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ABSTRACT

Mass transfer rates of an electrolyte through a turbulent aqueous
film in an agitated two-phase nondispersing liquid-liquid contactor were
measured using an aqueous electrolyte solution as the light phase and
mercury as the heavy phase. The méss transfer data were correlated by

the equation

Ngp = [0-029 exp(3.3 x 107w, )] Mo 281 ng %2
M W W

The mass transfer rates were measured polarographically via the
diffusion-limited, electrically driven reduction of quinone at the mercury
surface in the contactor. Variables tested were the agitation rate,
agitator diameter, phase volume, cell size, and various physical properties
(principally viscosity) of the aqueous phase.

The parameters found to be most significant to the mass transfer rate
were agitator speed, agitator diameter, and aqueous-phase v%scosity. A
correlation found in the Titerature is similar to the correlation developed
here, but a new form of the intercept term was developed which correlates
mass transfer data over a much wider range of Sherwood numbers than that

found in the literature.
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CHAPTER I
INTRODUCTION

Operation with a nondispersing device to prevent contamination of
one phase with the other is desirable in some chemical processes that
" require two-phase éontacting; on the other hand, there is also the need
for increased mass transfer rates afforded by energy input to the system
via agitation. An example of a system using this type of device is the
extraction of rare-earth fluorides from the fluoride fuel carrier salt to
an intermediate bismuth stream in Molten-Salt Breeder Reactor fuel proc-
essing (1). Another potential application of the two-phase nondispersing
contactor is in the extraction of tritium from the 1ithium blanket material
of a controlled thermonuclear reactor (2). It has been shown that tritium
dissolved in molten lithium is preferentially distributed in the salt
phase when the tritium-laden lithium is contacted with a molten salt such
as LiC1-KC1 eutectic (3). A stirred two—phase contactor could be used in
this initial extraction step as well as in the following step where the
tritium must be stripped from the eutectic salt phase. There are also
other potential large-scale applications of such systems in the processing
of molten scrap metal to recover valuable components (4).

Mass transfer data have been reported for the two-phase nondispersing
contactor by several researchers. Most of the previous studies, however,
have been made with systems in which the physical properties of the two
phases are very similar (i.e., an aqueous phase and an organic phase).

The potential applications mentioned above would involve fluids with a

large density difference. As a prerequisite for reliable design of
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contactors with fluid properties which are quite different from those
studied previously, it is necessary to have data describing mass transfer
characteristics of high-density-difference systems such as the salt-metal
systems.

To obtain such data efficiently, it was desirable to model the salt-
meté] systems by performing an experiment that was relatively inexpensive
and permitted rapid data acquisition. This study used the water-mercury
system, which has a density ratio, pz/p], of 13, where Py and P represent
the heavy- and light-phase densities, respectively. This density ratio
is closer to that of the salt-metal Systems, where pz/p] ranges from about
3 to 8, than is the density ratio of aqueous-organic systems, where
‘p;_,/p.l = 1.25. |

A conceptual drawing of a typical nondispersing contactor is given in
Figure 1. The two phases are pumped in a countercurrent fashion intoAand
out of the vessel shown. Transfer of species from one phase to the other
takes b]ace at the lfquid-liquid_interface and is promoted by agitation of
the two phases via turbines which are positioned in each fluid. Agitation
is kept below the point at Which one pﬁase is physically dispersed into
the adjacent phase.

It was of interest to determine thé gffects of agitator diameter,
phase volume, and cell size on the mass transfer characteristics of the
cell, since these paraheters are impartant for scale-up purposcs and
have not been varied sufficiently in previous studiés.

Using an aqueous electrolyte as the 1jght phase and mercury as the
heavy phase, electrolyte film mass transfer coefficients were measufed

polarographically in three contactor cells of square cross section, each
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with a different base dimension. The mass transfer coefficient in each
cell was measured as a function of agitator rotational speed, agitator
diameter, and phase volume. The physical properties of the aqueous
phase, principally the viscosity, were varied by the addition of sucrose
to the aqueous phase.

The diffusion coefficient of quinone was measured as a function of
aqueous-phase viscosity using a dropping mercury electrode (d.m.e.)
apparatus. The measured mass transfer rate and the diffusion coefficient
data were then utilized to develop a correlation which relates the light-
(aqueous-) phase mass transfer coefficient to the significant parameters

that were varied in the study.



CHAPTER II
REVIEW OF LITERATURE

Severé] studies have addressed the problem of mass transport between
two agitated, nondispersed liquids. In all cases, however, the research
was concentrated on systems where there is only a small density difference
between the phases (i.e., aqueous and organic). Most investigators also
used cylindrical cells and agitators of approximately the same size. No
attempt was made to scale the results obtained in small laboratory-size
contactors to larger cells of pdtentia] industrial importance.

In general, mass transfer rates have been determined in transient
experiments involving mutual solution of one phase into the other. The
transient data were obtained in those experiments by sampling each of
the phases during an experiment and relying on wet chemical or other
secondary techniques for sample analysis.

