
- Ni Nc - 
ak,C 

Su brsriptr 
s = solid coal 
g = gas 
Hz = hydrogen 
I = inert gas 
u = stable volatiles 
u’ = reactive volatiles 

Superrcriph 
c = value in core 
A = value at reaction interface 
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Continuous Phase Mass Transfer During 
Formation of Drops from Jets 

A. H. P. SKELLAND 
and 

This study enables the extension of a recent design procedure for per- 
forated plate extraction columns to include operation under jetting condi- 
tions. Correlations of experimental data are given for jet length, jet contrac- 
tion, drop size, and mass transfer rates in continuous phase controlled liquid- 
liquid systems. Systems exhibiting very low mass transfer rates were used, 
and this gave significantly different results from those obtained earlier with 
moderate rates of mass transfer. 

Y-F. HUANG 
Chemical Engineering Department 

The University of  Kentucky 
Lexington, Kentucky 40506 

SCOPE 
A method for the design of perforated plate extraction 

columns was published recently by Skelland and Conger 
(1973). The procedure is in terms of rate equations and 

relevant hydrodynamics and, after machine computation 
using Fortran IV language, yields the number of real 
plates required for a given separation, the column diame- 
ier, the n;mber of hoyes per plate, and the cross-sectional 
area of the downcomers. In  view of Mayfield and Church‘s 
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(1952) demonstration that plate efficiencies improve sub- 
stantially when operated with jets issuing from each per- 
foration, a previous paper (Skelland and Huang, 1977) cor- 
related the necessary aspects of operation under jetting 
conditions for dispersed phase controlled systems. 

The present paper set out to obtain corresponding cor- 
relations for continuous phase controlled systems. Results 
showed, however, that some hydrodynamic aspects of the 
operation are substantially dependent upon the rate at 
which mass transfer is occurring. 

CONCLUSIONS AND SIGNIFICANCE 
The hydrodynamic portions of this work led to correla- 

tions for jet length, jet contraction at the point of breakup, 
and size of drops formed at the end Of the jet. Fortuitously, 
the systems selected exhibited much lower rates of mass 
transfer than in the Previous 
study (Skelland and Huang, 1977). I t  was found that this 
led to corresponding substantial differences in jet length 
and, to a lesser degree, in jet contraction and drop size, 
compared with the previous work. 

Mass transfer rales were measured during drop forma- 
tion under jetting conditions and the results compared 
with predicted values. The predictions were obtained 
using the present correlations for jet length, jet contrac- 

tion, and drop size, but continuous and dispersed phase 
mass transfer coefficients for drop formation, free fall, and 
coalescence were computed using correlations established 
for drops formed at a nozzle tip instead of at the end of 
a liquid jet. The predictions were consequently somewhat 
conservative (low). 

The procedure for extraction column design, extended 
now to include jetting operation, was applied to the jet- 
ting, high interfacial tension data obtained in a sixplate 

Mayfield and Church (1952). The number of 
plates predicted to give several different observed separa- 
tions agreed well with those actually used. 

Phase 

Perforated plate columns are widely used in liquid- 
liquid extraction. When the ffow rate of disperse phase 
through the perforations is greater than the jetting veloc- 
ity, jets are formed which break into drops at some 
distance from the plate. Mayfield and Church (1952) 
have shown that plate efficiency may increase up to two 
and one-half fold when columns are operated in this way, 
with accompanying 8 increase in throughput rates. 

Skelland and Huang (1977) have measured and corre- 
lated the hydrodynamic and mass transfer aspects of drop 
formation under jetting conditions in dispersed phase 
controlled systems. The present paper reports comparable 
work in continuous phase controlled systems but with 
much lower rates of mass transfer. The two studies in 
combination should enable the recently published design 
procedure of Skelland and Conger (1973) to be extended 
to columns operating with the advantages of drop for- 
mation from jet breakup. 

PREVIOUS WORK AND THEORY 

The relevant hydrodynamics of drop formation under 
jetting conditions involve the jet length, the jet contrac- 
tion or diameter at the point of breakup, the jetting veloc- 
ity, and the resulting drop size. Some previous work on 
these aspects was outlined by Skelland and Huang 
(1977), who noted that seemingly conflicting reports on 
the effects of mass transfer on jet length were qualita- 
tively consistent with the conclusions of Burkholder and 
Berg (1974). The latter authors found that transfer of 
a surface tension lowering solute either into or out of 
the jet may be either stabilizing (longer jets) or desta- 
bilizing (shorter jets), depending on physical properties 
of the system and the mass transfer rate. Skelland and 
Huang (1977) then presented correlations of their own 

experimental results for most of these hydrodynamic quan- 
tities and their attendant mass transfer phenomena, using 
dispersed phase controlled systems undergoing mass trans- 
fer at moderate rates. 

