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An open type of reciprocating-plate extraction column was developed, and it is proposed 
that the scaling up of such a column should be straightforward; that is, the height of an 
equivalent theoretical stage (H.E.T.S.) and the throughput per unit area should be in- 
dependent of the diameter of the column. 

Plates having 5/8-in.-diameter holes and 62.8% free space were selected to minimize 
the resistance to countercurrent flow in the column. With this design low H.E.T.S. values 
were achieved at throughputs much higher than those reported for other columns. Thus 
for two systems the present column was shown to require the lowest volume of column 
to accomplish a given extraction job. Data were obtained in a 3-in.-diameter column on 
two systems, methyl isobutyl ketone-acetic acid-water and o-xylene-acetic acid-water. 
Throughputs studied on the first system ranged from 547 to 1,837 gal./hr./sq. ft., and 
the corresponding minimum H.E.T.S. values achieved were 4.3 and 7.5 in. respectively. 
For the second system minimum H.E.T.S. values of 7.7 and 9.1 in. were attained at  
throughputs of 424 and 804 gal./hr./sq. ft. respectively. 

Extraction column design procedures are discussed. The fabrication of the reciprocating- 
plate column is relatively simple, and this should encourage its use first in pilot-scale sizes 
and ultimately in large-scale columns. 

The ideal extraction column is one 
which has a high capacity and a high 
efficiency. It should also be easy to con- 
struct and capable of being scaled up 
from small test sizes to commercial 
columns in a simple, reliable manner. 
The purpose of the present work was to 
attempt to develop an extraction column 
which approaches these ideal require- 

CRANK 

mcnts. In a recent review of liquid 
cxtraction (1) it was emphasized that 
the "major difficulty in the design of 
extraction equipment continues to be the 
lack of well-correlated mass transfer 
rate data and reliable scale-up procedures 
when such data are gathered in pilot 
plants." It is hoped that the present 
work will be a significant step toward 
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Fig. 1.  Extraction-column details. 

the reliable scaling up of a high-efhiency, 
high-capacity extraction column. 

It is genefitlly recognized today that 
efficient extraction columns require the 
application of some form of mechanical 
energy other than that due to the dif- 
ference in the specific gravity of the 
countercurrent streams. Two principal 
classes of extraction columns utilizing 
added mechanical energy are now em- 
ployed in the process industries: 

a. Columns employing a series of 
rotating impellers of various designs in 
conjunction with different arrangements 
of baffles, packing, and calming zones 
(2  to 8). 

b. Pulse columns in which the entire 
contents of the column is given a recip- 
rocating motion by means of a pulsing 
mechanism located near the bottom of 
the columns (9 to 16). 

Columns having rotating impellers 
are inherently difficult to  scale up 
accurately, because there is as yet no 
sound theoretical basis for doing so. 
As shown by Rushton ( l 7 ) ,  if two fluid 
property forces are operative, as for 
example interfacial tension and viscos- 
ity, then it is not possible to obtain 
dynamic similarity with liquids having 
the same physical properties. This is 
true even if geometric similarity is 
maintained; if geometric similarity is 
not maintained, then dynamic similarity 
is impossible, by definition. 

Of course empirical correlations can 
be obtairled (3, 6, 18), but their ranges 
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Fig. 2. Reciprocating plate. 

of application and extrapolation are 
necessarily limited. 

Some data on pulsed sieve-plate 
extraction columns indicated that it 
should be possible to  scale up  such 
columns with no increase in the height 
of the column (15, 19). In other words 
H.E.T.S. and throughput were presumed 
to  be independent of column diameter. 
However, Woodfield and Sege (16) 
showed that, a s  the column diameter 
increases, ‘%he countercurrently flowing 
liquid phases display an increasing 
tendency t o  channel in some portion 
of the column cross section rather than 
to distribute evenly across it. This in- 
creasing channeling tendency brings with 
it increasing over-all transfer unit 
heights.” These authors developed a 
redistributor which minimized the chan- 
neling effect, bu t  throughput was thereby 
reduced, depending on the  design of the 
redistributor. 

