotating disks in the case
of the figure) with a 10-mm. diameter common brass shaft
are located centrally in each compartment. All the surfaces
exposed to the vessel liquor are protected with insulating var-
nish, except the electrodes. Four pairs of electrodes are hori-
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TABLE 1. SUMMARY OF EXPERIMENTAL VARIABLES

1-1 Non-flow two-stage coluwmn runs:

RDC Mixco columng
10 - 30 15 - 30

Experimental variables
Dismeter of colum; Dy, (cm.)

Avea ratio of stator opening: (Da/“r)2' (-} 0.8 - 1.0 0.18 - 1.0
Height ratio of compartment : Lo/Dp, (-) 0.2 - 0.93 0.2 - 0.93
Dia. ratio of mpeller : &/pp, (-) 1/3 - 2/3 1/3
Reyneolds. number studied s ndz/v (=) (0‘98-42)x104 (o.s-s.s)xm‘

1.2 Continuous-flow multistage column runs:
a. Rotating disc contactors

o, = = 2
. D, 8 4 o Foen/s nd -4
Investigators T F en/e 4o 2d%y 1o
w| B | h | e G
Present Twvesti- | 151 o072 |0.50 | 0.50 | 0:007-0.050 0 2.83-18.6
gation 0.009-0.020 | 0.013-0.057 | 1.40.8.30
0.2 2,7-10.8
Oshima (12) 91| o072 |os0 | 051 (0:020-0.278 o 2
£.065-0.926 | 0.058-0.276 | 0.74-3.38
Kogam <t a1 (2)° | 20| 0.8 |0.80 | 0.58 | 0.141.0.462 o 8.6-28.8
6.4 | 078 |0.66 | 0.31 | 0.06 -.0.57 o £.36-4.98
Stemerding, Luzb | 30 | ©0.70 |0.63 | 0.33 | 0.38 - 1.57 0 4.5-16.9
& Lips (24)" 64 0.66 }0.50 0.20 0.22 - 0,85 [ 8.4.-40.8
218 | 071 jo.46 | 032 | 0.30 - 0.60 o 52,5-102.5
Westerterp & 41| 073 |0.49 | 0.1 | 0.018.0.139 [ 0.80
Langsman (26) 5.0 0.74 |0.58 | 0.42 | 0.010-0.181 o 0.42-2.52
sgi')‘ﬂ‘"”’ etal {451 o063 [0.50 | 6.5¢ - - -
Strand, Omey & |10-1| 075 |o.s0 |00
Achn:m (z2) |12| 000 Joso |00 - - -
105 | 0.79 lo.51 | 0,24

4 The data plotted in Figures 5 and 7 are read frou the smoothed curves given in
the original Figures, so thut the points plotted here do not necessarily corres-
pond to the individual original experimental peints, but they rather express
selected points to give averaged behavior of the colums.,

+ The data of these investigators are reud frow the original Figures, so thai ihere
.are some questions on the accuracy of numerical values listed here.

b. Mixce colums

5, ™ T, - - >

Investigators (:1;) f‘:‘ % ™ Fc(cm/s) Fd(cm/l) (“—g‘)xlo-‘}
Present Investi- | 15| 0.43 |0.33 | 0.50 | 0.004-0.074 [ 0.36-6.67
gation 15| 0.50 |0.33 | 0.50 | ©0.000-0.036| 0-0.057| 0.77-2.61

Yagi & Miyauchi 15 10.43-1.810.3¢ | 0.43 | 0.040-0.087 o 1.04-2.60
(@) 15! o043 loss | 088 | 6.048 0 1.33.2.58

zontally inserted in the vessel, each pair consisting of two
parallel stainless steel 0.6 mm. diameter wires 5.0 mm. apart,
as shown in the plan at the section A-A.

Experimental Procedures. First the vessel is filled with water,
and after steady state is reached, a certain amount of potassium
chloride solution is fed as a concentration impulse through the
bottom plate inlet. The concentration in the lower compart-
ment increases rapidly to a certain point, gradually decreasing
thereafter, and that in the upper compartment increases gradu-
ally as shown in Figure 4. If the liquid in each compartment
is mixed perfectly, the readings of two pairs of conductivity
probes located in one compartment should give the same
value. Usually they are different slightly, particularly in the
range of lower rotation speed of impellers. A mean value is
adopted for analyzing the data recorded to get F.

Continuous Multistage Column Experiment for F

Experimental Apparatus. The assembly of the entire ap-
paratus, and the underlying principles and method of measur-
ing the longitudinal dispersion coefficient for continuous phase
are essentially the same as those utilized previously for pulsed
perforated plate columns (6), except for the main column
and the location of conductivity probes.

