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AXIAL DISPERSION IN EXTRACTION COLUMN PERFORMANCE
T. Vermeulen, J. S. Moon*, A. Hennico**, and T. Miyauchl¥*%**
Universlty of Californila, Berkeley, California
Abstract
Axial dispersion in one or both counterflowlng phases can
reduce the extraétion performance of differentially continuous
columns by a substantial extent. Entralnment between mixing
stages of a compartmented system has a similar effect, possibly
less pronounced. Theoretical treatments based on these two model
systems are summarized, and are shown to be related; and‘theﬁ
available calcﬁlatioh methods are identified.
Conventional analyses of mass transfer in extraction have

generally ignored the dispersion behavior. Experimental columns

should habitually be characterized by tracer'runs, and also

concentration profiles during steady-state extraction should be

measured, in order to separate axial-dispersion and mass-transfer

effects and to correlate the latter adequately.
This paper concludes with a review of typical dispersion

parameters evaluated for six industrially useful types of extrac-

tlon equipment.

*Moon-iiyung Distillery, Seoul, Korea
*%#French Petroleum Institute, Rueil-Malmaison, France

***University of Tokyo, Tokyo, Japan



AXIAL DISPERSION IN EXTRACTION COLUMN PERFORMANCE

In the past fifteen years there has been growing awareness
of the part played by axial dispersion in extraction column
performance. The development of mechanical aids for phase dis-
persion.and mass transfer -- qpeciricallya agitation, pulsation,
and potentially ultrasonic or other vibration -- has made it
amply evident that fluid-mechanical aspects of‘column operation
will limit the performance in cases where the mass-transfer rates
are high;

Axial (or longitudinal) dispersion, the main subject of this

review, describes a group of local effects which in principle
'occur uniformly along the path of the countercurrently flowing
liquids. Large-scale maldistribution of flow, or "channeling,"
is a different effect, 1n.the presént authors' view, and should
be accounted for separately. So, also, are the "end effects"
which lead to mixing and mass-transfer effects of a type not
characteristic of the rest of a column. Nonuniformity of com-

position in either flowing phase may be sustalned by the slowness

of transverse dlispersion, a factor which will not be considered

here. .. |
Pratt (21), Glankoplis and Hixson (._5_‘_), and Gier and Hougen . =

( 6 ) were among the earliest wdrkers to recognize the effects of

axlal dispersion upon extraction efficiency. In thelr studles

and in subsequent work, it has been necessary to consider the

manner in which cbncéhtration patterns 1n a column vary from the

proflles predicted by simple mass-transfer or equilibrium theories.

The typical theoretical effect of axial disperéion upon mass



transfer 1s indicated in Figure 1 (17). This diagramcan be
consldered to compare two differenta%%cked columns, each with
1.3 effective overall transfer units/with an "extraction factor"
or capacity ratio (A) of 0.8, one column operating in 1deal plston
flow (giving the dashed curves) and the other operating wilth a
moderate extent of axial dispersion (shown by the solid curves).

In the latter, axial dispersion markedly lowers the mean driving
potential fér méSS‘transfer (identified by heavy cross-hatching);
nence a larger number of "true" transfer units 15 required thah

if no longitudinal mixing occurred (3.0 transfer units, rather

than 1.3). The abrupt change or "jump" in concentration of each:
incoming stream as it enters the éolﬁmn, and the need to include
transport by axial dilspersion in material balénces involving an
irternal cross-section of the column, are distinguishing effects.
For staged flow, both sets of curves would be stepped; théy

would lie in the same relative locations, but with the backflow
(dispersion) case showing a larger number of steps.

