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ABSTRACT

Mass transfer performance in cocurrent extraction has
been studied in a 5.08 cm 'I.D. Karr reciprocating plate
_column.

A model for cocurrent mass transfer in a
reciprocating pldte column, which useé some of the same
concepts that have proven useful in the development of a
countercurrent mass transfer model, -was experimentally
confirmed. The indicator colour change method, which
employs an instantaneous chemical reaction in the presence
of an indicator, was developed to determine the mass
transfer réte in cocurrent extraction and has proven very
useful in avoiding the additional mass transfer which is
always encountered in the sampling and analysis éf exit
streams. The local mass transfer rate in the column was
also investigated by this method.

The time—éveraged pressure drop for single phase
(waée;) flow was measured in the column and has been

compared with a quasi-steady model.
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CHAPTER 1

INTRODUCTION E

1.1 Liquid-Liquid Extraction

( Liquid-1liquid extraction is a separation process that
depends on the transfer of the component to be separated
from one liquid phase to a second liquid phase that is

immiscible or partially miscible with the first. Whether an

extraction process 1is carried out "in the laboratory /for
industry, it always involves/ contact of the ligu ses
with an approach toward equilibrium, and separation of the
contacted liquid phases. On the laboratory scale, this is
done by shaking the phases in a separatory funnel, leaving
them to settle, and then separating the phases. On a large
scale, extraction is nearly always carried out continuously,
using a variety of equipment designs (1).

The main controlling factors in the transfer'rate of
the solute(s) are; the area of contact, the mass transfer
coefficient and the effective driving force. In the
partially analogous case of heat transfer, these factors can
be usually evaluated without much difficulty. For example,
in a heat exchangef the contact area is merely éetermined by
the geometry of the design, and the \heat transfer

coefficient in form of Nusselt number is usually known as a

1
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function of Reynolds number and Prandtl number from
empirical correlation, while the local effective driving
force is the temperature difference which may be easily
measured or calculated. In principle, the rate of mass
transfer in any extraction device Ciﬁ,be calculated in the
same way. However, the source of the digficulty lies in the
measurement of the three different control factors which
can't be easily evaluated in the various types of equipment.
For instance, no simple general rilation is known between
the interfacial contact area and d%sign variables such as
throughput of the phases and geometry of distributer and
contactor. The contact area depends on fluid-mechanical and
interfacial processes which are 1in most cases too
complicated to be analysed from first principles. Similar
difficulties are encountered in averaging the local driving
force which determines the rate of mass transfer at a given
point of the equipment, because in most extraction devices
the circulation of the continuous phase results in flow
patterns which are neither truly countercurrent nor truly
cocurrent.

Despite these difficulties, the three -factors
controlling the rate of mass transfer, i.e. the contact
area, the average driving force and the mass transfer

coefficient, are bgst\fconsidered . separately assuming that

the variables might not be affected by each other.



1.2 Characteristics of the' Karr Reciprocating Plate

Column

A reciprocating plate extraction column having only
10% of open area was first proposed by Van Dijck in 1935
(2). In contrast, the reciprocating plate column introdu&gg»vfﬁ_\whnn
by Karr in 1959 (3) has a relatively large fractional open
pPlate area in the order of 60%. This characteristic permits
a relatively high throughput per unit area even without a
serious loss of efficiency, coupled with ease of plate
removal and cleaning. The uniform éowef dissipation over
the cross—section;h area of the column also provides
relatively uniform droplets (for example, compared with the b
rotating disc contactor) and negligible channelling effect.
Thus the H.T.U. (Height of a Transfer Unit) and flgw
capacity are nearly independent of column diameter. Since
éhis makes the scale up of Karr column straightforward (4)
and provides several advantages over other extraction
devices, Karr columns are now widely used industrially in
sizes up to 1.0 m in diameter.

The mass transfer performance and the hydrodynamic
characteristics of Karr type of reciprocating plate column
have been extensively investigated since its introduc£10m in
1959.

The studies on mass transfer performance parameters

such as H.E.T.S., H.T.U. and column efficiency have been



carried out by Karr and others (3,5,6). Hydrodynamic
characteristics such as the size of droplet, holdup, axial
dispersion, power consumption, and flooding have been
extensively studied by Baird and others (7-11,36). In order
to.simulate the overall mass transfer performance in ;he
reciprocating plate column, a design model which combines
the basic correlations and theory on the reciprocating plate
column has been developed (12). Such a model allows designs
to be carried out with confidence for systems which(have not
previously been handled.

" ~N
1.3 Mass Transfer with Instant ous Chemical Reaction

Liquid-liquid extraction accompanied by a ho%%geneous
chemical reaction in one phase has been carried out
induétrially for many decades (e.g. nitration, sulphonation,
alkylation, etc.). As the nuclear industry and other
hydrometallurgical extraction processes have been rapidly
developed, a large new industrial class of organometallic
reactions has appeared.

In mass transfer with instantaneous reaction, the
chemical reaction occurs in an infinitesimally thin reaction
zone, near (but not at) the interface. The concentratiqns
of both reactant§ tend to be zero at’this zone and the mass
transfer rate is controlled only by the diffusion of

reactants to the zone. This effect is well understood in



connection with enhanced absorption and extraction, as
summarized by Astarita (13) énd Danckwerts (14).

Other applications of mass transfer with
instantaneous reaction can involve direct flow
visualization, for example, sodium hydroxide solution with
phenolphthalein has bgen injected into dilute hydrochloric
acid solution to study vortex rings  (15) and batch mixing
(16), and in the visual measurement of axial dispersion
coefficients (9). These flow visualization applications
have recently been reviewed by Baird (17).

The indicator colour change visualization: technigque
has been developed in this work (see Secti9n—4.3) to measure
the volumetric mass transfer coefficient for a 5.08 cm I.D.
Karr column in cocurrent extraction. A dilute solution of
acetic acid in kerosene was dispersed in the dilute agueous
soiution of sodium hydroxide in the Karr reciprocating plate
extraction column. It was assumed that the acetic acid
transfer resistance would mainly 1lie in the organic
(dispersed) phase due to the very small diétribu@ion
coefficient of acetic acid between water and kerosene (seg§
Section 4.1). The acetic acid transferred from the organic
droplets reacts instantaneously with the aqueous caustic in
the presence of an indicator (phenolphthalein) and this too
érives the controlling resistance towards the organic phase.

In the aqueous phase, free sodium hydroxide is present up to
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a certain level in the column which is indicated by the
sharp change of colour from red to white in the presence of
phenolphthalein. This boundary takes up a position in the
column depending on the'operating condifions such as flow
rates, agitation intensity, or <concentrated caustic
injection rates. The mass transfer rate was measured by
reading the neutralization boundary at various conditions.
This technique is considered to be much better than sampling
and analysis of exit streams, which tend to undergo mass

transfer during the sampling procedure.

1.4 Karr. Reciprocating Plate Extraction Column as a

Cocurrent Contactor

Multiple mixers in series for usé in mixer-settler
* extraction systems offer some advantages such as improving
mixer efficiency, and reduced settler volume (18-21). This
suggests thgvemployment of a cocurrent plug flow contactor.
Nearly all tﬁé work to date on the characteristics oftKarr
type of reciprocating plate column has involved counter-
current operation. In this work, the Karr reciprocating
column has been employed as a cocurrent contactor which
gives several benefits such as high throughput, flexibility
of operation, a close approach to isotropic turbulence, and
possibly small éettler volume. Since there is no limitation

of flow rate by flooding and agitation, very high



throughputs per wunit column area can be emplovyed.
Superficial velocities of fluid in the order of 14 cm/s have
been studied in this work. It will be shown that it ﬁs
reasonable to assume the plug flow in the column at these
velJocities. The sizes of droplets being created by
pulsat\on are relatively uniform due to the uniform
agitation over the cross-sectional afea of the column (8) so
that the formation of emulsions can be easily prevented by
controlling the intensity of agitation or flow rate., Some
earliet experimental results obtained by Karr for the low
interfacial tension systems indicated the need to optimize
the agitation intensity. Excessive agitation might regult
in prolonged settling time, and therefore, large settler
volumes (22).

Measurement of mass transfer rate has been carfied
out both by the indicator’ cofour change ‘method and the
sampling and analysis of exit streams., The data obtained by
the indicator colour change method have been compared with
the model combining a specific surface area and overall mass
transfer coefficient. X .

Some of the data of Kérr, who performed cocurrent
extractions of acetic acid in o-xylene - water (system (water
dispersed) in a 2.54 cm I1.D. Karr célumn (25), have been

compared with a model in which Levins' mass transfer

coefficient correlation was employed.

1]



v Y
The overall objective of this work is to arrive at

and confirm experimentally a model for cocurrent mass
transfer in reciprocating columns, using some of the same
methods that have proven useful in the development of a

L3

countercurrent mass transfer model (12).

«



CHAPTER 2

APPARATUS DESIGN AND EXPERIMENTS

2.1 Equipment Design and Calibration

A Karr reciprocating plate column, shown
schematically in Fig. 1, was constructed of six flanged
glass sections and two stainless steel sections at top and
bottom. The bottom stainless steel section has two 1.9 cm
I.D. nipples for the inlet of the organic phase and the
aqueous phase, and one 0.63 cm I.D. nipple for the manometer
arrangement, and a central baffle between the two phase
inlets, as sbo;n. The bottom plate of the column was
provided with a drain. There is a 4.7 cm I.D. overflow for
the outlet of flqid in the top stainless steel section, with
the top of the column open to atmosphere. .

