Lawrence Berkeley National Laboratory
Recent Work

Title
LONGITUDINAL DISPERSION Il SOLVENT-EXTRACTION COLUMNS: MATHSMATICAL THEORY

Permalink
https://escholarship.org/uc/item/30w522b9

Author
Miyauchi, Terukatsu.

Publication Date
1957-08-15

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/30w522b9
https://escholarship.org
http://www.cdlib.org/

¢
77

),
\

UCRL_%2//.

UNIVERSITY OF
CALIFORNIA

Radiation

orator

a )
TWO-WEEK LOAN COPY
This is a Library Circulating Copy
which may be borrowed for two weeks.
For a personal retention copy, call
Tech. Info. Division, Ext. 5545
N R J

o

BERKELEY, CALIFORNIA



DISCLAIMER

This document was prepared as an account of work sponsored by the United States
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California.



UCRL-3911 |

UNIVERSITY OF CALIFORNIA
Radiation Laboratory
" - BerKeley, California

Contract No. W -740 5-eng-48

A

- LONG'ITUDINAL DISPERSION IN SOLVENT -EXTRACTION COLUMNS:
' MATHEMATICAL THEORY

- Terukatsu Miyauchi

August 15, 1957

Printed for the U.S. Atomic‘Energy Commission



-2- ‘ UCRL-3911
LONGITUDINAL DISPERSION IN SOLVENT EXTR_ACTION COLUMNS:
' MATHEMATICAL THEORY
Terukatsu Miyauchi

Rad1at10n Laboratory and Department of Chemical Engmeermg
University of California, Berkeley, California

August 15, 1957

ABSTRACT .

The influence of longitudinal dispersion of fluid in ‘continuouecounter-
current solvent-extracfion columns has been anaiyzed»theoretically, by
application of a simplified model.which utilizes mean.v diffusivities and mean
velocitieé for both continuous and dispersed phases. From the mathematical
treatment of the model, it has been found that the influence of the longitudinal
‘d1spers1on on the extent of extraction can be expressed as a function of four
dlmensmnless paxameters. These parameters 1nc1ude, as variables, the rates
of longitudinal dispersion, the over-all rhass—tran’sfei' coefficient, the
equilibrium- partition ratio, and the‘ rates of fluid 'ﬂoW. Solutions for various
special cases of mixing behavior have been pr-esented, which apply directly to
" specific types of apparatus.

. The longitudinal d1spers1on has an unde51rab1e effect, e'speeially when a
high degree of extraction is desired. The theory developed shows that - '
there will be a 'maximum attainable extent of extraction, under any given
‘pattern of longitudinal dispersion. This means that the extent: of exfraction

‘is limited by this phenomenon, even if the over-all coefficient of mass transfer
is increased to 1nf1n1ty It is necessary to define three kinds of over-all

HTU: two of these, used previously, include the effect of the longitudinal

dispersion.
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LONGITUDINAL DISPERSION IN-SOLVENT -EXTRACTION COLUMNS:
MATHEMATICAL THEORY

Te rukatsu M:,yauch1

Rad1at1on Laboratory and Department of Chemical Eng1neer1ng '
Un1vers1ty of Callforma Berkeley, California '

August: 15, 1957
INTRODUCTION

In contmuous countercurrent solvent extractlon columns, it is widely

recogmzed that the effectlve coeff1c1ent of mass -transfer is lowered by

~ .longitudinal d1spers1on in either phase This effect should be particularly

large, in such apparatus as the Mixco column reported by Oldshue and Rushton, 8
the rotating -disc column reported by Reman and Olney, ? and pulsed columns10 1, 14
Attempts have already been made. to obtain mass - transfer coefficients by

‘measurmg concentrat1on d1str1but1ons within an extractor “This approach
should be more accurate than the alte rnat1ve of using a logarlthmlc mean .
dr1v1ng force computed only from the end concentrat1ons of the 1ncom1ng and-
-outgomg streams Recently, a theoret1cal approach that permits evaluation
of local behavior: of pulsed columns has been reported from th1s laboratory by
Lane, Lehman andARubm, 1.4 and experxrnental measurements of dispersion in
packed columns - are now bemg made by Jacques’ and - Vermeulen,v ,

In order to 1nterpret the behav1or of continuous solvent-extraction columns,
it is desirable to analyze the 1nterrelat1on between such varlables as the true _
coefflclent of mass transfer,‘ the rate of longitudinal d1sper51on of fluld in each B
phase, the flow rate of each stream the partition ratio of the transferring comf o
ponent, and the extent of extract1on This paper has been deve‘loped soas to
combine these variables. w1th over all behavior of continuous extractlon columnsq:
A s1mp11f1ed model’ of flow behav1or has been used, similar to one assumed

' 2,4,5,16
prev1ously

in relat1on to one -d1men51ona1 homogeneous -phase flow
systems. N ' o ' ” 7
For homogeneous systems w1th not1ceable longltud1nal dlspersmn this = -
. model has already been found by Yagi and M1yauch116 to g1ve a better re-
presentatlon of the M1xco and related columns than the concept of ”equ1valent

completely m1xed stage" reported recently by Young

On leave from. Department of Chem1ca1 Engmeermg, Un1vers1ty of

T okyo, T okyo, Japan
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. BASIC EQUATIONS .

- Basic Differential Equations

For homogeneous continuous -flow systems Damkohler has given an

equation of continuity,

9¢,/86 = - div (-E;grad &) - div (T;'¢;,) + ¢ (c)),

where u; is the linear veIocity of the fluid and "¢; is the concentration of
the E:h component, at the point of interest. 1_ For one -dimensio_nal steady-
state flow systemé, in which a mean diffusivity and a mean velocity of the ith
component are aééumable, Damk‘éhle r's equation becomes A 7

D2 32 d gy
Ei_d c-i/dz !—.t‘ridci/dz‘-q;(ci) =0.

For one-dimensional countercurrent two—phase_Amass-transfer processes,
this equation is modified as follows by introducing a void fraction ¢ for each

phase, and substituting the mass-transfer term for ¢(éfi):-

e E: dzc'_".',"':/dz'.‘..2 - F dc"'-:'./.d'z “K_a (¢ - mé ) =0
X % x X X' X X y

e gl Z . - . -
€ Ey d cy/dz + Fygdc,.y/d z+Keal(c, -m cy) =0

where the direction of mass transfer is taken from phase X to phase Y, |
and.a 1inear-divstribution equilibrium (with m as the partition coefficient) is
assumed; Kx rep‘resenrts thé over"gall mvass;transvfer vcoefficient r'elativevto
phase X, a is the interfacial area per unit volume, and F is the superficial
velocity of the designaf_ed pha.se. - _ | o | _ |

- These equations are based on a simplified model which assumes that
the two liquid phases flow in opposite directions, with ea_éh_ pilase unde rgoing
- longitudinal dispersion, as shown in Fig. l.> Accordingly, the 'process‘of’
bmass transfer is assumed to take place across the phase boundary, PQ.
However, in an actual extractor, onel phase is cl'i'spﬂersed into the other as

shown in Fig, 2.