Two approaches have been adopted for describing extraction
columns. The first of these (17,22) 1s based on a differentially
continuous column or "diffusion model," typified by a packed
column with moderately small packing. The assignable parameters
of the system in this case, in addition to the true N'I'm (N

axlial-dispersion coefficients (E) or column Péclet numbers

)

oX

(designated PXB, with P* the local Péclet number and B the ratio v
of column length to the local characteristic dimension.) The

other approach (the "back-flow" model) is based on individual

stages, elther at equilibrium or possegsing a finite mass~-transfer

rate, with a reverse flow of each stream from each glven stage to
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‘the back-flow-ratios a

respective : )
the/adjacent stage (18 23) . The contrclling variables are now

= F /F') and a"(=F /'F“), the total "

X ( y

'true NTU (designated NoxLand the number of stages ns. Ifbl is |

very large, then each stage 1s essentially in equilibrium, and

- the system is described by three parameters having a one—to-one

correspondence to (but not identity with) the parameters of the

, differential;model. That 1is, ns,cz ’ andcxy replace No 5 P B, and PyB.lJ

1X
~ This paper‘will deal in large part with the potential uses

| of' these two models in the interpretation and correlation of

‘ 'experimental data and in the design of new columns._ For "long"

columns the models are. relatively interchangeable. Theoretically

the diffusion model is more appropriate for packed or spray

‘columns. The back-flow model should be preferable for sieve-plate
‘columns with or without pulsation, and for rotating-disc

contactors (25) and Rushton ("Mixco") columns (19) in which

discrete stages are formed by the mixing that occurs between

annular "doughnut" baffles in contact with the column wall and

~open centrally; in such apparatus, however, the effective number

of stages may range between halfvand twice the actual number.

Only‘countercurrent operations -involving a'single'solute

will be considered here. The main purpose of thi:'paper is to

outline the simplest possible conditions for calculating the

effects of axial dispersion upOn-solventlextraction;. Types~of
problems that can be solved without machine computation will;be:
consldered -- thcse involving uniform'flows and backflows or uniform'

axial-dispersion coefficients; constant or linearly varying partition

coefficients; and uniform mass- transfer coefficients/rstage

helghts, or both. Where these conditions'are not maintained,



&2 finite-difference or stage-by~sfage computation should be
Carried“out, modeled upon thé extraction programs of_Hanson and

coworkers ('1,§_)_but with added provision for mass-transfer

rate, and for recycle flow or axial-dispersion transport. A "

Diffusion Model -

A generalized mathematical'treatmehtfis.used;'which provides
thé greatest poséible access to previousiy‘calculated numerical
solqtions.The pertinent variables are:. | _ |
_ 1. Relative~éolute concentrations X and Y, defined to lie
within the‘fange of O to 1. X applies to th¢>feed phase or |
raffinate, Y to- the solvent'phase or extract. These‘afe taken
as the average values at the ¢ross-section of interest, so ﬁhat
the problem can be treated as being‘one~dimensional in 1ts-spéce
vapriables. The feed enters at X (= x°) = 1, and the solvent at
Y (= Yl) = 0. 1In termé of the true concentrations ¢ and c_,

the generalized concentrations are

c. = (g + me_™")
X = = , % - (1)
c. - (g + me. ) , -
1
. mc_ - mc )
Cy _-(q + mey )

Heré'superscript O represents the feed inlet end, and superscript
1l the solvent inlet end, both outside the column. Also, q is the
Intercept on a linear equillibrium plot, and m is the slope of the
plot, such that the equilibrium value_(cx)* is given by
* - '
(¢,.) =ag+ mec_ ' L
X* ' Qo v : . ' (3)
(X) =Y . :

/ "

v
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2. Capacity ratlo or extraction factor A, with

A = uF /’F& o o (4),

" where F and Fy are the superficial velocities of the X and ¥

phases, A is the reciprocal of the factor KS/H used by Pigford (29).

3, A’ ‘column Peclet number" for each phase: P B> PyB. Here
Pi (with,i =x or y) is the local Péclet number, given by the

ratio Qf'a characteristic local 1ength a to the effective "mixing
length" & . In turn, the 1atter 13 the ratio of a superficial

axigl- dispersion coefficient E to the superficial veloclty F

‘Also, B is thé ratio of total column height L to the local length

d. Thus, | |
. L - 4
. L m erhe s 5
B =t = % (5)
_ i i :

The dispersion coefficient is‘a prébabmlistic term accounting
primarily for ve¢ocity distribution effectsﬁ including eddy mixing

and interphase entrainment.

