Lawrence Berkeley National Laboratory
Recent Work

Title
LONGITUDINAL DISPERSION IN PACKED EXTRACTION COLUMNS

Permalink
https://escholarship.org/uc/item/4nz534iq

Authors

Jacques, Gabriel L.
Cotter, John E.
Vermeulen, Theodore.

Publication Date
1959-04-01

eScholarship.org Powered by the California Diqital Library

University of California


https://escholarship.org/uc/item/4nz534jq
https://escholarship.org
http://www.cdlib.org/

UCRL 8658

UNIVERSITY OF
CALIFORNIA

Ernest Of awrence
Radiation
Laborator

LONGITUDINAL DISPERSION IN PACKED
EXTRACTION COLUMNS

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~




DISCLAIMER
o

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.



e
UNIVERSITY OF CALIFORNTA

Lawrence Radiation Laboratory
Berkeley, California

Contract No. W-T405-eng-48

LONGITUDINAL DISPERSION.IN PACKED EXTRACTION COLUMNS

Gabriel L. Jacques, John E. Cotter,

and Theodore Vermeulen

April, 1959

Printed for the U. §S. Atomic Energy Commission



i
¢ ser
. DM Mg Pre m e gy
R L Tlangarsey T NAY et T At XS
e e,
B ey . 6o § hmgr .
- —t Sl LT R T8 s S PTI . .
Wt
,
\

Printed in USA. Price $2.50. Available from the
Office of Technical Services
U. S. Department of Commerce

Washington 25, D. C.



.;27.
LONGITUDINAL DISPERSION IN PACKED EXTRACTION COLUMNS
Contents

Abstract « « « & s ¢ e + & = e« & s e s
Introduction « o« ¢« « = = & s o o & & s & s =
Historical Survey . =« s =« o o « o « « o
Application of Continuity Equations . - . « «

_ Statement of the Problem . + . =« + & « s o =
Theoretical Analysis « « o =« & « « s =+ « &+ o o =
Use of Breakthrough Curves « +« + « =+ = s & =
Diffusion Model « « + « ¢« « & & « +« s o o
Random-Walk Model . .« =+ o« « & s o & o + @
Determination of N from Experimental Midpoint Slope .

Apparatus and Procedure s « « « + + & o o+ s . o+ .
Apparatus . .+ « & & ¢ e« e e e - e e s
Columns « v « « + @« s e e s e e e
Column Heads . . .+ « « « « & o« o o« o
. Conducetivity Cells .o - v o &+ « o . & < .
Photoelectric Probe . . . . . .+ .+ «

Injgction Tubes . & @« & o o o & & o o s
Liguid=Level Control . . .+ &« =+« « &« « o

Piping Arrangement o« o « & s o« e« 2« & e« & e

Instrumentation . « « &« +« & +« « &« & « &« s
Procedure .. . ¢ ¢ « & « o & s ‘¢ & o a -3
Start "Up k-4 * . . . o o . .3 - Y a a ) L3 E'

Conductivity Measurements s « « « =+ =« ¢« @
Photoelectric Measurements '« +« & » &« o o« =
H ol dllp -3 . - E-3 . L3 s L . [ 3 - . ) £ 3 o

Temperature for the Measurements . . . =+ '« =



Results and Disclussion .

Continuous Phase
Results

Discussion .

Dispersed Phase .

Results

o

o

Discussion .

Holdup -
Application to Phcked-Column Extraction

Conclusions

°

°

Acknowledgment .

Appendix

“ffables, Group I (Cotter)
Tables, Group II (Jacques) . .

Notation .

Literature .

°

°

<

°

-

°

a

o

°

°

s

5

°

°

°

L]

s

s

- o

°

26

26
26
32
32
32
36
39
40
L5
46
k7
L7
56

66

68



=l UCRL=8658

LONGITUDINAL DISPERSION IN PACKED EXTRACTION COLUMNS

Gabriel L. Jacques, John E. Cotter,
and Theodore Vermeulen

Lawrence Radiation Laboratory and Department of Chemical Engineering
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ABSTRACT

Longitudingl dispersion (axial mixing) was studied for counter-
current flow of liquids through packed beds, using six different combin-
ations of packing type and size and bed arrangements. The Péclet Number,
used as a dimensionless meésure of the longitudinal dispersion coefficient,
was megsured in both the continuous and the discontinuous phase of the
following systems: kerosene in water, water in kerosene, water in mineral
0il. The observed values ranged from 100% to 10% of the Péclet number
measured for the same packing in single=phase laminar flow.

Péclet numbers for each phase were correlated as a function of

the two flow rates. An effect of packing diameter and sphericity on the
continuousephasé.Péclet number was also found. Different mechanisms were

indicated for dispersion in the discontinuous phase, depending upon whether

or not that phase wets the packing.



INTRODUCTION

Historical Survey

Packed columns are frequently selected as an effective and
economical means of interphase contacting for liquid=liquid extraction.
The usual method for designing an. extractor involves computing the number
of transfer units (NTU) required to bring about a given extraction, and
multiplying by a height factor (the HTU) determined from previous experi-
ence on the subject. v

The HTU concept, introduced by Colburn;z’§ has been applied
successfully to absorption towers; the application to extraction, however,
has been less successful. HIU values vary widely with the types of system,
the rates of flow, and concentrations, making it necessary to have at hand
very specific data for the contemplated design.

Numerous experimental studies have been carried out, to measure
the effective mass~transfer coefficignts and HTU's in extraction‘columns,
by such workers as Colburn and Welsh','u Laddha and Smith,18 Koffolt, Row,

17

and Withrow,’

6

Sherwood, Evans, and Longcor,ZLL Hou and Frankel,lo Knight,l
Elgin and Browning,6 Johnson and Bliss,llL and Allerton, Strom, and TreYbalal
7 and by Trey’bal.25
The HTU's for the individual phases are frequently correlated as some

23 put the result

The data obtained have been reviewed by Elgin and Wynkoop

power of the flopw-rate ratio, as by Rubin and Lehman,
may be regarded as entirely empirical. '

Over a twenty-year period it has remained impossible to interpret
the experimentally measured performance of packed extraction columns in
terms of mass-transfer theory and fluid and packing properties, The great
difficulty encountered has suggested that the controlling variables
are,not solely. those which determine the rate of mass transfer. Longi-
tudinal dispersion is known to control the performance of multicompohent

agitated reactors (from}bhé work of Yagi and Miyauchi,3o and of pulsed

extraction columns (ﬁrdh studies by Vermeulen, Lane, Lehman, and Rubin28)°
Therefore, this investigation was undertaken to determine whether longi=
tudinal dispersion could have a significant adverse effect upon the extrac=

tion pérformance of packed columns.
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The physical picture of longitudinal dispersion is made up of
two factors. The effect of backmixing, or local eddy motion, of packets
of fluid may be characterized_by_a dispersion coefficient (Ei) which
increases with increasing mixing. A veloclty distribution, such as occurs
"with laminar flow in a pipe, will also appear as a dispersion effect.
If there were no backmixing and thé velocity profile were flat, a piston-
flow model would be correct. S .
if longitudinal’dispersion occurs in aﬁ extraction columm, the

concentration inside the inlet end of the column (for each phase) differs
appreciably from that Qf the enﬁering liquid, the driving potential for
mass transfer is substantially reduced; and a longer column (for a given
‘mass-transfer coefficient) is required to effect the same over-all

separation.

Application df Cbntinuity Equations '

With knowledge of the dispersion coefficients (E,) for the two
phases, and of the mass-transfer coefficient, 1t is possible to write two
simultaneous differential equations'involving diépersion, follewing i

Miyauchi:21

2 a2 _
d gx/dz - PXBdCX/dZ -»NOXPXB(CX -'mCy) =0, (1)
a“c_/az” + P.Bd¢_/azZ + N_P B(C_ -mC ) =0 2
Oyl e 72Cy/ oy P Cx | y =0 (2)
with the boundary conditions
at 2 = 0, dcx/dz = PXB(l-CXO) (3)
and dCy/dZ.ﬁ 0 (W)
at 2 =1, dC /dZ =0 ()
. - .
a4 4ac /az =P B(Cc ., -C 6
and y/ B a =S ) | (6)




o

where

P, = Péclet number of the i phase (also denoted by N ),

PB =U, hﬁ}(dﬁodammdbyNL

B = h/dp, where h is the column height and @p is the partlcle
diameter,

Ui = Interstitial velocity of 1 phase,

Z = dimensionless length variable, ranging from zero at the x-feed
end to unity 8t the feed end of the column,

Ci = dimensionless concentration in the i phase measured at é.point
Z; the number accompanying C, if a subscript, is the Z value
inside the column; if a superscript (O or 1), the Z value in the
feed or product stream outside the column,

m = dlope of equilibrium curve, .

oi = true over=all number of transfer units for the i phase,
oy ANox’

A = m(Uo)x = extraction factor,

Uo ¥
(Uo)i = superficial velocity.