DESCRIPTION OF COLUMN 

The reciprocating-plate column shorn in 
Figure 1 was employed in the prescnt aork. 
The column consisted of a series of plates 
mounted on a central shaft which was 
recripoeated by a simple drive mechanism 
at the top of the column. The amplitude 
could he varied twtwecn 0 and about 2 in. 
by simply adjusting the length of a crank 
arm. 

The variable-speed drive shown in Figure 
1 made it possible to operate over a range 
of speeds of 100 to 3,000 strokeslmin. 

The plates were made from 0.04-in. 
stainless steel sheet which waq drilled 
with x-in-diameter holes on %-in. tri- 
angulx centers. This arrangement has a 
free area of 62 8%. Aftw a large section of 
the shert had bren drilled, the individual 
plates were cut out. A typical plate is 
shown in Figure 2. The diameter of the 
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Fig. 3. Flow sheet of liquid extraction unit. 

plates was 2 29/32 in. A 6/lfi-in.-diarneter 
hub was attached to the center of the 
plate, and the plates were attached to the 
%-in.-diameter shaft with set screws. 

The column was made from a 36-in. 
section of nominal 3-in.-diameter Pyrex 
pipe. The plates were distributed over a 
height of approximately 22 to 24 in. a t  
varying plate spacings, which left about 
6 to 8 in. above and below the plates for 
disengaging space. An attempt was made 
to distribute the feed streams uniformly by 
means of seven %-in. I.D. inlet tubes mani- 
folded a t  the top and bottom of the column 
and extending 4 in. into the column at 
either end. 

Pyrex pipe is not uniform in diameter, 
variations of M in. or more in inside di- 
ameter being possible, and the clearance 
between the plates and pipe wall was 
estimated to have varied from substantially 
0 to % in. 

The relatively large openings and high 
free area in the plates werc deliberately 
selected for this work for the following 
reasons: 

1. It was thought that, a relativelv open 
type of plate would offer the minimum 
resistance to flow of the countercurrent 
streams and that therefore the capacity of 
the column would be maximized. 

2. Providing a high free area of large 
openings would eliminate the need for 
close clearance between the plates and the 
column wall. Thus Van IXjck (80) de- 
scribed a reciprocating-plate column with 
relatively small perforations which required 
very careful sealing against the shell to 
prevent excessive bypassing around the 
perimeter of each plate. In  the present 
work the dispersed droplets could flow 
freely by gravity through the large openings 
and did not require the upward or down- 
ward motion of the plates to force them 
through. Thus there is no tendency for 
the drops preferentially to  flow toward the 
wall of the column, and therefore there is 
no need to have a tight fit between the 
plates and the column; it is necessary only 
that the plate cover substantially the entire 
cross section of the column, anti a moderate 
clearance is not detrimentd. 

The plates employed in this work are 
looked upon simply as reciprocating agi- 
tators which impart energy to the counter 
flowing streams as they flow through the 
column. The higher the speed of recipro- 
cation, the greater the energy imparted 
and the finer the dispersion produced. 
Very fine dispersions can be produced in a 
reciprocating-plate column. 

It was pointed out above that the flow 
of the dispersed phase in such a column 
should be essentially uniform throughout 
the cross section of the column. There is 
no preferential tendency for the drops to 
pass around the perimeter of the plates, 
as long as the clearance betwern the column 
and the plates is not excessive. Even if 
there is a preferential tendency for the 
dispersed phase to wet the wall, the effect 
of the agitation of each plate ensures a 
uniform dispersion over the entire cross 
section of the column. At design operating 
speeds, the close proximity of the recipro- 
cating plates to the wall is sufficient to 
ensure against a preferential wetting effect 
along the wall. 

If it is accepted that in the reciprocating- 
plate column described a uniform dis- 
persion is bound t o  exist throughout the 
cross section of the column, then the 
scale up of such a column should be straight- 
forward. Large-scale columns of this design 
have not been built yet; therefore final 
proof of the proposed hypothesis of scale 
up is still required. It is hoped that this 
information will soon be forthcoming. 