Lewis (5) used cylindrical, nondispersed, two-phase, mechanically
agitated cells to investigate mass transfer rates for several aqueous-
organic systems. He correlated his results by the empirical relation

60 k] -6 Ny 1.65
- = 6.76 x 10 (N -——) +1. (1)

+ N
1 Re; = "Rep my
Lewis postulated that the mass transfer rate was only a function of eddy
transport to and from the interface and was independent of the molecular
diffusivity of the observed systems over the range of Reynolds numbers
considered. The range of liquid densities covered in his study varied

from 0.8 to 1.2 g/cm> (800 to 1200 kg/m°).
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Gordon and Sherwood (6) investigated the validity of the additivity
of resistances for interphase transfer of solute between two liquids
using the mutual saturation technique and various aqueous-organic pairs.
The study was essentially an investigation of the validity of using the

equation.

.kll_=T<]T+'“1k2 ’ @)
where the first term represents the overall resistance to mass transfer
between the two phases, and the second and third terms represent the
individual resistances in-the stagnant films on either side of the inter-
face. They found good agreement between their data and Equation (2).
They also observed that the addition of a surface-active agent to the
liquid-Tiquid interface had 1little, if any, effect on the mass transfer
rate. The results obtained in their study led them to conclude that
the individual mass transfer coefficients depend on the molecular diffu-
sivity raised to the one-half power.

McManamey (7) correlated both his data and Lewis' data by the

expression

NRe
N

60 k o
1 _ 0.9
'—‘\T’—— 0.102 (NRe]) <] +

2 "2 -0.37 '
W) (NSC]) »  (3)
1

Re
which is similar to Lewis' correlation but includes the Schmidt number.
The indicated dependence of the mass transfer coefficient on the molecular

diffusivity is 0.37, which lies between the zero dependence maintained

by Lewis (corresponding to turbulent mixing) and the exponent of one-half
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assumed by Gordon and Sherwood (which corﬁesponds to pure molecular
diffusion).
Mayers (8) developed an improved correlation on the basis of Lewis'
data and confirmed it by additional experimental data with new systems.

The resulting correlation was

ky d 22\ o 5/6
T = 0-00916 (g M ) (ﬁ]—> (0.6 : W) (e )% . ()
Mayerslfound that the dependence of the film mass transfer coefficient
on the molecular diffusivity was one-sixth, placing the process between
turbulent mixing and molecular diffusion.

Olander and Benedict (9), who studied the transfer of water into
mixtures of tributyl phosphate (TBP) and n-hexane, found that the
individual-phase mass transfer coefficient for this system was correlated

well by the relation

Ky Ny 0-67 0.44
= 0.0134 <——) (Ng, )04 (5)

1 Y1 1
"These authors observed that, below a certain transit%on speed (which was
different for each solvent), the mass transfer coefficient was propor-
tional to the agitator speed to the 0.67 power. At higher speeds, the
exponent on the agitator speed changed abruptly to 1.7. This phenomenon
is believed to arise from a change in the flow regime in the vicinity of
the interface. They also concluded that this change was not necessarily

connected with marked visual rippling of the interface.
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Olander (10) presented a theoretical model for predicting mass
transfer rates in a stirred contactor. In the model he developed, each
phase was divided into two parts: the core region (Region I), which
contained the liquid in the volume swept out by the stirrer; and an
annular region (Region II) between the core and the vessel walls. The
expressions Olander developed for the mass transfer coefficient in each

region were
1/2

Xk 1/3 3,2/3 /w - :

. (9 (1 - fe') % -2/3
Region I: —% = (= (——) (Ne.) ; (6)

and
1/3 1/2 .
k 173 (A./A;)
Region 11: & = {&/3) - L (%”) (Ng) /3 . (7)
T

Good agreement was obtained with Equations (6) and (7) by Loosemore and
Prosser (11), who used a cell which substituted a rotating disk above

the interface instead of stirrer bars. To test the validity of Equations
(6) and (7) separately, portions of the interface were obstructed to
prevent mass transfer.

* McManamey et al. (12) measured the influence of molecular diffusion
on mass transfer rates in a stirred contactor. The systems studied were -
helium and isobutane transferring from water to toluene and from water
to Dekalin, respectively. Their results indicate that the mass transfer
coefficient is proportional to the molecular diffusion coefficient raised
to the one-half power. A theoretical model was proposed, based on the
concept that the total fluctuation velocity in the plane of the liquid-

Tiquid interface is increased when the turbulent fluctuations in both
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phases are synchronized (leading to faster mass transfer) and on the
assumption that the approach of an eddy to the interface is restrained
by interfacial tension and gravitational forces. The expression obtained

[which is derived elsewhere (13) in dimensional form] is

' 0.5 v, 0.5
Nep, = C(8) (NSC]) : (NWe])[:NRe1 * (GT) NRez] X

].
2_0.5
°2"22 NRez
1+ 5 | & X (8)
P1Vy Re, -

In a later study, McManamey et al. (14) confirmed that the mass

transfer coefficient in turbulent liquid-liquid systems is proportional
to the one-half power of the molecular diffusion coefficient. This work
represents an improvement over theAprevious effort (12), where the equi-
1ibrium distribution coefficients were incorrectly measured.

Bulicka and Prochazka (15) developed the following model for turbu-

lent mass transfer in liquid-Tiquid contactors:

N 1/2 N /4 (9)

shy ~ g Nsc,
where‘w is a factor which accounts for the effects of turbulence in one
phase (phase 2) on mass transfer rates in the other phase'(phase 1).
Equation (9) was developed on the basis that surface renewal occurs by
turbulent disturbances and unsteady mass transfer takes place by molecular
diffusion into the-elementary vortices.