Consider mass transfer between two consecutive plates 
in a perforated plate extraction column operating under 
jetting conditions. The total transfer rate is the sum of 
that occurring from the jet, during drop formation, dur- 
ing free fall (or rise), and during coalescence at the 
next plate. In the present work, the solute concentration 
was very low in the dispersed phase and effectively zero 
in the continuous phase. Mass transfer rates were also 
very low, and so 

The overall coefficients of mass transfer are assembled in 
the usual manner from the individual coefficients for each 
phase as 

(2) 
1 1 + - - 1 

Kci , f , r ,  or c kc j , f , r ,  or  c m k d j , f - r ,  or  c 

The expressions used in the present study for kcf , r ,  or 

and kdf ,+,  or are exactly the ten listed in Table I1 in the 
paper by Skelland and Conger (1973), with due regard 
for whether the falling drops were stagnant, circulating, or 
oscillating, but with the right side of each expression mul- 
tiplied by M / p  to accommodate the use of AC.4- type 
driving forces in Equation (1) instead of mole fractions. 
This procedure involves the important assumption that 
these correlations for kcf,,, or and k , ,  or from data for 
drops formed at a nozzle are also applicable to drops 
formed at the end of a liquid jet. Comparison with ex- 
periment will test the validity of this assumption. 

TABLE 1. PHYSICAL AND TRANSPORT PROPERTIES 

System b, dyne/cm Pd, g/ml pC, g/ml Pd.  g/cm-s pc, g/cm-s D d ,  cmZ/s Dc, cmz/s Temp., "C 

1 25.1 1.1025 0.9971 0.006925 0.008937 1.70 x 10-5 1.21 x 10-5" 25 
2 31.6 1.5825 0.9971 0.006364 0.008937 9.1 x lo+* 1.21 x lo+* 25 
3 26.8 1.2143 0.9971 0.03693 0.008937 5.28 x 10-6 1.21 x lo+* 25 

From Perry (1963). 
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Fig. 1. The extraction column operating under je t  
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The quantity kdj was evaluated from Penetration Theory 
as 

in accordance with Skelland and Huang's (1977)findings. 
Similarly, kcj was estimated by 

In some of the sections to follow, distinctions are made 
between phenomena occurring with mass transfer rates 
that are either zero, very low, or moderate. 
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Fig. 3. Jet length vs. dispersed phasle flow rate for system 2 (car- 
bon tetrachloride-benzoic acid-water). 
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Fig. 2. Jet length vs. dispersed phose flow rate for system 1 
(chlorobenzene-benzoic acid-water). 

EXPERIMENTAL DETAILS 

Choice of Materials 
The following three continuous phase controlled systems 

were used, in which the dispersed phase is mentioned first, 
followed by the solute and continuous phase, respectively. 

System 1: chlorobenzene-benzoic acid-water 

System 2 : carbon tetrachloride-benzoic acid-water 

System 3 : ( Nujol-carbon tetrachloride) -benzoic acid-water 

Solute transfer was from the organic to the aqueous phase 
throughout, with initial solute concentrations of about 1.0 % 
by weight. 

Equilibrium distribution relationships at the run tempera- 
ture of 25°C and over the relevant ranges of concentration 
were measured as follows: 

sys- 
tem Relation 

C O A e  range, 
'g mole/ml 

Distilled water was used and the chemicals were reagent 
grade, used as supplied. Physical properties were determined 
as described in the paper by Skelland and Huang (1977), 
and are listed in Table 1. 

Sysiam3 

A dn 0.239 Cn, 

a dn.0.325cm 
-v ~ d ~ 0 0 . 3 9 4 c m  

0 dn 4.503 cm 

i 

Fig. 4. Jet length vs. dispersed phase flaw rate for system 3 (Nujol- 
carbon tetrachloride)-benzoic acid-wcter. 
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Fig. 5. Correlation of flow rate  a t  maximum jet length. Data from 
all five nozzle sizes are included here. 