SYSTEMS INVESTIGATED 

Data were obtained on the following 
two systems: 

System 1. Methyl isobutyl ketone 
(M.1.K.)-acetic acid-water. 

System 2. o-xylene-acetic acid-water. 
These systems were used, because various 
investigators have employed them in 
obtaining performance data on other 
columns (4, 6, 7,  9, 10, 18). Thus the 
relative effectiveness of the present 
column employed could be evaluated. 
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S. P M. x lo-' 

PLATE 
NO. OF SPACING, AMPLITUDE, 
PLATES INCHES INCHES 
WATER DISPERSED -WATER EXTRACTANT 

12 2 I /2 
El I2 2 I 
b 24 I I /4 
a 22 I I 
EP 22 I I /2 -~ 
E l 6  4 I /4 

24 I 1/16 
B 22 I 118 

WATER DISPERSED -M.I.K. EXTRACTANT 
A 12 2 I12 

~ 

6 12 2 I 
A 22 I I 12 
4 22 I 1-9/16 
K 22 I I 
A 6  4 I14 
6 24 I I 14 
A 24 I 1/16 
ki 22 I 118 

M.I.K. DISPERSED- WATER EXTRACTANT 

0 22  I 112 

M.I.K. DISPERSED-M.I.K. EXTRACTANT 

x 22 I 112 
SUBSCRIPT TOTAL THROUGHPUT 

G.PH./FT? 
I 544-600 
2 1161 -1197 
3 1706- I841 

F-FLOOD POINT 

Fig. 4. Effect of reciprocating speed on H.E.T.S., M.1.K.-acetic acid-water system. 

DISTRIBUTION DATA 

The distribution data employed were 
the same as those previously reported (3).  

OPERATING PROCEDURE 

With system 1 the solute was first 
extracted from the aqueous solution by 
the M.I.K. phase. In the following run 
the solute was extracted from the 

organic phase by tlie aqueous phase. 
Four types of runs were made as follows: 

1. Water dispersed-M.I.K. extractant 
2. Water dispersed-water estractant 
8. Rf.1.K. dispersed-water extractant 
4. M.I.K. dispcrscd-M.I.K. extractant 

With system 2 only one type of 
operation was studied, namely water 
dispersed-water extractant, since the 

H / L  ratios employed for this system 
were of the order of 1/20. 

The solvent ratios employed for both 
systems were mainly such that the 
operating line was approximately parallel 
to the equilibrium curve. The solvent 
ratios employed are given in the tables 
of data. The concentration of acid in 
the feed solutions was purposcly not 
varied greatly in order to minimize the 

NO. OF PLATE AMPLITUDE, 
PLATES SPACING, INCHES 

INCHES 
22 I 1/2 

22 I 1 
22 I I /4 
12 2 I 
12 2 1/2 

12 2 I- 9/16 

SUBSCRIPT TOTAL THROUGHPUT 
G.P.H. / F I E  

I 424 
2 8 0 4  
F - FLOOD POINT 

S.R M. x lo-* 
Fig. 5. Effect of reciprocating speed on H.E.T.S., o-xylene-acetic acid-water system. 
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effect of solute concentration on the 
results. 

Figure 3 is a flow sheet of the liquid- 
estract,ion unit employed. The feed solu- 
tions were maintained at 25°C. and were 
mutually saturated in the 10-gal. stain- 
less steel storage tanks. In the case of 
system 2 the aqueous feed was stored 
in a 1-gal. feed tank. The aqueous and 
organic feed streams were metered into 
the column by means of small centrifugal 
pumps via calibrated rotameters and 
needle valves. All lines were made of 
stainless steel, and care was taken to 
avoid contamination of the solvents by 
pipe dope, gaskets, and packings. 