»
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x-phase; uy, €x, Ex

y phase; uy, €y, E,

MU-14081

Fig, 1. Proposed model
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y phase; =-@ —%

MU-14082

Fig. 2. Actual situation in an extractor
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If the droplets coa’zésce and break up so rapid‘lyvthat the re is no
fluctuation in their concentration at any particuiar point, the two models be -
come identical.

if not, the concentration Qariations between droplets at a section will
reflect the gradient of average concentration under conditions of constant
Ex and EY'. This point is discussed in Appendix‘ 1; itis concluded that the
simplified mode! provides a sound and workable approach, -

Rearranging the equations into dimensionless form, we have

_ a®c /dZ2 -P_B dC./dZ -N__P_B{(C_-mC_) =0
x S X ! ox X x Ty (@)
a®c_/daz%® + P B dC_/dZ +N__P B(C_ -mC_) = 0
y y y Loy vy x y _

oxX

| 0 0 | o
where sz.cx/cx . Cyzcy/cx , Px=uxd/Ex, va—uyd/Ey’ N

KxaL/Fx , N‘c;y = :KxaL/Fy, B =L/d, u = ;rx/ex, u Fy/ey, and Z = z/L.

Boundary Conditions

The rate of longitudinal dispersion in an extractor is assumed to be much
higher than that in the incoming and outgoing streams away from the extractor. .
The suitable boundary conditions are given as follows. Integration of Eq. .1

for phase X, over an arbitrary length of column, £, gives

« E_ <d\cx> (dc,x ) | -
e - - F (C - C ) -n = O:
t f\az/i \ az jo| x x£ "x00

where €0 = (c- ')Z=f0 , "C'vaZ”': (,C‘x)Zz g and. n is the total amount of

% .
component (in moles) transferred from phase X to phase Y between the point

of interest and the X inlet.
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At the X-inlet end of the column, the net flow is: glven in- d1mens1on1ess
terms by the sum . G ' ‘
dc, = 7 W% e
' 1 \ : ;/'/ g - i '
BB dZ /’0 X

. A\ .
: Outs1de the column, - the net flow is - CX_Q., -or - 1, because Px,Bﬁf goand

(dCx/dZ o~ 0 for the model as_sum_ed';"-‘Equating». the net flows, at Z =0,

gives

- fac
- __)_( .,'—PB(l &

 (3a)
dZ 0

xfé) [

At the X- outlet end a comparlson of the net flows 1ns1de and outs1de y1e1ds the

~ relation = . o ‘ a© o
. : - {ac \
1 _c !
PB

X 5
4z /1 X .'\'V-‘-’ :

where Cxl'.z"(.c )' ' and C 1 is the__ concentration of outgoing ipha_se X. .

= 1’

The coeff1c1ent l/P B is always positive or zero. At the boundai"y; v

‘the concentrat1on grad1ent calculated from the left-hand term is oppos1te in.
sign to the grad1ent given by the rlght -hand term. Thus -the only condl_tlon

allowed by this equation is

Cyp = Cye» (4C,/dZ) = 0. o en)

Because the bou_ndafy region is 's’rnall,', mass transfer in this region-‘is »
'nég‘lected and the boundaAryf(:Ondi_tion Besomes identical with the re sult given
‘_'by Danckwertts. 2 _ ' AR |
| The boundary condltlons for phase Y are derived from the 51m11ar con-
sideration described above. Thus the boundary conditions for phase X and
phase Y are

Z=0: -(dC /dZ)

Z =1 - (dCx/dZ)

I
i

PB(1=';{5’)7 - (dC /dZ) ) | (4)
'0,..(dc /dZ PB(Cyl"Cylv) L
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. Solutions

Eliminating the term CY from Eq. (2) gives a single linear differential

equation- of fourth order,
a*c_jaz* -4 a3c_saz® -pd®c_jaz® -ydc_/az =0, (5)
x : x x X _ ' . o
where a, B, and y are constants in_dependent of Z, as defined below.

‘General Case’
By solving E4. (5) so as to satisfy the boundary conditions, one obtains

the following solutions:

, | \
. ] o ‘

C. -mC _ \,Z A, Z \,Z N, Z

X Y = Ae ! +A,e 2, tAge 3 +Ae 4.
1 - mC {

. r(é)
mc -c)  nzZ oo nzo o gz N, Z
- 0 o= alAle +a2A2e +a3A3e~ ’+a4A_4e
1 -mC_ - - - J

where

A} =Dpy/Dpy Ap =Dpp/Dp s A3 =Dya/Dy, Ay =Dy,/Dy

Iy

o



Al

A3

‘ 'S
.=14+\,/N -\, /N
aJ J/ ox J/

7\2=

o
m-?’w ’
noon

=0

a/3+2\/—

oX. X

P cos (u/3) .
a/3 + 2\/P cos (u/3 + 27/3)
a/3 + ZV;Tcos (u/3 + 4n/3)

(j=1,2,3, and 4) ',

2
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n, T S Y |
1.2 1.3 1.4
B P B P B
X xX X,
\2, R hg2y
'\ . Y A
2. oM 4
Xze‘ )\3e 7\48
7 hjay M3y
x A
2 3 4
)\Ze >\3e .)\;4e
A N Y RN b\
(1+--2—)'a2e2‘(1+,-§-)a3e 1+ -2 )a
b B — ,
y P B P B
y Y-
32 R
\ .
o 3 N A
3~ A
2,2 A2y | \a,
)\ )\ and DA4 EF—g )\
A e 2 Ae 4 \,e 2
2¢ 4 2¢
P B

)
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_ where u is determmed as an angle between 0 and 11 ~such. that

R ‘cos u = q/.p3/2

and 3
p=<a/3)~f_+ﬁ/3“ |

| q=(¢/3)3‘+dl3/6'+Y/24'

wth R |

' _q,:PB PB :
y

B=N_ PB+PBPyB+N PB(/\)

v =N, PBPB(l-/\;)

The solutions are.obtained as Eq. (6) only for

2 3. 1 3 .22, o, 2 2,
@R — (a”y -a“B%/4 + 9 aBy/2 - B + 27y°/4) < 0.
This relation‘i's. sati_sfied for >o‘rvdinary extrac'tion o'peArat‘ions, exeept ‘when both ‘
phases are perfectly mixed. In-this case, the relatlon becomes zero. The

termmal values of C and mCy are given as follows:

C o .'n:acy .
: =A, +A, +A, + A
T omol A R
Yy -
1 | o
C -rnC N B N RN A
1 Y —A.e 1+Ae,2+Ae3+Ae4
1 1 2 3 4
1 -mC .
Yy _ _
| y L (6a)
m(C g - C;) | - R
" i _'= a'lAl + aZAZ + a3A3 + a4A4
- mC S T
m(C, -c;) A X, ANy A
= alAle ~<+ azAZe + a3A3 + a4A4e

l-mC'1
: y
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Result with Line'ar Extraction Coefficient.
For y = 0 or mFx/Fy = /\ = 1,. the solution of Eq. (5) takes a different
form: \ ' N
c, -mcl otz oz
. - m Mo p
X y . _ : 3 4
—_— 7 = B1 +B2Z +B3e‘ + B4e |
1 - mC1 ’ -
y . ¥ (D)
1 , o _
m(C, -_cy)» | HyZ By Z
— B, +B,/N__+B,Z +b;Bje ~ +b,B,e ,
1 - mC ‘
oy
where
By = Dpy/Dp: By = Dg,/Dp; By = Dpy/Dy,  and By = Dy /Dy ,
by =1+ p'3/Nox "',“'3/NoxPxB
b, = 14 /N -va/N "P.B
4 Fa/Nox " Ha/ Nox .
. — .
My =a/2 h/.(a/.Z)‘ +8 |
“4='°’/2 -\/(G/Z) +pB \
-l/P-xB (1 - p3/PxB) (1 - |.L4/P>'{B)
Dy =Dgy - | 1 bapy b4p4_
1 M eP»3 vl 'el‘L4
3 4 ,
S | °, Sl e
| pg, =t pye' 3 “u3 pye" 4 by
| (1+ 1/Nox + I/PyB.. (1 + p3/PyB) be A1+ p4/PyB)b4e
Dpp = - |P3ks  byky
! p3ep‘3 p4e""4
o= (eM4
B3 = (€7% - by
| M3 /
DB14 '(e - b3)}"'3 .
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RELATION BETWEEN APPARENT AND TRUE HTU AND NTU.

Def1n1t10n of HTU

There should be three kinds of HTU (helght of transfer unit),. dependmg
on the definition of the concentration driving force

"True' values

By the original definition of ‘IHTU,3"true" HTU is the ratio pf volumetric.
flow rate across a. unit cross section to the true over-all coefficient of mass

transfer: _
Hox:F'x/.Kxa"’"_ . .. | : (8)
L1kew1se, the true number of over-all transfer un1ts(NTU) is

N__=K éL/F L - » | (84a)

"Measured”: values
When an extractor behaves in the same manner as the proposed model,
the actual concentration dlstr1but10n— for the X phase in the extractor is given
by curve ABDE of Fig. 3 and for the Y phase by curve FGHK ‘These two curves
can be known by measuring the concentration d1str1but10n in the extractor. The
number of transfer units def1ne_d from these measured values is
N = *1dc, | L ~
oxM = e » : (9)
' C. -mC_-
% Y

CxO

~ From this definition of NTU, an apparent HTU is derived at

HoxM = L/NoxM ." (9:8)

" Piston -flow' values

Another apparent NTU .is deﬁned in terms of the logfithmichean driving
force computed from the exterior ihcoming and outgoing concentrations:at both

ends of the extractor:
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_x S ao
CmeC : v - '

“'Integration of the right-hand side of this equation gives Eqs.(15) and (17).
The corresponding apparer;t_ HTU is defined as

“UN B S o

: H oxP

voxP

oiM and HoiP should include the effect of longitudinal dlspe‘rsmn.qf the

ing i : i1l fi > >
tra‘nsvfe rring material, In general, one will find HoiP—HoiM“'Hm

Relations Betweean ,‘ H ., and H
o ox oxM’ oxP

Laen

and H

—SE F Tom Eq (6.a), the outlet concentration'C <1 is given as

- mcl ‘ “)\_.'. v .
, Y. .Aj_'"e\--fj; (j=1,2,3, and 4) , (11)

Cc

x1

E e

bl-mCI j
y C

where A. and )\. are the functlons of N ox for givenA values of mFx/Fy’
P B, and P B and 1ndependent of C; . On the other hand, C <1 is given as
follows frorn Eq. (15), for the case in wh1ch the X- and Y-phases are assumed

to follow piston flow:

- WA .
gxl mCy - A L o o (11.a)
1 -mC:’ ' 1-/\ e)\

where A= -N_ o (1 f/\'). | |
Comparison of Egs.(11) and (11.a) gives an explicit relation between

Nox and NoxP ,

Fowtines

For/\ =1, use Eq. (17) instead of Eq. (15).
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(l - N)e : ’
—_— . : 5 - - (11.b)
: 1 -Ae ' : -
j=1 ‘ :
This e'quabtion shows that the relation between Nox and NoxP. ii‘s-'i”nde.pe'rvldent of

cl. Accordingly, the ratio H JH ' is determined oxly by P B and
y oxP ox C T x

PyB’ and is not influenced by Ci .

Hox and HoxM

) , Ak
Equation 6 gives

x 3 )
j=1
FO
dc,, —(l=mCl) L AN e az

\ Accordingly ‘ol'ne has

o 4 N Nz |
NoxM = ) , (luaj)Aj-e dz . (1'2.)
0 =1
‘This equatlon gives us the value of H xM . The ratio H /H ox i;s“eqyual to

Nox/N.oxM and is larger than l These ratl'os are also 1ndependent of C

because Aj’ )\j’ and aJ do not include- Cl

For A =1, use Eq. (7) instead of Eq." (6).
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" Numerical Example

" The following parameters can be con‘stidered for illustration: A =1,
PB=PB=4, N = 5, C1 = 0. The concentration distribution is given by
X -y . ox a Y . o . . R

~

-4 _7.49Z 27.49Z

C, = 0.8110 - 0.5176 Z + 0.3862410 +0.0209 e
mC, = 0.7080 - 0.5176 Z - 1.168410° e **9% 1 0.0691 ¢~ "-492],
-The resulting -'.'.nurﬁéri.éaf. values are shown in Table I.
Table I
L Calculated concentration distributions
z |0 01 0.3 0.5 0.7 0.9 1.0
C, | 0.832  0.769  0.658  0.554  0.455 0.376  0.362
mC_ 0.638  0.624 ~ 0.545  0.447  0.342  0.231  0.168
c, -mC, | 0.194 0.145  0.113 - 0.107  0.113 0.145  0.194
1/(C, - mC) 515  6.90 885 9.34  8.85  6.90  5.15

Graphical integration gives

0.832 - . A
’ X = 3.87.