Equations (1) and (2) are differential equations of the second
order, with constant coefficients. Their solution, obtained by differ-
entiation and subsequent integration of a single fourth~order equation,
gives the concentration at any point inside the column. Figure 1 shows
the concentration prqfile in a typical extractor for piston flow (broken
lines) and for Egs. (1) and (2) (solid lines). The decreased driving
force when backmixing occurs is shown graphically by the arrows. Miyauchi,
McMullen, and Vermeulenzo have provided graphical and tabular resultis
corresponding to the solutions of Eqs. (1) and (2).

These workers have defined an apparent NTU, as given from
Underwoodhs ﬁesuit??, which is designated by a subscript P to indicate
that it stems from a "piston-flow" model:

1 1-A(1-X)
Nowp = Tf 0 % ’

(7)
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where

X=(C. - mc;>/<1 - mc-;» (8)

x1.
The true NTU can be related to the apparent NTU by a difference

in reciprocals:

1 1 -1

. = =, (9)
NoxP Nox NoxD
Here NoxD is related to PxB and PyB by an approximate empirical equation
1 A 1
) = F + j) (lO)
NoxD nn/{A=1) fXPXB fyPyB

27

where fX and f are weighting factors which are functions of Nox and A.
At A = 1, the term (4nA)/(A=1) reduces to unity, and fx=fy=1.,

By use of these relations, it should be possible to carry out
any of the following calculations:

l. From an experimental C and experimental PgB and PyB, to

x1
determine N .
ox

2., From an experimental Cxl’ and a correlational Nox’ to

determine an experimental NoxD (by trial and error with Nox)u

3. From experimental or correlational PxB’ PyB,vand Nox values,

to predict the Cxl value for a column to be designed.

Statement of the Problem

The purpose of this report is to give experimental data and
preliminary correlations of.PiB values for continuous, dispersed wetting,
and dispersed nonwetting phases, in two-phase countercurrent flow through

representative packings.
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THEORETICAL ANALYSIS

Use of Breakthrough Curves

| ‘The column Peclet number values (PiB) can be determined inde-
pendently;bf;any extraction operation, by tracer techniques for unsteady-
stéte flow. .Such.methods involve the injection of a tracer into one
phase, the tracer being insoluble in the other phase. The injection may
have the mathematical form of a step function, a pulse function, or a
sine-wave input; in this particular experimental program, a step function
has been used. The,resulting.breakthrough curve is related to the dis=
persion coefficient E, and the derivation of equations for determining
E from such a curve is outlined below. |

Threevaltérnate models are available for deriving the theoreti-
cal shape of the breakthrough curves: the diffusion model, unidirectional
random walk, and multiple=stage perféct mixing. In the limiting case of
a long bed, all models give essentially the sa.me.solution° For measure=
ments on beds of different lengths under identical flow conditions, it is
believed that the random-walk model gives more nearly identical values
of Péclet number for short and long beds than either of the other models.
Thus, even though the Péclet number is to be used in a diffusion=-model
equation for relatively long beds, it should be measured according to the

random-walk model if the measurement is made in a short bed.

Diffusion Model

It is instructive to ﬁtilize the continuity equation for un-
steady-=state diffusion, even though the mechanism of dispersion does not
coincide with that of eddy mixing in open-pipe flow. When this equation

is written in terms of the dimensionless variable already defined, we

have
d%, , , X,
___7§L_ SPB— - (PB)° — =0, (11)
oz A * oT



-1l
In order to use this solution it must be assumed that diffusion is con=-
tinuous through the end of the actual column. Thus the equation can be
solved for Z <<1, with NZ equal to the effective N value for the column
length that is actually involved., Because of the unidirectional nature
of the dispersion process, and becauée the same mathematical breakthrough
curve 1s obtained with different N and Z values for the same value of
NZ, Eq. (11) is believed to . Provide. an accurate short-bed solution of
the diffusion model. Since the equation has not been solved for a column
in which breakthrough has penetrated to Z=1.--thﬁtis;iﬂ$waci/ar £0 ca-
use .will be made of the boundary conditions for which a solution is already
available:

2 /e, (12)

1l
I

0; Ci_n 1

1; BCi/BI

It
i

7 0 and C, = 0. (13)

Miyauchi21 has obtained the solution

£S NZ T 2, 10T,
c, = }: exp [E- 41 X (1 + - Yol % (1%)

n=0

Nun[N sin unZ + 2u  cos an]

(/)% + 1+ WE1LW/2) % + uZ)

where N = PiB

-1 ‘
and o= cot (pn/N - N/lmn)°

Random-Walk Model

In flow through packéd beds, individual elements of fluid do
not all have the same velocity. If several elements enter the bed at the
same time, their times of arrival at a plane downstream show a probability
distribution. This veloclty distribution results from laminar flow, from
local eddying, and in some cases also from larger-scale channeling.

The unidirectional random-walk approach was first developed by

>

Einstein” for the transport of sediment. Ja.cq_uesll has extended this
treatment to the case of fluid dispersion. This approach is believed to

apply equally well to each liquid phase in a two-phase flow system.
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The fluid phase involved, as a whole, may be considered to
travel with éharacteristic.velocity 1, but - in a series of discrete jumps
corresponding to a mean free path L. If the total bed length is h, and
£he time that a particular portion of fluid has been in the bed is T,
then we can define a number of mixing lengths, N = h/L (corresponding to
a column Peclet number), and a dimensionless time. scale, T = uT/L, When
a material balance is.épﬁlied to the final.result, it develops that ' -:
7= (Ut/L)*(N + 1)/N, and hence that the characteristic velocity is
related to.the average linear velocity by the equation u = U-(N +_l)/1\Io
v The eddyedispéréion coefficient E does not enter directly into
the derivation, but its calculation is necessary in order to. compare the
results of the random-walk method with those of the diffusion theory.
Thus, . the eddy=dispersion coefficient»cdn be defined as E = U+L, and it
fo;lows that N = hU/E. The particle Peclet number, NPe’ is obtained
upon multiplying N by the ratio dp/h:'
ﬁf’ ; deg ; d.p U . (15)
Pe h E
The analysis is based upon the probability of finding any one packet of

fluid at N mixing lengths and T time units after it has taken n jumps in

its random walk. The probability is

oo
fam! n n

:pT(N) =Z [exp (=N-T)] 1121 Ifll i (16)
n=0

This can be converted to a continuous function in normalized form,
po(W)ar =[exp (-N-T)T (&NT)aT. Coan

If a step-function concertration input is introduced at T=0

and N=0, such. that y0)e0 for T<0 and Yoy = B, fOr T >0,
e ' o
=% - | ew () 1 (efmyens, | (18)

%o

with x increasing from zero toward unity as T increases toward infinity.

It may be noted that x=1-J(T,N), using a function J derived to describe
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heat and mass transfer in fixed beds,26 A useful simplification for

Eq.(1) as developed by Klinkenberg,lsvis
1 ¢y 1 1
x =2 [1+erf WL -V - g=- z32) 1. (19)
The behaviar.of:x.as & function of T, at constant N, is shown
in Fig. 2. The shape of the exponential breakthrough curve determines

the applicable value of N, or column Péclet number, for the fluid phase

involved.

Determination of N from Experimental Midpoint Slope

If Eq.(18)is differentiated with respect to T/N, at constant
N we get

s = ox/3(T/N) = N(dx/ar), (20)

which can be written
NI_(@&nT),
o = o .
exp(NNAT) Zesxp( 2/NT)

where s is the dimensionless slope.

(a1)

If the slope Li“ is to be evaluated at the midpoint of the
curve, Eq,(18)or(191nust be solved to determine the T value at which
x=0.5, This can be done most easily by calculating x at T=N, and using
the average slope to find the increment 6f T that will bring x to a
value of 0.5; the necessary steps are shown in Table I. It is seen that

the increment is almost exactly constant, yielding the relation
(T)x=o'5 =N + 0,50, - (22)

which can be used in subsequent calculations.