' 49' Thé number of true overall mass-transfer units relative
to the X phase (No*)g based upon the mass-transfer coefficient
(kox) and the. interfacial area per unit volume (a):

Nox = koga b/ Fy - o (8)

5. The fractional 1ength within the column (Z), as a ratio'

of distance from the feed-input end (z) to the total column -

length (h) . o B '
= z/’h R € §)

For the th phases, the diffusion equations are then written



2 : : »
da°x dax A
~5 - PB~~ =N _PB(X-Y)=0 -
azf? X gz ox X | .
(8) \
2y dy | "
d
~% « PB~=4+ AN P B(X ~-Y)=0
azé ¥ az ox"y | )
Scolutions

The algebraié and numericél solution of these equations has
been reported by Sleicher (22) and by Miyauchi, McMullen, and
Vermeulen (14,17). It is evident that they are in the form:

X = Y¥(N,, A, BB, BB, Z)

Y = ¥(N_, A, BB, BB, Z) (?)
-Compﬁted X and Y profileslare known (lé)>for about 750 sets of
values of the four independent parametefs N.x» A, P,B, and PB.
The values forvxl (or xl)xhe solute fractioh in the exit
_raffinate; afevof greaté%t 1ntereét; the computéd'values have
béen used ﬁq develop_an.approximate calculation mephod for X; in
terms of the‘four parameters, which is described below. We note
that the extract concentration XO (or YO) is also of major

interest, but is readlly obtainable by material balance:
0 = A(1 - x1) | © (10)

It 1s approprilate now to relate the four-parameter results

to a succession of simpler situations.

The One-Parameter System: A Finite. Here pérfect méss
transfer and negligible axilal dispérsion are aésumed; that 1is,
P.B = o, PyB, = m, and _Nox = ® (hence, X = Y at each point).
We then find: |



For A<1 X' =o0; ¥°
| | L : (11)
C For A1 Xt =(a-1)/8; ¥%a1
A Two-Parameter System: A and N . Finite. Again axial
dispersibn'ié neglected, which gives rise to the Colburn
equation (2)s ' ‘
xt = 1-4A | . o (12)

exp [ (1-A)N°J';] - A

A Three-Parameter System:'A, PxB and PyB Finite. This time,

perfect mass transfér'is assumed (Nox,= ®), and again a simple

analytid result is obtained:

where PoyB is an overall cdlumn'Péciet number, given by,

: o -1 : . ,
A 1 : ,
P B=|5=%+35=% AR (14)
Foy® [PxBiPyB:,v N -
Figure 2 1s a plot of Equation 13. The solution 1s independent
of whether axlal dispersion occurs in the extract phase, the |
raffinate phase, or both. | | |
‘The "jump" behavior at the Y-phase inlet is measured by
Y,, above, since ¥' = 0. | The "jump" at the feed
inlet is given by 1-X,, where
A - 1 a2
A exp [(1 A)PoyB] A*

0
X, (=Y") = |
°.( ) ~ exp [(1-M)P B - G

.'_7(15)

A "jump ratio" r, useful in determining P

yB from experimental



concentration profiles, is defined fcr each phase as the ratio
of the concentration change at the inlet to the total concentration

change in that phase:

re = (1-%) /(1-x1) B
o - | (18) .
ry = Yl/Y
Here X, and Y, are the "interior" column concentrations, after i
the "jumps" from X° and Y have occurred. At the ouﬁlet for

each stream, no Jjump occurs..

It shcuid‘bé noted that an inlet "Jump" may occur even

without axial disnersion. From Equation_ll with A £ 1, 6 = A,
and r, =1 - A; with A >1,  Y' = r, =1 - (1/A). Figure 3
shows the behavior of the "jump ratios" at N = ®, with the P B |

contours ranging from O in the upper right corner to ® along the

1eft hand side and bottom of the plot.

Thrée-Parameter.CaSe: A, N__and P.B or P B Finite. This .
O X~ x v o

case, with axial diSpersicn absent in one phase; corresponds to
certaln packed and spray columns where the discontinuous phase'
‘may undergo almost ‘no axial mixing. It has been explored by
Eguchi and Nagata ( 4 ), and the analytical sclution is listed
in Miyauchi and Vermeulen'é summary (17). Tables of concen;j-
“tration profiles for this case, in a form to match the
available four-parameter tables, have recently been computed f

(20).