(Cx -.mcy)

0.362
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Calculation frem Eq. (17}, below, gives

. . -.1 - : . l— | ’
Coi =1 +N_ 97" =0.362, or Noxp = 176

Accordingly one finds |

R 2 . .— - “'1 o ."'1 . . -1
" pr' ’-I—.:onM’ "'H‘o.xl? = Nox ! Nox'.M'. oxP
- =1.0: L.29: 2.84 .
This result shows that H‘o_xM ) and H'f'qu ,gxpre.vss apparent HTU values

that include the effect of fluid mixing, while H _ ‘gives the true coefficient

.of mass transfer. As N ‘-in’creases., the ratioc of H .. P/H increases al.wayé
: ‘ . ox » oxP " ox:

more rapidly than the ratio of H,

-°>..<,M-/ Hox *
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SOLUTIONS FOR SPECIAL CASES®’ ~ ** =~ =

" Solutions for va‘riqus special cases are obta ned by simplification of the

basic equations.

situations to which they corre\sp_ond,

Table Il summarizes these cases and indicates the physical

Table II =

Spécial solutions correspondirig' to limiting values of the parameters

PxB PyB A\ | Case |[Equation Type of application
finite| finite |# 1 'GI | _ (6), (6, a) Mixcov,*pulsed, rotating -disc, and .
- packed” columns. Gas bubbles through
= ] G2 (7). a long column with mechanical
' -agitation.
o0 @ £ 1 1§ (14),(15) Perfect countercurrent
— I 2 (16); (17) piston-flow operation
0 0 all 3 (18) Perfect rrﬁxing
0 fo's} all 4 (19) Large gas bubbles through a
lo's} 0 all 5 (20) ‘mixing tank
o : — ¥
finite | oo £ 1 |6 (21) Dispersed ,phase in non-
= 1 | 7 (22). | coalescing free flow through a long
o 's} finite. [& 1 3 1 (24) column, without mechanical
= 1 9 {(25) agitation”
0 | finite |all |10 (26) Small gas bubbles through a
finite] O all 11 - (27) mixing tank

N v
See Appendix 1
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Case 1.. PXB - oo, PY'B > oo; /\ :'é 1.

From Eq. (2), we have:.

I
o

dc,/dZ +N__(C_ = mC ) , | ,
dC /dZ +N_(C_-mC. ) =0 :
) Yy oy x . y

and |
1~ _ 1
- Cxo - 1: Cyl = CY .
'_I‘he solutions aré '
. _ o .
1 . '
.,Cx-mcY =,e>\z_,/\ie>\v
1 - mc; 1 - ' A | e)\' |
| | L . (14)
m(C_-Ccl)  az x/\ |
. Yy Yy - (e - e ) :
'_1'—mC1 : 1 _.’/\-,_) e)\
y
7

where

>\=fN°x(,1_g/\).

The terminal (product) values of C, and C_ are given by |
%

Ci1 —mCY _Q _{\ ) e

1-mC; 1_!/\\e)‘

) Y o (15)
“,"Cyo'cy):(l--é’y;/\;
t-mc. 1. Ave
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' Case 2. PB — o, P};B - o0; /\: 1.

, From Eq. (13): we have’
a®c /az®-o.
X o )

Solution of the _equ’aifi@:_m so as to satisfy the boundary conditions yields

\ .
G | .mcl o s
Tx y . 1+Nox(l-72)
1 -mc! 1 +N , R
7 -oF . | (16)
m (C, - cy) : N__(1-2)
1 - mG! 14+N
y AOX
/.
. 1y
Cxl _'mCy- _ 1 ‘
1 - mc} 1 +N__ y =
y T Tox , S - _ : ,
B 3 . a1
o | - un
_"?n (.CYO - © ) _ ,Nox ,
l—mCI_' CL4N__ )

Equatlons (14) through (17) correspond to the we11 -known: Kremser or

Underwood equations for counter current continuous operatlons

Case 3. PB-»O;.'P B —-0.
> S .Y

In this case, both ‘ph'ases, undergo perfect. mixing.. Equations (1) reduce to

.0 IS NS -
u e (cX - Cxl) = u._yey(cYo - cy) -{_;%aL »(cxl - _mcyo) ,

or
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y0

These equations give, for CX1 and Cer’ ’
. 1 ‘ . . . h
‘Cxl _mcy _ 1_+Nox(/\) |
' 1
1 - mC, 1+N_(1+ A) L
m(C ch N
yo " 7y’ Tox
) .
1 .mcy 14N (1 +/\-‘)): :
Case4. PB—+0; PB - .
. % y |
The basic equations are
. 7 \
dcy/dZ + Noy (Cy - mcY ) =0
C.,=1- (Fy/Fx) (cy0 -.Cyl) | f
c ,=c!
yl y _
/
The solutions is. -
1. o o A
C.- mCY ) /\\
. T T N :
1 -mC}lr ' (1-e~ A %)+ /\\

1 A N :
m(Cyo - Cy)  nom NVox) A

1 - mC}lr . :(1___e" A OX);«.-.J.vﬁ\. o

UCRL-3911

(18) .

(19)
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Case 5. P.B - o0; -:P.-B - 0.
x oty

A The.bgsic equa}no’nf are \

ROZN
Ty
\

dcx/dz +N0xgcx - mOVQ) =0
Cyo = Cy +(F/F) (1 =Cpp) 0

The solutions is

. 1 _N N

xl'mcy.f'_'"e Qx+(lf'e ox)./\q
- - -N__- ' ‘
1 ...mC:r 1 4+(l -e ,ox.) “/\f

- o o L . o (20)
, 1 N . ] .
m(cyo —,CY') = -e- -Qf‘) A :

. _ N
l-mC:r ' 1401 -e °% _f/\°

Case 6. P,B finite; P B~ oo; A #1

The basié e.‘quations are _

d“c_/dz” - P_BdC_/dZ - N, PB(Cy - mC,) = 0 B
X o S . (21)

dCy/d'Z S _‘_"NCY (_Cx - ‘n‘q‘Cy) =o 1

The boundary conditions are

1]

_-v(d'Cx/dZ)Z -0 P}‘{B(l_ - .CXQ)'

| -(dC,/dZ), (=0 and C ='c_;'



with

and

7\2  = (a/2) + \(a/2)% +b

-24 -

The soluticn is _ A . N

i

C. -mC i Y. Z “Azzv - 7\32_',.

x Ty = Fle

l-mCi
v

m(C_ - cl) 'y
— Y Lt F

l-mC)lr : ' )

F, =Dp,/Dg. F, = Dp.,/Dp : and F3 = DF3/DF

, o \
Dp =Dgy +]1 E;‘Z/PXB A —:\3/PXB
2 3
‘ \,e \39; o
X, A | B ,
2 . M3 _ 3 S
Dr1 7 %° A3e : Dpp =hge 7
A B\ . A
2 M o 2
‘ fze : f3ev- s Dpjy =-h,e / :
f=14%/N_ -2%/N_PB
17 ¥ “ox i/ 7ox Tx

(i=1,2, and 3)

1..:

X, = (3/2) - /(a/2)% + b

a = PxB +.( /\)Nox

b = (1 - /\ )N_ P B h

UCRL-3911
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" Case 7. PxB finite; PyB - 00; /\ =1 '

~

From Eq. (213),the equation to be solved is
‘a¥c_/az3 - a a?®c_/az? -o.
- Ty x/ T ,

'The boundary conditions are'theAsvame as in Case (6). - The suitable
solutions are : ' '

\ .

o L azZ

—,Gl +GZZ +G3e -

T (22)

1 4 .
y Tyt . ' Ly . . aZ]
— Y -G +AG2/‘N°x’+ qzz - (Nox/an),g3e_ |

1 , .

and.