Table I. Calculation of T at x=0.5

Slope _
N [50=lOOx(T=N)]% at x=0.5 at T=N Average T »; (7)o
N
2 9.88 0.379 0.413 0.396 0.249 2.498
5 6.27 0.625 0.638 0.631 0.094k, 5.497
10 b, 45 0.892 0.899  0.896 0.0497  10.497

20 3.16 1.260 1.263 1.262 0.02%0 20.50L
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Fig. 2.. Random walk breakthrough concentratlon.




The slope at this T can be calculated as the product of an
asymptotic form and a quadratic correction term which is evaluated from
the infinite-series expressions for the various terms in Eq. (21). For

13

the Io function, Jahnke and Eﬁde
I (aNr) = (R— R + eed). (23)
© Zn(NT)l; i 16y 2 s12(xr)

have given the series

L4
From well=known algebraic expansions, it can be shown also

i:exp(«]—-»'\/—f[‘_)z]nl =1 +l61]\i' + EIZNZ + cee » (2)‘")

€0 A U S TP (25)

Substitution of these factors into Eq. (21) gives

/o,
W 1 1

s= MW . o Lo o). | (26)
A 8N 8N e

However, in measuring the slope, one does not know the time
' -

corresponding to T=N. Therefore it is convenient to measure a slope 's
with reference to a time scale of T/?OTS (with 7 = time):

T
ax/a(+/Ty5) = {(x0.50) g, (27)

S!

1

N

or

sl

(1 +_E%) s = éﬁ?%;_ (1 + —gﬁ + i%ﬁz + .0.). (28)
1o ‘ :

In using this equation to solve for N, it would be possible to
plot N against s'. However, the accuracy in deteimining N can be improved
by plotting the series-expansion term,_br its square. A function :67 will
be defined such that | )

hn(s) %, (29)

It

N

with
(30)

°
~—r

' 1
B = (1 + '%ﬁ + 7752 + ..
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Figure 3 is a plot of (P-l). against lht(s“)z,' which can be used in connec=
tion with Eq. (29). By use of the foregoing relations, a still simpler
calculation method is found. We can write '
1+n(s')’2 - A

lm(s”)z - 0.80. (31)

N

2

At N=x, A=0.895; at —*-;5{ £=0.805; and in the upper limit, A=0.750. A
value of A=0.80 will gi\;e an error of -»O.,l% at N=5, and a maxinum error
of 0.2b for N>5.
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Fig. 3. Mildpoint slope correction factor.
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APPARATUS AND PROCEDURE

Apparatus

"Columns

Six different columns were used for the investigation, three
with ordered packings and octagonal or hexagonal cross sections, and
three with random packings and circular or octagonal cross sections. .The
column dimensions are:given in Table II and,described in moré detail by

Jacques and Vermeﬁlehalz

Column Heads

Expanded end sections, identical in COnstruction, were connected
above and below the particular packed section in use. As the columns were
designed to operate in upward as well as in doﬁﬁwardxflow, the same acces-
sories were adapted for both'upper and lower end Sécﬁions: two windows -
for visual observation and introduction of a photoelectric probe, a
6-inch-diameter inlet nozzle with interchangeable orifice_plateﬁidesigned
to give a veloclty profile as flat as pdssiblé?_twosngEtrically pléced

outlets, and a liquid=level control probe.

Conductivity Cells

Conductivity was used to determine the‘bteékﬁhroﬁgh curve for
the aqueous phase;. Conducfivity cells were inserted in the packing, and
also in the columnhhead Just below the interfacial level. These cells
wWere of a special design to avbid disturbing the packing arrangement, and
were constructed of two spherical sectors of 3/h¢inch.Bakelite balls '
connected by a pair of rhodium-plated pins. These cells were distributed
among the sampling planes at O, 3, 6, 12, 18, and 24 inches (nominal)

for measurements on the continuous phase.

Photoelectric Probe

For use with a nonconducting discontinuous phase (kerosene), a

photoelectric probe was also installed at the top of the column. A dye
solution in kerosene (DuPont Oil Blue A) was introduced through the in=
Jection device, and the breakthrough curve was obtained and analyzed with

a procedure similar to that used for conductivity measurements = The probe



Table II1

Dimensions and packings of experimental columns

Distance Height for Height for Cross- _
Column Effective bétween : Poro- Spher- continuous dispersed sectional
number Packing diameter  Arrangement layers: sity icity phase runs phase runs area
- (in.) (in.) (%) (in.2)
1 . Spheres 0.75 Rhombohedral - 0.53 26.0 1.0 23.6 2h. k4 30.3
2 -Spheres 0.75 Orthorhombic-1 0.65 39.5 1.0 23.0 24,1 30.3
5 Spheres 0.75 Random 0.705 L40.0 1.0 24.0 24.0 30.7
6 Spheres 0.75 -Orthorhombic -2 0.75  39.5 1.0 24.0 25.2 30.6
10 Rings 0.50 Randcm 0.50 60.0 0.54 24k.0 2Lk.0 30.9
11 Spheres 0.38 Random 0.35 4.0 0.95 24.0 2h.0 30.7

_6'[-
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used was a modification of the apparatus developed by Langlois, Gullberg;
19

and Vermeulen in their determinations of interfacial areas. A photos
graph of the probe used is shown in Fig. (4). The upper (shorf) section
holds the penlight bulb while the lower (long) section holds.ﬁhe RCA 1P41
(gas~-filled) phototube. The gap between these two units could be varied
as needed. Wiring diagrams for the lamp circuit and the PhotOCell circuit
are'given'byiJacques,l;

Injection Tubes

The injection device was installed at the O=inch nominal level,
about 2 inches into the c01umh¢ It consisted of several injection tubes
connected td'a manifold, the arrangement and number of tubes being de=
pendent on the packing (seven tubes for hexagonal and random arrangements,
and nine tubes forkthé'octagbnal columns). Each injéction tube was made
of annealed 302. stainleés stéél tubing (0.0625 inéh 0.d., O. 031 inch i.d.),

and ran inside the packlng through drllled aluminum’ balls,'ln order to

minimize the dlsturbance of the arrangement.

Liquid-Level Control

The interface could be msintained at the top or bottom of the
packing, depending on whether the water phase was continuous or dispersed.
Two Teinn-cqvered nickel~rod probes were\moﬁnted‘in each head section for
this purpose.  These probes wére slightly staggered in level to provide a
neutral zone. Originally fhey were éonnected to a solenoid valve on the
outlet wéter line, which was byapassed byfa manually adjustable gate valve.
Later a single=speed floating control was adapted, with all,?robes connected
to a motorigzed-valve éontroller, and the column grounded to complete the
circuit. With this system a probe Woﬁld conduct when immersed in the water
phase., Thé outlet watér valve opened when both probes conducted and closed

when neither did.

Piping Arrangement

The organic phase (kerosene or mineral oil) and tracer solution
were piped from storagé tanks with centrifugal pumps. Water was supplied
from a constant-head tank; about 25 feet above the column, under gravity

flow. The incoming flows were manifolded and valved, so as to meter each



.

' ZN-1815

Fig. 4. Interfacial area probe.
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of them through the appropriate unit in a bank of six rotameters. The
organic phase was returned to the supply tanks through an overhead line,

‘and the water was dumped to the sewer.

Instrumentation

Changes in output concentration with time were measured by feed-
ing a 1000=-cycle constant current to the conductivity cell. The resistiv-
ity of the cell was measured by amplifying and rectifying the output signal,
so as to monltor it continuously on a Leeds and Northrup Speedometer recorder

The cell constants were determined by'comparlng the resistances
measﬁfed'in KCl‘or KNO.. solutions of known concentration. The recorder

3

readings were calibrated absolutely by use of.a Helipot variable resistor.
Procedure

Start-Up ‘ v
At the beginning of a run, the continuous phase was allowed to

i1l the column, and the dispersed phase was then introduced. Experimental
measurements were made only at times when the interface was held within
the neutral zone, following close adjustment of the outlet flow rates.
This was essential for both continuous-phase ana dispersed-phase measure=
ments. First, if the outlet valVe.cldses”bécause of a level change, the
continuouséphase flow rate_in the column chdnges, affecting the dispersion
‘rates in both phases. Sééond, for measurements of diécontinuousophase
dispersibn.coefficients (which were made iﬁ a quiescent layer Jjust below
the coalesced interface), abrupt valve movement causes an irregular rate
of flow at the point of measurement. Third, for a cell located close to
the interface; the cell constant is strongly affected by the exact posi-

tion of thé interface.