The overall height of the column is 2.4 m. The plate
stack is 1.46 m in height and is mounted on a stainless
steel reciprocating drive shaft. Perforated stainless steel
plates having 61% open area and 13.7 mm diameter
perforations were spaced at uniform intervals on the shaft.
A diagram of the plate is illustrated at Fig. 2.

Reciprocation was prévided by an electric motor ;nd
speed controller (3/4 hp., 0-400 r.p.m., respectively) at
the top of the column which drive an adjustable crankshaft

9
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Figure 1. Karr column (schematic)




Figure 2. Diagram of plate ( actual size )
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3
assembly (0-4.5 cm stroke) connected to the agitatqr shaft.
The frequency of reciprocation has been varied up to 6.0 Hz
with a constant stroke of 4.5 em.

Three different arranéements of input lines have been
employed as shown in Figures 3 to 5.

- For the measurement of pressure drop in single bhase
flow (Fig. 3), a simple manometer set was connected to the
bottom nipple of the column. The water was supplied through
1.9 cm I.D. copper tube and 1.9 cm I.D. Tygon tube from the
public tap water line (approximately 10°C) and the flow rate
was measured by an orifice-mercury arrangement which has a
restriction in the line to reduce the bressure fluctuation
effects due to the pulsation of the plates.

For the mass'transfer measurement by the sampling and
analysis og exit streams (Fig. 4), the water was provided
through the same line as used in the préssure measurement.
A rotameter (Rl) was installed and the water flow Tate has
been controlled by the valve (W2). The organic phase was
fed from an 180 L top reservoir (Tl) through 1.3 cm I.D. PVC
pipes via a centrifugal pump (Pl). The organic flow rate
was measured by a calibrated rotameter (R2) and a gate Qalve
(W2). Some Tygon tubing connections, as shown in Fig. 4,
were made for operational purposes.

A slight modification in the water supply »ines was”

made for the indicator colour change technique. Two
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injection lines were connected to the water line as shown in
Fig. 5. 1Indicator solution was injected from a 20L overhead
bottle (Bl) through 0.64 cm I.D. Tygon tuging and the flow
rate was controlled by a needle valve (Il). Concentrated
caustic solution in a 20L bottle (B2) was pumped by a
centrifugal pump (P2) through 1.3 cm I:D. stainless tubing
via a surge tank which reduces the effect of pulsation of
plate on the caustic flow rate. A calibrated rotameter (R3)
and a stainless steel needle valve (Cl) were installed for
the measurement of caustic flow.

Bubblers were provided in the kerosene storage tank
(Tl) and the caustic storage bottle (B2) in order to remove
the effect of liquid level in the vessels upon flow rates.

The rotameters were carefully <¢alibrated and the
accuracy in the flow measurement was approximately + 2%.
The frequency of plate reciprocation was calibrated both by
a stroboscope and by counting the movements of the shaft at
the intervals of two minutes. The calibration curves for
the rotameters, the mercury manometer, and the frequency are

given in Figures 6 to 10.

2.2 Preparation and Analysis of Materials

In view of the size of the column and the high flow
'

rates, it was not practicable to take special precautions on

the purity of the 1liquids, therefore tap water and
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commercial kerosene (see properties in Table 1, Appendix C)
were used throughout. Kerosene and water were mixed through
the column under high agitation so that the Kkerosene was
presaturated with water before use. Low concentration of
acetic acid in kerosene (approximately 1-2%) was made up by
adding glacial acetic acid to the kerosene in the tank and
then mixing it through the column at high agitation in the
absence of an aqueous phase until a homogeneous organic
phase could be obtained. The prepared organic phase was
pumped to the top reservoir (Tl) and then sampled gor
analysis just before its use. The concentration of acidwin
the organic phase was purposely not varied greatly in order

to minimize the effect of solute concentration on the

results.
t4

[

20 mL of the organic phase was sampled from the top
reservoir just before each run and then added to 100 mL of
distilled water 4n a 250 m}- separatory funnel, which was
then vigorously shaken for 3-5 minutes. The aqueous phase
was removed after the two phases were completely separaﬁed.
Then it was titrated with standard sodium hydroxide
solution. Due to the very small distribution éoefficient of
acetic acid between water and kerosene (to be discussed in
Section 4.1), it was assumed that most of acid would be

transferred to the excess water. The concentration of

sodium hydroxide solution used was determined by titration
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with standard hydrochloric acid prepared from ampoules.

For the 1indicator colour change method, a stock
solution of sodium hydroxide was required. This was made up
in approximately 1.0 mol/L strength from AR grade pellets
and distilled water. The exact strength was determined by
titration with standard hydrochloric acid. Phenolphthalein
indicator solution was prepared as a U.l$% solution of solid

phenolphthalein in 40% water and 60% ethanol.

2.3 Operating Procedures

For thé'sampling and analysis of exit streams, about
180 L of the organic phase was prepared in the top reservoir
(Tl) before each run. The water flow was first started
through the column at a’given plate oscillation’frequency
for about 5 minutes in order to wash out the column and the
tubing and was then set by the valve (W2). The organic
phase was then fed via the pump (Pl) and the flow rate was
set by the valve (K3) while the other valves (K4, K5) were
closed. After steady state condition was obtained in most
of runs within two minutes due to the high fléw rate and
relatively uniform energy dissipation along the columnkﬁthe
readings of rotameters (Rl, R2) were recorded and then a
sample was taken from the overflow line (S1) in a 250 mL
separatory funnel and the phases were separated as gquickly

as possible. Because of high interfacial tension between
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kerosene and water, this separation was completed withiﬁ 30
seconds in most runs. The separated phases were titrated by
standard sodium hydroxide. Special caution was needed for
analysis of the organic phase due to its low concentration,
as will be discussed in Section 4.2.

The operating conditions such as flow rates and
agitation lptensity were varied in each new run, with the
overflow being taken approximately two minutes after the
operating conditions had been set.

For the indicator colour change method, the water
flow was started and the agitation‘frequency was set, then
the concentrated caustic solution was injected by the pump
(P2) into the water stream at constant flow rate. Indicator
was then added at a steady flow of about 0.2 mL/s, resulting
in the red colour of the aqueous phase throughout the
column. Then the organic phase flow was started. Since the
acid transferred from the di;persed organic droplets reacted
instantaneously with the dilute aqueous caustic solution, a
sharp colour boundary within the plate stack was observed.
At this point, the moles of acid transferred per litre of
tBé aqueous phase exactly balanced the initial aqueous
caustic concentration. The colour boundary reached a steady
position within one minute in most experiments. The
readings of rotameters (Rl, R2, R3) and the height of the

colour boundary were recorded.
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The neutralization zone has been varied by changing
one of the following conditions while others were kept
uniform; the concentrated caustic flow rate, the water flow
rate, the organic phase flow rate, or frequency of
agitation.

A floodlight and white background were used to
facilita£e observation of the colour boundary. The accuracy
in the observation of neutralization zone was approximately
less than + 2.0 cm in most runs. Temperature of the fluid
in the column was about 10 + 1°C in all runs. After each
set of experiments, the column and the tubing were washed
ocut by running tap water. Table 2 (Appendix C) 1lists the

valves and their uses. (A\
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CHAPTER 3

PRESSURE DROP IN THE KARR COLUMN

An important practical consideration in cocurrent
flow at high throughputs, is the frictional pressure drop.
This will have a bearing on the cost of pumping equipment
required and therefore the tot&& cost of a cocurrent mass
transfer device. In this work, only single phase (aqueous)
flow 1is considered. It is anticipated that the pressure
drop in two phase cocurrent flow in the emulsion regime
waould differ from the single phase values only to the extent
that the dispersion denéity is different.

A simple manometer set, as shown in Fig. 3, was
installed to measure pressure difference. The column was
initially filled with water and the static pressure
difference between the inlet and the outlet of the column
was recorded. A series of experiments have been carried out
under the following conditions and the preséure deviation

from the static pressure was observed.

i) . single phase flow without agitation
ii) plate oscillation in the absence of flow

iii) single phase flow with agitation

Accuracy in the measurement of pressure drop was

26
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approximately + 5%. The experimental results were compared
with the wvalues predicted from the model presented in
Appendix A,

”

[
Case i) Single phase flow without agitation

The water flow rate was varied and the observed
pressure drop has beeq plotted against the water velocity
(Uc) as shown in Fig. 11. The predicted values appear
higher at high velocity while at 1low velocity, predicted
values are less than observed data. This might be dué to
the variation of the orifice discharge coefficient (Co) with
the orifice Reynolds number of ﬁhe.system. However, it was
assumed that the discharge coefficient was consggnt (C, =
3.60) in the derivation of the model. 1In a normal orifice,
the discharge coefficient approaches @.63 only a£ high
Reynolds numbers (23). The variation of C_ with Re in the
pregent column was calculated from the data and equation A-4
and is represehted in Fig. 12 which shows the same type of
curve as a standard orifice. This curve is not identical

because of the difference in geometry between a multiply

perforated pIa;e and a single standard orifice,

Case i1i) Plate oscillation in the absence of flow

I3

In this run, water was first filled up to

approximately 5.¢ cm below the outlet of the column so that
t

N
N~

N
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overflow of water due to pulsation could be prevented. The
static pressure level was checked before and after each run.
The frequency was varied from 4.5 Hz to 6.8 Hz at constant
amplitude (2.25 cm). The pressure difference from the
static pressure was measured and plotted as a function of
frequency as shown near the bottom of Fig. 13. According to
the theoretical model given in Appendix A, the time averaged
pressure difference should be zero because of the
symmetrical movement of the plate. However, measured AE
tends to 1increase up to 3.8 cm HZO at 3.5 Hz and then
decreases, as the frequency is 1increased further. This
result might be explaihed as follows; the Tygon tubing of
the water inlet 1line (19.6 mm I.D.) might be partially
collapsed when the pressure drops below atmospheric
pressure, i.e. when the plate stack has its maximum upward
velocity. Thus at f=3.5 Hz, the minimum pressure calculated
from equation A-8 is about 99.7 KPa. Contraction of the
tube may result in an increase in the average pressure
because of a raising of the "trough” of the pressure
wave~-form due to this effect. This hyp?thesis is also
consistent with the maximum in the observed 4p curve (Fig.
13) because at very high frequencies the tube walls would

not have time to deform,
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Figure 13. Effect of frequency on the time averaged pressure drop
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Case iii) Single phase flow with agitation

The last series of experiments have been performed
with variation of both frequency and water flow rate. This
series is of\\course the most relevant to practice,. The
superficial velocity of water has been varied up to 26.0
cm/s and the frequency up to 6.0 Hz with constant amplitude.
Some typical data are presented in Fig. 13. The continuous
curves are obtained from equation A-17 assuming Co = (.59,
At the lowest flow rate 1investigated, the data lie
consistently above the prediction; this could be due to the
same effect of partial collapse of the inlet tubing as noted
previously. This effect would be less important at higher
flow rates, as the pressure at the base of the column would
never fall much below atmospheric.