The plates were not reciprocated until 
the interface a t  either the top or bottom 
of the column was established. Then 
the flow rates were adjusted, and the 
desired reciprocating speed was set by 
means of the adjusting screw of the 
variable-speed drive. The interface was 
maintained in as constant a position as 
possible by setting the bottoms draw- 
off valve. The interface was usually 
maintained a t  about 2 in. from the top 
or bottom of the column, depending on 
which phase was dispersed. 

The column came to steady conditions 
by the time the contents of the column 
had been replaced two or three times. 
Usually considerably more than three 
times the volume of the column was 
fed before samples of the exit streams 
were taken for analysis. 

RESULTS 

The data obtained* are shown in 
Table la, b, and c for the M.1.K.-acetic 
acid-water system and Table 2 for 
the o-xylene-acetic acid-water system. 
In Tables la, b, and c the quantity 
(H/L)R~;./(H/L),.S.C. is a severe test 
of the material balance. It is the H / L  
ratio, as it measures by the calibrated 
rotameters divided by the H / L  ratio 
for the feed streams determined by the 
mix point of feed and product streams 
on the ternary mutual solubility diagram. 
A value of (H/L),,;./(H/L),.s.~. of 
unity would correspond to a perfect 
material balance. In  Table 2 the material 
balance was calculated from the rota- 
meter readings and analyses of the feed 
and product streams, neglecting the 
mutual solubility of the phases. 

As shown in Tables la, b, and c and 2 
the ranges of variables studied for the 
two systems were as follows: 

Number of 

Plate spac- 

Amplitude, 

System 1 System 2 

plates 6 to 24 12 to  22 

ing, in. 1 t o 4  1 to 2 

in. 1/16 to 1 9/16 % t o  1 9/16 

*Tabular material has been deposited as docu- 
ment 6052 with the American Documentation Insti- 
tute, Photoduplication Service, Library of Congress, 
Washington 25. D. C., and may be obtained for 
$2.50 for photoprints or $1.75 for 35-m.m microfilm. 

Agitator 
speed, 
strokes/min. 0 to 2,800 0 to 1,250 

Total 
throughput, 
gal. /( hr. ) 
(sq. ft.) 544 to 1,841 424 to 804 

Effect of Reciprocating Speed, 
Strokes Per Minute (S.P.M.) 

Figure 4 shows all the data for the 
M.1.K.-acetic acid-water system plotted 
as strokes per minute vs. H.E.T.S. 
Separate curves are shown for the 
different combinations of amplitude and 
plate spacing. Figure 5 shows similar 
data for the o-xylene-acetic acid-water 
system. I n  the figures the letter F 
designates the estimated strokes per 
minute at which flooding first occum. 
The subscripts 1, 2, and 3 correspond 
to the different indicated throughputs. 
Generally no minima in the H.E.T.S. 
values were detected for the M.I.K. 
system. However definite minima were 
observed for the xylene system a t  the 
low throughput of 424 gal./(hr.)/(sq. ft.) 
but not at the higher throughput of 
804 gal./(hr.)/(sq. ft.). As shown in 
Figure 4 H.E.T.S. values as low as 4.3 
in. were achieved, and the minimum 
H.E.T.S. varies with the throughput as 
well as the combination of plate spacing 
and amplitude. This is discussed further 
below. 

Effect of Throughput 

Most of the data shown in Figures 4 
and 5 indicate that up to the flood 
points H.E.T.S. is substantially inde- 
pendent of throughput and depends 
only on strokes per minute. Some of 
the data indicate that at low values 
of strokes per minute H.E.T.S. is not 
quite independent of throughput, but 
low values of strokes per minute are 
not of particular practical interest. In  
Figure 4 it is seen that the strokes per 
minute at which flooding occurs de- 
crease with increased throughput. This 

is also shown €or one case in Figure 6. 
Since H.E.T.S. decreases continuously 
with increased strokes per minute, it 
follows that the minimum H.E.T.S. 
attainable increases with increasing 
throughput. This is shown in Figure 7, 
where the minimum H.E.T.S. attained 
is plotted against throughput. Thus for 
the case water dispersed-water extractant 
shown in Figure 7 the following minimum 
H.E.T.S. values were attained: 

Throughput, Min. H.R.T.S., 
gal./(hr.)(sq. ft.) in. 