Conductivity Measurements

When steady=state flows were reached, a small continuous in-
Jection of 1.0 EN&NO3
by a pip on the strip-chart recorder. When the breakthrough curve leveled

solution was quickly begun. This time was noted

off to a steady=state value, injection was stopped. In some cases, a

second strip=chart record was taken to measure the purging of the tracer
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solution. The cell readings within the column fluctuated, owing to inter=
ference of drfplets of the discontinuous phase in the conductance path.
Also, the average cell-constant readings were higher than those for single-
phase flow. For this reason in the continuous-phase runs (a1l using water
as that phase) calibrations with tap water were made before and after
each run, using the coqdﬁctivity of the laboratory water supply, and main=:
taining the flow rates for both phases at constant values during both cali-
brations. _ |

Resistance readings at uniform time intervals were read from the
strip chart and were translated to conductivity values by use of the known
cell constants. A relationship between cqncentration and conductivity of
NalNO., solutions, as given by Jacques;;l was used to convert the data to a

plot of (cmci)/(co - ci) versus T/ , vhere c, is the apparent NaNO

T.
05 3
concentration corresponding to the conductivity of tap water The slope
of this curve was then taken at 1/5}35;, and was used to calcﬁlate the
column Péclet number by use of qu;(3l)

Photoelecti#he. Measurements

The same steps as gbove were taken to set the liquid level
and to establish steady-state flow in the column. A water-insoluble blue
dye (dissoived in kerosene)!was injected as a tracer. Measurements were
also made by using uncolored kerosene, and taking fhe breakthrough curve
for arrival of the discontinuous phase at the top of the columng good
agreement was obtained between the two kinds of measuyxement, because there
was almost no permanent holdup. . '

Either the color or the concentration of dispersed particles
issuing from the packed section was foliowed with the photoelectric probe
and millivolt recorder. The cbncentrationmtime_curves were calculated
from the voltage curves on the following basis. According to Langlois
et. al.,vtheﬁextinction ratio Ii/I (whefe Ii is the initial intensity

and I is the transmitted intensity) can be expressed as
I/T=wh +1 ' _ (32)
where A is the interfacial area of the discontinuous phase, and w is a

function of the ratio of the pefractive indices of thei. phases., This
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can be translated in terms of voltage readings from the recorder,
v/v, =bh+1 (33)

where v and vi are the vbltage readings for the actual measurement and

for the initial time, respectively. Finally, a plot of

3

v vV = V., A b A;
£ L= S
Y wvf - Vi" ‘ Af - Ai

(where the subscript f indicates the final conditions at the end of the

(34)

run)’ gives the breakthrough curve corresponding to the_discqntinuous
phase. o _ - v '

For the transition from colorless to colored drops, extinction
is due both to scatterihg and to -molecular absorption of 1ight, -Since no
theory is available for.combining these two'éffects, and since very few
runs'ofvthis type were made, thé same calculafion as abbve was also applied
here., - '

Holdup

The holdhp of dilspersed agueous phasebwas determined by allow-
ing it to settle out of the column, then collecting it and measuring its
volume. The column was first brought to a steady-flow condition, as be-
fore. With the interface at a known level, inlet and outlet flows were
stopped. When the discontinuocus=phase droplets had settled oup of the
packing, a secondary outlet was opened to a 5=inch i.d. decanter, and ﬁhe
collected aqueous phase was drained off to it until the level dropped
back to its original position. The volume of liquid in the decanter
represerited the operational holdup. The column was then drained and
flushed, all of the oﬁtlet going through the decanter, The final amount
of collected liquid represented the total holdup, which was calculated as
a percentage of the column void space. ‘

Additional holdup data were calculated from the filling time
for either the continuous or the discontinuous phase., This time could be
obtained from the breakthrough plot, and corresponds to dimensionless time
T=N+1. The holdup volume of the phase is given by the product of volum=-
etric flow rate and filling time. Thus.the foregoing procedures also

provide a method of measuring the holdup.
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Temperature for the Measurements

All runs were made at an smbient temperature of 68 * 2°F,
At this temperature, the kerosene used had a viscosity of 2.46 cp and a
_ density of 0.820 g/ml., and the mineral oil had a viscosity of 22.0 cp
and a”density of 0.860 g/ml° | B -
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'RESULTS AND DISCUSSION

Continuous .Phase

Results

Measurements of lengitudinal dispersion in the continuous phase,
using the methods just deécribed are shown in Tables .3V andffaz in the
Appendix, and. summarized-in,. Table III... Related data taken by.Jacques are.
given. in the Appendrx, Tables I -1 to II - h 11 These tables report
both the packlng Peclet number (N ) 1tself and 1ts ratlo to the single-
phase Peclet number encountered for lamlnar flow (1 e,, at comparable
'Reynolds numbers) in the sa.mer'pz‘a.lcklng° The s1ngle-phase Peclet number -in
each case is the- experlmental value measured for elngle-phase flow, given

in Fdg. 5.

Table III,;.Summary of fiesults —»éontinuous Phase

Fc | Fd '. (NPe)c
vr§§17min$ (NPe)c (NPe)o <NPeso

A, Continuons Phase
1. Kerosene in water, 0:85: -0.100 0.271 0.300 0.903
0.50-inch Reschig rings 0.351, 0.10¢"  0.137 0.300 0.h57
6.156 0.100, 0.063 0.300 0.210

0.578 0.100  0.20% 0.300 0.680

2. Kerosene in water, 0.10 0.105 0.092 0.384 0.240
0.375-inch spheres 0.05 0.100 0.040 0.38% 0.104

0.10 0.056 OJU(‘OJ&-_&ZW

B. Single Phase .

1. Water, 0.375=inch 0.30 0.0 0.384 1.0
spheres '
2. Water, 0.50=inch 0.30 0.0 0.30 1.0

Raschig rings
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Péclet-number ratios for the continuous phase were found to be
functions of the superficial velocity of the continuous phase, and also
superficial velocity of the dispersed phase. One would expect Peclet
numbers to be functioﬁs of the types of channels encountered by the flow=
ing fluid. "Tortuosity" factors, empiricai with the type of packing
material, have been used by various workers to show the effect of the pack-

8,22 Some measurable variables that affect the

ing on the fluid flow.
_channel shapes are the size, sphericity, and porosity of the packing
material. The present data have been correlated in terms of these vari-= -
ables, rather than tortuosity as such.

The resulting Péqletanumber ratios for 0.75=inch stoneware

spheres, taken by Jacqpes,ll are shown in Figs. 6 and 7. Although (NPe)o

depends upon porosity, €, the ratio (NPe)c/(NPe)o does not; this is shown
by nearly identical values of the Péclet ratio for 0,.75=inch spheres, as
functions of (Uo)d/(UO)i, for both € = 0.26 and € = 0.40. An asymptote
of 1.0 for the Peclet ratio indicates continuity between single- and two-
phase flow, since (NPe)c —a(NPe)o as (UO)d -0,

When particle diameter (dp) and sphericity (V) are varied, as in
the runs with 0.50-inch Raschig rings and 0.375=inch stoneware spheres,
it develops that the group dﬁ(Uo)a/W(Uo)i can be used as a dimensional
correlating factor. The particle sphericity is defined as the ratio
AS/AP, where AS is the surface area of a sphere having the same particle
volume, and A is the surface area of the particle. The continuous-phase
ratio, (NPe)c/(NPe)o’ is plotted against the correlating group mentioned
above, in Fig. 8. The black (filled=in) points are for the kerosene-in=
water system. Those for 0.50-inch Raschig rings and for 0.375-=inch stone=
ware spheres have been obtained by Cotter, and establish the probable
relative éontributions of particle diameter and sphericity.