It is apparent that a Qreat deal of research has been performed with

nondispersing contactors to elucidate the basic mechanisms of mass
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transfer which can be expected to occur. Very little information is
available, however, concerning mass transfer occurring between fluids
with widely varying physical properties such as the fluids used in the
processes cited earlier. Data are also lacking on the variation of mass
transfer coefficient with parameters such as agitator diameter, phase
volumes, and cell size, which are important in scale-up operations. This
research effort was therefore directed toward measuring mass transfer
rates as a function of fluid physical propcrties and the cell geometry

parameters that have not been studied previously.



CHAPTER III
THEORY OF POLAROGRAPHY

A polarographic method for measuring mass transfer rates was adaptéd
to the nondispersing contactor system. This method has several desirable
characteristics, the foremost of which is that the location of the measured
‘mass transfer resistance is known. The technique is also Very rapid and
permits acquisition of a large amount of data in the same period of time
that would be required to -perform one test using the mutual solubility
technique.

The polarographic technique for determining aqueous-phase mass trans-
fer coefficieﬁts involves oxidation of a reduced species or réduction of
an oxidized species at an electrode, which is at a condition of concentra-
tion polarization. Concentration polarization is noted when the concen-
tration of the reacting species decreases from the bulk solution value to
essentially zero across a thin stagnant layer near the electrode surface.

One system that has been studied previously (16) is the reduction of
fefricyanide jons at a polarized nickel electrode. As ferricyanide was
reduéed at the cathode, ferrocyanide was oxidized at the anode. There was
no net consumption of chemicals or change in the composition of the elec-
trolyte solution.

Po]arizatioq of the cathode can be accomplished in one of two ways--
either the cathode surface area is made very large with respect to the
anode surface area, or the concentration of the oxidized species is made
very small with respect to the reduced species.

The migration of an ion in both electric and concentration fields is

described by the Nernst-Planck equation
11
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Q = BD(vC + %%5 vs) , (10)

where

= flux of the ion, kg-mo]es/mz-sec,

= diffusion coefficient, m2/sec,

concentration of reacting ion, kg-mo]es/m3,

= valence change of the transferring iqn, equiv/kg-mole,
= Faraday-con;tant, coul/kg-mole,

= gas constant, joules/kg-mole-K,

4 ™ m N o g o
n

= absolute temperature, K,

¢ = electric potential, V.

~The first and second terms in the expression represent the contribution

of ordinary diffusion to the flpx and the contribution of electromigration,
respectively. A‘1afge concentration (relative to that of the reacting

ion) of an inert electrolyte alters the dielectric properties of the solu-
tion such that the potential will decrease smoothly across the region
between fhe electrodes, while the concentration drops sharply across the
thin polarized layer near the cathode. Thus, the term containing the

electric potential becomes relatively small, and

Q= ZvC . (11)

The current flowing between the electrodes is therefore a measure of mass
transfer rates governed by ordinary molecular diffusion. For this
reason, it is sometimes called the "diffusion current.f

The total molar flow rate of ions to the interface is given by the

product of ‘the concentration driving force, the mass transfer coefficient,
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and the interfacial area available for mass transfer:

J = KA(Cy - C;) | (12)
where
J = molar flow rate of ions,
k = film mass transfer coefficient,
A = interfacial area,
Cg = bulk concentration of ions, and
€

= interfacial concentrations of ions.
Rearranging yields

K= et (13)
but

and Ci = 0 since the interface is the polarized electrode; therefore,

Equation (13) becomes

- I \
S A TG (I - e
This relates the experimentally obtainable quantities I, A, and CB to

the mass transfer coefficient through the electrolyte film.



CHAPTER IV
APPARATUS AND PROCEDURE

Apparatus for Mass Transfer Coefficient Measurements

A schematic diagram of the experimental apparatus is shown in Figure
2. The contactor vessels are Plexiglas boxes of square cross section,
with a depth/width ratio of 2. The agitators are flat four-bladed tur-
bines with one turbine centered in each phase. The anodes for each ce11
are made from 1.6-mm-thick brass-sheet formed to fit the inner perimeter
of the cell and suspended in the aqueous phase. The anodes are plated
with gold or silver to resist chemical attack by the aqﬁeous solution.

The potential of the mercury surface relative to a saturated calomel
e]ecfrode (SCE) suspended in the aqueous phase is controlled while current
is passed between the anode and the cathode. A potentiostat capab]é of
automatically varying the impressed voltage between 1imits of +2 V (SCE)
and -2 V (SCE) at rates up to 1 V/min is used. The current through the
cell is plotted versus the mercury surface potential on a Hewlett-

Packard X-Y plotter.

Procedure for Mass Transfer Coefficfent Measurements

The composition of the aqueous phase for the runs made in this study
ranged from 0.01 to 0.05 M hydroquinone and from 0.0002 to 0.001 M
quinone, in a 0.2 M phosphate buffer solution with a pH of 7.0. The
mercury used for the heavy phase was obtained from the Analytical Chemistry'
Division at ORNL.