As the flow rates are increased, the data points tend
to fall below prediction, particularly at low agitation
frequencies, This deviation is in the same direction as
noted for steady flow (Fig. 11) and can be explained in
terms of a higher effective orific coefficient CO than the
assumed value of @.68. The flow through the perforations at
low frequencies is always unidirectional, but flow reversal
begins to occur when the parameter V (see Appendix A)
exceeds unity; the fr?quencies at which this occurs are
shown as arrows on the curves in Fig. 13. It will be seen

that the deviation of Co from 9.6 tends to lessen
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considerably as flow reversal takes place.

An alternative déta presentation is shown in Fig. 14,
with 4p plotted against the right hand side of equation
A-17. The overall average CO found by regression analysis
of this plot is ¢.464.

It may be concluded from this section that the
time-averaged pressure drop is substantially increased by
increasing reciprocation frequency at a given flow rate.
The effects of flow and frequency are approximately
predictable from the quasi-steady equation developed in
Appendix A, but the accuracy of prediction 1is somewhat
limited by the variations in effective orifice coefficient

C .
o
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CHAPTER ¢4

MASS TRANSFER MEASUREMENT

4.1 Operating and Equilibrium Lines

If a liquid solvent is added to a solution of some
solute in a second solvent, either immiscible or only
partially miscible with that which is added, then the solute
will distribute between the two liquid phases until equili-
brium is established. The solute's concentrations in the
two phases at equilibrium will depend on its relative
affinities for the two solvents. The ratio of the concen-
’trations of solute in the two phases at equilibrium is
called a distribution coefficient, m, and gives a measure of
the relative affinity of the solute for the two phases.

"o

m = CA
where CA ; conc. of solute in agqueous phase

CO ; conc. of soluyte in organic phase.

For measurement of distribution coefficient of acetic
acid in the kerosene-acetic acid-water system, glacial
acetic adic solution was weighed and then added to 50 mL of
kerosene presaturated with water in a 250 mL separatory

funnel. A homogeneous Kkerosene mixture was obtained after
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3-5 minutes shaking and then 50 mL of tap water, which was
the same as used in the extraction equipments, was added.
The mixture was vigorously shaken for 3-5 minutes and
separated after 2-3 hours when the two phases were
completely settled at room temperature (20 + 29¢) .

The concentration of acetic acid in the aqueous péase
was determined by titration with standard sodium hydroxide.
The organic phase failed to give up its acid promptly with
ordinary stirring, making the titration slow and 'uncertain.
A magnetic stirrer was employed and this accelerated the
rate at which the acid passed from the organic phase into
water. Even under these conditions, the end point was not
as accurate as it was in the water. The acid seemed to have
a slight tendency to remain in the organic phase.

A back titration method was used for the analysis of
the organic phase. An excess of standard NaOH was added to
the organic sample with phenolphthalein under intense
agitation by magnetic stirrer and then standard HCl wgs used
for the back titration. Careful titration was needed due to
the low concentration of acetic acid in the organic phase.
The material balance of acetic acid has been checked and the
data which gave acid loss less than 5% were taken and
plotted in Fig. 15. , The distribution coefficient (m)
appears to be approximately 0.0045. An experimental result

for the solubility and partition ratio of acetic acid
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between kerosene and water was reported in the organic phase
concentration range of 6 x 10—3 mol/L and 0.26 mol/L By
Gordon and Reid (24). Some of the data obtained by Gordon
and Reid, who wused kerosene which was distilled between
180°C and 260°C, are also plotted in Fig. LS.

In the cocurrent operation, only one equilibrium
stage is availaBle. The equilibrium relationship 1s
expressed in terms of molar concentration of acetic acid in
each phase and a schematic representation (not to scale) of
an operating line is shown in Fig. 16, assuming that the
solutions are very dilute. A point on the operating line
represents the bulk-averaged concentrations in each phase of
the stream of any section of the column and the slope 1is
determined by the flow ratio of two phases. Consequently,
the line passes from the point representing the phases
entering the column to that representing the effluent
Stream. The driving force for mass transfer is proportional
to the distance between a point on the operating line and
the extended point on the equilibrium line, as shown in Figqg.

16.

4.2 Sampling and Analysis of Exit Streams

Let us consider the mass transfer operation conducted
in a steady-state cocurrent fashion, as shown in Fig. 17.

Denote CA and Co as the concentrations of acetic acid in the
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aqueous phase and the organic phase, respectively. The
water is assumed not to diffuse into the dispersed kerosene,
which was presaturated with water. The material balance of

acetic acid on the control volume gives

*
dth = as dz’(C0 - CO)KO 4-1
-
=Qy dC, 4-2
= - Qod Co 4-3

Asstming  that the flow in the column is plug flow, we get

from the mater%al balance between z and 0.

Q,
CA = 5; [COl - Co ) 4-4
* /
From the equilibrium relation, CO = mCA, we have
x  MQ
Co = _5;(Col - Cy) ' 4-5

Rearrangement of equations 4-1 and 4-3 after substitution of
. :

Co gives
Qo dCo

dz = — 4-6
Kba 5 K*Col (I +a) CO .

where A = m Q /Q,. This is the Extraction Factor as used in
standard mass transfer texts such as Treybal (25).
Integration with boundary condition assuming that Koa is
constant provides

At z = 0, C

L}
@]

o ol

sn [(1 +A) =2 - a] 4-7

ol

!
0
+]
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In the present case of a very small m but Qo in the same
order as QA' the extraction factor is negligible, so this

can reduce to

-Q C
— o 0
K,a = sz M
ol
) 3
or .
_u C »
— 0 o)
Ka=—8n s=— 4-8
o) Z Col

In the preliminary experiments, samples were taken in
a 250 mL separatory funnel after a steady condition was
achieved, and then the aqueous phase and the organic phase
were taken for analysis as soon as a clear layer was
observed at the top and the bottom of the funnel. Phase
separation in most of the runs has been achieved withig 30
seconds due to the high interfacial tension of kerosene and
water (34 mN/m). ~

The mass transfer product (E;E) was estimated from
the' concentration of acid in the organic phase of the

effluent streams. The results have been compared with those

of the indicator colour change method in Section 6.5.

4.3 Indicator Colour Change Method : +

As noted in Section 1.3, instantaneous chehical‘
reaction in the presence of an indicator has been a useful

medns of measuring effective concentration profiles and
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hence in the determination of axial dispersion coefficients.
. S ~ . .
In this work, the technique is extended to the determination

¢
of mass transfer rates.

G In the cocurrent extraction of acetic acid by dilute
aqueous caustic solution, the acetic acid is transferred
from kerosene droplets and then reacts instantaneously with
dilute sodium hydroxide. The height in the column at which
all the sodium hydroxide is reacted may be visually observed
as a "neutralization zone" in the presence of an indicator
(phenolphthalein); the zone appears as a sharp colour
boundary within the plate stack of the cblumn (17).

Let us consider a steady state mass balance of acetic
acid in a -control volume of the column with the assumptions
that the mass transfer resistance lies mainly on the orgaqic
(dispersed) phase due to the small distribution coefficient
and the reaction-enhanced aqueous phase mass transfer
coefficient, as discussed in Section 4.1. Because the
superficial velocities of the streams in ‘the order of 20
cm/s are possible, the large Péclet numbe; leads one to.
assume that the streams pass through, the column in plug
flow. Thus a material balance equation of acid in the
dispersed (organic) phase can reduce to

»

dCO
— = -
uo 3z Koa Co U 4-9
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With the assumed boundary condition at the bottom of the

plate stack,

CO = COl at z =0
we get
l z .
. CO = COl exp(- G; é Koa dz) 4-10

In the aqueous phase, free sodium hydroxide 1is
present below the neutralization zone (z < Zn)' while free
acid is present for z > z,-. Because the acetic acid being
transferred from the organic phase reacts on a mole for mole
basis with the free caustic solution at the neutralization
zone, the acid transferred for =z < z, must balance the

caustic fed, i.e.

ug (Col - Co) = up CAl at z = z

n
Hence at z = z,
C
C_..._.O =] - ) . 4—11
ol
where
_ 95 Cay
¢ C
o "ol

The parameter ¢ 1is the molar ratio caustic fed 1in the
aqueous phase to acid fed in the organic phase.
Substituting equation 4-1I in equation 4-10 for z = z
provides
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Koa dz = =-n (1 - 4) 4-12

C||—-a
o > N

Differentiation at z = z, and rearrangement gives

~

= a_ . - _
(Koa)z = Uy gz (-¢tn (1 %)) 4-13
n n
The analysis of the reciprocal slope of z, Vs. -¢n(l - ¢)

plot permits the calculation of local mass transfer rate.