These results are compared with values calculated in this labe
oratory from breakthrough data given by‘Gomide;9 the latter are shown as
white (open) points, and were determined for the toluene-in-water system
with 0.50-inch carbon Raschig rings and 0.375=inch stoneware.rings and "7
saddles. The gualitative agreement obtained is believed to be within the

accuracey of Gomide'’s single-run determinations, and this suggests that
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physical variables such as density differences and interfacial tension
may have either negligible or compensating effects.
Discussion
| In all cases the (NPe)c values are less than,(NPe)o’ where
(NPe)o is independent of velocity. Since holdup of the dispersed phase
reduces the pore space accessible to the continuous phase, it seems
possible‘that hbldup could be an important factor iﬁ determining the
(NPe)c behavior. Howevgr, (NPe)c is observed to increase with increasing
(Uo)c and to decrease with increasing (Uo)d\(Of Pig. 6), whereas increas-
ing either velocity would increase the holdup (cf. Table L-8)jivand,ad,
through a porosity effect, increase (NPe)cQ
An alternate mechanism for producing "back-mixing' in the con=-
tinuous phase, compatible with the actual velocity effects, would be an
entrainment (or intermittent backward flow) of the continuous phase caused
by the motion of thé dispersed=phase droplets. If this mechanism is correct,
back=mixing should be greatest in the absence of internal circulation in
the dispersed phase, in the presence of an intact outer surface for the
droplets. 'Entrainment is clearly a factor that would increase (with re-
duction in'(NPe)c) as (Uo)d is increased. The fact that an increase in
~(NPe)c accompanies an increase in (UO)c could correspond to a dilution of
the entraimment, which would counteract its effect. This is the preferred

model .

Dispersed Phase

Results

The results of dispersed-phase measurements are shown in Tables .
-3, I-4j, and I-577 in the Appendix. A summary of these results is given
in Table IV. Jacguesls data are in his Tables II - 5 and II ~ 6gl; A
Pecletenugber ratio is agalﬁlrgported, this time as (NPega/(NPe)oo

Data from Jacgues for kerosene in water, using 0.75-inch stone-
vare spheres, are shown in Fig. 9. In this case the dispersed phase does
not wet the packing. These data -are included with a more extensive col-
lection in Fig. 10, where (NPe)df(NPe)o is plotted against (Uo)c° The
black (filled-in) points give experimental results obtained in this
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Table IV.

Summary of results - dispersed phase

. Fc Fd (NPe)d (uPe) (NPe)d
{.(g#l/min) Npe/o
Water in kerosene, 0.034% 0.086 0.095 0.300 0.317
g£2§;1HCh Raschig 417 0.086 0.09% 0.300 0.313
0.364 0.086 0.0T%+ 0.300 0.247
0.034% 0.525 0.078 0.300. 0.260
A 0.364 0.31 0.07 0.300 . 0.233
0.11 0.31 0.089 0.300 0.297
0.74 0.525 0.086 0.300 0.287
0.7k 0.31 0.086 0.300 0.287
O.7h4 0.086 0.086 0.300 0.287
0 0.085 0.078 0.300 0.260
0 0.31 0.086 0.300 0.287
. Water in mineral 0.083 0.103 0.300 0.343
" o0il, 0.50-inch ' .
Raséhig rings _ 0.21 0.109 0,300 0.363
0.15 0.083 0.120 0.300 0.400
Water in kerosene, 1.23 0.12 0.148 0.499 0.297
0.75=-inch spheres .
orthorhomblonl ’ 1.23 0.32 0.10 0.499 - 0.200
2.45 0.12 0.118 0.4%99 0.236
2.45 0.32 0.046 0.499 0.092
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laboratory. Runs for water in kerosene, using 0.75=inch stoneware spheres
and 0,.50-inch stoneware Raschig rings, and for water in mineral oil, using
0.50-inch rings, were made by Cotter.

For comparison, Péclet ratios calculated from Gomide's results9
are included as vhite (open) points; his data are for water in toluene,
using 0.50=inch carbon Raschlg rings and O. 375~1nch stonewvare Raschig rings,
saddles, and spheres. A »

It may be seen from Fig. 10 that increasing (UO)d has opposite
effects on (NPe)d/(NPe)o’ depending on whether the dispersion phase is a
vetting or a nonwetting fluid with respect to the packing. It appears
difficult to encompass the two w1dely differing types of observed behavior
in a single general correlatlon,_ _

' In Fig. 11 the (N ) /(N ) data of Jacques, for kerosene disw
persed in water, are correlatedvas a functlon of the quotient (U ) /(U )
Also shown are white (open) points from Gom1de,9 for water dispersed in
toluene with O;50=inch carbon Raschig rings.

?igﬁre 12 shows (NPe)d/(NPé)o data of Cotter, with water dis-
persed in stoneware packings, plotted as a function of the product
(UO)c (Uo)do Data of Gomide, for wetting dispersed phase, are again in-

dicated as white points.
Discussion

For a dispersed phage which preferentially wets the packing
(water in kerosene), (N ) decreases with increasing (UO)C and (UO)d
This corresponds to an 1ncrea5ed mixing length 1, with a number of possible
explanations. Since permanent holdup appears to increase with increasing
(UO)C, and is perhaps accompanied by a decrease in the operating holdup,
the effect of increasing (UO)c may be to give a greater spread in velocity
distribution in the dispersed phase.

An alternate explanation, leading to the.same conclusion, is as
follows: as (Uo)c increases, a wetting dispersed phase may tend to channel
down the packing to a greater extent, thus traveling a greater average
distance before recombination of streams,; giving a longer effective mixing
length.

With a nonwetting dispersed phase, (N also decreases with

Pe)d
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increasing (Uo)c. The argument for a more pronounced velocity distribu-
tion may still be valid. The effect of increasing (UO)d is to increase
(NPe)d°
reduce the velocity distribution (which is possible), and this increase.

This explanation would require that increasing (Uo)d should

gives a larger (NPe)d“ The mechanism might be that a higher (UO)d in-
creases the probability of collisions between droplets and thus decreases

the mixing length.
Holdup

Direct experimental measurements of -holdup (Xd) in the dispersed
phase are given in Tables I-7 and I-8. They show that the holdup in-
creases with both increasing continuous-phase and increasing‘dispersed-
phase velocity. Furthermore, measurements with water dispersed in mineral
oil suggest that permanent holdup is not a constant; but increases with
increasing continuous=phase velocity. Measurements of indirect operational
holdup, calculated from breakthrough curves for the continuous phase, are
shown in Tables I-9 and I-=10. Dispersed-phase total-holdup values are

obtained by difference.
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APPLICATION TO PACKED-COLUMN EXTRACTION

The experimental Peclet-number values obtained should be of
direct use, in conjunction with experimental extraction data from an
operating coiumn, to determine the true mass-transfer rates in sudh a
column. To‘illustraterthe calculation, and also to determine the typical
magnitude of the correction from apparent to actuel rates, data from
Colburn and‘Welshu have been selected, in which the transfer resistances
lie almost entlrely in a single phasev

~ The method outllned.prev1ously (Eqs° (7) .(10)) does not give
prec1se results. when applied to this llmltlng case. However, since no
appre01able change in concentratlon (or act1v1ty) occurs in the "inactive"
phase == which does not offer a transfer reS1stance (to water or to iso-
butanol) == g, separate algebraic result by M;Lya.uchl21 can be applied.
Complete m1x1ng of the 1nact1ve phase can be assumed 1nd1cated by PyB 0.

The appllcable relatlon is then

B (e 2 e My e Ly oM
N - gn OoX 1 - 2 ,
oxP PB (1 + 4r)1/2
where
N o= (p B/2) 1+ (1 + LLr)l/2
Ny = (BB/2)[1 - (14 )2,
r=N /PB.
oxX' X

A plot of this relation is given in Fig. 13.

Smoothed values for the appafent HTU were taken from Colburn
and Welsh's work, at superficial velocity values (GX) of 1000 lb/hr“ft2
for the "active" phase. The steps involved in estimating the actual HTU
values are given in Tahle V, and the resulting values are compared with '
the apparent HTU in Figs. 14 and 15 for the continuous and dispersed
phases respectively. In this particular system, the ratio HxP is seen to
vary from 1.1 to 1.8 for the continuous phase, and from 1.6 td 1.85 for

the dispersed phase.
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Table V.

Longitudinal Dispersion fﬁ-Single-Phase Extraction Data

Water-Isobutanol Data of Colburn and Welshh

H

(Gxééiooégib/hroftz; Column height, 1.75 ft)

XP

¥

N P_/P P_B N
X o X

/N

H
X

250 .
500.
750

1000

500

750 -
1000

500
1000
1500

250

750
1250

}['SQEQQ., 
©1.500 -
1 0.870.