Approximate Treatment for the Four-Paraméter System. An

apparent. (or "piston flow") NIU (=' ), replacing N, in

Equation 12, is defined in relation to Xl:

e
b



u

N_.p 1=~A-'£’n{xl_+‘ﬁ}_ . S (17)

Comparison of Equations 12 and 13 indicates that, at N, = @,
P o in A o '
(N"’-»‘P)N PRt EST | (18)
o Pox _ o \ '

An overall number pfidispersion units Noxb_is_therefore defined

‘.and telatedfto Nbx?s
Nl s ‘NJ.-” - Nl S o (19)
| oxD “ToxP Tox - B S
with | - | |
e oA - B _ , '
NoxD = v(PB)y + T o | - E‘(go) |
and _ L a , . .
em) ot 17 e
(PB). = { — ] o ) - (21)
| ¥ foxB_ fyPyB B : - : |

| The'weight4ng factors fv and-f aré empirical functions of N y'

y
and A, evaluated from the computee solutions of Equdtions 8, and

,plotted_in Figure 4, (Equation 20 should not be used in the form

given here if either‘ANbx or \PB)y-is less than unitye) Through
these approximate relations X, and Noxp are expressed as quite'
simple‘functions‘cf'the four indebendent parameters. |

A closely related type of expliciﬁlapproximatién has been

. developed by Stemerding and Zuiderweg (24) .

The dcsign of & column requires a knowledge of A, and
egtimates of N Px; and Pye The inverpretation of column runs
requires that P B and PyB be determined either from "Jump ratio”
plots (17) or from separate unsteady«state experiments ( 9), 50

that_No may be deduced from the experimental NoxP°



9a

End effects in columns, due to different rates of mass
transfer or dispefsion from those in the main body of a column,
have been treated in the context of axlal dispersion-- theoretically

by Wilburn (29) and Tomura and Miyauchi (26), and empirically
by Moon et al. (15).

e g

=
J
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Backflow Model

Figure § uhows the flowsto be consicered in a cell model

with recycle flows, which for instance corresponds to a multistage
mixer-settler extractor with Interstage entrginment. Again Fx
and F& are the net_superficial velbcities of phases X and Y
through the column;-Fx and Fy are the recycle flows, which must
each occur in both directions but with each phaée having different
compositioné in tﬁe th directlions; and Q. and ay are the recycle
ratios, given by.Fx/'Fk and FyJ/F&. The number of stages is hB;

the height'per stage is hS? and the fractional helght per stagé
 is hg/h = Lg = 1/n,. The total true NTU in the column being
again given by Equation 6, the NTU per stagé'is' ' '

N

oxS = ¥ox@ Pg /F - : (22)

The material balance and the rate within each stage combihe

to give_the following relations, expressed here for stage J:

'(l‘”’ax)(Xjél” Xj) - aX(X'J "XJ+1) - NOXS(XJ‘“’YJ) = 0 ( )
: 23

(Y, .-Y

(1+a )(Y j-1-¥5) - qus(_xg

y Y ¥gu1) = % ¥y =0

For the end stages, the material balances are simpler. For

example, at J = 1,»
o . ' . ' .
(X7-%(1)) - “x"‘(l) “*2)) 7 Noxs(¥(1) = ¥(1)) = 0

(1 + ap) (Ygm Y = Noys (;),“Y(,l)) =0

2

Any’ solution to the general problem would be expressed in the

/

form



™
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i R Ry

Y(n P NoxS’ A, o, ay, J) 

X = X(n

The types of selution ava+lable for these equations will be
reviewed here. ‘Again, the outlet‘concentrations Xl (a;x at J = ns)

and ¥° (= ¥ at j = 1) are of primary intevest.-

The OnefParameter ﬁystem. For jJ = N, four other parameters

must be defined, leaving A undefined: Noxskis'finite or infinite,
ng =, a, = 0, ay = 0. The soluftions are;necessarily those given
in Equations 1l.