The cell was filled with an appropriate volume of each phase, and
the turbines were positioned at the midpoint of each pﬁase. The aqueous

14
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phase was subsequently sparged with argon to remove dissolved air. A
small bleed of afgon was maintained through the vapor space above the
electrolyte during each experiment to prevent introduction of oxygen.
The agitator drive was then started and adjusted to the desired speed.
The voltage between the mercury and the SCE was changed from 0 to -1.4
V, and the cell current and voltage were automatically recorded on the
X-Y plotter by the potentiostat. At this point, the agitator speed was
adjusted to another value, and the procedure was repeated until a satis-
factory range of agitator speeds had been investigated. The entire
sequence of steps was performed undér photographic-safe 1lights to prevent
deterioration of the electrolyte due to exposure to ultraviolet radiation.

A typfca] current—voitage recording is shown in ngure 3. The cell
current is reborded over the range of 0 to -1.4 V versus SCE at different
agitator speeds. At each speed, the ce1] current rises with increasing
voltage at low voltages but reaches a constant value at higher voltages.
This constant-current plateau is the diffusion-Timited current of interest,
which is due to the reversible reduction of quinone at the mercury surface

represented by

O=C>-—=O + 20+ 2e" = HO —@— OH . (16)

The diffusion current actually oscillates about an average value because
of turbulent fluctuation at the interface. This value, which can be
obtained from the recordings, is the basis for determination of the mass

transfer coefficient using Equation (15).
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Apparatus and Procedure for Measuring Quinone Diffusion Coefficients

Measurement of the diffusion coefficient of quinone in the electrolyte
medium was desirable in order to facilitate correlation of the mass trans-
fer coefficient data. A d.m.e. apparatus provided by the ORNL Analytical
Chemistry Division was used for this purpose. This apparatus has been
described in detail by Kolthoff and Lingane (17).

The d.m.e. was calibrated by preparing a standard solution of known .
concentrations of both quinone and hydroquinone in a phosphate buffer.

The aqueous viscosity was ;aried by the addition of sucrose. Composite
cathodic-anodic waves were then méasured with the standard solutions and
wfth dilutions of the standard solution with water. A typical cathodic-
anodic wave, shown in Figure 4, is similar to those presented in the
literature (17). The hydroquinone oxidation wave starts at 0.2 V versus
SCE (abscissca of Figure 3) and continues to approximately 0.15 V versus
SCE. In this region, the current (ordinate of Figure 4) is limited by the
diffusion rate of hydroquinone to the mercury surface where it is oxi-
dized to quinone. The curve then increases rapidly to a second region
where the current increases only slightly with increasing potential. In
this region (v 0.0 to -0.4 versus SCE), the current is limited by the
rate of diffusion of quinone to the mercury surface where it is reduced
to hydroquinone. The diffusion-limited current is determined graphically
by the intersection of a tangent line through the zero-current portion of
the wave and tangent lines through each of the diffusion-limited plateaus.
The intersection points are labeled A and B in Figure 4. The distance

from zero on the abscissa to point A corresponds to the diffusion current
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of quinone, while the distance from point B to zero on the absc1ssa
represents the diffusion current of hydroqu1none

The measured diffusion current, the quinone bulk concentration, and
several apparatus parameters were used to calculate the quinone diffusion

coefficient via the following semiempirical equation (18):

1= 607 8.5 /2 /3 1/6< 39.51/;3”6),. (17)
where

Io = currenf averaged over the lifetime of a mercury drop, mA;

B = number of Faradayé of electricity required per mnﬁe nf
electrode reaction;

P = diffusion coefficient, cm’/sec;

C = bulk concentration of diffusing species, millimoles/liter;

M =. mercury -flow rate, mg/sec;

t = mercury drop time, sec.

Equation (17) was used to determine the diffusion coefficient of quinone

in each combination of aqueous quinone and sucrose concentrations.



CHAPTER V
EXPERIMENTAL DATA

The experimental data can be divided into three groups: the aqueous
film mass transfer coefficients measured as a function of the sysfem vari-
ables, the quinone diffusion coefficient measured as a function of the
aqueous-phase physical properties, and measurement of the aqueous-phase
viscosity and density. These data are presented in the following three _

sections.

Mass Transfer Coefficient for the Electrolyte Film

A summary of the range of experimental parameters is presented in
Table 1. Three cells, with base dimensions of 0.102, 0.203, and 0.305
m, respectively, were used. Three to five different agitator diameters
ranging from 0.038 to 0.280 m were tested for each cell size. de or
three phase volumes varying between 0.0007 and 0.018 m3 were tested for
each combination of cell size and agitator diaﬁeter. Three different
aqueous-phase sucrose concentrations, 0, 34, and 45 wt %, were investi-
gated for each combination of cell size, agitator diameter, and phase
volume. Finally, for each set of experimental parameters listed above,
mass transfer coefficients were measured over the range of agitator
speeds listed in Table 1,

The méss transfer coefficients measured as a function of agitator
rotational speed are shown in Figures 5 through 23. Figures 24 through
29 show the variation of the mass transfer coefficient with various

system parameters held constant. Figure 30 illustrates the effect of

agitating each phase independently on the mass transfer coefficient.