The averaged mass transfer product (Koa) is
calculated by assuming Koa is constant throughout the region
0 <z XK Z whereby

Ka==-—2:m (1 - %) 4-14
o z,

The neutralization zone can be moved along the dolumn by
altering the concentrated caustic injection rate (and hence,
effectively, ¢) under the constant agitation and uniform
flow conditions in order to estimate the local mass transfer
rate.

The averaged mass transfer rate can be measured from
the observation of the colour boundary and the use of Eq.
4-14 for various values of reciprocation frequency or flow
conditions.

The experiment must obviously be performed with ¢
less than unity in order that the neutralization can occur

within the column.
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This method is considered to be much better than
sampling and analysis of the effluent streams, which tend to
undergo mass transfer during the sampling procedure and

phase separation.

\\



CHAPTER 5

MASS TRANSFER MODELS

5.1 N.T.U. and H.T.U. in Cocurrent Plug Flow

It 1is not strictly appropriate to apply the
equilibrium stage concept in a differential mass transfer
contactor such as spray tower, packed column, pulsed column,
etc. because no discrete stages can be identified. In such
differential types-~f contactor, equilibrium between phases
is never reached and mass transfer rate is, therefore, very
important in the design procedure. In such contactors, the
transfer unit concept is useful as a counterpart of the
equilibrium stage and is defined for cocurrent extraction as
follows.

Integration of mass balance eqpation 4-6 between the
bottom and the top of column gives a relationship for a
column height in terms of the concentration change assuming

that both the equilibrium and the operating lines are

straight.
dcC
dz = KQ: 5 " AC -0(1+A) T 4-6
o} Yol o)
Q Co2 4ac
7 = (o) S o ’ 5-1
Koas' . AC,, - (I+A) C
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The integral can be evaluated

Co2 ac_ 1 Coa
s - - in [(143) 2% - a)  5-2
¢, ol TFay ¢, T +a o, .

This integral is dimensionless and is defined as the number
of transfer units (N.T.U.) based on the overall ;rganic
phase driving force. Obviously the N.T.U. and hence the
contactor length (z) required, increases as the difference
between Co1 an? C02 is increased.

In the kerosene-acetic acid-water system, the
distribution coefficient (m) 1is small enough to be

neglected, hence Eg. 5-2 can be simplified and ‘the N.T.U.

becomes merely

(@]
[o—

o)
02

|

(N.T.U.)o = &n

e

The factor (QO/KOa S or uo/Koa) in equation 5-1 is
known as the height of a transfer unit (H.T.U.). It is a
characteristic of hydrodynamic conditions such as the flow
rate and the specific interfacial area (a), but is taken to
be independent of changes in concentration of the solute.
It is important that the H.T.U. be specified correctly in
regard to the phase and driving force considered; in this
case it relates to the overall mass transfer driving force
in the grganic phase. The H.T.U. may vary with height

because of changes in drop size, etc. An average value is
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usually taken assuming no variation with height.

The overall mass transfer resistance l/KO consists of
contributions from each phase, so that the overall H.T.U. is
also the sum of two contributions;

mu u

u
(e} 0 A
(H.T.U.)=- = + ( ) 5-4
o} koa uA kAa
= (H.T.U.)O + A (H.T.U.)A 5~5

Since A can be assumed to be negligible, we have

(H.T.0.)5 = (H.T.0.),
Thus the organic phase height of a transfer unit is the main
contributor to the overall height of a transfer unit in this
extraction process. In normal operating practice, however,
the extraction factor (A) 1is chosen to be not greatly

different from unity, usually within the range of 0.5-2.

5.2 Holdup

) Holdup, defined as volume fraction of the dispersed
phase in the column, is a function of agitation intensity,
phase flow rate, and the physical properties such as density
difference, viscosity, and surface tension.
. In the countercurrent operation, the density
difference which 1is the drivipg force causing the 1light
phase to rise is considered to be important in determining

the slip velocity. The holdup in the cocurrent extraction,

however, can be estimated from the £flow rates of the



continuous phase and the dispersed phase assuming no slip

condition between two phases.

Qo -
© o, T, >0
or
Yo
€ = t 5-~17
Uo + UA /

This might slightly overestimate the actual holdup, because
the density differeqce can increase the rising velocity of
organic phase and result in lower ho%dup. Howeverkgat high
flow rates (in the order 10 cm/s) éhd short contact times,
the no slip assumption is approximately valid in this
cocurrent extraction process. This assumption can be
justified by the experiments of Seewald (26) who indicated
that the holdup in cocurrently upward flow could be
considered to be the flpw ratio of the dispersed phase to
the total phase at high energy dissipation per unit volume.

N

5.3 Specific Interfacial Area and Droplet Size

The hydrodynamic and mass transfer characteristics of
Karr type of regiprocating plate column have been thoroughly
investigated in the last two decades. The contact area of

the dispersed phase and the continuous phase is one of main
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design variables and is generally expressed in terms of a
specific sirface area (a), which is well known to be

a = 6e 5-8

32

The holdup (¢) and Sauter mean diameter of droplet (d32) are
determined by the system's physical properties, the flow
conditions, and the agitation intensity.

The Sauter mean diameter of dispersed droplets was
correlated with the energy dissipation and system properties
by Baird and Lane (8) who applied the Kolmogoroff isotropic
turbulence concept (extended by Hinze) to the same column as
used in this work. However, it was run"countercurrently
without mass transfer in several organic-aqueous systems.
Tﬁe following relationship was suggested by Baird and Lane

for the fairly well agitated system.

0

- Y -

=0.36 5753 5-9
0 v

ds3;

The coefficient 0.36 is empiric71 but dimensionless. This
egyation has been found to give fairly good agreement with
the experimental results obtained by photographic mea;ure—
ment when Af 1is greater than 4 c¢m/s. At very high
agitation, however, equation 5-9 tends to give smaller
droplet diameters than those obtained from experiments.

This might result in the prediction of larger interfacial

surface area.



The holdup (e) as discussed in the previous section,

is given by Eg. 5-7.

6 uo 60'2 WO 4
a = ( ) ( ) 5-10
0,36 u, + Uy Y0.4
‘7
where
0 = ep_ + {(l-¢) 5-11

0 o
The energy dissipation pér unit volume (¥) might be
considered to be composed of two terms; one is due to the
pulsation of the plates, the other is due to the steady flow
of fluid.

The power dissipation per wunit volume due to
pulsation was calculated using the quasi-steady friction
concept proposed originally by Je?lous and Johnson (27) for
the pulsed columns, and the equation was corroborated for
the reciprocatin? plate columns at normal stroke and

frequency (0.634 cm < A < 2.54 ¢cm, 0.5 Hz < f < 6.3 Hz) by

Baird and Hafez (1l0) as;

L= 9 andm 5-12

The frictional energy dissipation due to steady flow

has been estimated using the pressure drop along the column
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calculated from the orifice equation. The pressure drop per

plate in the orifice flow is given by

sp = 3 5 (ug + uy)? [éy:—%“l 5-13
o g
Hence
oo=li i euy? Ao 5-14
) s 2 ° (uo “a CZ 02
0

Therefore the total energy dissipation per unit volume

becomes

5-15

<
]
Tlot
N
N
(V8}
T
th
w
+
18]
[
+
o]

The ratio of the contribution of agitation to that of steady
flow is given by
2

¥
;i =4 g/ (uy + uy )’ 5-16

Substitution of ¥ in equation 5-10 yields

6 u ~0.2
a = o) )+ 2
0.36_/u_ + Uy 0.6
Celze?) 2 a3 L 30 sy
h C2 02 3 2 o) A
o}

The contribution of steady £flow 1is generally

negligible in countercurrent operation but is-significant at
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low agitation in the present cocurrent operation in which
the superficial velocity of the steady flow is in the order
of 10 cm/s.

Caution 1is necessary in applying this equation to
situations where energy dissipation is ve;y low. Under such
conditions, the isotropic turbulence assumption may not/ be
valid ‘because the energy dissipation tends to be
concentrated near each plate. Also the breakup of droplets
by collision with the plates may be significant at 1low

agitation.

5.4 Mass Transfer Coefficient (KO)

For designing 1liquid-liquid extraction equipment, a
good knowledge of the dispersed phase and the continuous
phase mass transfer coefficients is required to estimate the
overall mass transfer coefficients.

Many studies of mass transfer coefficients both
inside and outside a single droplet have been published in
the last three decades. The subject appears to be well
understood for cases where the drop retains an approximate
spherical shape and where the dgop does not oscillage and
interfacial turbulence is absent. The basic results
obtained from the studies on behaviour of single droplet
have been applied to the multiparticle system in which the

particles are freely suspended. It was known that the

[
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presence of another single neighbouring particle does not
affect the mass transfer rate unless the distance between

-

the particle surface is smaller than 1.5 dp (28).
The overall mass transfer coefficient based on the
organic (dispersed) phase can be predicted in general from

1

m
Lo L ‘ 5-13
o}

[1(_.=
o] A

where Ko and ky are organic phase ‘and aqueous phase film
coefficients, respectively. In the Kkerosere-acetic acid-
water system, the distribugzgh coefficient, m, as discussed
in the previous section, is small enougﬂ\ to Jjustify the
assumption that the mass transfer resistance would mainly
lie in the organic (dispersed) phase and the overall mass
transfer coefficient (KO) might be approximately egqual to
the organic phase film coefficient (ko).