‘A _Two-Parameter System: A and'ns_Finite, Now NoxS = W, andv

axial dispersion is neglected>(axna 0, ay'a 0),giving rise to the

‘usual Kremser equation (11)3

x1 r,‘_,_E.L...:_:__f.,*..., S (25) .
A S. oy ,

A ThreeuParameter Sysfem: A, ax, and ay Finite.v Now Ng = (0,

and Noxs may be finite or infinite. Using the result for the -

‘next case belowp it can be shown thab infinite ng cvercomes any .

extent of 1nterstage backflcw, and hence that tha’result'is the

one Just glven for the one~-parameter system°

Finite a’s'aré thus gseen to<be‘analogous'tc finite local
Péclet numbers. For a column of infinite length, the column _';
Péclet mumbers become‘infinite, even though the axia1~disperéion

coefficients and the local Péclet numbers remain finite.

A Four=-Parameter System: A, n_. ax; and a& Finite. For this

case, with N o = @, Sleicher (23) has gilven the solutions-



1z

2

Xl = 1§n— 2 2. | (26)

rmF o
with - Mo + a_ + A | .
' - [ = —% X ' | . (27)

Aax'+ ay + 1

We note that interstage entrainment reduces the effective
_ | | , . )
number of equilibrium contacts, which may be designated Dge

Comparison#bf Equations 25 and 26 yielde the result:

¥* .
l=n l=n _
A S=p 8 - ' (28)

Since I' always liles between A and 1,‘ns is always less than ngo

Five-Parameter System: A n,, N x°; o and ay Finite.

>Sleicher (23) has provided an empirical relation for this case,
to be used with Equation 26. A slightly modified form 1is:

S A+ oa + A+ (1/N ) ' | -
o Y. oxS (29)

Aoy + ag + 1+ (l/N xS)

A comparison between the two models is given by the Latinen-
Stockton equation (12, 18), written for each phase.

n, - l :
P.B = —8—— .
FP T oE | (z0)

Strictly, this relation applies only at infinite Noxs and N

xS
For finite values of the latter, it appears appropriate to set

| NOX = nsNoxS For calculations at (Aaxi-ay) below 1.0, the

- right-hand side of Equation 30 is multiplied by a factor T (18),
this being gilven by

1

Lpo= (5 +¥) tn (14 %)' : | - (31)

with ¥ = (A + (fa, + @)1/ (1-4).

~



i

At large a and large Ny the'axial-dispersion coefficient

for a given phase can be associatcd with the product of the

recycle flow and the stage height? A more complete relation,

_ obtained from Equation 30, is:

hea.F ' _ o
g oo Ds%Fs <1 R _.1__> (32)
ok f 2a; o ng ' L

T
It should be noted that Equation 29 satisfies the limiting

condition of a =lQ, ay = 0. The accuracy given by that

" equation forvhigh extents of extraction (low Xl)_may deserve

further study. At A = 1, non-exponential relations replace

Equations 12, 13, 15, 25, and 26 (18,23).

General ConeiderationsA

>The diffusion model fits the spreading that occurs in the
unsteady-state breakthrough of a tracer, whether this spreading.

is‘caused'by velocity distribution, or mixing cells (either of

: these corresponding'roughly to a one-directional random~walk |

behavior) or by entrainment by a‘counterflowing phase. This.

- last, back- flow, effect can be separated from the forward-:low

behavior by measurements upstream of a tracer injection point,
but empirically it seems not to have any independent effect upon
extraction behavior in a packedior spray column.  That 1is, even
though the axial dispersion 1s not symmetric and is therefore not
repregented exactly by a single effective diffusion coefficient,
the sazze value of the coefficient that describes the forward
spreading appears also to describe the downgrading of the

solute»concentration profile, for'extraction operations



14
conducted in the same apparatus under the same fldw conditions
as used for obtaining the spréading data.