21



Table 1. Summary of Experimental Parameters for Measukement
of Aqueous-Phase Mass Transfer Coefficients

Agueous-Phase Range of
Cell Size Agitator Diameter Phase Volumes Sucrose Concentration Agitator Speeds

(m x m) (m) (m3) (wt %) (rps)

0.102 x 0.102 0.038 0.0007, 0.0009 34, 45 0.33 - 3.67

' 0.064 0.0007, 0.0009 "0, 34, 45 0.27 - 2.32

0.089 0.0007, 0.0009 0, 34, 45 0.32 - 1.87

0.203 x 0.203 - 0.089 0.003, 0.005, 0.007 0, 34, 45 0.33 - 2.40

0.140 0.003, 0.005, 0.007 0, 34, 45 0.33 - 2.00

0.190 0.003, 0.005, 0.007 0, 34, 45 0.28 - 1.35

0.305 x 0.305 0.089 0.009, 0.018 0 0.48 - 3.13

0.140 0.009, 0.018 ~ 0 0.33 - 2.33

0.190 0.009, 0.018 0, 34, 45 0.33 - 1.67

0.240 0.009, 0.018 0, 34, 45 0.33 - 1.33

0.280 0.009, 0.018 0, 34, 45 0.27 - 1.00

é¢
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fhe data obtained with an aqueous-phase sucrose concentration of 0.0
wt % are plotted in Figures 5 through 11. Fiqures 5 and 6 are for the
100-mm cell, Figures 6 through 9 for the 200-mm cell, and Figures 10
and 11 for the 300-mm cell. Each plot gives the measured mass transfer
coefficient as a function of the agitator speed on log-log coordinates.
One figure is presented for each different phase volume, and separate
curves are shown for the various agitator diameters tested.

The data obtained with an aqueous sucrose concentration of 34 wt %
are presented in Figures 12 and 13, 14 and 15, and 16 and 17 for the
100-, 200-, and 300-mm cells, respectively.. As with the 0.0 wt % sucrose
data, a separate figure is given for each phase volume; separate curves
are shown for each of the agitator diameters tested.

Figures 18 through 23 summarize the mass iransfer data measured
with the 45 wt % sucrose electrolyte. The same formét is used in these
figures as was used with the 0.0 and 34 wt % sucrose data. Figures 18
and 19, 20 and 21, and 22 and 23 are for the 100-, 200-, and 300-mm
cells, respectively. One figure is presented for each phase volume
tested, and separate curves are included for each agitator diameter
tested.

The variation of mass transfer coefficient with agitator speed and
phase volume is shown in Figures 24 through 26. These data were measured
in the 200-mm cell with the 140-mm-diam agitator. Fiéure 24 presents the
data measured with an aqueous-phase sucrose concentration of 0.0 wt %.
Figures 25 and 26 show the data measured with aqueous-phase sucrose con-

centrations of 34 and 45 wt %, respectively.
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The measured mass transfer coefficients are plotted as a function of
agitator speed and aqueous-phase sucrose concentration in Figures 27
through 29. Figure 27 is for the 100-mm cell with a phase volume of
0.0007 m3 and the 38-mm-diam agitator. One curve is shown for each
sucrose concentration (0.0, 34,.and 45 wt % sucrose). Figure 28 shows

3 and

data measured in the 200-mm cell with a phase volume of 0.0030 m
the 140-mm-diam agitator; a separate curve is presented for each sucrose
concentration. . Data measured in the 300-mm cell with a 0.0090—m3‘phase
volume, 240-mm-diam agitators, and sucrose concentrations of 0.0, 34,
and 45 wt % sucrose are plotted in Figure 29.

-The data given in Figure 30 show‘thevrelative effect of agitation
in each phase on the mass transfer coefficient as compared with simul-
taneous agitation of both phases. These data were measured in the 300-

mm cell with 190-mm-diam agitators and 0.018-m>

phase volumes.
A complete tabulation of the data obtained in this study is included

in Appendix A.

Quinone Diffusion Coefficient

The diffusion cOefficient of quinone through the aqueous electrolyte
solution was measured as a function of the aqueous-phase sucrose concen-
tration using the d.m.é. apparatus discussed in Chapter IV. The results
of these measurements are listed in Table 2. The dafa that were obtained
with the d.m.e. apparatus and were used to ca]cu]ate the diffusion coef-

ficients listed in Table 2 are tabu]ated in Append1x B.
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Table 2. Quinone Diffusion Coefficient Measured as a
Function of Aqueous-Phase Sucrose Concentration

Aqueous Sucrose Quinone Diffusion
Concentration Coefficient
(wt %) (mme/sec x 104)
0.0 6.7
34.0 1.1
45.0 0.46

Physical Properties of the Electrolyte Solution

The physical properties of the electrolyte solution necessary to
perform fhe diffusion coefficient calculations and the correlation of
the mass transfer data were measured concurrent with the diffusion coef-
ficient. Both the viscosity and the density of the electrolyte were
determined as a function of sucrose concentration. The viscosity was
measured with a Brookfield Viscometer, while the density was méasured
with a standard glass laboratory hydrometer. The results of these
measurements and the calculated aqueous-phase Schmidt numbers are

listed in Table 3.

Table 3. Physical Properties of the Electrolyte Solution.