547 4 . 3  
1,172 5 . 0  
1,707 7.75 

Only a twofold range of throughput 
was studied for the xylene system, and 
no definite increase in the minimum 
H.E.T.S. attained is observed with in- 
creasing throughput (Figure 5 ) .  The 
probable reason for this is that for this 
system the H.E.T.S.-Strokes-per-minute 
curve passes through a minimum, and 
the minimum H.E.T.S. is the same for 
both throughputs. 

Effect of Amplitude 

In  this paper the amplitude is defined 
as the distance between the lowest and 
highest position of the plates, expressed 
in inches. Before the data were obtained 
it was felt that small amplitudes would 
be the best for obtaining minimum 
H.E.T.S. values. It was expected that 
by reciprocating the plates at high speed 
and small amplitude there would be a 
minimum of back mixing between adja- 
cent plates. Indeed, inspection of Figures 
4 and 5 shows that at the highest ampli- 
tude of 1 9/16 in. the minimum H.E.T.S. 
values obtained were the highest. How- 
ever for amplitudes up to l in. no 
superiority of the smaller amplitudes is 
apparent. From a practical point of 
view it appears that amplitudes of 
to 1 in. are optimum. At  smaller ampli- 
tudes excessively high agitator speeds 
are required. 
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2000 I 

g 800 

F 

I 
I- 

-1 400 
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2 240 280 320 360 400 440 480 620 
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Fig. 6. Effect of strokes per minute on maximum throughput; 
M.I.K. system; water dispersed-water extractant; twelve plates, 

2-in. plate spacing, +-in. amplitude. 
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Fig. 7. Effect of throughput on minimum H.E.T.S. attained; M.I.K. 
system; twelve plates, 2-in. plate spacing, &in. amplitude. 

Effect of Plate Spacing 

From Figure 4 and Tables la, b, and 
c no significant effect of plate spacing 
on the minimum H.E.T.S. attained was 
apparent for plate spacings of 1 and 2 in. 
However at a 4-in. plate spacing, although 
plate efficiences as high as 60% were 
obtained, the minimum H.E.T.S. value 
obtained was 6.7 in. This compares with 
minimum H.E.T.S. values of 4.3 in. 
obtained with 1- and 2-in. plate spacing 
on the same type of operation, namely 
water dispersed-water extractant. Thus 
it can be concluded that in order to 
obtain the greatest number of stages 
in a given height of column the plates 
should be spaced not more than 2 in. 
apart. Although this conclusion applies 
to the M.1.K.-acetic acid-water system, 
it can probably also be applied to the 
xylene-acetic acid-water system as in- 
spection of Figure 5 will indicate. 

Actually, for optimum performance of 
an  extraction column the plate spacing 
should not be constant throughout the 
column. This is discussed further in a 
subsequent section. 

Effecf of Physical Properties 

A comparison of Figures 4 and 5 shows 
that the iL1.I.K. system requires lower 
agitator speeds and gives lower H.E.T.S. 
values than the xylene system. This has 
also been observed in previous work on 
these systems (3, 7). The ratio of density 
differcnce to interfacial tension (Aplu) 
for the M.I.K. system is about 5.5 times 
that for the xylene system (3). The 
author has used this function as a useful 
guide in selecting values of strokes per 
minute and in predicting minimum 
H.E.T.S. values for other systems. How- 
ever insufficient data are available to 
present a quantitative correlation. 

CORRELATION OF DATA 

It is apparent that  there is an infinite 
number of combinations of strokes per 
minute, amplitude, and plate spacing 
which will result in the same H.E.T.S. 
An attempt was made at an  approximate 
correlation of these variables. 