In the backflow model, that part of the total spreading’
not due to backflow is attributed to mixing cells of approprlate
size, each with 1ts (constant) NTU. For a packed column in
countercurrenﬁ flow, with both épreading and backflow heasured
for each stage, it.is conceivable that the apparent number of ”'
mixing.cells would not be thé same for both phases. In that
case the.phase with less spreading (higher PB)'éould be treated
inaccurately, having an o assigned to it that willl match 1its
totalvspreading but will disregard iﬁs true'exteht_of backflow.
 No suéh column haé yét'had its backflow measured, since ﬁp to
the present the data interpretation has‘emphasized the
four-parémeter diffusidn model. = | |

. In a column with visible staging, if the concentration
profiles during coﬁntercurrent fléW‘are measured by sampling
at many'points, one can often diScern concehtration plateéus
‘chat identify the number of mixing cells. The number of
structural stages np‘may be more or less than the effective
number of mixing cells ng.

Further computational studies are needed to improve the
rules for cbnvefsions between the backflow and diffusion models.
vAs mentioned above, the backflow model is.génerally more
" sultable for staged equipment and thé diffusion model for

differentially continuous systems.
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Applications to Extraction Equipment

For the design and scale-up of extraction columns, it is

necessary to have quantitative information, preferably in the

form of dimensionless correlations based upon the fluid-

meohanical factors_that,control the performance. This section

- describes the usable results that have come to the authors'

attention; relatively few of all the extraction studies reported

have included measurements of concentration profiles inside the

column, or separate unsteady-state'or tracer studies of the

~general mixing behavior. Six types of units will be reviewed

here, of which two have been analyzed in terms of mixing cells

with bacxllow.ﬁ

Rotating—Dlsk Contactor, The RDC has been analyzed An

'substantial detail) by Strand, Olney, and Ackerman (25). For

the contlnuous phase these authors measured both backflow and
' -—5/90)' ity ((A . el 7,/“/ ""ff » .Z/#M'L P 4’45{ ('f'/’(//-l(r',} y r/‘ e !f? tl\“i'/!
Nareadinga[and also mapped in detail the concentration patterns

in 1nd1Jlocal stages of operatlng columns.‘ If the number of

partitioned compartments is taken as np,?these authors find
2/

two effective stages per compartment throughout the range of

Fane

useful flowrates and rotor speeas,‘that is, for thefRDC,
ﬁsns/np=2/ : (33)

W.th R designating the rotor diameter, Dy the column diameter,

Q the angular speed in revolutions per unit time, and F, the
superficial velocity of the liquid phase involved, thc results

of Strand et al for each phase take the form

q = 0.040 [R_Q/Fi]{R_/.DT]z - | | - .(34')
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On the other hand, Miyauchi, Mitsutake, and Haras® (16)
have oorrelated these results with their own and other data,

and have drawn different conclusions. They find, approximately,

1\1/2KHD L T/4

Q k i
} S . (35)

Q

iy

s/ L Dpo | v

&l )
3

= 0.005

o]

vyhere Dr is the inside diameter of the baffle ring between stages.

N % .
: The_chief difference between these studies, yet to be completely

resolved,ulies in the question of the unmatched large dependences
on D, and on R.

"Multicompartment Column with Agitation_v This type of unit,

- known as the Mixco (Mixing Equipment Company) extractor, has been

studied by Yagi, Miyauchi, and ooworkersb(lg, 27). If the Reynolds
number (QR®/v) is less than 1-10%, B = 2 in Equation 33; 1if 1t
1s greater than about 24104, B = 1. Their correlation is:

= l:figw/fi j EE

2

|

Qa

)

(36)

oy
P

‘which they show is closely related to RDC behavior. In the narrow

region where P! is between 1 and 2, the correlating function (a type

- of Péclet group) rises more steeply with impeller size and speed

Mixco-type
These results are. for/columns with four vertical baffles at the

walls. Yagi and Miyauchi have measured E, ( = a1 1 T) for

columns without wall baffles, without doughnqb baffles, and without
/g;/f Q/‘; p"of' 7:’64 é,» et u}/, fg//’ﬁ MH # -? o, ST “'}‘4'” T,

,,
L

either.
Y S T A PP GW"/J‘ ﬁ*ﬂ; y'W plnst Ww e Avotﬁ*’bﬁ L
' Spray Towers In spray columns the dispersed phase droplets}vffp L