Sucrose | Solution Solution Aqueous
Concentration - Viscosity Density Schmidt
(wt %) (cP) : (g/cm3) Number
0.0 1.17 1.02 1,710
34.0 4.67 1.16 36,600

45.0 10.9 1.22 194,000




CHAPTER VI

DISCUSSION OF EXPERIMENTAL DATA

Effects of Agitator Speed and Agitator Diameter on the Mass Transfer
Coefficient

The effects of the agitator speed and agitator diameter on the mass
transfer coefficient are shown in Figures 5 through 23 (pages 23-41). In
each figure, the logarithm of the measured mass transfer coefficient is
plotted versus the logarithm of the agitator speed for constant values of
cell size, phase volume, and sucrose concentration. A separate curve is
presented for each agitdtor diameter tested. As shown in Figurcs 5 through
23, the mass transfer coefficient 1néreased sfgnificant]y with increasing
agitator diameter at é fixed agitator speed. It ista1so apparent that
the increase in mass'transfer coefficient with increasing agitator diam-
eter (ak/ad) increases as the agitator speed is raised. For a constant
diameter, the curve of mass transfer coefficient versus agitator speed
is nonlinear for small agitators but tends to approach linearity with
increasing agitétor diameter. For the small agitators, this curve
appears to be linear in the low agitator speed range but abruptly
changes slope at a given agitator speed. The agitator speed at which
the slope changes decreases with increasing agitator diameter. Olander
and Benedict (9) reported the same slope transition while investigating
aqueous-organic systems and attributes it to a change of flow regime at
the liquid-liquid interface. Furthermore, the change in flow regime is
not necessarily accompanied by marked visual rippling of the liquid-
1iquid interface (which one would qualitatively associate with interfacial

turbulence).

52
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Effect of Phase Volume on the Mass Transfer Coefficient

The effect of phase volume on the measured mass traﬁsfer coefficient
is sthn in Figures 24 through 26 (pages 42-44) for the 203-mm cell. These
results are similar to those obtained with the 102- and 305-mm cells.

The sucrose concentrations for the data shown in Figures 24, 25,
and 26 are 0.0, 34.0, and 45.0 wt %, respectively. The agitator diam-
eter is 140 mm in each case; the phase volumes range from 0.003 to 0.007
m3. As shown in the three figures, the effect of changing the phase
volume on the measured mass transfer coefficient is slight. Only with
a sucrose concentration of 45.0 wt % was ény change in mass transfer
coefficient detected with increased phase volume (see Figure 26, page
44). The mass transfer coefficients measured withAthe phase volume of
0.003'm3 are slightly greater than those measured with a 0.007-m3 phase
volume. This éffect can be explained by the greater energy dissipation

per unit volume when smaller phase volumes and highest viscosities are

used.

vEffect of Aqueous-Phase Viscosity‘on the Mass Transfer Coefficient

The data plotted in Figures 27, 28, and 29 (pages 45-47) for the
102-, 203-, and 305-mm cells, respectively, show the effect of the aqueous-
phase viscosity on the measured mass transfer coefficient. Data from runs
made with the three équeous-phase sucrose concentrations, 0.0, 34.0, and
45.0 wt %, are plotted in each figure. The agitator diameter and phase
volume were held constant during each set of three runs. Increasing

the sucrose concentration, or viscosity, had a dramatic effect on the
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mass transfer coefficient; for example, increasing the viscosity by a
factor of 10 decreased the mass transfer coefficient by a factor of
approximately 35, as shown in Figure 27 (page 45).

The transition (mentioned previously) that results in a change in
slope is very apparent for the three viscosities shown in Figure 27 for
the 102-mm cell with 38-mm-diam agitators; however, with increased cell
size and agitator diameter (Figures 28 and 29, pages 46 and 47), the
slope change becomes more gradual and finally disappears altogether fur

the 305-mm cell with 240-mm-diam agitators.

Effect of Selective Phase Agitation on the Mass Transfer Coefficient

One of the most intéresting tests performed in this study was the
determination of the relative effect of agitation in each phase on the
measured mass transfer coeff{cient ih the aqueous phase. '

The 305-mm ce11vwas used with 190-mm-diam agitators and 0.018-m"
phase volumes. First, the mass trangfer coefficient was measured as a
function of agitator speed with an agitator in the mercury phase only and
in the water phase only. Next, a test was performed with agitators posi-
tioned in both phases. The results from these tests, shown in Figure 30
(page 48), indicate that the mass transfer coefficient is most affected
by agitation in the water phase when the agitator speed is low. How-
ever, as the agitator speed increases, agitation in the mercury begins
to affect the (water-side) mass transfer coefficient more strongly
than agitation in the water phase alone. Moreover, the mass transfer
coefficient resulting from agitation in both phases is not a simple

additive function of the mass transfer coefficients resulting from
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agitation in one phase only. It is also apparent that the mass transfer
coefficient resulting from agitation in the water phase alone is a linear
function of the agitator speed in logarithmic coordinates, but the mass
transfer coefficient measured for agitation in the mercury phase alone
is not a'simple, linear logarithmic function of the agitator speed. The
results, shown in Figure 30 (page 48), help to provide a qualitative
explanation of the shape of the curves shown in Figures 5 through 29
(pages 23-47); they also aid in formulating an equation to correlate all,

of the mass transfer coefficient data measured.

Comparison of Mass Transfer Coefficient Data with Literature Values

To add credence to the mass transfer data obtained in this study,
a comparison was made between the experimental results for the aqueous-
me}cury system and literature values reported for aqueous-organic
systems.

O]ander and Benedict (9) reported mass transfer coefficients
measured in a 152-mm-diam unbaffled cylindrical cell with 0.00]-m3
phase volumes and 76-mm-diam stirrer bars. The systems used in their
study included transfer of isobutanol through water, transfer of water
through 30 wt % TBP in hexane, and transfer of water through isobutanol.
Unlike the present study, Olander and Benedict used a transient method
in which one phase was soluble and physically transferred to the other.