Apparatus and Procedure 
The jet-forming apparatus has been described in detail in 

previous papers by Skelland and Johnson ( 1974) and Skelland 
and Huang (1977), to which the reader is referred. 

Briekly, the dispersed phase was supplied from a calibrated, 
constant-head reservoir at sufficient elevation to ensure con- 
trolled jetting conditions from a single vertical nozzle im- 
mersed in the continuous phase. Each nozzle was 60 cm long 
to provide fully developed velocity profiles, and the inner and 
(outer) diameters of the five nozzles used were as follows: 
0.173 cm, (0.292); 0.239, (0,401); 0.325, (0,495); 0.394, 
( 0.597 ) ; 0.503, ( 0.711 ) . 

Two glass columns, with inner diameters of 7 cm and 
lengths of 32 and 55 cm, were used to contain the continu- 
ous phase. Each column had a conical section at its base, 
tapering to a narrow exit tube with stopcock control, as shown 
in Figure 1. The shorter column was used to establish the 
control valve settings on the jetting device so as to instantly 
provide a jet of the desired length at start-up when the shorter 
column was replaced by the longer one. All extraction runs 
were made in the longer column, over a vertical height of 
about 45 cm. This, of course, involved analysis of the water 
phase after each run. 

Photographs taken during every run enabled determination 
of the jet length and the number of drops in free fall at any 
instant. For photographic measurements of drop size and 
jet contraction, a 19-1 aquarium with plane glass sides was 
used instead of the extraction column. 

More details of construction, operating procedure, pho- 
tography, and analysis are given by Skelland and Huang 
(1977). 

DISCUSSION OF EXPERIMENTAL RESULTS 

Jet Length 
Figures 2 to 4 show plots of the measured jet lengths 

vs. dispersed phase flow rates (Lj  vs. Q) for all the data. 
The flow velocity at maximum jet length, exhibited by 

AlChE Journal (Vol. 25, No. 1) 

many of the curves, is correlated in Figure 5 as 
( N R ~ ) L ~ , ~ ~ ~  vs. Noh, following the suggestion of Grant 
and Middleman ( 1966). The least-squares correlation of 
these data is 

( N R ~ )  ~ j , ~ a ~  = 5.6994 ( N o h )  -0.8663 ( 5 )  
which contrasts with the following correlation by Skelland 
and Huang (1977) for data corresponding to substantially 
higher levels of mass flux across the jet surface: 

( N R ~ ) L ~ , ~ ~ ~  = 10.5514  NO^-^.^^^^ (6) 
(average absolute deviation = 13.69% ) . Equations (5) 
and (6)  are both plotted on Figure 5. Skelland and Huang 
(1977) worked with dispersed phase controlled systems 
with high interfacial tension, undergoing mass transfer 
at  moderate rates. This means that their molal fluxes from 
the jet surface [kdj(ACAj)avg] were one and sometimes 
two orders of magnitude greater than in the present work 
(approximately k,jAC,). To illustrate more quantitatively, 
consider a particular run from each of the two studies, 
selected to provide closely similar operating conditions. 
In both cases, chlorobenzene jetted into water; in the 
other study, acetic acid transferred from the jet, with 
d n  = 0.503 cm, Un = 13.34 cm/s, and Lj = 5.01 cm, 
resulting in ( N A , ~ ~ ~ ) ~ ~ ~  = 0.381 x 10-5 g mole/cm2s. 
The present run substituted benzoic acid transferring from 
the jet, again with d, = 0.503 cm and U, = 13.13 cm/s, 
but the resulting Lj was 10.23 cm. The corresponding 
(XA,jet)avg was about 0.386 x g rnoIe/cm2s, which 
is only 1% of the above flux of acetic acid. Skelland and 
Huang's (1977) jet lengths were correlated as follows, 
for flow rates up to the maximum jet length, 

with an average absolute deviation of 39.69% for 143 
data points. The present data in Figures 2 to 4 are cor- 
related, for flow rates up to the maximum jet length, by 
the same form of expression, namely 

using least-squares techniques. The average absolute de- 
viation between Equation (8) and 88 data points was 
75.05%. 

&System 2 

10 F Equation 8 

(very lowq)  

l i  
10-1 

I@ I U' I .o 10 
AN, 

Fig. 6. Generalized j e t  length correlatio,n fcr a l l  three systems. Data 
from oll  five nozzle sizes cvre included here. 
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Fig. 7. Jet contraction correlation for a l l  three systems. Data from all 
five nozzle sizes are included here. 

dn /I. 