0.640

3.500
2.600

2,000

0.930
0.850
0.750

Q.6OO
0.580
0.520

-, CONITNUOUS PEASE: WATER <
0500  0U80 - 6000  0.5k0
_1.17¢ | 76L33qAﬁ‘f4,15b_:’,1;45of;i
2,010 0.280 © 3.530  2.900
L 2.740°  0.250°  3.150 - 4.800 -

CONTINUOUS PHASE: ~ ISOBUTANOL

1 0.500  0.470° . 5.910  0.540
.0.883
v 0 dl8 54 .

0.680  0.390° 4.910  0.770

0.880.  0.3%0 . k.270'  1.030
DISPERSED PHASE: TISOBUDANOL
©1.880 0.170 2,140 3.000

2.060 0.230 ©  2.900 3.200

2.340.  0.270  3.400°  3.650

 DISPERSED PHASE: WATER

2.920  0.300  2.770  5.k00

3,020 0.280 3.530 5,400
3.360 0.270 3.400 6.230

0.9%
”0Q807“
- 0.693

0.511

0.926

0.627
0,644
0.641

6.541

0.559
0.539

,3;2h1 -
1.211
0.603

0.365

- 3.2M

2.300

- L.708

0.583

. 0547

0.481

0.325
0.324
0.280

¥ The phase under study is denoted as the X phase in each case
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CONCLUSIONS

1. The continuous=-phase axial Péclet number increases with in-

creasing continuous-phase flow rate and decreases with increasing dis-

continuous~phase flow rate. This may be caused by intermittent entrain-

ment of the continuous phase by the dispersed-phase.droplets. The Peclet
, . : 2

number ratio, (NPe)c/(NPe)o’ is a function of dp(Uo)d/(Uo)cW'

2. A nonwetting discontinuous~phase axial PEclet mumber decreases

with increasing continuous-phase flow rate and with decfeasing discontine-

uous~phase flow rate.

3. A wetting discontinuocus-phase axial Péclet number decreases
with both increasing continuous-phase flow rate and increasing discontin-

uous-phase flow rate.

4, Variation in the velocity distribution may be responsible for

dispersed-phase Peclet behavior.

r The Peclet number for a wetting discontinuous phase is usually
lower than that for the continuous phase or for a nonwetting discontinu~
ous phase, If backmixing in the discontinuous phase is the limiting

factor in extraction-column performance, the fluid that wets the packing

should generally be selected as the continuous phase.
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. Table Jol-

Continuous-phase ““Péclet numbers~ for . kerosene in water;
0.50-inch Raschig rings; (N’Pe)6 =0.300
‘ d (U)
. - Pt o’d B
v Fc Fd (Uo)c (Uo)d Run 2 (N ) (. ) /(w. ) ( )2 - br
(gal/min) (gal/min) (£t/hr) (£t/hr) No. 8§ (8') pe’c Mpolo/\Wpelg V¥ AU/,
0.85 0.10 31.8 3.74 68 - 1.000
69 1.150
70 1.000 ' -
Ave. 1.050 1.100 0.271 0.903 0.00031
£0.067 £0.116 B
0.351 0.10 13.1 3.7k 7L 0.750
' 72 0.750
73 0.800
Ave. 0.767 0.588 0.137 0.457 - 0.00180
10.022 £0.028 '
0.154 0.010 5.76 3.7k T4 0.1450
7> 0.550
76 0.665
Ave. 0.552 0.305 0.063 0.210 0.00940
+0.072 *0.066
0.578 0.10 21.6 3.7h 77 0.950
78 0.900
79  0.900
80  0.920
Ave. 0.917 0.841 0.204 0.680 0.00067
+0.0175 +0.027

_i.'.(_




Table .Tr3

Continuous-phase Béclet numbers for kerosene dispersed in water;

0.375finch spheres; (NPe)O = 0.38k4

dp(Uo)d
’Fc 'Fd (Uo)c (Uo)d Run 5 (N ,) (N \) /(N ) (U )2
(gal/min) (gal/min) (ft/br) (ft/br) No. g' (') Pe’c Pe’c! pe’a ¥V \Usle
0.1 0.105 3.73 3.9 8L 0.710
82 0.75
83 0.725
Ave. 0.728 0.530 0.092 0.240 0.00820
+0.0143 : +0.010
0.05 0.10 1.86 3.73 84  0.535
85  0.500
Ave. 0.518 0.268 0.040 0.104 0. 03900
+0.0175 +0.009
0.1 0.056 3.73 2,09 86 0.780
87 0.780
Ave. 0.780 0.608 0.107 0.277

*0.000
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Table I3

Dispersed~phase Eéclet numbers for water dispersed in kerosene;
0.50-inch:Raschig Pings; (NPG)O = 0,300

F F (W) (U)

c d . o’c o’d Run' 2 (N ) (N ) /(N )
(gal/min) (gal/min) (ft/nr) (ft/hr) No. &' (8') ‘Pe’d VPe’d VTPe’D
0.034 0.086 133 3.1 1 0.65

2 0.65 .
3  0.65
L 0,67
5 0.65
6 0.65 '
Ave. 0.653 0.425 0.095 0.317
+0.0053 +0, 0057
0.11 0.086 b1k 3.2 7 0.70
8 0.70
9 0.65
10 0.67
11 0.60
12  0.60
13 0.65
14 0.65
15  0.63
Ave., 0.650 0.hk23 0.09% 0.313
+0.029 +0.031
0.364 0.086 13.7 3.2+ 16  0.560
1%  0.530
18 0.560
19  0.550
20  0.665
21 0.650
22 0.600
Ave. 0.588 0.346. 0,074 0.247
£0.043 N £0.042
0.034 0.525 1.3 19.6 23 0.600 0.360 0.078 0.260
0.364 0.31 13.6 11.6 2k 0.550
' - 25 0.600
Ave. 0.575 0.331 0.070 0.233
+0.025 © 40,024
0.11 0.31 .1 11.6 26 0.650
~ 27 0.650
28  0.600

BAve. 0.633 0.k01 0.089 0.297
.023

i+
O
@]
[\V]
V]
I+
O
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Table I=3({cont'd.)

F F () (U) Run
c d o’c o’d 2 (N \ (l\I )/(N
(gal/min) (gai/min) (ft/hr) (ft/br) No. &' (6')° “\'pe’a \pe’al \'pd
0.7k 0.525 27.7 19.6 29  0.650
30  0.600 o
Ave, 0.625 0.391 0.086 0.287
£0.025 +0.026
0.74 0.31 27.7 11.6 32 0.650
33 0.600
Ave. 0.625 0.391 0.086 .0.287
%£0.025 +0,026
0.7k 0.086 27.7 3.2 33 0.600
34 0.625
35  0.650
36 0.630
Ave. 0.626 0.392 0.086 0.287
+0.0138 0,014
0 0.085 0 3.2 37 0.600 0.360 0.078 0.260
0.31 0 11.6 38  0.625 0.391 0.086 0.287
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Table I~}

Dispersed~-phase Eéﬁlet numbers for water dispérSed in mineral oil;

0.50-inch Raschig rings; (NPéz@ = 0.300
F F, (u)y (u)
C. d.. o’'e ( o’d Run » 2 (N ) (N ) /(N )/
(gal/min) (gal/min) (ft/hr) (ft/hr) No. & - (8') ‘Pe’d ‘"Pe’d VPe’®

0 0.083 0 3.1 39  0.733
40 0.600
1 0.670
L2 0.722
43 .0.650

Ave. 0.675 0.456 0.103 0©.343

£0.0k42 0,047
0 0.21 0 7.8 Ly  0.766
L5 0.700
46 0,700
L7 0.600

Ave. 0.692 0.479 0.109 0.363

$0.0L55 +0.052
0.15 7 0.083 5.6 3.1 48  0.667
49 0.733
50  0.767

Ave. 0,722 0.521 0.120 0.400

+0.037 +0.04k4
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Table Z=3-

Dispersed-phase Béclet numbers for water dispersed in kerosene;
0.75-inch spheres in orthorhombic-l packing; (NPe)O = 0.499

Fc Fd ) (u )c .(Uo)d Run 2 (m, ). () /(N
(gal/min) (gal/min) (£t/h¥) (ft/br) No. &' (8')° ‘'pe’a “'pe’d \Up
1.23 0.12" 47 h.6 51 0.690

: 52  0.600
53  0.665
54  0.700 _
Ave. o.%éu 0.441 0.148 0.297
£0.0318 +0.033
1.23 0.32 L7 12.2 55  0.500
56  0.600
57 0.575
58  0.585
Ave. 0.565 0.319 0.100 0.200
40,035 +0.031
2.45 0.12 93.5 4.6 59  0.570
60 0.625
61 0.625
_62  0.600
Ave. 0.60k 0.365 0.118 oO.
+0.020 +0.019
2.545 0.32 93.5 12.2 63 0.400
64 0.455
65 0.500
66 0.385
6 0.365
K?g. 0.422 0.180 0.046 ©.092
+0.045 +0.030
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Single-phase laminar flow; longitudinal dispersdon

A, 0.375-inch. spheres

v F . »UO Run 2 (N )
(gal/min) (£t/hr) No. St (s') ‘Pe’c
0.30 12 88 1.420

89 1.420

Ave 1.420 2.020 0.384

B. 0.50-inch Raschig rings
F Uo Run o (W )

(gal/min) (£t/hr) No. S! (s') Pe’o

i
0.30 12 ‘90 1.100

91 1.100

Ave, 1.100 1.210 0.300
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Table I-7..