G, asDGl/DG. y G, =Dg,/Dg » Gy = DG?/DG ,

Dg =Dg; + -I/PXB --(Nox/PxB)‘

a
1 . ae .

. ‘ )

Gl = 1 ae | | 1 | > .

. < A‘a N ‘. .
1+ 1/'N'(_)x - (Nox/pxg)e B

& L .
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Case 8. PXB - ; PyB finite; /\ % .1, S RO

The basic equations 'ar‘e
dcx/dvz C¥ N__(C, - mcy’)"= 0
| dZCy/d_Z.Z_:f PR d.cy/_dg +N  PB(C, -mC)=0 J
Dimensionle_ss boundary.cond.itivons' are’
Co =1,  . (dC /dz), =0 ) ]
- (dCy/az), _ | = P.B (c;,.1 '-'c;) J

By a procedure similar to Case 7, the basic equations can be combined to

give
a’c_/az> + na®c /daz? +x dc_/dz = 0 - | o (23)
X . B ,c/ X . : ? : o B i .
where

h=N _+PB
ox |y

k.

NyEBa-N )

The solutions depend’ :  upon whethér k=# 0 or k =0 For k #* 0
or /\\ # 1, the solution is S '

C, - mc! ' Nz xzz Ry
y = Hle +H2'e . +H3e
1 _ :
1 - mC R s 24
mCy - B O
1 o
m(C _ - mC_ . : “NLZ . . N2
' y y'oo_ \,Z 2 . 3y
- = thle 1 | + hZHZ_e + h3H3e /

1-mC1
y
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where

H) =Dy, /Dy » Hy'= Dyy,/Dy, and Hy = Dyya/Dyy s
| N

and
D

Dy = Dy; + (B3}

3 -

- hz)\z)

2’2 hdy 0 S
1 g )\Zh o . )‘3 : |
s xz/pyB)e - (14 M/p_yB)_ e “hy

D

Dy Ak

-2

Dyp = hs)f?,' P Dz =-hh oy o ’ A
‘hy =1+ "i/Nox

 (i=1,2, and 3) ,

=0

- w/2) nmatex |
- - /2 - \in/2)7 <k

> >
w
i ]

h=N_+PB
k=N PB(l- /\)

Case 9. 1:"'.B'->oo; P B finite;'/\'t 1,
X ) Ly o0

Eq. (23) becomes
3. ,..3 2 2 .
dcx/dz +hd;cx/dz =0.

» The final solution is -

1 .
C -mC : e : »
S 4 y . . -hZ S

1 - mc!

—l‘?:
"

- | - o . <hzZ | '
I+ JZ/NOX +3,Z +(1 - h/Nox) J3§. | J (25)
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where |
— 5 _ . _ / B ]
Ty =Dy /Dy, J, =Dyp/Dy, and Jy= Dyy/ Dy,
and:j . | ' S | L .
DJ =1+ DJ>1
(1. + 1/Nox + 1/PyB) F : _
D = (1 - h/NO Yh, and:D__=1,. oL A

J2 x J3 : .

Case 10. P B =0; P B finite.

The basic equations are

d’c /az® + P.BdC_/dZ +N_P B(C ., -mC )=0]
y y y oy y x1 y’ v

CXl is constant throughout the column.

The bound,arzy conditions are

-_(dCY/dZ)VZ = 0 =0

)
o _ » } 1
_(dcy/dZ)Z -1 PyB(Cyl cy) i

The solutions are: = o N
G c! |
1 Ty gAY
= - Rueny
1 A 2™M
1 -_-mCY /\ +{(1 +——D—'—- )
1 A -\ |
C ,+C A 2™
™Cy0 Aoy S v ) s (26)
,, 28] -
1-me, N v 52
1 N 12y o M2”
-G A 2€ M€
mCy-C Ay 5= )
Y
1-mc}1, ANvas 28



where -

Case
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n RS xx S U
D=(Me e ) 1=--e'2)

PB P B
| = «\/< 5+N PB’ /\
(PyB)\/PyB
LORER QU A Ry b A

11.

N
.-

; 3 P
+No'xPyB /\ .

P B finite; P.B. =0 .
X ) DA

2 .02
d‘Cx/dZ

The basic equations are .

- P_BdC_/dZ -N__P_B (C
X X oxx X

- mC’yO) = 0 ‘L‘
mC is constant throughout the coiumn.
yO0 ghc .
The boundary conditions are
-(dC/dz), _ :PxB“__? Cxo)
-(dCx/dZ)Zzl, =0 |
The éolutions are - _ ‘
| | 0,07 s
C_ -mc! 1= (he 2 “ae 12D
x Yy - . 1 -
- (Ay=N) (A +A,)
1 -mcl. 1+ {1+_._1\ 2 e ! 2}/\
y ‘ D S
(x1+x ) .
C , -mC 1+(X-7\)e - /‘D
xl -1 2 ‘
: - n )\Zj (x L
1 -mC 1 + 4’1 A
m(C .'_cl)" R . :
AN A ; — 1 I
' L (A, - : (A, +A0) _
1 -mC 1+{1+ 1 2z e-l,Z}fAf
D o

UCRL-3911

(27) -
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where o
. ;
A . | T . A, A
D = () e 2 -\ e ) - 1 X (e; 2- e 1)
2 1 RN =
S ) ‘
PxB PxB ‘ Co
xl =] ‘ + h + N PXB
2 SN 2 ox. . x .