Figure 6 shows a plot of Equation (8)  through the 
present data; results from all five nozzle sizes are included. 
Also shown, as a dash-dotted line, is a plot of Equation 
(7) .  As an example, let pc /pd  = ANwe = 1.0; for this 
case the jet length under the present continuous phase 
controlled conditions with very low mass transfer rates 
[Equation ( a ) ]  is roughly double that for the dispersed 
phase controlled conditions with moderate mass transfer 
rates [Equation (7)].  This finding is consistent with 
Skelland and Huang’s (1977) Figures 11 and 12 for one 
of these systems, which showed that, for Q > Qc, the jet 
length without mass transfer was substantially longer than 
that with mass transfer. Apparently the present low mass 
transfer rates, using benzoic acid with a solubility of 
only 0.2% as solute, gave results approaching the zero 
mass transfer case where jet length is concerned. In con- 
trast, Equation (7) was established using the infinitely 
soluble acetic acid as solute, resulting in molal fluxes that 
were greater by one and sometimes two orders of magni- 
tude. 

The use of logarithmic coordinates in Figure 6 reveals 
that errors in prediction increase as jet length decreases. 
In this regard, it is important to recall the finding of 
Christiansen and Hixson ( 1957), that oscillations in jet 
length increase with decrease in flow velocity below U,,, 
defined later. Thus, still photographs of the jet will re- 
cord some intermediate length between the extremes of 
oscillation, giving rise to scatter in the data as shown. 

J e t  Cantroction 

Figure 7 contains a plot of dn/d jc  vs. dfl/Zs for the 
complete data from all five nozzle sizes, in the manner 
of Christiansen and Hixson (1957) and Skelland and 
Johnson (1974). 

In the absence of mass transfer, Skelland and Johnson 
(1974) correlated their measurements as follows: 

&/dj, = 3.5037 (dfl /Zs) + 0.9491 (9) 

About 94% of their data were within 2 20% of this 
equation. 

For dispersed phase controlled systems with moderate 
rates of mass transfer, Skelland and Huang (1977) cor- 
related their data as 

&/dj, = 2.7350 (dn/Zs) + 0.5718 (10) 

The average absolute deviation was 20.28 %. 

very low rates of mass transfer are correlated by 
The present continuous phase controlled data with 

dn/djc = 2.6086 (dn/Zs) + 0.8495 (11) 

where the average absolute deviation is 21.57%. 

Consideration of the mechanism of jet breakup suggests 
that the jet diameter in the drop formation region will 
vary with time between a maximum shortly aiter drop 
detachment and a minimum just before detachment. Any 
still photograph will therefore record a diameter dic some- 
where between these limits, accounting for the scatter 
in the data of Figure 7. It follows that only estimated 
average values of di, are obtainable from Equation (11). 

Figure 7 shows the present data plotted with their cor- 
relating Equation (11). Also shown are plots of Equa- 
tions (9)  and ( lo) ,  and there appears to be a directional 
trend of decreasing ordinate for a given abscissa with 
increasing rate of mass transfer. 

Drop Size from Jet Breokup 
Skelland and Johnson (1974) correlated their drop 

size measurements without mass transfer in a plot of 
dD/djy VS. UJU,,. The terms djm and U, were calcu- 
lated from the following equations provided by Treybal 
(1963) : 

where the ratio of nozzle-to-jet diameter is given empiri- 
cally by 

dn - = 0.485 
djm 

These expressions emerged from Christiansen and Hix- 
son’s (1957) results on jet breakup in liquid-liquid sys- 
tems, which showed that drops assume a minimum size 
at the nozzle velocity Unm. 

The equation correlating Skelland and Johnson’s 
(1974) results on six liquid-liquid systems with five noz- 
zle sizes and without mass transfer is 

5 = 2.6051 - 0.7747 (5) + 0.3994 (3 )” 
djm u n m  unm 

(15) 
For dispersed phase controlled systems with moderate 

rates of mass transfer, Skelland and Huang (1977) cor- 

5 1  I I I I I I I 
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Fig. 9. Predicted vs. experimental mass transfer rates from general- 
ized correlations for systems 1, 2, and 3. Data from all five nozzle 

sizes are included here. 

related their data on four systems with five nozzle sizes 
as follows: 

dD un un 
dim U7%m U,,, 
- = 3.0704 - 0.1701 (-) + 0.0487 (- ) 

(16) 
The average absolute deviation was 13.1 %. 