The experimental conditions in this study most closely approxi-
mafing those of Olander and Benedict are tests made in the 102-mm cell

3

using 0.0007-m~ phase volumes, 89-mm-diam agitators, and no sucrose.
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Figure 31 shows a comparison of the water-mercury data with the
aqueous-organic data. In this figure, the results for the aqueous-
organic systems bracket those for the water-mercury system. As noted
previously, Olander and Benedict also reported the change in slope of
the logarithm of the mass transfer coefficient ve;sus the logarithm of

the agitator speed.
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CHAPTER VII
CORRELATION OF DATA

Mass Transfer Data

The mass transfer data were found to be correlated well by the

equation

-6 0.81 0.52

Ng, = [@.029 exp(3.3 x 10 Ve,

NReM)] NRew (18)
where the Sherwood numbér, NSh’ which represents the ratio of convective
to molecular mass transfer resistance, is given as a function of the
Réynolds number, NRe’ based on both the aqueous and mercury phases and
the Schmidt number, NSc’ based on aqueous-phase properties.

The numerical coefficients in Equation (18) were calculated from‘the
.experimental data reported in Figures 5 through 23 (pages 23-41) along
with the physical and transport properties of the aqueous phase-given in
Tables 2 and 3 (page 51). The IBM 370/91 computer was used with the sta-
tistical analysis program SAS (19) to fit the data and to eva]uéte
statistically the degree of fit of Equation (18) to the data. Figure 32
is a parity plot of the experimentally determined Sherwood number versus
the Sherwood number calculated from Equation (18). The correlation coef-

ficient for Equation (18) is 0.98, which is defined as (20):

n

jg: J(é% j ,
> G fe(i .-Ij)(yi-ﬂ)

i=1 Jj=1 i=1

. x5 (v -IY»
Correlation _
coefficient

(19)
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where
y = dependent variable,
X = independent variable,
B = Tleast-squares estimator,
p = number of estimators,
n = number of data points, and

superscripts — and "~ refer to mean value and predicted value, respectively.
The correlation coefficient estimates the fraction of variation in the
data that is accounted for by the correlation. A perfect correlation
would have a coefficient of 1.0. The F-statistic for Equation (18) has
a value of 4750 and is defined as follaws (20):
n — 2
Ty -y (p - 1)
=]

i=

F-statistic = (20)

(y;- - 91-)2/(n - p)

n
i=

1

This statistic takes into account not only the mean-squared deviation of
the data, but also the spread or range of the data and the number of |
parameters in the model equation. The greater the range of the data and
the fewer the number of parameters in the model, the higher the value of
the F-statistic. A perfect correlation would result in an F-statistic

of infinity.

Discussion of Correlation

A total of 15 different correlating equations similar to Equation

(18) were tried with various degrees of success. In the development of
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Equation (18), one of the objectives was to find the simR1est equation
which would rebresent the data accurately. Of the equations tested, the
final selection had both the highest corre]atién coefficient, 0.98, and:
the highest F-statistic, 4750, with the number of parameters equal to or
less than those in the other models. The exponents of the aqueous-phase
Reynq]ds and Schmidt numbers are also found to be quite reasonable,
based on both statistical analysis and comparison with similar literature
values.

The 95% confidence interval was calculated for each constant in

Equation (18), to give:

< +0.068> ( 1076
Ne, = |(0.029 exp (3.3 +0.5) x 1070 N )
Sh -0.013 Rey

0.81 + 0.07
X (NRew - NSC

0.52 + 0.04 |
. (21)

w

The 95% confidence interval results in about a 10% variation in each
coefficient other than the intercept term. The intercept term has a
relatively large variation due to the wide range over which data were
taken. A relatively large change in the intercept term causes only a
small change in the slope coéfficients. Based on the 95% confidence
interval, Equation (18) fits the data quite satisfactorily.

The parity plot given, in Figure 32 shows qualitatively how well
Equation (18) predicts the-experimentally determ1ned values of the
Sherwood number. A computer program which calculated the mass transfer

coefficient using Equation (18) and appropriate values of the experimental
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parameters was prepared to evaluate further the utility of Equation (18)
for predicting individual data points. Such comparisons can show trends
in the correlation more effectively than parity plots. The results of

. thesg calculations are illustrated graphically in Figures 5 through 29
(pages 23-47). Al11 of the curves presented in these figures are calcu-
lated from Equation (18).

As expected in correlations of this type, Equation (18) does not
fit every set of data perfectly; however, it does predict the general
data trends. In none.of the cases studied did the calculated curves
vary from the data by more than 40% (see run 75 in Figure 21, page 39).

The terms in Equation (18) were arrived at by observing the data
trends as a function of operating parameters, studying the types of
correlations used previously for stirred-contactors, and intuitive
reasoning. Of the several tested, the combination of dimensionless
groups that worked best is described below. The intercept term [shown
in brackets in Equation (18)] was arrived at by inspection of Figure 30
(see page 48). The mass transfer coefficient measured when only the
mercury was agitated appeared to be an exponential function of the
agitator speed. The dimensionless group that contains the agitator
speed is the Reyno]ds number based on agitator tip velocity. Similarly,
by inspection of Figure 30 (page 48), when only the aqueous phase was
agitated, the mass transfer coefficient is a linear function of the
agitator speed. Again, the Reynolds number was used, this time based
on the aqueous-phase properties. Finally, the importance of the Schmidt

number was suggested by work performed by several researchers (7, 8, 9,
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10, 12, 15) who determined that, in turbulent systems, the mass transfer
coefficient is a linear function of the Schmidt number.