UCRL -3911
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- CHARACTERISTICS OF THE PROPOSED MODEL

v Figures 4,5, and 6 show the concentration distributions calculated
for three particular sets of parameters. -Comparison of Fig. 5 with Fig. 4'-A
shows the effect of increa»singv Nox" Comparison of F‘i'g.' 6 with Fig. 4
shows the effect of decreasing the extractibn coefficient " Fx/Fy

From these figures, some particular characteristics are seen,as
follows: - . |
‘1. The concentration driving force between two phases is obviously Iowered‘
by back-mixing of fluid, ‘out not,so much as was expected. At both ends of an -
extractor, the concentratioh dri\}ing force becomes higher than that in piston
flow for the same N ox" ‘ o
2.. The concentration of incoming streams increases or decreases abruptly
at the time the streams enter the éxtractor. In contrast, the concentration
curve for outg'o‘ingb st_ream.‘s becomes flat as they approa.ch the outle:t; and
no discontinuity in concentration occurs at the exit. ‘ »
3. When extraction is accomp.anied by back-mixing of fluid, the extent of‘
extraction is IOWered in comparison with the case of p1ston flow, especially
at high values of N }'{’and low values of P_B or PyB This 1ower1ng of the
yield is atyr ibutable- partly to the decrease of concentratmn driving force,
and partly to back-m1x1ng of the transferring component. _

‘These characteristics are shown further in_.Figs.. 7 through 10. Figure
7 shows‘ the ef_fects of PXB and Nox_on CxO' .the dimens'ionles_s concehtration
of phase X just inside the inlet. _

As N ox increases, C %0 gradually becomes 1nsens1t1ve to N 'an-d' is
controlled by the Peclet group, P_ B(ax P B) _ o

Figure 8 shows the effect of N and P B ‘on C <1’ ‘the concentration of
outgoing X phase. CX,1 also becomes 1nsen81t1ve to N ox"- From these facts,
an.approximate value of P B may be estimated by measurmg C ahd 'Cx0
experimentally, if the effect of mass transfer at the phase boundary between
heavier and lighter phases at settling sections is properly corrected for.

"rFigure 9 shows the influence of P B and N__ on the ratio of Ht P/Hox
These numericah values are computed from Eq. (11 b) at mF /F 1 and P B

PyB The ratlo increases w1th decreasmg Péclet group, and 1ncreas1ng N ox’ E
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MU-14084

Fig. 4. Concentration distribution:

B =4 N
o

y =5 A=l

PB =P x
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2’

0 02 04 06 08 1.0

M- 14085

Fig. 5. Concentration distribution:
P,B = PYB =4 Noy = 100, A =1
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MU-14086

Fig. 6. Concentration distribution:
P.B = P/B =4, N = 5, AN=2/3
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MU-14087

Fig. 7. Variation of c_ inside column at inlet end

(A=1, P.B =.Pv‘f3).



-36- UCRL-3911

Figure 10"i11ustr'ates local accumulation or depression of a transferring
component in the X phase due to longitudinal dispersion, fluid flow, and mass
transfer. , '

‘More complete numerical computations are in progress and will be

presented in a later paper.

EXTENT OF EXTRACTION AT AN INFINITE MASS-
'TRANSFER COEFFICIENT

As is evident from Figs. 5 and 8, the extent of extraction approaches
a certain value as N_ox or K increases, at given values of PxB and PYB'
It is interesting to examine how the extent of extraction is limited by the
longitudinal dispersion of each phase, under the limiting condition of an
infinite Qélue of the true over-all coefficient of mass -transfer.

If the N__ included in Egs.(6) and (7) is increased to infinity, the
following solutions are finally derived.

ox

Case 12, \ #1; N__~ o

For the solution given by Eq. (6), the ratio q/pﬁ3/Z decreases to zero, .
and uappfoaches w/2. If q is positive, 'q/p3 2 is also positive and u
approaches .Tr/Z in the first quadrant. (If q is negative, a similar end
result is obtéined.) The difference, (w/2)-u, is positive and approaches zero.

That is,

_ 'cosu:si.n(w/z fu)zq/p3/2—$0+.
On the other hand, one obtains
sin (1/2 - u) = (w/2 - ), if (v/2 - u) < <.

Accordingly, one obtains

com/2 = w=q/p7?

or

w/3 = (/6 - q/3p¥?)
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.40 50"

MU-14088

Fig. 8. Variation of c, at column outlet (N=1, P’FB = PyB). '



M- 14029

- Fig. 9. Ratio of apparent 'v'piston-ﬂow" HTU to "true'" HTU
~as a function of P_B { ;'Py.B,)' ‘
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ACCUMULATION

DEPLETION |

. MU-14090

Fig: 10. Local accumulation and depletiori of transferring

material in X stream (PxB =P

yB =4 Noy = 5.\

UCRL-3911

1),
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From this value of u,’

» \'2 =a/3_+‘2,/pcqs( 1r/v6--'qv/3p3/2‘),
with ' ’ . |
3/2

cos ( :tr./6 - §/3p3/2) = cos ( /6) cos'i(qv/3p ) + sin (1r/6)sin(q/3p3/2)

R AT A
Ap=a/3 +q/3p NoS

Similarly, X3 =a/3+q/3p %\/;p“,_ .

il

Mg =e/3-2a/3p) .
Substitution for a in these equations yiélds

’1'1=0-. —‘ | v | _ o
' Nl ' 2 .

R | --(x‘),‘-*/-\(Y) ,

LR . | +V3p

z L P B + '/\'(PyB)ﬁ'

1 ,'(PXB)‘2 -/\ (PyB)?‘- |

355 .
2 | B+ N\ (PB)

>
1

- 3p ‘,.

CA - P B PB

.X4.=

' LAY D

.PxB + ‘/\ P
-~ Substituting these tooté into Eq. _(.6_')_,; é_md gé_tting Nox - o, gives
3pTag=1. o
A\ (P,B/P_B) .

az:a

3.
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Introducmg these values in Eq (6), and e11m1nat1ng nég11g1b1e terms

we obtain fmally

If Z =1, Eq. (28) (below) results. From Eq. (28), Eq. (29) or (30) can be
derived easily by setting P_B or PyB equal to mfunty o
- a. P_B finite, P B fimte ’

Cxl‘mcy - /\ (/\71) ' ' (28)

o ' 1 - PBPB )
Tom R AR

PB+’/\ PB'

" b, P_B finite, P B - oo:
X y

Cyx1 -mCy A Ay L 29

' ' i - r(l-A JP.B —
1'-1vrn'C_.:, _ \A‘Z —e.xp[ . ;\\ X _J

c. PB - oo, P B finite:
' X ' y

Ca-mC (A Ay

oL - (30
'1'-mC " 5 '_expr(l )P B ‘

A R
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Case13. f\ =1 N =

For the solution given by Eq. (7), the final solutionscan be derived

from the 'following ‘approximations:

M3 = , IR
g =a/2 - @/2)? + 8~ /B when N__ ~ infinity, -
3 *Hy =

_ The solution is

C_ - mct (P.B+PB)+PBPB(l -2
x y . - b4 y b’d y

1 -mcl 2PB+PBPB+2PB
. ~y Tx x Ty Ty

from which we can derive the following equatiohs, setting Z = 1.
a. P_B finite, P B f{inite: .
x Ty

C . -mGCh P,B + P B
x1 y : y

l-mC1 2P B +P BP B +2P._B
: v vy x X y . Yy
b. PxB finite, 'PYB - Qo:

- rnC1

' Cxl' y 1

1-1rnC1 2+P B
y X
c. PB—-o0, P B finite: -
X . y

- mC1

Cxl y 1

1 - mct 2+PB
y y

(31)