The present results for three continuous phase con- 
trolled systems, five nozzle sizes, and very low rates of 
mass transfer are correlated by least squares in the fol- 
lowing way, 

- d D  = 2.7270 - 0.2028 ( - 2 ) + 0.0731 (5)' 
djm 

(17) 
with an average absolute deviation of 14.6%. 

Figure 8 shows a plot of the present data from all five 
nozzle sizes and their correlating Equation (17).  Plots 
of Equations (15) and (16) are also shown. In each 
case, the curves extend only over the ranges of the origi- 
nal sets of data. The two curves with finite mass transfer 

are fairly close throughout, whereas that corresponding 
to zero mass transfer shows a more rapid rate of rise to 
the right of the minimum. The minima in the plots of 
Equations (15),  (16), and (17) occur at abscissa values 
of 0.97, 1.75, and 1.39, respectively. Whether the devia- 
tion of the last two values from unity is a real conse- 
quence of the mass transfer or merely an inaccuracy asso- 
ciated with the scatter in the data is unclear. 

Order of magnitude predictions of drop size from all 
three equations seem comparable over the ranges of 
variables examined. The complexity of the situation, how- 
ever, is again indicated by Burkholder and Berg (1974), 
who conclude that "the wavelength of the most unstable 
disturbance, (and) hence the ultimate drop size, may 
either increase or decrease for transfer either into or out 
of the jet." 

Comparison between Predicted and Experimental M a r s  
Transfer Rates 

The total rate of mass transfer in the column was pre- 
dicted for each run using Equation ( l ) ,  omitting the 
final term, K,,A,AC,. This omission was made because 
the coalescence contribution was rendered negligible by 
maintaining the coalescence interface in the narrow exit 
tube of the column (see Lindland and Terjesen, 1956; 
Skelland and Minhas, 1971). 

The mass transfer coefficients were evaluated from 
Equations (2) ,  (3 ) ,  and (4), plus appropriate selections 
from Table I1 in Skelland and Conger's (1973) paper. 
Separate experiments with aluminum particles in the dis- 
perse phase showed visually that drops of system 1 were 
internally stagnant, while those of system 2 were oscillat- 
ing. Some runs of system 3 showed stagnant drops, while 
in other runs they were oscillating. To distinguish between 
them, the criterion that drops are stagnant for Nwe,c < 
3.58 and oscillating for Nw,,, 3.58 was adopted, follow- 
ing Hu and Kintner ( 1955). 

The interfacial areas were computed as 

with Lj and diC estimated from Equations (8)  and (11),  
respectively. The correlations for k,, and k d f  are based on 
the drop surface at detachment, so that 

Af = A D  = mdD2 

A, = ( N D  a v g A ~  

(19) 

(20) 

using Equation (17) to estimate dD. Also 

where (ND)avg  is the average number of freely falling 
drops in the extraction column at any instant. This value 
was known from the photographs taken during a run, but 
could alternatively be estimated as (No)avg = ( H  - 
Lj) /u,tf. Then W = 9MA.  

The mass transfer rates predicted in this way are com- 

TABLE 2. COMPARISON BETWEEN ACTUAL AND PREDICTED NU~.IBERS OF REAL PLATES REQUIRED FOR SEPARATIONS 
ACHIEVED UNDER JETTING CONDITIONS IN A PERFORATED PLATE EXTRACTION COLUMN 

Run System 
Direction 
of transfer 

go Water-t To disp. phase 
10 Benzoic To disp. phase 
11 Acid- From disp. phase 
12 Toluene From disp. phase 

0 Run numbers are those in Table IV of Mayfield and Church (1952). 
t In the order disperse phase-solute-continuous phase. 

Predicted No. of plates 

No. of Oscillating Circulating 
plates used drops drops 

6 
6 
6 
6 

4 
4 
4 
3 

6 
6 
8 
7 
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pared with the experimental values in Figure 9. Data 
from all five nozzle sizes are represented in this plot. 
The average absolute deviation between the forty-eight 
predicted and measured values, calculated as 100 (We,, 
- Wpre~)/Wexpr is 46.13%. Figure 9 shows that the pre- 
dictions tend to underestimate the measurements; this is 
readily understood in terms of the violent nature of jet 
breakup. Thus, even the stagnant drops of systems 1 
and 3 probably began their free fall existence with some 
degree of oscillation induced by the breakup process, so 
that mass transfer estimates based on completely stagnant 
drops would be on the low side. The oscillating drops of 
systems 2 and 3 probably experienced enhanced oscilla- 
tion due to the violence of jet breakup, compared to the 
nonjetting experiments which led to the oscillating drop 
correlations used for k,, and k d , .  