AT o }{

vtend to approach plug-flow behavior, if they are. uniformly sized and
spaced so that no overtaking of droplets by one another occurs. The
dispersed phase tends to entrain thevcobtinuous phase. For large

density differences between phases, high viscosity ratlos (of dispersed

‘phase to contlnuous phase), and small heightetofdiameter ratlos, the
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.continuous phase may approach perfect mixing. Data of Gler and

(8)
Hougen/and of. Giankoplis et al. (5,10,26) have been .

analyzed, their columns ranging I 1.4 to 6.0 inches in
diameters: the coefficient for the continuous phase has
: - - I rApE”
- been found to fit the dimensional relation’. hwn*\%ﬂi;éﬁﬁ J"W
. | —‘ | 1 /.‘v“_’,/"”uﬂ‘/l L;’? f\r/‘) /?( “q}, R
s=e (Fg - o2 Ly D)

where both E, and F&DTvare expressed in'cmz/sec.

A slight‘possibility exists that the square-root of

vkinematic'viscosity'(v ) could be introduced to make this
.‘clation dimen31on1ess. However, either a detailed fluig-

-Acchanical analysis or further experimentation will be needed

to .show the influence of both physical propertieu and -

geometriCai factors.;

Pulsed Sieve~P1ate Columns; Studies by Miyauchi and Ohya

{16), by Mar and Babb (13), Burger and Swift (1 ),vand Eguchi

and Nagata (é.) nave indicated that Equation 32 can be applied

\

o) pulccd-column data, in the formov

. he [ Fo\
p A
E.:_———- P

178 <“ﬂ 3 ),

/3 g F o g

= 1.75 | £ Zh mA+-—i- (38)

: ° DT' 8 ' 2

> ‘

Here dh 1s the effective diameter of perfor at;ons in the sieve
‘ is )

plates, s/the fractional hole-area of the plates, is the

frequency of pulsing, and A islthe linear amplitude of the

pulsation.f The correlation given by Equation 37 15 matched
to continuous~-phase data in Figure 6 and to dispersed-phase

data in Figure 7.
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It is of interest to compare the result of a linear-

- regression analysis by Mar and Babb. The.terms for wA and Fi
Were not separated as above, énd this led to ffactionallexponents‘
~ on those}térms. Also, a lesser dependence upon hole diameter |
was reported, but inteffacial tension (d)bappeared strongly as

>a factor:

B 0.68 0.36 ,0.07 .0.30 .0.42 = 0.30 / = 0.45
Eg = {const.) hp w ATTT ap 6 Fg ///(Fc
(39)

The primary point of close agreement lies in the exponent on

h
o)

<

ceserving of further study.

.. The influence of interfacial tension,; in particular, 1s

Packed Columns. Hennico, Jacques, and Vermeulen (9 ) have

studied axial diSpersion in packéd columné.inVolving a wice
range of packing materials. Figure 8 gives their.results in
terms Qf,packing Péclet nuﬁber a8 a function of cbntinuous-phase
~ Reynolds number, flowrate ratio, and sphericity ¥ and total
void-fraction € of the packing. Water was used as the continuous
phase, and kerosene (or, invthe'cases marked by open sduares,
diisobutyl ketone) as dispersed phase. Density—difference
effects have not been studied, and may entef into the eventual -
correlation; also, the effect of continuéus-phase viscosgity is
inférred from dimensionél‘considerations but has not yet been
proved. :

The dispersed‘phase is more difficult to measure, énd?only
a few values of Ed havé been obtained (by the samé authors);

however, extractlon studles by Moon, Hennlco, and Verméulen (15)
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confirm the relatively_higher.ranée of Péclet-number (or lower
range of_Ed)
- in Figure 9.

values;' They are given here as the.dashed curves

Pulsed Packed Colnmns; Results similar to the above, for
columns packed witthaschig rings orvBerl saddles, have been
obtained‘at several different pulse frequencies.and amplitudes.