(32)

%

(33)
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Equations (28) through (33) are shown graphically in Figs. 11 through -
13. As /\ decreases, bth:e extent of extraction approaches unity, This :
limiting case of /\ -0 -correispond's to the behavior of continuous -flow :
homogeneous -phase reactors with first- order reactlon

The 11m1t1ng cases descrlbed in this. sectlon (Eqs.(28) through (33) )are

useful in estlmatmg the suitability of a g1ven extractor for a given separatmn

requirement.
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'CONCLUSIONS.-

1. A general theoret1ca1 treatment based on the proposed model has been
presented so as to permlt evaluation of the over- all behavmr of counter-
current solvent extractmn colurnns, takmg into con51derat10n the effect of
1ong1tud1na1 dispe rsmn of both flulds The behav1or is expressed as a
function of four d1men31on1ess parameters Solutions for_var1ous s'pecv1a1>cases
of the pattern of longitudinal dispersion have been presented and their actual
applic ations are indicated. v

2. Three kinds of over-all height of transfer unit have been distinguished,
and the interrelation between thém is shown. It is indicated that two of them,
used in previous work, reflect the influence of longitudinal dispersion.

3. Illustrative numerical examples are given, which indicate that longitudinal
‘dispersion prodﬁces an extremely undesirable effect when a high degree of
extraction is desired, and that the lowering of the extent of extraction is
attributable partly to a lowering of the concentration driving force and partly .
to 1ongitudina1 di_s'pe'rsioo of the transferring component.

4. Finally, it ie‘made clear that there is a maxirhum attainable extent of
extraction under a given pattern of longitudinal dispersion. Solutions for this
maximum extent of extraction have been derived by uee of an infinite value for

the true over-all mass-transfer coefficient,
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Limiting extent of extraction for N__ = oo (with
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Fig. 12. Limiting extent of extraction for N__ = oo (with

p_B = o) as a function of PyB and’ A (S€ Eqs. 30 and 33).
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' Fig. 13.

Limiting extent of extraction for N

_ % = w as a
function of P_B (PyB), withA=1(See EqS. 28 and 31).
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NOMENCLATURE
a Interfacial area between twophase'S,_per unit column 'v’olume' (sz/cm3) '
B ‘L/d (diménsionless) '
<, vCon:centration of a transferring componen‘t in i phasé (mole/cm3)
cg Ihit_ial concéntl_-ation -of the incorﬁing x phase V(mole/cm?’)
e : - - R 3 . .
v €40 (CX) z =0 (mole/cm?) | B |
c? Initial concentration of the incoming 'y phase (mole/cm3)
CYL (CY)Z"*L (mole/cm )
d A representative length (cm)
m  Equilibrium distribution coefficient of a transferring component
‘between x and 'y phase (dimensionless) |
u, Fi/ei; True mean linear velocity of the i phase (‘cm/s'ec)
z Distance élong the mean flow (the x-phase inlet is taken as the original .
point) (cm) A
6 /
Ci . c:i/cX
C0 c.0 cO 1
x x' Tx
0
cxO €x0 /Cx
C1 @1 CO
y .y Tx
0
Cyl cyl/cX | |
”f.Ei  Diffusivity of a transferring cor_n_ponent in the direction of mean flow
‘(cmz/:se'C)
Fy ' Superficial volumetric flow rate of i phase across a unit_cross"seétion =
u €. (c‘m3/cm '_s-’ejk:) | _
] Ho‘i _:L/NOi = Fi/K}’{a = ffiei/'Kxa ) T-;ue vHTU (cm) |
HoiMZApparent ‘HTU based on the vmeravs.ured concentration distribution in

" an extractor = L/N (em)

. o 0iM

Hc;ip : Apparent HTU based on terminal concentration values, assumirig

piston flow for x and y phase {(cm)
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-Kx - Over-all coefficient vo‘f mass transfer (cm/sec):

L Effective length of an extractor in the direction of the mean flow (cm)

N.; Ag‘ij:f.aL/Fi‘“; "L/(H‘t) i (di‘mevpsionl.ess) )
L cxl -
dCX ' o - v
NoiM (dimensionless) C ‘. W
: - C_ -mC
. : * y
x0
. ~x1 )
: dCxP“ . ‘
N . L/H ._ —_— -(dimensionless)
oiP oiP S
v C,p -mC__.
1.0 X YR
P; uid/'Ei: Péclet Number (dimensionless)
z/L (dime‘nsic“)nless)
€ 'Void.frac.tiOn-c.o'f i-phase. (dimensionless)

(&) Volumetric rate of reaction (m_ole/c‘m3-' sec)

A Extraction factor, mFx/'Fy (dimensionless)

Subscripts x and Y. refer to x and y phase re'spectively' and i to

ith component or phase.
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APPLICABILITY OF THE 'MODEL ‘

. The basic equatlons ‘are der1ved from the s1mp11f1ed model ‘shown in

Fig. 1. In an actual extractor however, one phase (Y) is dispersed into .
a second phase (X) as shown in Fig. 2. ' '

The basic equatlon expressmg the behav1or of the contlnuous phase is
reported 16 to be suitable for Mixco and similar type columns. The re is more
question as to the conditions under which the model fits the dispersed 'phase,
hecause ‘the basic“equation requires that all droplets at a_giyen c.roSS _:section_
vhave the same concentration, ' V ‘ | _ o '

’ There are two typical mechamsms that may cause 10ng1tud1na1 d1spers1on
of the dlspersed phase. One is 10ng1tud1na1 back -mixing of liquid droplets
caused by local eddy motion of the mixed phases; the other is an apparent
dlspersmn caused by a velocity distribution for the droplets, w1thout any
accompanying back -mixing of droplets. In the following description, the .former
is named "the eddir mechan}isrn" ‘and the iatter ""the velocity-di‘strib"utio‘n | .
mechamsm The mathematxcal treatment expressed by Eq (1) is ‘oalled,

"the apparent d1ffu51v1ty method'". ,

Two criteria exist for the apphcablhty of the model assumed here. One .
is the res1dence time d1str1but10n and the other the extraction behavior. The
former can be measured by trans1ent behav1or - e.g., the outlet response to
a delta (or pulse) functlon introduced at the extractor inlet - and 1s determined
only by the 1ong1tud1na1 dispersion of the droplets.

On the other hand, the. extractlon behavmr is 1nf1uenced both by mass
- transfer between the droplets and the contmuous phase and by the residence - |

[

time behavior of each phase. -
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1. Eddy Mechanism

A mechamcally agltated column is the typical example. ~All droplets
are presumed to have the same me an diameter, wh1ch w111 depend on the

mixing geometry and power input .