The drop formation process, too, may be more violent 
during jet breakup than during formation at nozzles, as 
in the experiments leading to the k,f and k d f  correlations 
used here. 

The overall result is that predicted mass transfer rates 
are on the conservative side, which is a desirable feature 
for design purposes. 

Comparison with the Extraction Column Data of 
Mayfield and Church 

One purpose of the present study was to extend the 
scope of the design procedure for perforated plate extrac- 
tion columns recently presented by Skelland and Conger 
(1973). The Fortran IV program prepared by W. L. 
Conger to implement the procedure appeared in Skelland 
(1974) ; this computer program has now been revised 
and extended to include operation under jetting condi- 
tions by Y-F. Huang, and is available from the AIChE.* 
It  has been applied to the jetting runs made on a high 
interfacial tension system in a perforated plate extraction 
column by Mayfield and Church ( 1952). 

Their column was 5 cm in diameter, with a plate 
spacing of 61 cm, and with fifteen 0.32 cm diameter jets 
per plate on 0.95 cm triangular pitch. The downcomers 
were 1.57 cm in diameter, Benzoic acid was transferred 
between toluene and water in the relevant experiments. 
Since this system exhibits very low rates of mass transfer, 
Equations ( 8 ) ,  ( l l ) ,  and (17) from the present study 
were used for prediction of Lj, dj,, and d D ,  respectively. 

The authors identified their successful runs under 
jetting conditions with this system as those numbered 
9 to 12 in their Table IV. The number of real plates 
necessary to achieve the separation actually obtained in 
these four runs was predicted first by assuming that the 
drops were oscillating after detachment and then by as- 
suming that they were circulating. Table 2 shows that 
the number of plates actually used is closely bracketed 
by the predictions for these two forms of droplet con- 
dition after detachment. 
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NOTATION 

A, 
A D  

Af 
Aj 

= interfacial area during drop coalescence, cm2 
= surface area of a single detached drop, cm2 
= interfacial area during drop formation, cm2 
= interfacial area between the jet and the continu- 

ous phase, cm2 

Supplementary material has been deposited as Document No. 03322 
with the National Auxiliary Public-tions Service (NAPS), r/o Microfiche 
Publications, 4 North Pearl Street, Portchester, N. Y. 10573 and may 
be obtained for $5.00 for microfiche or $5.00 for photocopies. 
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A, 

C A  = solute concentration, g-mole/ml 
CaAc,  C * A d  = equilibrium solute concentrations in con- 

tinuous and dispersed phases, respectively, g- 
mole/ml 

C A d ,  C A d i ,  C A d j  = solute concentration in disperse phase, 
initial, final, g-mole/ml 

aCA = solute concentration driving force defined by 
Equation ( 1 ) , g-mole/ml 

( A C A , )  = arithmetic mean solute concentration driv- 
ing force during jetting, g-mole/ml 

D ,  Dd = molecular diffusivity of solute in continuous 
and disperse phases, cm2/s 

dD = diameter of a single free fall drop, cm 
dj, = jet diameter at breakup, cm 
dj, = jet diameter at breakup at maximum area point 

as estimated from Equations (11) and (12),  cm 
dn = nozzle diameter, cm 
g = acceleration due to gravity, cm/s2 
H = vertical distance between nozzle tip and coales- 

cence plane at foot of column, cm 
KCj,  Kcf = overall continuous phase coefficients of mass 

transfer during jetting, drop formation, free 
K,,, K,, fall, and coalescence, cm/s 

mass transfer during jetting, drop formation, 
kcj,  k , j ,  = individual dispersed phase coefficients of mass 

k,, k,, free fall, and coalescence, cm/s 

transfer during jetting, drop formation, free 
kdl, k d j  = individual dispersed-phase coefficients of mass 

kd, ,  k d ,  1 fall, and coalescence, cm/s 
Lj = length of liquid jet, cm 
1, = system length parameter, T V ’ ~  
M = mean molecular weight of phase under considera- 