Discontinuous-phase holdup; water dispersed in mineral oilj

0.50-inch Raschig rings

F

F Ave X_ % ‘
© d "X., % void space : d Run
(gal/min) (gal/min) "a’> "~ pac oper. perm. total No.
o 0.083 oper. .6.8 6.8 6.4.6.1 "6.53 k.35 10.88 HL-HL4
perm. L. 4 - - 4.3
o} 0.21. .oper. 9.2 9.4 6.9 8.50 5.15 13.65 H5-HT
- L4 5.9
0 0.03 oper. 3.9 3.7 L.7 .10 5.00 9.10 H8-H10
perm. 5.1 5.7 4.3 o
0.15 .0.083 oper. 4.6 L.k 4.k L4 4 k5 6,85 11.30 HI1-HLY
perm. - - 6.577.2

Table I-8....

Discontinuous~phase holdup;

7

water dispersed in kerosene; 0.75-inch spheres

F

(galimin) (gal?min) Xy b operational %2?
1.2 0.12 3.8 H15
1.2 0.32 ,700 H16
2.45 0.12 8.5 HL7
2.45 0.12 12.2 H18
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Table 1-9:

Continuous and discontinuous phase holdup
0.50-inch Raschig rings - Kerosene dispersed in water

Fe Fa "50  Run H+1 ., ¥ T5o(100) (1) X 5100-X
£t3/min  gal/min min  No. N-+0.5 c”70.276 (N+0.5) ‘d" " "¢
0.11%4 0.100 2.07 68-70 1.037 88.65 11.35
0.047 0.100 5.7 71-73  1.070 93.33 6.67
0.021 0.100 10.8 Th-76  1.138 93.25 6.75
0.075 0.100 3.1 77-80  1.048 93.50 6.50

Table I-10
Continuous and discontinuous phase holdup
0.375-inch spheres - Kerosene dispersed in water
: BFC, Fd T50 Run N+1 X % FCTSO(lOO)(N+l) X_%=100-X
Tt7/min  gal/min min No. N+0.5 "¢ 0.184 (N+0.5) ‘4 c
0.0134%  0.105  12.0 81-83 1.077 9k, 23 5.77
0.0067 0.100 22.8 84-86 1.16L4 96.75 3.25
0.013%  0.056 12.1  86-87 1.059 93.10 6.90
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Table II-1

Continuous-phase Béclet numbers with kerosene dispersed in water,
0.75-inch spheres, rhombohedral arrangement. (N e)Q = 0.661.
' (Data of G.L. JacqueSS v o

Continuous Discontinuous Column = Run

flow rate, flow rate, height No. 1 (
gal./min. gal./min. in. ' s (NPe)c (NPe)c/(NPe)Q
0.30 0.158 23.6 702-2 0.8h4
: . 702-3 0.8k
703-5 0.80
703-6 0.88
703-9 0.85 _
Ave. 0.842 0.258 0.390 £ 0.0178
0.30 0.609 23.6 702-h4 -0.67"
: 703-6 0.62
704-1  0.65
704-2 0.68
Ave. 0.655 0.146 0.221 % 0.0152
0.60 0.158 23.6 628-9 1.09
' 629-10 1.10
630-1 1.12
630-3 1.10
630-4 1.13
Ave. 1

.108 0.465 0.703 = 0.0129
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Table II-2

Continuous-phaseaBéclet numbers with kerosene dispersed in water,

0.75-inch spheres, orthorhombic-1 arrangement. (NP )© = 0.1499.
(Data of G.L. Jacques) ©
Continuous Discontinudus Column  Run
flow rate, flow rate, height  No.
gal./min. gal./min.- in. s' (NPe)c (NPe)c/(NPe)©
0.30 0.219 22.95: 601-2 0.67
. : 608-1 0.69
608-7 0.70
607-8 0.68
607-9 0.70
Ave. 0.688 0.168 0.337 £ 0.D143
0.30 0.951 22.95 529-4 0.50
530-3 0.L4T
604k-4  0.50
609-5 0.48
Ave. 0.488 0.072 0.14L % 0.0095
0.30 . 0.82 22.95 607-3 0.45
608-4 0.43
609-1 0.L46
609-2 0.42
609-4 0.L45
Ave. 0.4h2 0.054 0.108 % 0.0105
0.60 0.158 22.95 602-7 0.92
- 603-1 0.88
605-2 0.90
605-3 0.87
605-7 0.95
605-9 0.90
Ave. 0.903 0.309 0.619 % 0.0296
0.60 . 0,219 22.95 601-2 0.90
. 603-2 0.85
$03-3 0.87
coh-4  0.86
607-1 0.838
607-2 0.86
Ave. 0.87 .284  0.569 * 0.0177
0.60 . 0.426 22.95 521-1 0.72
521-2 0.69
521-3 0.67
602-4 0.70
602-5 0.73
602-10 0.7kL
Ave. 0.708 0.180 0.361 * 0.0243
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Table II-2 (cont'd.)

Continuous Discontinuous Column Run
flow rate, flow rate, height = No.
gal./min. gal./min. in. 8 (NPe)c (NPe)c/(NPe)Q
0.60 0.951 $22.95 529-1 0.62
: 602-6 0.6L4
604k-3 0.62
621-5 0.65
621-7 0.635 :
Ave. 0.633 0.139 0.279 * 0.0103
0.80 0.219 22.95 607-13 0.88
608-8 0.84
608-9 0.86
608-11 0.87
609-10 0.85
Ave, 0.860 0.278 0.557 * 0.0160
0.80 1.00 - 22.95 607-6 0.75
' ' 607-13 0.78
609-11 0.73
610-1 0.79
610-2 0.72
Ave. 0.754 0.208 0.417 * 0.0295
1.00 0.158 22.95 528-1 1.13
528-6 1.15
529-1 1.10
529-7 1.1k
Ave. 1.130 0.498 0.998 * 0.0265
1.00 0.219 22.95 523-3 1.07
: 525-1 1.05
525-2 1.06
527-5 1.03
527-6 1.05
528-2 1.02
Ave. 1.047 o0.424k 0.850 + 0.023k
1.00 0.487 22.95 520-1 0.92
521-1 0.95
521-2 0.90
521-3 0.96
523-6 0.95
524-2 0.97
526-5 0.94
526-6 0.92
s27-1 0.97
605-1 0.95
Ave. 0.939 0.336 0.673 = 0.0285
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Table II-2 (cont'd.)