- Residence -Time Behavior

If local eddy motion'of’ the mixed phases is superimp_osed upon a rising
" (or descending) motion of d'roplets, "the apparent -diffus'ivity.method providesva'
satisfacto.ry approximati()n for the eddy mechanism ‘-‘beéaizéé reasonable mean
d1ffus1v1t1es can be assumed in each phase." In add1t1on Eyf”'may be of the
same order of magmtude as E _ and may remain nearly unchanged throughout
the cvolumn. Ih the approach to the 1dea1 case, PyB is proport1ona1 to the
column he1ght

Under mixing conditions that favor rap1d coalescence and redlspe rsion

of - droplets, ‘the physmal s1tuat10n becomes suscept1b1e to the -apparent-

| diffusivity method, because the behavior of the dispersed phas-e approaches
that of a second continuous phase through the equalization’ of all the droplets

at any one level in the extractor

Extraction Behavior
In the case of ne'glig'ibtie coalesCence and redispersion of'the droplets,
they behave independently' Of one -an’other The concentratlon of dlfferent
droplets at any given cross section 1s, therefore, not the same »
There are four parameters, P B, P B N < and A R wh1ch determme
the extraction behavmr The app11cab111ty of the apparent d1ffus1v1ty method
can be d1scussed in terms of all these parameters, except P B, for the
follow1ng cases° _ -
"{(A) P Bx= 0. ,Under. this condition, the mean-_:concentration‘of phase Y is
constant throughout the column. Accordingly, the extraction behavior

corresponds to that of the homogeneous. phase flow reactors with first-order

-

‘Peaction . 2‘, The model is applicable for a11 values of P B N ox’ and
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(B) PyB'v co. In this case, there is neg11g1b1e back m1xmg of the dlspersed

.phasmrefore, the apparent d1ffus1v1ty method 1s apphcable to all values
of P B, N o and A _
(C) PyB finite. Under this condition, the concentration dr1v1ng force between
a drc?ﬁme continuous phase changes from time to time owing to eddy
motion of the droplet.” This change reflects the concentration distribution of
phase X and the magnitude of N (which is proportional to the mass-transfer
rate). '

There-are three extreme. cases under which the apparent-diffusivity method
is applicable. The method probably remains valid under intermediate con-
ditions, but this case needs further investigation. . .

(1 Nox-and Kxa very high. Owing to the high rate, the droplets are always

nearly in equilibrium with the surrounding continuous phase. Hence there is
little effect of back-mixing of droplets on the extraction behavior.

(2 N__and K_a very low. Lengthwise gradient for the driving force
ox x

" is very small compared with the total driving force.. So there is again little
effect of back-mixing of the dispersed phase. :

(3) PX,B:J, 0. Because the concentration distribution of ph-a-se X is con-
stant throughout the column, the extent of extraction of each droplet is de -

termined by the length of residence time. This comes from the assumption
that the rate of extraction is expressed by a rate equation of the first order

(2).

The extent of extraction of the dispersed phase may be calculated by the
apparent-diffusivity method for any values of PyB, No;{,and'/\.» »

' For moderate values of Nox, there is a possibility that the calculation.s
based on the apparent d1ffu51v1ty method deviate from the exact solution.
When A is around 1, this ,dev1at10n may not be serious, because the con-
centration gradient in phase X and phase Y is fairly linear, and dzc /dZZ
is small. When coalescence and redispersion of droplets occur, the be¥1avior
of the dispersed phase becomes more favorable to the apparent-diffusivity
method for the reason described for residence -time behav1or There is a
positive indication of coalescence and redispersion of 11qu1d droplets for
agitated liquid -liquid extractors. 12,13

In conclusion, the apparent-diffusivity method is applicable to the eddy
mechanism except perhaps in the range where PyB and Nox are finite and
A\ is not around 1. Further experimental or theoretical study is needed

for this range. Even here, however, it is entirely permissible to apply the

apparent-diffusivity method, if enough coalescence and redispersion occur.
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II. Velocity-Distribution Mechanism

A typ’ica‘llexample is noncoaiescing free flow of the dispersed phase
through a long column without mechanical agitation. The residence -time
distribution depends on the veloc1ty distribution of droplets, which is nearly

' constant throughout the column he1ght hence the superf1c1a1 Peclet group

(P B) determmed from trans1ent behav1or remains unchanged w1th changmg_

column he1ght o _ _ _ _
Under the following restrictions, the. extent of extraction in the case of
“the velocity-distribution mechanism can be computed from the apparent-
“diffusion method. 7
For (P B), >50, and [\ around 1, N
a. ‘when (N x)u is smaller than 20, the extent of extraction is given

by Eq. (6), using P. B and (P B) S

b. ‘when (N x)u is- greater than 20 the extent of extraction is given

by the apparent diffusion method, _usnag the measured 'PxB’ and
an infinite value for PyB irr‘espective of the measured value of
(P B), __ , 1
. For (PyB)u X 50, the apparent-diffusion me.thod is not generally
applicable without serious error.
, When the eddy mechanism is super1mposed on the. ve10c1ty-d1str1but10n
mechanism, the follow1ng treatment is recommended. '
Contribution of the velocity-distribution mechanism to the over-all
longitudinal diepersion effective to extraction is apparently expressed by a
superficial mean diffusivity Dyu’ for (P B) >~ 50, Assurnlng add1t1v1ty of

the supe rf1c1a1 diffusivities that came frorn the dlfferent mechanlsms, one:

obtains the over- all diffusivity or the d1ffus1v1ty EYm measured experimentally

by the transient method from

E =E _+D
oym y yu

or'
1/(PyB)'-m = l/PyB + 1/(PyB)u ,

whe re EY and PyB are the mean d1ffus1v1ty and Peclet group of the eddy

mechanism.

2
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When (PyB)m is measured as a function of column height, we may have

such a relation-as

e o (P.B) oo B"” for 0<n<1,
. Yy 'm

because (PyB)u remains unchanged with B, and_PyB- is proportional:to B.-
The possible values of n, giving the lowest limit under which the apparent

diffusion method cannot be applied without serious error, are as follows:

(P.B) 10 - 20 30 40 50
y 'm . . _
n 0.8 0.6 0.4 0.2 0.0
For example, when (PYB)m' is around 30 and n is gréater than 0.4,
‘the extent of extfac‘tion {nay safely be calculated by the apparent-diffusion
method, 4u‘sing'(‘PyB)m as the effective Péclet group for phase Y in the range
of (N ) <20. ' - - S
ox'u

Note: _ _
The special notations_u'sed_ here are as follows: )

(Nox)u‘ = (Ka)uL/Fy, | | | | |

-(Ka)ﬁ = over-all coefficient of mass transfer, when all

droplets have an equal velocity, and.pass through‘
a column in plug flow, |

(PyB), = (U,d/D ) (L/4d).

To determine (PyB)u from the transient behavior it is rec'ommend'ed
that the width of the residence -time distribution curve be used (i.e., the -

outlet response to the delta function) at the mid-point of its maximum

height. |
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