 Figure 10 shows thése results on the same coordinates as for
the data without pulsation (15). | |
We now find a substantial difference between Berl saddles
'and Raschig rings, not explained by the sphericity and void—‘
* fraction as used in the previous correlation.
| ~ The dispersed-phase Peclet—number values are again higher
tban,those for the_continuous phase,as,shown from isolated

experiments plotted in Figure 9.
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- Intercept on linear equilibrium plot, ¢

'Rotor or impeller diameter, cm

22

Nomenclature

Pulse amplitude, cm

Interfacial area pef’unit bulk volume, cm®/em® ' | ”

Ratio of total length to characteristic local lengfh
(usually L/dp), dimensionless

concentration of solute in ith phase, gram-moles/c¢

Area-mean particle diameter, cm |

Tower dlameter, cm

Superficial volumetric backflow of ith phase through unit |
cross sections of apparatus, cm/seo- |

Superfic..: net forward volumetric flow rate of ith phase
ehrough unit cross section of apparatus, cm/sec

Correotion factor for Equations 30 and 32, dimenslonless.

Height of one stage (hs)'or one compartment (hp), cm

Over-all mass transfer coefficient |

Effective column 1ength'in direction of mean flow, cm

Mixing length, E /“', cm |

Solute paroition coefficient, dec /dc s dimensionless

Number of stages (n ) or compartments (n ), dimensionless

Number of over-all transfer units in column, dimensionless

Local Péclet number for.gﬁh.phase, d/li, dimensionless

% - v’

= q + mc
gr*am«-moles/cm3 ' "

Y
Jump ratio in ith phase (see Equation 16), dimensionless o
generalized solute concentration in X phase (see uquation
1), dimensionless

generalized solute concentration in'Y pnase (see Equation

i), dimensionless
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Greek Letters

ST Fi/’Fi,.dimensionless

B - mg/my

Y - Performanoe factor for one stage (see Equation 30),;
dimensionless | |
€ - Fractlonal void-volume in'paoking occupied by fluid phase,

-dimensionless

A - Capacity ratio, mFx/’Fy, dimensionless

<
i

Kinematic viscosity, cmz/sec
- Inter:ac;al tension, dynee/cm | |
= Term in f (see Equation 31), dimensionless

")

v

(2 -‘Sphericitg

Q - Rotational speeds, revs./sec

Subscripts .

e e Conﬁihooos phase

d - Dispersed phase.

J - Stage number

o - Overall

pe - Compartmentsé packing particle

P - Pertaining to one compartment

P - (in NoxP)_Piston—flow

s - Stages ’

S - Pertaining to one Stage

x - Refers to feed (X) phase

y - Refers to solvent (Y) phase oy - . :
S _ w8 0= Feed inlet end, inside -
(1), (2) ceee - Stage number I ~ column

4 _ i} - Solvent inlet end, inside

Superscripts B : _ | _ column»
% - Equilibrium | o

0 - Feed inlet end, outside column

1 - Solvent inlet end, outside column



Captions for Figures

Figure 1. Illustrative concentration profilles in

. , s
countercurrent extraction, calculated without (---) and ;

with (—) longitudinal dispersion. A = 0.8, N .o =1.5. |
For solid curves, PXB = 1.5, PyB‘= 3. ' , o i

Figure 2. Limitlng extent of'approach to complete extraction,
as given by diffusion model for infinite N_ . ' '

Filgure 3. Jump ratios at X-phase and Y-phase 1n1ets,
from the diffusion model at infinite N -

Figure 4. Weighting factors for Equation 21.

Figure 5. Schematic diagram of mixing-cells, for
countercurrent operation with backflows.

Figure 6. Longitudinal-dispersion coefficients for
continuous phase, in pulsed perforated-plate columns.

Figure 7. Longitudinal-dispersion coefficlients for .
dispersed phase, in pulsed perforated-plate columns.

Figure 8. Packing Péclet number for continuous phase,
in packed columns. :

Figure 9. Packing Péclet number for dispersedvphase,
in packed columns without (=---) and with (—=—) pulsation.

Figure 10. Packing Péclet number for continuous |
" phase, in pulsed packed columns. : _ »VQ
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