On the bases of the available data it 
was found that for a given throughput 
and plate spacing H.E.T.S. was a fairly 

consistent function of the product of 
strokes per minute times amplitude. 
Figure 8 is an example of the several 
plots of this type which were made. 
Strokes per minute times amplitude 
represents the average linear velocity 
of the plates. To introduce plate spacing, 
a plot was made of H.E.T.S. vs. (strokes 
per minute times amplitude)/plate spac- 
ing. This ratio can be considered to re- 
present the average total linear rate of 
motion of the plates in a given height 
of column. Figure 9 shows the data for 
the M.I.K. system for the case water 
dispersed-M . I .K . ex trac tan t. The sub- 
scripts 1, 2, and 3 correspond to three 
different total flow rates ranging from 
598 to 1,841 gal./(hr.) (sq. ft.). The 
different flow rates were included in the 
plot, since i t  had been previously shown 
that H.E.T.S. was not significantly 
affected by flow rate. The range of 
amplitudes represented in Figure 9 is 

to 1 in., and the range of plate spacing 
is 1 to 4 in. The range of the ratio 
amplitude/plate spacing is & to 1. It 
is seen that for the range of variables 
covered the correlation is significant. A 
similar plot for the case water-dispersed- 
water exbractant was not quite so 
consistent as Figure 9 but was fai,rly 
good considering the 16 to 1 variation 
in amplitude/plate spacing. The xylene 
data could also be correlated satisfac- 
torily by the method shown in Figure 9. 

The correlation shown in Figure 9 
should be used with caution, since it 
is strictly empirical and probably not 
valid over wider ranges than indicated. 
It applies to a particular system and 
to a particular dispersed phase-extractant 
combination. Furthermore it does not 
take into consideration the flooding data 
shown in Figure 4. If Figure 9 is used 
to select an operating amplitude, strokw 
per minute, and plate spacing, it is neces- 
sary first to check whether this condition 
is below the flood point. Flooding is a com- 
plicated function of amplitude, strokes 
per mhute, plate spacing, and through- 
put, and no satisfactory correlation was 
found. 

COMPARISON WITH OTHER COLUMNS 

The data presented show that the 
reciprocating-plate column employed in 

I t l l l l l l l l l  
o 40 80 120 mo 200 

S. PM. x AMPLITUDE 

Fig. 8. Example of correlation of H.E.T.S. 
with product of strokes per minute X ampli- 
tude; M.I.K. system; water dispersed- 
water extractant; throughput 1,167-1,185 
gal./@.) (sq. ft.), twelve plates, &in. plate 

spacing. 

this work has a high capacity as well 
as a high efficiency. Table 3 compares 
the present capacity and efficiency data 
with those of other types of extraction 
columns reported in the literature within 
the past decade. The minimum H.E.T.S. 
and maximum throughput for any 
system depends to some degree on which 
phase is dispersed as well as which phase 
is the extractant. In  Table 3 most of the 
data are for the case water dispersed, 
but some data for the case M.I.K. 
dispersed are also included because the 
particular investigator did not operate 
with water as the dispersed phase. 

The fact that the diameters of the 
various columns listed in Table 3 are 
different complicates a comparison of 
the relative merits of the different 
columns; nevertheless, if it is accepted 
that the present reciprocating-plate col- 
umn can be scaled up with no increase 
in H.E.T.S., then the following s t a t e  
ments can be made: 

1. The reciprocating-plate column has 
a considerably higher throughput than 
that reported for the other columns 
listed in Table 3. 

2. At comparable throughputs the mini- 
mum H.E.T.S. values achieved are equal 
to or lower than those obtained with 
most of the other columns. Scheibel (18) 
reported somewhat lower H.E.T.S. values 
than those obtained in the present 
work at relatively low throughputs. 
However as seen in Table 3 the capacity- 
efficiency relationship of the reeipro- 
cating-plate column is such that the 
lowest volume of column is required to 
do a given extraction job. This is shown 
in the last column of Table 3. The 
throughput per volume per stage which 
has the net units reciprocal hour was 
suggested by Treybal (H) as a measure 
of the effectiveness of a given column. 
The greater this number is, the smaller 
is the volume of column required to do 
a given extraction job. 
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TABLE 3. PERFORMANCE DATA REPORTED IN T€IE LITERATURE 