Details of the main column are illustrated in Figure 2
(Mixco type of column in this case). The column is con-
structed from a 150 mm. I.D. Pyrex trubore glass pipe, 1,210
mm. long. When operated for single-phase flow the column
is divided into fifteen compartments by fifteen equally spaced
brass stator rings. In the case of two-phase counterflow opera-
tion, the bottom compartment is used as the droplets disengag-
ing section as shown in Figure 2. The rotor shaft is a 15-mm.
brass rod to which are attached brass disks or four flat bladed
brass turbines. When the column is operated as the Mixco
column, four vertical brass baffles, 10 mm. wide, are attached
to the inner surface of the column. The shape and dimensions
of the four flat bladed turbine are the same as those reported
by Oldshue and Rushton {13).
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Fig. 2. Detail of continuous multistage column {Mixco).

Experimental Procedures. The procedures are nearly the
same as those stated before (6). Aqueous phase is always
continuous and MIBK phase is dispersed. The range of the
operating variables is shown in Table 1. The tracer solution is
introduced into the top compartment as a concentration im-
pulse, and concentration change at the aqueous phase outl *
is recorded to obtain the response. The response curves are
well expressed by the one-dimensional diffusion model.

Analysis of Response Curve

Nonflow Two-Stage Experiment. As shown schematically in
Figure 3, the tracer electrolyte of concentration ¢, is intro-
duced by v; cc. into the lower compartment as a concentration
impulse at time § = 0. The concentrations ¢; and ¢z of lower
and upper compartments, respectively, start to change with
time, and the change is expressed by the following equations,
where the content is assumed being mixed perfectly in each
compartment:

ci/cro = (1/2)(1 4 e—2%)

ci/cro = (1/2)(1 + e—2%)

where Y = 8/0m, Om = L./F, ¢, = (CaUt)/(ﬂDran/‘I),
and F = (Ds/Dr)?. f is the mean rate of interstage mixing
of fluid across the stator opening. (2c¢i/cio — 1) and (1 —
2c3/c10) are plotted, respectively, against time on a semi-

(2)

Dr

l—~D~_..

Upper
3 Ca. s . Compartment
[t
Y -~ Interface
o Cy ¥ Lower
\ Compartment

Cz ¢
Tracer

Fig. 3. Nonflow, two-stage operation.
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logarithmic scale and the gradients of the lines connecting the
data give 8, immediately.

Continuous Multistage Column Experiment. The basic tran-
sient equation, appropriate initial and boundary conditions,
and the detail of analyzing the experimental delta response
curves have all been described previously (6).

RESULTS

An example of nonflow, two-stage transient measure-
ment is shown in Figure 4. The assumption of perfect
mixing in each compartment is reasonable. The corre-
spondence of one compartment to one stage means 8 = 1
in Equation (1). This is always true in the nonflow runs,
but not always true in the continuous column runs. As
obvious from Figures 1 and 3, wall resistance to the mean
circulating flow in each compartment is not necessarily
symmetrical with respect to the impeller sweeping surface
for the two-stage columns. The top and bottom plates
tend to give higher flow resistance than the stator, with
a higher rate of liquid mixing across the sweeping sur-
face. This is not the case for the multistage columns. All
the dispersion data are expressed in terms of f. Longitudi-
nal dispersion coefficients obtained from the continuous
column runs are also reduced to f by applying Equation
(1) with 8 = 1. As obvious from Equation (1), the cor-
relation with f is a more severe test of experimental ac-
curacy than that with E. When the column is operated
in two-phase counterflow, the kinematic viscosity » of
the mixed phases is taken as (25)

v= va/P‘m
with
Pm = pc € + pa €4,

pm = (pe/ec) {1+ 1.5 pa ea/{pe + pa) 1.

Rotating Disk Contactors

Experimental f is determined, with the nonflow, two-
stage columns with wide combinations of column geom-
etry, dimensions, and operational conditions (about one
hundred twenty runs). Also, single-phase flow (about
fifteen runs) as well as two-phase counterflow experiments
(twenty-four runs) are performed for the continuous
multistage column, with MIBK as dispersed phase in the
latter runs. The hold-up of MIBK in the column ranges
from 0 to 18% (mostly several percent or less). The rate
of interstage mixing F. measured experimentally for two-
phase runs is converted to f by the following relation:

F=Fce or f=fo/e (3)

All the data for both the flow and nonflow runs agree
fairly well when expressed by the following dimensionless
equation. The correlations for various geometrically dis-
similar columns are within the accuracy of data for each
particular column, as shown in Figure 5.*
nd?/v > 1.2-105:

f/nd = 4.3-1073 (D7/L,)'/2 (Dy/Ds)V%*  (4a)
nd?/v < 1.2-10%:

f/nd = 4.5:1072 (Dg/L,)'* (Dr/Ds)V* (nd?/v) ‘”5”
(4b

and

Mixco Columns

Experimental f is determined with the nonflow, two-
stage columns (about seventy runs). The data are well
correlated by the following equation as shown in Figure
6.*