Variou; theoretical models have been proposed for the
estimation of dispersed phase mass transfer coefficients.
These models may be broadly classified as (i) stagnant drop
models, and (ii) internal circulation models (involving
various assumptions of internal circulation patterns such as
Hadamard'streamlines, Stokes streamlines, and turbulent
internal eddy motion) (25, 29, 30).

For rigid spheres with no circulation, Treybal (25)

suggested the following relationship for the mass transfer

coefficient (ko) assuming that mass transfer takes place by
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pure molecular diffusion and the continuous phase resistance
>
is completely absent.

n2 DAB

For circulating drops, the analysis of Kronig and

Brink (29) using Hadamard stream lines gives the following

relationship:
D .
o AB . _
ko = 17.9 - 5-20

It should be noted that equation 5-20 is similar to equation
5-19 except for the precoefficient which is about 2.56 times

e
dgreater.

° Various correlations for mass transfer coefficients,
both the continuous phase and the dispersed phase, have been
extensively summarized by Laddha and Degaleesan (31).
A relatively high intensity of agitation generated in
Karr column creates very small droplets (typically less than
0.1 cm diameter) which might be considered to be rigid
sphefes due to the stabilizing effectfof interfacial
tension. The Treybal model has been applied to the well
agitaéZd systent. At aow agitation, the droplets formed
.might be big enough to permit internal circulation and the

Kronig and Brink model could be employed to predict the

dispersed §hase mass transfer coefficient.

/
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5.5 Prediction of Koa and Column Height

A good estimation of the overall mass transfer
coeﬁficient and specific surface area is considered to be a
méjor design requirement for mass transfer equipment. The
mass transfer performance is characterized by the H.T.U. and
the N.T.U. as discussed in the previous section. The former
parameter, height of a transfer unit, characterizes the
physical properties of the system such as configuration of
apparatus and hydrodynamic conditions. The 1latter, the
number of gfénsfer units, represents the composition change
per unit driving force in a giveh piece of equipment. As
can be seen from Eq. 5-1, the mass transfer product E;E is a
major term in the estimation of H.T.U.

In this work, R;Z has been calculated by combining
overall mass transfer coefficient and the specific surface
area as predicted in Sectioms 5.3 and 5.4.

Equation 5-17 was used to estimate a specific surface
area with the assumption that the mass transfer might not
affect the interfacial.tension of the system, because a low
concgntration of organic phase has been employed and acetic

acid is not highly surface aétiVe. The Treybal model has

been used for the

er sed phase mass transfer coefficient
in.case where very smd oplets could be generated by high

agitation.
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From equations 5-17 and 5-19, Koa is given by

2 D u - 0.6 2 0.4
— 27 6 AB 0 o) l - o
K.a= (—)( ) ( ) ( ) () ( )
0 . 3 0. 36 d32 ug + U’y CZ a2 h
2 2 3 (uy ? “A)3 0
{—3— (Af)” + ————} 5-21

A small computer program has peen employed for the
calculation of ﬁ;ﬁ.

At low agitation level, the circulating drop model
was used instead of the Treybal model.

The height of plate stack required for a given
performance can be estimated in terms of column efficiéncy.

From the equations 5-3 and 5-4, the height of platé stack is

given by
-u C
7 = 9 ,n 0L 5-22
— Co2
K a °
o)
Column efficiency is defined as: L
et
v C - C
n o= 202 5-23

ol

Thus, the height of plate stack for a given efficiency is
given by substitution of n in equation 5-22.

—uo -~
Z = —=3n (1 -~ n) 5-24

oa

=



CHAPTER 6

MASS TRANSFER RESULTS AND DISCUSSION

6.1 Effect of ¢ on z.i Local Mass Transfer Product (Koa)

Under constant agitation, the concentrated caustic
flow‘rate has been varied within the limit that neutraliza-
tion of the caustic could take place in the plate stack.
The molar ratio of the caustic fed in the aqueous phase to
the acid fed in the organic phase, ¢, therefore must be
equal to or less than one. The neutralization zone (zn) has
been changed between 20 c¢cm and 140 cm from the base of the
plate stack in order to minimize the entry and the end
effects in the majority of experiments,

The plot of z, Vs. -tn (1-¢) shown in Fig. 18 tends
to give straight lines for the cases where the column was
run without agitation or at low flow rate under high
pulsation. The equilibrium droplet size distribution due to
only the steady flow, as in the perforated column, might be
rapidly achieved at the lower part of plate stack in case of
no agitation. The high agitation and low flow rate would
also produce uniform drop size along the column providing
constant mass transfer product (Koa). "The plots, however,

turned out curved in cases where the short residence time of

58
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the fluid due to the high flow rate might result in the in-
complete breakup of drops even at the top of the plate
stack.

A cubic-spline subroutine has been employed to
analyse the slope of the curve which permits the calculation
of the local mass transfer rate along the column.

There have been a few attempts to estimate the local
mass transfer rate by employing the axial distribution of
Sauter mean droplet diameters which has to be measured in
the different types of equipment (32), but as far as it is
known this is the first time the local K, a has been obtained
by direct means.

A typical plot of local mass transfer product (Koa)
is given in Fig. 19. The local mass transfer product at
high agitation and high flow rate appears to increase along
the column because of the initially incomplete breakup of
droplets. However, the local mass transfer product appears
to be much higher near the bottom of the plate stack and
decreases to be uniform above approximately 40 cm of plate
stack, in the case of run ND-10 which was performed with a
high flow rate at no agitation. This might be because the
organic phase at the lower part of plate stack begins to be
broken up to smaller drops by hitting the plate, resulting
in a high ‘initial value of Ko due to surface renewal.

Another approach is to consider an "entry effect” beneath
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the plate stack: this could be analyzed by considering a
‘ égrticular (Koa z)E acting before the dispersion reaches the

‘plate stack, thus

—(Koa z)E
at z =0 C0 = Col exp [———E;————] 6-1
, -{(XK az), + (Ka z)}
- e} E 0 n . _
at z > 0 CO = Col exp | T ] 6-2
Therefore

1 - ¢ = exp [ 3 ] 6-3
o
Hence
(K. a 2z) K.a z
_ ) E 0 n _
-in (1 - ¢) = 3 + 3 6-4
o o}
Data of ND-14 were repotted in Fig. 24. From the
extrapolation of data points, we have (Koa z)E - 08.87 u, =
1

.39 cm s . The uniform K,a of the upper part of plate
stack is approximately @.01. Therefore the entry effect
cannot be neglected in the cases of no agitation or 1low

agitation.

6.2 Effect of Agitation

The mass transfer rate was significantly affected by

the intensity of agitation which is mainly responsible for
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the breakup of droplets as discussed in Section 5,3. Some
of the present experiments have been carried out under
uniform flow conditions such that the variation of frequency
causes the neutralization zone to move along the column.
The neutralization boundry has travelled downwards as the
frequency increases due to more specific surface area being
created. No attempt to vary the amplitude has been made.

The plot of E;E/e vs. ¥ is shown in Fig. 21, and the
measured slope appears to be approximately 0.6, while the
slope tis expected to be 9.8 from the model (Egs. 5-21 and
5-9).

A wide variation of frequency has been made in two
sets of experiments (ND-15, ND-16). The data shown in Fiqg.
22 indicates that the prediction based on "Af" alone is
exceeded when Af < 7 cm/s because of the additional
contribution of steady flow friction to the total energy
dissipation. It is noted that the slope of E;E/e vs. Af can
be predicted from the following relationships assuming the

stagnant drops.

6 K
—-— _ o] -2 2.8 2.4
Koa/e = a;;— a d32 a ¢ a (Af) 6-5

The transition from the circulating drops to the stagnant
drops at increasing Af will decrease the exponent below 2.4;
the linear parts of the data plot in Fig. 22 show a slope of

L.

about 1.6.
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The spacing of 2.54 cm gives a slightly higher mass
transfer rate, but the slope appears to be same as in the
spacing of 5.088 cm at high Af as shown in Fig. 28. This is
to be expected becau;e the specific energy dissipat@on ¢ is
greater at reduced plate spacfng (Eq. 5-15).

The contribution of steady flow friction to the total
'energy dissipation should be included in the calculation of
the specific surface area, especially at low agitation in

this cocurrent operation; its effect might be negligible in

the countercurrent operation at relatively low flow rates.

6.3 Effect of Flow -

Differential countercurrent extractors are frequently
subject to axial dispersion that severely reduces extraction
rate because of the reduction of the concentration differ-
ence between two phases which is the driving force for the
mass transfer. Substantially smaller concentration
differences than those expected in plug flow are actually
experienced in the countercurrent, operation, depending ;n
the Peclet number of the system. i

In the cocurrent flow, there is no limitation of
velocity by flooding and therefore very high velocities and
agitation can be employed.

The majority of experiments was carried out with

superficial velocity in the order of 10 cm/s resulting in

0
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Peclet numbers greater than 1U0, which suppé;t the plug flow
assumption made in the process of the derivation of mass
balance equations.

The organic phase flow rate has been varied to move
the neutralization =zone along the column while the
continuous phase flow rate, the caustic concentration, and
the agitation were kept uniform. A

The mass transfer rate tends to be linearly enhanced
with the increase of organic flow at high agitation as shown
in Fig. 23. It is also observed that under no agitation or
low %gitation, the mass transfer appears to improve quickly
as the organic flow is increased. This might suggest that
the kinetic energy of the steady flow plays a significant
‘part in the rupture of droplet as the external agitation
decreases. "“The contribution of the steady flow to the total
energy dissipation can be estimated by equation 5-16.
Intense agitation result; in a negligible effect of the
steady flow on c¢reating drops. The improvement of mass
transfer by agitation therefore mainly\depends on the
increase of holdup. -

The averagéd mass transfer product (KZE) divided by
holdup (¢) has been ploéted against the organic flow in Fig.
24, In case of ND-5, high organic flow might cause the in-
complete breakup of droplets due to the short contact time,

but then at very high ugys the increased energy input by .the

~
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steady flow can cause K;E/c to increase again. Therefore a
minimum K;E/e is observed at about u, = 5 cm/s. At low
agitagion (ND-14 and ND-20), the effect of increasing u, on
decreasing the drop size is clearly visible.