M A  = molecular weight of solute 
m = slope of the equilibrium curve, d C a A d / d C A ,  

( N A , j e t j a v g  = average molal flux of component A (the 
solute) across the interface between the jet and 
the continuous phase, g-mole/cmZ s 

( N D ) . . ,  = average number of free fall drops in the ex- 
traction column at any instant 

Noh = Ohnesorge number, fid/ ( pcdno) % 
( N R e ) L , , m a x  = Reynolds number at maximum jet length, 

Nwejc = continuous phase Weber number, d D U z , p , / a g ,  

ANwe = modified Weber number, (U2,  - u 2 n j ) d n p d / 0  

8, 1 :iitical value of Q 
q 
t, 
tf 
Uj = jet velocity, cm/s 
U ,  
U,j = jetting velocity in nozzle, predictable from 

Scheele and Meister’s expression, cited as Equa- 
tion (1)  by Skelland and Huang (1977), cm/s 

( U n ) ~ j , m a x  = velocity in nozzle at maximum jet length, 
cm/s 

U,, = velocity in nozzle at maximum area point as 
estimated from Equation ( lo ) ,  cm/s 

ut = terminal velocity of a single drop, cm/s 
W = rate of extraction, g/s 

= surface area of all free fall drops at  any instant, 
CXl2 

I 
1 

tion 

( u n  ) Lj,max d n p d l f i d  

ispersed phase flow rate, cm3/s 

= rate of extraction, g-mole/s 
= time of exposure to mass transfer, s 
= time of drop formation, s 

= velocity in nozzle, cm/s 

Greek Letters 
pc, p d  = continuous and dispersed phase viscosities, poise 
p 
pc, p d  = continuous and dispersed phase densities, g/ml 
& 
D = interfacial tension, dyne/cm 

= mean density of phase under consideration, g/ml 

= density difference, Pd - p,, g/ml 
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Optimal Design 
Adsorption-Bed 

of Mu It i s ta g e 
Systems 

The operation of two arrangements of multistage adsorption beds, 
parallel and series, was analyzed, and the optimal design problem of 
minimizing the capital and operating costs of the multistage adsorption 
bed systems was formulated. Solution of the optimization problem was 
obtained by using the Fibonacci search scheme. For the purpose of the 
study, data on the adsorption of liquid on activated carbon were taken 
from the literature for both single solute and multisolute adsorption sys- 
tems and was used to derive the expressions for adsorption rate and the 
equilibrium relationship. Details of the performance of the optimally de- 
signed multistage adsorption bed systems are presented in terms of the 
physical and design parameters. 
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and 
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Brooklyn, New York 11201 

and 

HYUN-KU RHEE 
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Seoul, Korea 

SCOPE 
In the present study, we undertook an analysis and 

an optimal design of multistage adsorption bed systems 
where the problem involves nonequilibrium adsorption. 
More spec’cally~ the present study with formu- 

investigating the effects of tight purification specifications 
and the size of the adsorption plant on the cost of plant 
operation. 

Examples of wastewater treatment for single solute 
lating the Optima’ design problem Of sing1e and and multisolute adsorptions were considered, using data solute adsorption systems, developing a method for solv- 
ing the system equations for an optimal design of multi- 
stage adsorption bed systems, investigating the effect 
of physical parameters on the optimally designed systems, 
determining which of the two bed arrangements (parallel 
or series) yields lower capital and operating costs, and 

available in the literature. Although the specific applica- 
tions of the Present study have dealt with *e Problem of 
wastewater treatment, the concepts of the Process design 
and optimization methods demonstrated here are also ap- 
plicable to other liquid phase adsorption processes as well. 

CONCLUSIONS AND SIGNIFICANCE 
The optimal design of multistage adsorption bed sys- 

tems is presented based on a theoretical consideration 
of transient cyclic operation. The Fibonacci search scheme 

Correspondence concerning this paper should be addressed to Chang 
Dae Han. Edmond Sung is with Merck & Co., Inc., Rahway, New Jersey 
07065. 

has been used to solve an integer programming problem 
involving a nonlinear objective function. The principal 
conc~usion from this study is that, under optimal design 
conditions, the serial-bed arrangement is favored Over 
the parallel-bed arrangement, because the leading bed in 
the serial-bed system can achieve a higher solute satura- 
tion than the corresponding one in the parallel-bed sys- 

0001-1541-79-2160-0087-$01.55, 0 The American Institute of Chem- 
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