® Figures 5 through 8 have been deposited as document 8765 with
the American Documentation Institute, Photoduplication Service, Li-
brary of Congress, Washington 25, D. C., and may be obtained for
$2.50 for photoprints or $1.75 for 35-mm. miecrofilm.
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Fig. 4. Transient change of concentration in
two-stage column. (The numbering of the data
points corresponds to that given to the four
conductivity probes shown in Figure 1.) Two-
stage Mixco column with four vertical baffles
1.0 cm. wide. Dy = 15 cm,, Ds = 65 ¢cm., d
= 50 em, L, = 7.5 cm., and 685 rev./min.

f/nd = 2.7-10~2 (Dg/Lo) 12 (52)

Also the continuous multistage column is operated un-
der single-phase flow (about seventy runs) as well as two-
phase counterflow (twenty-four runs). Hold-up of dis-
persed phase ranges from 0 to 60%. To calculate f, from
the experimental E., 8 included in Equation (1) is al-
ways assumed equal to 1.0. The plotting of data in Fig-
ure 6 shows that f for the continuous column deviates
from the upper branch, Equation (5a), at nd2/» ~ 2-10%,
and gradually approaches the lower branch, Equation
(5b), with decreasing nd?/v. The lower branch (nd2/v =
1.0-10%) is expressed by

f/nd = 1.0-10~2 (Dq/L,) 12 (5b)

This branch suggests that each compartment behaves
more likely as nearly two-stages in series (8 ~ 2) for
nd?/v = 10%,

DISCUSSION OF RESULTS

The above correlations show that f/nd is proportional
to (Dr/L,)*2 for both the RDC and the Mixco columns,
with small corrections of (Dr/D;) and (nd2/v) for the
former. The correlations reported previously are easil
modified to equations similar to (4) and (5). Thus the
correlation by Strand et al. (22), Stemerding et al. (24),
and Westerterp and Landsman (26) simplify to

f/nd = 0.012 (6)

The data by Westerterp and Landsman, and Stemerd-
ing et al, are recalculated to give f from the use of Equa-
tion (1) with 8 = 1 and ¢ = 1, and are plotted in Fig-
ure 7.% Their fd/» obviously depends on nd?/v in essen-
tially the same way as ours. The measurements by Oshima
(12) for a 9.1-cm. diameter column are about 309 lower
than ours, perhaps due to end effect. The data available

* See footnote on page 510.
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from Kagan et al. (2) for a 20-cm. diameter column
fairly scatter and no further comparison is made. The
correlation by the present authors cover all the data rea-
sonably well for the entire range of variables.

For the Mixco column fairly limited data are available
(29). These are recalculated to get f and plotted in Fig-
ure 8.* The column with a higher compartment (L,/Dr =
1.0) behaves as B8 ~ 2, and those with lower compart-
ments (L,/Dr = %) give about 409 higher coefficients
than ours, possibly due to slight mallocation of turbines.

EXTENSION OF RESULTS

The column structure and mixing devices for RDC are
considerably different from those of Mixco columns. The
correlation already obtained are extended here to put
them into a single correlation, with the dual purpose of
first making clear the underlying mechanisms of inter-
stage mixing, and second of giving a reasonable basis for
predicting the rate of interstage mixing in a column with
various combinations of column geometry and the type
of impeller.

Interstage Mixing and Turbulent Diffusion
Under a steady state operation of a column, the net
rate N of interstage mixing between two adjacent com-

partments across the opening of the stator ring is given
by

N = (# D2/4) f (¢, — ¢cz) (7

where ¢; and c; are shown in Figure 3. f is seen to be
equivalent to the overall coefficient of mass transfer for
the two turbulent films formed on both sides of the inter-
stage interface. Flow pattern in the adjacent compart-
ments is symmetrical with respect to the interface, so
that the thickness § of the films is the same. Let E, be
the mean turbulent diffusion coefficient effective to the
interstage mixing,. f is combined with E\ and & as follows:

1/f =8/Ex+8/Ex or f=E\/28 (8)

Turbulent Diffusion Coefficient

When the flow condition of fluid in each compartment
is under a developed turbulence, turbulent diffusion in
the fluid is considered to be governed by e, the mean
rate of energy dissipation per unit mass of the fluid.