One set of runs (ND-6) (not shown in Fig. 24, see
Table 4, Appendix C) was carried out with the variation of‘
water flow rate while the organic fiow, the concentrated
caustic flow, and the agitation were not changed. No
significant change in mass transfer r:te has been indicated.

A_quantitative comparison of total energy dissipation
per unit volume with the ﬁinimum energy required to overcome
the interfacial tension supports the effect of cgalescence
at low agitation (see Appendix B).

It is noted that some scatterings that data points of

ND~14 were slightly less than those of ND-20 have been

observed. .

6.4 Effect of Plate Spacing

Various plate and b;ffle arrangéﬁents for the Karr
type extrac£ion coldmn have: been employed to study column
performadce and particularly the axial dispersion due to the
c@rculation of flhi? between plates which subsfantially
reduces the col&mn performance (3,7).

Two values of the plate spacing (h) have been used in

this work, namely 2.54 cm ‘and 5.08 em. A slight improvement



of mass transfer can be observed in Figures 22 and 25 in
case of smaller spacing. However, the increase of mass
transfer seems not to be significant as Karr investigated
the effect of various plate spacing on the column perform-
ance in countercurrent operation (3).

A/;hgrper neutralization boundary has been observed
with the smaller spacing, especially at low agitation at
which the isotropic turbulence concept might be more likely
applied to the smaller spacing than to the larger spacing.

f‘

6.5 Effect of Phase Inversion and Holdup

The phase inversion of a liqguid-liquid dispersion is
dete{mined by the collision frequency and the coalescence
frequ;ncy of the agitated dispersion. The phase inversion
in kerosene-water system has been investigated by Ali (33).
Rashmid and Jeffreys developed a model which predicts the
phase inversion of  the agitated dispersion and compared
Ali's data with it (34).

The data of Ali (1969) for the kerosene-water system
are given ‘in Fig. 26 in which two curves separate three
zones: zone (i) in which the composition of the mixture and
agitation inte?sity are such that” only water can exist as
the dispersed phase, zone (ii) where eithér phaée can be
dispersed depending on theé method by which the dispersion

was formed, and zone (iii) in which only the kerosene can

]
2

i Ve
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exist as the dispersed phase.

In this cocurrent extraction, it was assumed that the
organic phase was completely dispersed and no phase inver-
sion “toek place in order to obtain a shérp neutralizaéion
zone. Most of the present experiments h Le been carried out
such that the water was initially runnijl and then kerosene
was dispersed up to holdup 75%. The neutralization zone has
been clearly seen at high agitation, which might imply that
the kerosene was completely disperséd even in the ambiva-
lence range as shown in Fig. 26. The coalescence of
kerosene, however, has been pbserved at low agitation when
the organic holdup exceeded 60%. (Under these conditions,

the neutralization boundary was somewhat diffused.

d 2

Some of the present runs have been done with the '

organic flow rate increasing\ at a constant aqueous flow

rate, Qhereby the 6rganic holdup and. the tqtal'flow rate
were increased. \

The holdup effect on the mass t;angfer product (K;Eﬁ
was 'shown in Fig. 27. At low agitation, hoLdup.has a big
effect, partly because of its direct contribution tb K;E and

partly because og the importance of uy, in drop breakup. At

high agitation, the drop size would be expected to be uni- .

form but, since a a ¢, there should be a linear relation-
L]

" ship, i.e. a slope of unity on the log-log plot. The 'shal-

lower slope actually obtained could be due to an effect of

»
N
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04
coalescence at high holdup, causing a reduction in a below
the expected value.

¥

6.6 Comparison of K;E Observed (this work) with K;E

Calculated
L4

The average mass transfer product (Koa) predicted in

——

Section 5.5 has been compared with the Koa obtained by both
indicator colour change method and the analysis of exit
streams. It was observed in Fig. 28 that reasonable agree-
ment is obtained with Eq. 5-21 (Treybal modél) at high
agitation. At low agitation, the data points trend higher
than Eq. 5-21 and agree better with the circulating drop
model which is simply Eg, 5-21 multiplied by 2 factor of
2.56 on tﬁe right hand side (see Egs. 5-19 and”5-20). The
large deviatign of data points from the predicted values
implies the relative importance of a collision mechanism of
-drop breakup 1in the absence 6f ;xternal agitatyon. A
transition from the circulating drop model to the rigid
sp@ere model is also observed due to the vaFiation of drop
size as agitation is increased (run ND-16). The data points
of ND-9 and ND-20 might also indicate that the entry effect
should be considered at low agitation as discussed in
Section 6.1. It must be noted that at véry high agitation,

"the calculated drop size has been found smaller than the

observed drop size as indicated in Seétion 5.3 and this
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might overestimate the K;E.

Some of the data obtained from the analysis of the
exit stream are illustrated in Table 3 (Appendix C). The
mass balance of acid in the data was checked and the mass
transfer product (KSE) was calculated by the Eg. 4-8. The
observed K;E appears much larger than values obtained by the
indicator colour change method under similar conditions.
This result is probably due to the additional mass transfer
during the sampling processes and in the section between the
top plate and the exit n%pple.

Some uncertainties in the model such as the
applicable molecular diffusion coefficient, possible changes
of interfacial tension and interface resistance due to con-
tamination have contributed to the scatter of the points
shown in Fig. 28, These factors cannot be accounted for
accurately in one present state of knowledge. The data
obtained by the indicator colour change method are tabulated

in Table 4 (Appendix C).

6.7 Comparison of K;E Observed (Karr (22)) and K a

Calculated

Some cocurrent mass transfer data have been obtained
by Karr (22) in a 2.54 cm Karr column in which o-xylene
containing approximately 1% acetic acid was9extracted co-

currently by water. The volumetric flow rdtio of o~xylene

1
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to water -was deliberatly chosen to be 16 to 1 in all runs
such that the extraction factor was unity and the water‘was
dispersed in Ehe\ Xylene. Superficial wvelocities (total)
ranged from 5.75 to 52.5 cm S_l, i.e. considerably in excess
of the values possible in this work.

The samples from the top of the column were taken
conventionally in a separatory funnel after steady state
operation of the c¢olumn had been achieved. Then the
respective samples were separated for analysis as soon as
clear layers we;e observed at the top and bottom of the
separatory funnel. The data obtained by Karr (22) have been
summarized in Table 5 (Appendix C).

Because the distribution coefficient of acetic acid
between water and o-xylene was approximately 1/16, it was
assumed that the major mass transfer resistance in this case
was in the org;nic (continuous) phase. A similar approach
has been taken to compare the data with the predicted
values. Most of the experiments have been run under very
high agitation such that the droplets gight be below 1.0 mm
in diameter. Thus }igid sphere behaviour is likeIY and this
suggests the emplo{ment of Levins' well-substantiated

correlation (35) of the continuous phase Sherwood number a's

a function of agitation and system properties.

g 43 173 D_ 0.28 0.62 4
= _L_____._ * —-h
Sh =2 +0.47 - ﬁi;) ] 5 6-6

C



where Ds/DT' the ratio of impeller diameter to mixer
diameter, is taken to be effectively 1l in this wofk.

The average mass transfer product (Kgg)_ has been
calculated using the Levins' correlation for the continuous
phase mass transfer coefficient and the specific surface
area calculated by Eq. 5-17. The average mass transfer
product (K a) was obtained from Karr's data (22) using

Eq. 4-7. The stage efficl¥ncy (E) is defined as

C -C
g = ol 02 67

Col ™~ Co2 eq

Substitution of Eq. 6-7 in Eq. 4-7 yields
4

u
0

02T T T TAzZ

|

=
o

sn (1 - E) 6-8

where 2 is the total height of plate stack.

A reasonable agreement of experimental data with the
predicted values has been shown in Fig. 29, However the
estimated K;E seems to be slightly less than those observed
in some cases. This could be due to the additional mass
transfer due to the oscillation and the circulation of
droplets while very small solid particles were suspended by
stirring in Levins' work. It could also be considered that
the mass transfer effects during sampling and sepafation
miggt lead to overestimate the actual K;E. As discussed in
the previous sections, K;E measuréd by analysis of exit

stream may be significantly higher than the actual, K;E.
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depending on the sampling and analysis procedure. In this
respect, the indicator colour change technique has an

advantage.in reliable measurement of column performance.



CHAPTER 7

3

.. CONCLUSIONS AND RECOMMENDATIONS

The time-~averaged pressure drop in the column is

substantially increased by increasing reciprocation

{
deyeloped in Appendix A ig useful in the approximate

frequency at a given flow, rate. The quasi-steady model

prediction of the effects of flow and frequency. The

accuracy of prediction, however, is somewhat ;imited by the
variat{ons in effective ogifice coefficient (Co)'

Reasonable agreement of obsefved ﬁ;g and K;E calcu-
lated from the model which employs the Treybal relationship

is obtained at Righ agitation levels which are of the

greatest .practical inte At low agitation, the observed

KZE tends to be much higher thap the prediction from the

stagnant model and -agrees better with the circulating model

according to which K;E exceeds the rigid drop value by a

factor\of'2.§6: The large deviat{on of experimental data
from the predicfed values im the absence of external
agitation implies the relative importance of a’ collision
mechanism of dfop breakup and a significant entry effect.