Diameter 
of column, 

Type of column in. 
System: M.1.K.-acetic acid-water 

Rotating disk, R.D.C. 8 
8 

Pulsed-spray 1 . 5  

Turbine agitator- 11.5 
horizontal baffles 
Alternate agitated and 11.5 
packed sections 
Turbine agitators in 
vertically baffled 6 
compartments 
Pulsed-packed 1.57 
Pulsed-sieve tray 1.57 
Reciprocating plate 3 

System: 0-Xylene-acetic acid-water 
Turbine agitator- 11.5 
horizontal baffles 
Alternate agitated 11.5 
and packed sections 
Reciprocating plate 3 

*Rotor diameter = 3.1 in.; stator opening = 4.0 in. 
?Rotor diameter = 4.7 in.; stator opening = 6.3 in. 

DESIGN OF AN EXTRACTION COLUMN 

As mentioned previously, the present 
reciprocating column was developed 
because it was felt that such a column 
has the ideal characteristic of H.E.T.S. 
and throughput per unit area being 
independent of the diameter of the 
column. To date no actual data are 
available to substantiate this, but it is 
hoped that such data will soon be 
available. 

Until more basic mass transfer infor- 
mation is available, an  extraction column 
must be designed from performance data 
obtained on a pilot-scale column. In  the 
case of the reciprocating plate column 
it is only necessary to increase the 
column diameter. The plate spacing, 
strokes per minute, and amplitude will 
remain the same as the optimum values 
determined in the pilot-scale column. 
The plate spacing in an extraction 
column requiring many theoretical stages 
is of paramount importance. Normally 
the plate spacing will not be uniform 
throughout the column because of the 
differeixes in concentration in different 
parts of the column. In a simple counter- 
current extraction column one end of 
the column is usually high and the other 
end low in solute concentration. Conse- 
quently if the plate spacing were uniform 
throughout the column, the mixing ob- 
tained would be good in the rich portion 
of the column but worse in the lean 
portion. To overcome this effect the 
plates are placed closer together in the 
lean portion of the column. This is 

Max. total throughput 
reported, gal./(hr.)(sq. ft.) 

980 
1,030 

920 

458 

595 

286 
500 

149 
267 
547 

1,172 
(Water extractant) 1,707 
(M.I.K. extractant) 1,837 

385 

330 

424 
804 

Minimum 
Dispersed corresponding 

phase H.E.T.S., in. 

Water 4.3* 
6 . 3 t  

M.I.K. H T U ~ ~  = 0.26 it,. 
HTUOA = 1.55 ft. 

Water 3 . 0  

Water 9 . 2  

M.I.K. 3 . 7  
1M.I.K. 5 . 5  

M.I.K. 5 . 1  
10.1 

Water 4 . 3  
5 . 0  

Water 7.75 
Water 7 . 5  

Water 6 . 0  

Water 13.3 

Water 7 .7  
9 .1  

necessary if the maximum number of 
stages in a given height of column is 
desired. 

The effect of solute concentration on 
the intensify of agitation required for 
a given H.E.T.S. is related to the physical 
properties of the two phases in the dif- 
ferent sections of the column. It was 
previously shown (3) that  the single 
most important physical property is 
interfacial tension. Thus, as the solute 
concentration increases, the interfacial 
tension of most liquid-liquid systems 
decreases rapidly, and the mixing energy 
required to obtain a good dispersion 
decreases. In  the case of the recipro- 
cating plate column this would neces- 
sitate placing the plates further apart 
in the rich section of the column, if 
premature flooding of the column is to 
be avoided. In a fractional liquid extrac- 
tion column the solute concentrations 
are usually greatest near the feed stage, 
and thus the plates would be placed 
further apart at  the feed stage than 
at the ends of the column. 