Under the premise that the concept of Kolmogoroff's
local isotropy is applicable to the steady turbulent field
in the compartment, the turbulent diffusion in it is the
integral effect of the contribution from the all eddies
whose wavelengths are smallert than A The eddies
greater than A contribute to the mean circulating flow,
and therefore the compartment is rapidly mixed perfectly.
With this premise the turbulent diffusion coeflicient E,
is given (3, 11) by

E) = a e,1/3 \4/3 (9)

where a is a constant and ¢, is calculated from the knowl-
edge on the power consumption in mixing vessels (17):

eo=<Nppn3d5>/(Z”DfLop) (10)

From Equations (8) through (10) the following rela-
tion is obtained:

f/nd = b N\/3 (Dr/L,)12 (11)

where
® See footnote on page 510.
1 The wavelength A thus defined is considered to be located somewhere

in the transition region from the lowest frequency range to the medium
frequency range (inertial subrange) in the turbulent eddy spectrum (11).
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. 1/6 /3 \4/3
b=__‘*__.<_l’i) (f_i_) (12)
(2m)3 \ Dy Drs

The coefficient b includes two unknown quantities of
A and $; thus it is a function of Reynolds number and the
dimensions of the column. The geometrical factor in-
cluded in b, (L,/D7)¥8 (d?3/Dy), changes in its mag-
nitude more than five times, depending upon the column
utilized. On the other hand, when Equation (11) is com-
pared with Equations (4) and (5),qb seems nearly con-
stant in spite of considerable difference in column design
for the RDC and the Mixco columns. If so, the plot of
(fd/v)/Ng'® (D1/Ly)Y? against nd?/v should give, as
obvious from Equation (11), a single straight line on a
logarithmic scale for both types of contactors. These
parameters are preferred to avoid crowded plotting.

The plot for the most data available is shown in Figure
9. The correlation seems good, with b constant at an
average of 0.017. The diameter of the columns correlated
here ranges from 4.1 to 218 cm. for the RDC and from
15 to 30 cm. for the Mixco columns. The final correlation
thus obtained is

f/nd = 0.017 Np*/3 (Dg/L,)*/? (13)

where N, for the rotating disks is taken from the work
by Nece and Daily (10), and is shown in Figure 10, with
L,/d as a parameter. N, the turbine impeller, is esti-
mated as 3.8 from the work by Rushton et al. (17).
More works are needed to know why b remains nearly
unchanged, and the mechanisms of turbulent diffusion in
the transition region from the lowest frequency range to
the inertial subrange. The constancy of b has been ob-
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Fig. 9. Unified correlation for both of RDC and Mixco columns.
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Daily (10) [for the applicability of the curves, see also Schlichting
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tained for the columns in which mixing devices as well
as power numbers are different. Accordingly, Equation
(13) is considered to give a reasonable basis for predict-
ing thé rate of interstage mixing for various combinations
of column geometry and mixer design.

CONCLUSIONS

1. The rate of interstage mixing between two adjacent
compartments in the RDC and the Mixco columns have
been measured experimentally by varying the operational
conditions, geometry, and dimensions of the columns.
Equations (4) and (5) are the dimensionless correlations
obtained and are compared with the published data and
give a reasonable average for them.

2. On the basis of the physical factors which govern
the turbulent diffusion in a mixing vessel, the correlations
developed as above semiempirically are put into a single
correlation, Equation (13). This correlation is considered
reasonable to predict the rate of interstage mixing for a
given centrally agitated column.

NOTATION

a constant, dimensionless

b = constant, dimensionless

c; = concentration of i*® compartment, mole/cc.

ct = concentration of tracer liquor, mole/ce.

¢ = initial concentration [Equation (2)], mole/ce.

Dr = LD. of column, cm.

D, = opening diameter of stator ring, cm.

d = diameter of disk or turbine impeller, em.

E = superficial longitudinal dispersion coefficient, sq.
cm./sec.

E, = mean turbulent diffusion coefficient, sq. cm./sec.

F = superficial rate of interstage mixing, cc./(sq. cm.)
(sec.)

F = superficial flow rate of main stream, cc./(sq.
cm.) (sec.)

f = mean actual rate of interstage mixing, cec./(sq.
cm.) (sec.)

g = gravitational acceleration, cm./sec.2

L = column height, cm.

L, = height of one compartment, cm.

N, = power number, dimensionless

n = rotation speed of disk or impeller, rotation/sec.

n, = number of stages in series, dimensionless

v; = volume of trace liquor introduced as a pulse, cc.

Greek Letters

B = factor included in Equation (2), dimensionless

8 = thickness of turbulent film, cm.

€ volume fraction of phase i, dimensionless (i = ¢

and d)
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€ = rate of energy dissipation per unit mass of fluid,
erg/(g.) (sec.)

7] == time, sec.

O L,/F, sec.

(|

maximum wavelength of eddy responsible to
eddy diffusion, cm.

viscosity of phase 1, poise (i = c and d)

mean viscosity of mixed phases, poise
kinematic viscosity, stokes

density of fluid, g./cc.

density of phase 4, g./cc. (i = ¢ and d)

mean density of mixed phases, g./cc.

8/6m, dimensionless

I T

Subscripts

¢ = continuous phase

d = dispersed phase

i = phase i

m = usually for mixed phases
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