The indicator ¢olour change method has proven very
I

useful in determining the averaged mass transfer rate and .

the local mass transfer rate in a Karr reciprocating plate

\
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\w ! n .
column. This method is considered to be much better than
conventional sampling and analysis of exit streams.
However, it is limited in application to systems for which

the transferring solute can undergo instantaneous reaction

o
3

with an added component.

The investigation of Karr's data has shown reasonable
aqgeement between the observed E;E and the K;E predicted by
a model involving the Levins rigid sphere correlation for
“the continuouf phase mass transfer céefficient. ‘

The models developed for cocurrent mass transfer in
reciprocating plate columns, using some ‘0of the same methods
that have proven useful in " the development of the
countercurrent mass transfer model, have been experimentally
confirmed. .

The usefulness of cocurrent extraction in Karr column
has been showﬁ to havé several 'advantages such as high
efficiency, high throughput, relatively unifprm droplets,
and flexibility of operation. | |

Physical properties of the system used, such as

viscosity, interfacial tension and molecular diffusion’

coefficient, must be reliably known in order to obtain a
reasonable design.model; In this work, tﬁe concentration
effects on properties Qgre not considé}ed -because of tﬁe
very low drganic phase concentration. However, it would be

useful to rinve’%tigate high concentration systems in which
N

foe

[
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the interfacial tension may be considerably varied as the
maés‘ transfer -takes place, for exaﬁple' the extraction of
copper.

-In order to investigate more reliabiy the lecal mass
transfer rate, more data points should be taken in a longer:
column.

Finaliy,“ the indicator colour change. technique is
recommended for applicati&h to the countercurrent extraction
processes in which the axial <j§ ersion term in the mass‘
balance equatioms mPst be coésidered.' It may thus be

possible to measure the mass transfer product and the axial

dispersion coefficient at the same time.

\Y
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APPENDIX A

PRESSURE DROP IN A RECIPROCATING PLATE COLUMN

Consider a Karr ,reciprocatiné plate column
¢

arrangement as shown in Fig. 3. We are interested in

4

frictional effects on. pressure loss as distinct from

hydrostatic effects. Only single phase flow is considered

' wiés variation of blate oscillation as follows.

Case 1 Single phase (water) flow, plates stationary

Let the superficial velocity of 'the water be u, ?nd
let the  actual velocity of water through the holes be uy, .

The pressure drop per plate can be calculated assuming

L

complete loss of kinetic energy.
e

The fractional‘open area ¢ for the plates is given, and the

continuity equation provides ,
ug =g U v Z\é>?
Hence,
2

In practice, or;fice flows usually ingg}ve a contraction:

which increases the pressure drop, and we rewrite equation

A-1

e e s e PR



A-3 as
I 2
Nnp_ u _ 2 -
Ap = 2 g c (l 7c | A-4
Co o

where Co is an orifice coefficient which is a function of
b

Reynolds number, and approximately 0.6 at high Reynolds

number.

Case 2 Single phase (water) flow, plates oscillating

Let the plate displacement be

Y = aw sin wt A-3
. where ~

a: amélitude

w: angular frequency (2nf)
The plate velocity is therefore

& = aw COswt A-6

Now consider the continuity of water. flow between the open
column and a section adjacenﬁ to a plate.

?(l—o) + g u, = uc - A-7
The instantaneous pressure drqg?égll ponéist of a frictional
component plus an iner?&ifléomponent due to the acceleration
of the flow. )

The flow accelerates alternately in opposite diregc-

tions, so we neglect the time-averaged inertial pressure,

but we are interested in the time averaged frictional

e

-



-

A-3
pressure. ’
Equation A-l cannot be applied in the same form to
the oscillating plate situation because the sign of 4p will
depend on the sign of the velocity Uy - Therefore we must

write;

From equations A-6 and A-7

u, = U, (L - V coswt) /o A-9

where 3

V=aw (1 - o)/uc

Now .substituting for u, in equation A-8

e v 2 (1L - V cosut) |
ERR AT g

The time-averaged frictional pressure drop is<%hus

1 2 -

n u
2 ;C C {(1 -V COSwt)ZI 1 -V cosut] - 1} A-11
Co ‘ ‘ o

b5, =

The factor Co has been included here but it may vary
depending on the flow rate and plate oscillation frequency

or amplitude. : !

=7 ec Wylupl - Q) A8

e et oo i gl ot 2
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i) Special Case of Small Oscillations (no flow reversal)

Consider the case where V < 1. In this case, uh is

always positive and the modulus expression in equation A-3

is not needed. Then we can simply write

i?.gz-l— {uz-u }
n 2 °c h
1 2 (1 - V coswt)?
=50, u | 3 -1}

¢

The time-averaged value of (1 - V COSmt)z,is
b 2 . 2

I (1 - V)cosut)” dlut)/x =1 + V7/2
o)

Hence from egdation A-12

—

e 1, g2kt v
n 7 e Ye 2 2.2

2
n pCzuC {1‘;2 + V2
2 Co G 20

4P = 7}

Note that as V + 0, (i.e. unpulsed case)

\

A-12

L

A-13

‘Again, inserting the orifice factor and rearranging give

A-15

we ‘obtain the

result of equation A-4. Equation A-15 indicates that a plot

of A§f against the square of frequency should be linear, and

this forms the basis-of Fig. 13.



ii) Special case of.Large Osc¢illations, V >> 1

A general solution of the time-averaged value of
4

(1 - V cosut)|l - V cosuwt]

is given by ‘ . ' -

(1 = V coswt)|l =V cosutj = (1 + % Vz) - % {1 + % VZ) wty

) | .
|- 2V sinet; + g sin 2ut;} A-16

where

wty = cos"l (%)

Substituting equation A-16 in equation A-1l1l prbvides \\L///> (
2

APf = 02 { ) - 1}
2C ’ o
0.
where | |
o !
(o) -

J

~is right hand side of equation A-16. When V >> 1, equation

A+~17 can be simplifiéd by : g/f/
2 ) ;

noe u .
c_ ¢ 4V i
2C To

-

For this special case (V > 1), AP, is proportional ' to

frequency for a given u, and amplitude.



iii) Flow Reversal Critérion

In order that u, can have an opposite sign to u,, v

mist exceed unity (e&uation aA-9). It follows that flow

reversal can occur only when auw(l=v) > u,r i.e.

. ,\
\ (] -
ERGTarvic) | o A-19

-~ e




APPENDIX B

THE EFFECT OF COALESCENCE ON DROPLET BREAKUP'

A quantitative comparison of total energy dissipation
per unit volume with the minimum energy required to overcome
the interfacial tension is considered as follows. Let the

equilibiium droplet diameter be 4_  at steady condition. The

p

'minimum energy per:unitgvo;ume of dispersion required to

overcome the interfacial tension and prevent coalescence is

estimated from the interfacial tension.of the system and the

specific surface area. This éan be divided by the contact
time (Z/(uo_+ hA)) to give a minimim power’ per volumé:

) - *i = y o a(uo + uA)/Z ’ . B-1
Using the Eq. 5-17 for the specific surface area, then

[

-0.2 0.4  _ .
v, = 6 . Yo P Y . {2 (1 - 02)
i~ 0.3% Z S
. g
. - 0
2 - ' . 0.4 )
[-2-’5— (af)3 +% (uo+uA)3]} -+ B-2

The total hydrodynamic energy dissipation per unit wvolume is

given by Eq. Sﬁls._

2 .
= B an’ + 3

Bl | R

15

+ uA)31 5

[ 3%

e oetheen =




\
4

As the ratio of applied energy ¥ to minimum energy \ 5 is
increased, the effect/,nk droplet coalescence will
progressively decrease. ‘

Some calculations of the ratio
(¥/%;) indicate that the ratio is in the order of 10 at low
agitation, but much larger
conditions.

than 100 under well agitated

%
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Table 1 Physical Properties of Materials

Physical Properties at 10°C + 1°¢ P Values

Density, o (kg m-EQ

Tap water 998.00
Distilled water 998.23
Kerosene ©798.00
Acetic acid 1071.4
0-xylene® 881.015
Tridecane? : 765.0

Viscositya, u (mPa°Ss)

Tap water f 4 1.01
Kerosene 3.03
O-xylenec ‘ 0.88%3
Tridencane B } 2.35
) -
Interfacial tension, vy (mN * m %)
Tap water/kerosene 34.0
water/O-—xylenec 25.0lS
water/trldecane 27.8
Diffusion coefficientb, Dap (mz/s)
' Acetic acid/tridecane 0.99 x 107°
Acetic acid/O=~-xylene 2.06 x 10-9

b From Perry and Chilton (23) and other values are measured.
Calculated using Wilke-Chang correlation (23), it must be
noted that the diffusion. coefficient of acetic
acid/tridecane was used assuming that kerosene has same
physical properties as tridecane has.

From Karr data (22)
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ya c-6
Table, 4.2 Data of ND-1 -
* K_-..
us Zn oa
2 -1
(em/s) (cm) (10 ,s[/fﬂ-
] {
C,y = 0.151 mol/L 0.075 17 + 1.0 3.27
C¥ = 1.047 mol/L 0.200 39 + 0.5 4.3i/,/’”'—"—\
u, = 4.0 em/s 0.270 55 + 1.0 4.58
u, = 4.0 cm/s 0.375 86 + 1.5 4.87
£ = 3.0 Hz ' 0.428 105 + 2,0 5.14
h = 5.08 cm 0.447 111 + 2.0 5.35
0.532 154 + 5.0 6.59

Table 4.3 Data of<ND~2

N .