Continuous = Discontinuous Column  Run ,
flow rate flow rate height  No.
gal./min. gal./min. in., 5! (NPe)c (NPe)c/(NPg ©
1.00 0.951 22.95 521-5 0.84
522-5 0.80
523-7 0.86
524-3 0.88
524-4 0.85
525-5 0.88
525-6 0.86
525-7 0.85
526-3 0.87
526-6 0.86
526-7 0.90
527-1 0.85
527-4 0.84
607-2 0.86
Ave. 0.857 0.275 0.551 % 0.0256
2.00 0.23 22.95  606-L 1.0k
606-7 1.12
‘ 606-8 * 1.15
&\ 606-9 1.10
) Ave. 1.103 0.474 0.950 * 0.0448
2.00 0.46 22.95 606-3 1.09
. 606-10 1.08
606-11 1.10
606-12 1.12 _ :
Ave. 1.100 O0.471  0.94L4 % 0.0215
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Table II-3

Continuous-phase }éclet numbers with kerosene dispersed in .water,
0.75-inch spheres, random arrangement. (N ) = 0.358. (Data of G.L.Jacques)

Continuous Discontinuous Column Run

flow rate flow rate height, No.
gal./min. gal./min. in. g (NPe)c (NPe)c/(NPezi
0.30 0.609 - 2k.0 622-2 0.50
' B . 626-1 0.4
626-2 0.50
626-10 0.L48
626-11 0.51 - - - '
Ave. 0.488 0.068 0.191.% 0.0185
0.30 1.21 24.0 622-5 0.h42
: ' : p2L-1 0.45
625-1 0.L3
Ave.: 0.433 0.049 0.138 £ 0.0098
0.60 0.975 24.0 625-2 0.60
625-3 0.55
626-1 0.58
626-2 0.61
626-7 0.56
Ave. 0.580 0.107 0.301 * 0.0239
Table II-4

Continuous-phase Péclet numbers with kerosene dispersed in water,
' 0. 75 ~-inch spheres, orthorhombic-2 arrangement.
(N ) = 0.476. (Data of G.L. Jacques)

Continucus Discontlnuous Column Run

flow rate flow rate height, No. B
gal./min.  gal./min. in. 5] (NPe)c (NPe)c/(NPe)CO
0.30 0.951 24.0 629-1 0.49 '

629-4 0.50

629-5 0.51

629-9 0.L45

Ave. 0.488 0.068 0.143.% 0.01L1
1.00 0.951 24.0 627-1 0.88

627-2 0.89

627-4 0.90

628-2 -0.86

628-5 .0.87 _

Ave. 0.880 0.279 0.585 % 0.0165
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Table II-5

Discontinuous-phase BPéclet numbers for kerosene dispersed in water,

0.75-inch spheres, rhombohedral arrangement. (NPe)@

(Data of G.L, Jacques)

= 0.661.

.Continuous Discontinuous Column Run
flow rate flow rate height, No.
gal./min. gal./min. in. 8’ (NPe)d (NPe)d/(NPe)b
0.0 0.25 26.88 71i7-1 1.h40

717-2  1..43

Ti7-3  1.37

718-1 1.1

718-5 1.35

Ave. 1.390 0.654 0.989 % 0.0453
0.0 0.60 25.88  718-4 1.16

718-6 1.18 |

720-3  1.20

Ave., 1.180 0.463 0.700 %= 0.0178
1.0 0.25 26.88 718-2 0.84

718-7 0.88

720-1 0.85

721-2 0.82

721-3 0.83

Ave. 0.844 0.227 0.343 % 0.0165
2.0 0.25 26.88 T721-5 0.67

722-1 0.70

722-3  0.67 '

Ave. 0.680 0.140 0.212 % 0.0102
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Table II-6

Discontinuous-phase Bclet numbers for kerosene dispersed in water

O0.75-inch spheres, random arrangement. (NP )Q = 0.356.
, (Data of G.L. Jacques) - =

Continuous Discontinuous Column Run : -
flow rate flow rate height No.
gal./min. gal./min. i & (NPe)d (NPe>d/(NPe)©
0-0 0.25 25.0 707-2 1.01

707-9 1.05

707-1Q,1.03

707-11 1.07

Ave. 1.040 0.38% 1.079 £ 0.0k429
0.0 1.21 25.0 707—1**i.05

707-8 1.07

Ave. 1,060 0.400 1.124 £ 0.0218
0.30 0.25 25.0  710-2 0.88

, 710-3  0.90

710-~7 0.84

711-5 0.92 .

Ave. 0.855 0.271 0.76L .+ 0.0661
0.30 1.21 25.0 708-1  1.00

708-2 1.02

708-5 0.98

708-7  1.03

709-9 1.05

Ave. 1.016 0.365 1.025 + 0.0436
0.60 0.25 25.0 713-2 0.72 |

713-4 0.7k

713-5 0.75 , .

Ave. 0.737 0.181 0.508 £ 0.0167
0.60 1.21 25.0 705-2**0.86

705-3  0.84

705-10 0.87

706-9 0.88

Ave 0.863 0.258 0.725 = 0.0225
1.0 0.25 25.0 705-4 0.67

706-5_0.62

706-8""0. 6

706-9 0.65

Ave. 0.645 0.133 0.376 £ 0.0170

*E__
In this and following tables, indicates runs using dyed kerosene.
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Table II-6 (cong'd.)

Continuous Discontinuous Column Run
flow rate flow rate height, No.
gal./min. gal./min. in. g (NPe)d (NPe)d/(NPe)Q
1.0 1.21 25.0 705-5**0,78

711-2  0.79

715-10 0.81

Ave, 0.793 0.213 0.598 + 0.0180
2.0 0.25 25.0 705-1,,0.46

“7i5-1 0,50

715-2 0.48

Ave. 0.480 0.063 0.177 £ 0.0129
2.0 0.46 25.0 712-1 0.61

' T12-3440.58
T15-5 0.55

Ave, 0.580 0.103 0.289 = 0.0239
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Table II-7

Summary of Jacques's results
Continuous-phase Béclet numbers for kerosene dispersed in water
O0.75-inch spheres

F F
c d
Arrangement gal/min (NPe)c (NPe)c/(NPe)b
Rhombohedral 0.30 ° 0.158 0.258 0.390
0.30 0.609 0.146 0.221
0.60 0.158 0.465 0.703
Orthorhombic-1 0.30 0.219 0.168 0.337
0.30 0.951 0.072 0.11h
0.30 1.82 0.05k4 0.108
0.60 0.158 0.309 0.619
0.60 0.219 0.28% 0.569
0.60 0.426 0.180 0.361
0.60 0.951 0.139 0.279
0.80 0.219 0.278 0.557
0.80 1.00 0.208 0.417
1.00 0.158 0.498 0.998
1.00 0.219 0.424 0.850
1.00 0.487 0.336 0.673
1.00 0.951 0.275 0.551
2.00 0.23 0. 47k 0.950
2.00 0.46 0.471 0.9kl
Random 0.30 0. 609 0.068 0.191
0.30 1.21 0.049 0.138
0.60 0.975 0.107 0.301
Orthorhombic-2 0.30 ° 0.951 - 0.068 0.143

1.00 0.951 0.279 0.585
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Table II-8

Summary of Jacqﬁés?ﬁ:%éaults,diﬁperse&;phase'?éclet numbers
Kerosene in water, 0.75-inch spheres

F F
c d :

Arrangement gal/min (NPe)d (NPe)d/(NPe)©

Rhombohedral 0.0 0.25 0.654 0.989
0.0 0.60 0.463 0,700
1.0 0.25 0.227 0.343
2.0 0.25 0.14%0 0.212

Random 0.0 0.25 0.384 1.079
0.0 1.21 0.400 1.124
0.30 0.25 0.271 0.761
0.30 1.21 0.365 1.025
0.60 0.25 0.181 0.508
0.60 1.21 0.258 0.725
1.0 0.25 0.133 0.376
1.0 1.21 0.213 0.598
2.0 0.25 0.063 0.177
2.0 0.46 0.103 0.289
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NOTATION

interfacial area

. surface area of particle

surface area of sphere with volume of particle
h/dp
dimensionless concentration

concentration

particle diameter

dispersion coefficient

flow rate _

correlation weighting factor

height of column

over-all height of transfer unit

transmitted intensity

zero-order Bessel function with imaginary argument
mixing length

slope of equilibrium curve

number of over-all transfer units

Peclet number for the column

Peclet number for the packing

probebility

midpoint slope of breakthrough curve
dimensionless time

mean interstitial velecity

characteristic velocity, in random-walk theory
superficial vélocity

voltage

dimensionless height

midpoint-slope correction factor

correction to approximate Peclet number

porosity

extraction factor,A= m(Uo)x/(Uo)y
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T time

X holdup, volume % of void space
¥ sphericity

w light~-transmission coefficient
Superscripts

0 feed end, outside column

1 solvent end, outside column

Subscripts

feed end, inside column

c continuous phase

d disperéed phase

D dispersion, longitudinal

f final

i i phase

i initial

n number of jumps, in random-walk theory
0 final value (of concentration)
o single phase (Peclet number)

P apparent

X x phase

y y phase

0]

1

solvent end, inside column

50 5.0% concentration point
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