The above analysis is of course only 
qualitative. Although the writer has 
been able to correlate extraction efficiency 
with the function (Ap/u)1.5 (S), usually 
insufficient data are available to permit 
an accurate prediction of optimum plate 
spacing required in different portions of 
the column. Therefore i t  is recommended 
that an  experimental approach be em- 
ployed, tempered by the foregoing dis- 
cussion. Usually only one change in plate 
spacing is necessary after visual obser- 

Throughput/volume 
/stage, 

cu. ft./(hr.) (cu. ft.) 

366 
262 

245 

104 

124 
146 

47 
42 

204 
376 
353 
3 93 

103 

40 

88 
142 

vation of the first design of the pilot 
scale column. The reciprocating plate 
column is so simple in design and so 
easy to take apart and put together 
again that this procedure is very con- 
venient. 

Extraction columns with rotating agi- 
tators must also take into account the 
differences in agitation required in dif- 
ferent portions of the column for optimum 
performance. Because of the complicated 
internals of such columns the above 
optimizing procedure is much more diffi- 
cult with these columns. Furthermore, 
as previously discussed, the scale up of 
such columns must be done empirically. 

Figure 10 shows a section of a 3-in.- 
diameter pilot plant fractional liquid 
extraction column 22 ft .  high. For 
optimum performance it was necessary 
to vary the plate spacing from 4 in. 
near the center feed stage to 1 in. a t  
one end of the column and 2 in. a t  the 
other end. The plates used in this column 
were made of commercially available 
flattened expanded stainless steel. A 
photograph of a single plate is shown 
in Figure 11. The mesh width is 0.46 in., 
and the mesh length is 1.26 in. The 
strand width is 0.085 in. 

Several I-in.-diameter laboratory col- 
ums with reciprocating plates have been 
built. The plates were punched out of 
Teflon sheet. Figure 12 is a photograph 
of the plate employed. A 6-in.-diameter 
by 20 f t. all-Teflon-and-glass recipro- 
cating-plate column is now being em- 
ployed for a pharmaceutical application 
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1837-1841 

2 " " " " '  I 

S.RM. x AMPLITUDE / PLATE SPACING 

Fig. 9. Correlation of H.E.T.S. with strokes 
per minute x amplitude/plate spacing; 
M.I.K. system; water dispersed-M.I.K. 

extractant. 

in which no metals can be tolerated. 
The Teflon plates are 3/16 in. thick 
and are drilled with 9/16-in. holes on 
0.64-in. triangular centers. 

SUMMARY 

A reciprocating-plate extraction col- 
umn was developed because it is believed 
that such a column can be scaled up 
in diameter with no increase in H.E.T.S. 

For the M.I.K. system H.E.T.S. was 
found to decrease continuously with 
strokes per minute until flooding occurs. 
This performance is unlike that in other 
columns reported in the literature (4, 6, 
7, 18), in which H.E.T.S. goes through 
a minimum value. The xylene system 
did exhibit a minimum H.E.T.S. for the 
lower throughput studied (424 gal./(hr.)/ 
(sq. ft.), but a t  the higher throughput of 
804 gal./(hr.)/(sq. ft.) no minimum was 
observed. 

H.E.T.S. was found to be substantially 
independent of throughput, especially 
at values of strokes per minute approach- 
ing the flood point. The capacity of the 
reciprocating plate column was shown 
to be higher than other columns reported 
in the literature (Table 3). Furthermore, 
the reciprocating-plate column required 
the smallest volume of column to do a 
given extraction job. 

The H.E.T.S. data were satisfactorily 
correlated by the function strokes per 
minute times amplitude/plate spacing. 
The limitations of the correlation were 
pointed out. 

Extraction-column design procedures 
are discussed. 
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NOTATION 

F = flooding point 
H = flow rate of heavy phase, 

L = flow rate of light phase, 

Ap = density difference, g./ml. 
U = interfacial tension, dynes/cm. 
S.P.M. = strokes/min. 

lb./(hr.) (sq. ft.) 

lb./(hr.) (sq. ft.) 

Subscripts 

Rot. = rotameter 
M.S.C. = mutual solubility curm 
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