2 uS ’ zl’l\ KOa
| (102 743

(cm/s) (cm) . s 7)
C,p = 0.236 pol/L 0.145 24 + 1.0 3.23
C, = 1.047 mol/L - 0.195 39 + 1.0 2.95
uy = 4.0 em/s - 0.256 - 55.+4 1.0 | 3.05
u, = 2.0 cn/s 0.322 75 + 1.0 3.34
£ =3.0 Hz 0.398 108 + 2.0 3,98
+

h = 5.08 cm 0.421 125 2.0 4,35

* ug flow rate of concentrated caustic.
*x Cs ¢ Conc. of concentrated caustic solution



\\_ Table 4.4 Data of ND-3

ug z, Koa
(cm/s) (0% 71
I
CO%)= 0.236 mol/L 0.056 1.08
C, = 1.032 mol/L 0,115 1.84
up = 4‘{\ cm/s 0.125 1.62
u, = 1.0 cm/s 0.187 2.27
f = 3.0 Hz 0.213 110 + 2. 2.44
h = 5.08 cm 0.223 132 + 2 2.81
0.226 144 + 4 3.11
Tabl;\‘l\‘s Data of ND-4
(cm/s) (cm) (102 g~}
. . e
C,, = 0.236 mol/L 0.203 12 + 1.5 7.93
C, = 1.032 mol/L. . 0.307 22 + 2.0 6.78
uy = 10.0 cm/s 0.457 38 + 2.0 6.19
u, = 7.0 cm/s h

f = 3.0 Hz ~

h = 5,08 cm

- e m———
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—
—~—
~~
Col = 0.144 mol/L
CS = 1,032 mol/L
U, = 4.0 cm/s
us = 0.175 cm/s
f = 3.0 Hz
h = 5.08 ¢cm

Col =,01144 mol/L

(@]
i

. 1,068 mol/L
= 0,223 cp/s

o
[

2.0 cm/s

c
"

f = 3.0 Hz

h = 5.08 cm

Table 4.6 Data of ND-5

l"O zn K0a
(em/s) (cm) (102 s 7)
1.50 87 + 1.0 3.12
1.60 76 + 1.0 3,23
2.15 56 + 1.0 \ 3.36

1 3.35 41 + 1.0 3.83
5.40 31 i 1.0 4.62
7.60 25 + 2.0 5.47

Table 4.7 Data of ND-6 Qp

Ua Zn J K;E .
(cm/s) em  o?s7h

1.55 82 + 1.5 4.29

3.30 95 + 1,0 3,71
5,37 116 + 2.0 L, 3.03

8.20 107 + 4.0 3.29

9.60 124 + 3.0 2.84
11.10 128 + 4.0 2.75
16.63 121 + 4.0 2.91



Table 4.8 Data of ND-7

f s Z, Koa
(Hz), (cm) (10% s
Coy = 0.203 mol/L 1.8 136 + 2.0 1.59
C, = 1.068 mol/L 2.0 111 + 2,0 - 1.95
Uy’ = 4.0 cn/s 2,25 96 + 1.5 2.25
u, = 3.0 cm/s » 2.6 73 + 2.0 2.97
ug = 0.293 cm/s 3.0 57 + 2.0 3.80
h = 5.08 cm 3.9 35 + 1.5 6.18
J 5.0 23 + 1.0 9.4l
Table 4.9 Data of ND-8
£ z 4 K a
n o
(Hz) (cm) (10% s~
¢,y = 0.203 mol/L 3.0 65 + 2.0 4.67
C, = 1.068 cm/s 3.5 43 + 1,0 7,05
u, = 0.66 cm/s 4.25 33 + 1.0 9,19
u, = 0.82 cm/s = - 4.94 26 + 1.0 11.7
u_ = 0.152cm/s

h = 5.08 cm

&



R
L]

5.38 cm/s

=
il

=
It

0.161 cm/s
f = 0.0 Hz

h = 5.08 cm

= 0.203 mol/L
0.990 mol/L

]

Lsde]

c-10
ug z, Koa
' 2 -1
(cm/s) (cm) (107 s 7)
2.40 150 + 2.0 0.63
2 131 + 1.0 0.71 j
2.95 110 + 1.0 0.83 /.
v
3.20 94 + 1.0 0.96 <
3. 60. 76 + 2.0 1,17
4,25 59 + 2.0 1.47
4.65 48 + 2.0 1.79
530 37 + 2.0 2.29
6.02 28 + 2.0 3.01



c-11
\
N
Table 4.11 Data of ND-10
+*
/
uS zn Koa
2 -1
(cm/s) (cm) (10 s ™)
\‘{ N
C, = 0.193 mol/L 0.077 16 + 2.0 2.55
ol -
C, = 0.990 mol/L 6.137 30 + 2.0 2.50
u, = 4.0 cm/s . +0.165 45 + 2.0 2.04
_u%‘-‘-' 5.55 cms ) 0.185 57 + 2.0 1.82
£ = 0.0 Hz . 0.200 68 + 2.0 1.67
h 1‘5.08 em - 0.228 83 + 1.0 1.58
0.248 99 + 2.0 1.46
0.273 115 + 2.0, 1.40
Vo
0.283 122 + 3.0 1.37
0.307 138 + 3.0 1.34
0.330 156 + 3.0 1.29



Col = 0,235 mol/L
C/= 0.990 mol/L

A= 4.0 cm/s
o 6.0 cm/s
£ = 3.0 Hz

Col = 0.094 mol/L
Cs = 1,107 mol/L

u, = 4.0 cm/s

A .
uS = (.16 cm/s

h = 2,54 cm

Table 4.12 Data of ND-12

Cc-12

u

8 n o
“(cm/s) (cm) (102 s71)
0.192 7 + 2.0 12.40
0.208 11 + 2.0 8.61
0.258 16 + 2,0 7.49
0.360 28 + 2.0 6.24
0.527 45 + 3.0 6.16

Table 4.13 Data of ND-13
ud z, Koa
‘ 2 _-1
(cm/s) (cm) (10 s ™)
2.00 41 + 1.0 13.9
2,82 20 + 1.0 15.%
4.93 15 + 1.0 15.8



COl = 0,094 mol/L

C, = 1.107 mol/L
u, = 4.0 cm/s

ug = 0.122 cm/s
f = 1.0 Hz

*h = 2.54 cm

C,p = 0-178 mol/L

Cs = 1,107 mol/L ,
U, = 4,0 cm/s
u, = 2,3 cm/s

u, = 0.12 cm/s
h = 2.54 cm

Table 4.14 Data of ND-14

c-13

o] n 0
(cm/s) (cm) (102 571
4.20 147 + 2.0 1:2
.72 123 + 2.0 1.4
5.34 100 + 2.0 1.5
7.00 80 + 2.0 2.0
7.67 72 + 2.0 2.2
8.26 . 66 + 2.0 2.3
'9.60 49 + 2.0 3.2
© 10.82 39 + 3.0 4.0
12.15 27 + 2.0 5.7
Table 4:15 Data of ND-15
(H2) (cm) (10% &7
0.45 139 + 2.0 0.6
0.68 128 + 1.0 0.7
'1.15 95 + %20 1.0 -
1.68 62 + 2.0 “1.s
2.;4' 38 + 2.0 2.3
2.85 23 + 1.0 3.9
3.50 16 + 1.0 5.6

- BN
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(@]
1}

ol 0.178 mol/L
C, = 1.107 mol/L

uA'= 4,0 cm(s
u, = 3.85 cm/s
ug = 0.208 cm/s
h = 2.54 ¢cm

Col = 0,178 mol/L

(@]
I

1.107 mol/L

=4
I

= 2.0 ecm/s
2.0 em/s

[+
(1

f = 3.0 Hz

h = 2.54 cm

Table 4.16 Data of ND-16

C-14

f z, Koa
(Hz) (cm) (102 s~
0.31 144 + 2.0 1.1
0.68 126 + 2.0 1.3
1.15 112 + 2.0 1.4

1.68 68 + 2.0 2.4
1.42 83 + 2.0 1.9
1.95 56 + 1.0 2.8
2.24 44 + 1.0 3.6
2.85 30 + 1.0 5.4
3.50 21 + 1.0 7.6

Table 4.17 Data of ND-17
(cm/s) (cm) (202 s71)
0.165 26 + 2.0 5.54
0.184 33 + 1.0 5.15
0.208 39 + 1.0 5.34
0.258 58 + 1.0 5,59
0.308 94 + 2.0 6.73



Col = 0.097 mol/L
CS = 1,156 mol/L
u, = 4.0 cm/s

u, = 4.0 cm/s

f = 3.0 Hz

h = 2.5 ¢cm

Table 4,18 Data of ND-18

C-15

ug n Koa
(cm/s) (cm) (102 s )
0.255 146 + 5.0 3.91
0;227 104 + 3.0 4,34
0.202 80 + 3.0 4.60
0.184 56 + 1.0 5.68
0.167 47 + 1.0 5,86
0.145 40 + 110 5.66
0.133 36 + 1.0 5.61
0.108 32 + 1.0 4.85
0.077 27 £ 1.0 3.86



COl = 0.175 mol/L
C. =1.156 mol/L
Uy = 4.0 cm/s

u, = 0.184 em/s

f = 0.0 Hz

h = 2.54 cm

Table 4.19 Data of ND-20

\
l.10 n R-C;—‘a
(cm/s) (cm) (102 574
3.83 142 + 1.0 1.03
4.05 129 + 1.0 1.12
4.32 107 + 1.0 1.33
4.85 88 + 1.0 " 1.59
5.50 69 + 1.0 1.99
6.35 61 + 1.0 2.21
©7.00 52 + 2.0 2,57
8.32 36 + 2.0 3.65
9.60 26 + 2.0 5.00
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