McManamey et al. (12) determined conclusively that the Schmidf
number dependence of the Sherwood number was 0.5 by measuring the
transfer rates of helium and toluene and of helium and butanol through
water. The aqueous Reynolds number exponent of 0.81 fs typical of
forced convection mass transfer and is quite close to the exponent of
0.75 reported by Bulicka and Prochazka (15).

Equation (9) developed by Bulicka and Prochazka (15) is similar to
Equation (18) developed in this study. The only significant difference
between them lies in the intercept term. A parity plot (Figure 33) of
the experimental Sherwood number versus the Sherwood number predicted
by Equation (9) was prepared to test Equation (9) with the aqueous-
mercury data. Equation (9) overpredicts the Sherwood number between
values of 100 and 4,000 and underpredicts it between values of 4,000
and 160,000. It is important to note that the data measured in this
study cover a range of Sherwood numbers from about 100 to about 160,000.
quation (9) was determined for data with Sherwood numbers ranging from
only 500 to 3,000. One, therefore, would not necessarily expect it to
provide an accurate prediction of the Sherwood number far outside the

range of data from which it was developed.
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CHAPTER VIII
CONCLUSIONS AND RECOMMENDATIONS

Conclusions ’

The original objec£ives of the thesis were fulfilled: (a) to measure
polarographically the mass transfer rates of an electrolyte through an
aqueous film in agitated, two-phase, nondispersing liquid-liquid con-
tactors, using an aqueous electrolyte solution as the light phase and
mercury as the heavy phase; and (b) to correlate the mass transfer data
obtained in (a). The evidence supporting these objectives is given in
Chapters V, VI, and VII.

Specific conclusions which can be drawn from this work are:

1. The aqueous-film mass transfer coefficients measured in this
study can be correlated well by a new and improved correlation
containing Reynolds numbers based on each phase anﬂ the Schmidt
number based on the aqueous phase [see Equation (18) and
Figure 32, page 59].

2. Of those investigated, the parameters affecting the mass
transfer coefficient most significantly are the agitator
speed, agitator diameter, and aqueous-phase viscosity.

3. The phase volume has very little effect on the mass transfer
coefficient, within the range of conditions examined.

4. The correlation developed in this study is similar to that
deve]oped by Bulicka and Prochazka (15), but data were

measured over a much wider range of Sherwood numbers and

therefore produced a significantly better correlation.
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Recommendations

For further expansion of this study, the following recommendations

can be made: |

l.v Develop a method for measuring the mass transfer coefficient
on the mercury side of the agueous-mercury ihterface.

2. Develop an apparatus to vary independently the agitator speed
in each phase, thereby allowing further elucidation of the
effect of agitation in one phase on wass transter in each

' phase.

3. Study bubble-induced mass transfer where bubbles of gas would

introduce turbngnce instead of turbines, thus eliminating

the need for a mechanically driven agitator.
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APPENDIX A

RUN CONDITIONS FOR AND RESULTS FROM MASS TRANSFER
COEFFICIENT MEASUREMENTS

A listing of the experimental variables tested with aqueous sucrose
concentrations of 0.0, 34.0, and 45.0 wt % is given in Tables 4, 5, and
6, respectively. Each table contains the cell size, phase volume, agi-
tator diameter, and quinone concentration for the individual runs.
Following the quinone concentration is a tabu]atiqn of adifétof speed,
measured diffusion current, and calculated mass transfer coefficient.

A1l of the origina]Aexperimental data are recorded in unclassified
notebooks numbered A-7551-G (pages 1-92), A-7639, and A-7640~G, which

are the property of the Oak Ridge National Laboratory.
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Table. 4. Experimental Conditions and Results Measured with 0.0 wt % Sucrose in the Aqueous Phase

) Agitator Quinone Agitator Diffusion - Mass Transfer
-Cell Size Phase Volume Diameter Concentration Speed Current - Coefficient
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
6 203.0 3.0 190.0 0.0010 .40 92.5 .0116
.63 169.0 .02Nn
.82 255.0 .0320
1.00 271.0 .0681
1.10 366.0 .0918
1.15 290.0 1450
1.35 372.0 .1870
7 203.0 3.0 140.0 0.0010 .34 57.6 .0072
.48 74.2 .0093
.68 94.7 .0119
.83 114.0 .0142
.80 128.0 .0161
1.02 178.0 .0223
1.27 277.0 .0348
1.40 440.0 .0552
1.57 660.0 .0829
8 . 203.0 3.0 89.0 0.0010 .53 62.9 .0079
.73 75.1 .0094
1.05 99.5 .0125
1.20 116.0 .0145
1.42 164.0 .0206 -
1.67 149.0 .0187
1.97 193.0 .0242
2.47 298.0 .0374
9 203.0 5.0 89.0 0.005 .37 19.5 .0049
' .50 23.0 .0058
.60 28.2 .0071
a7 32.6 .0082
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Table 4 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phase Volume Diameter Concentratgon Speed Current Coefficient
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
77 29.5 .0074
.98 35.5 .0089
1.03 39.0 .0098
1.13- 39.5 .0099
1.20 44.2 .01
1.23 43.5 .0109
1.42 49.9. .0125
1.43 51.8 .0130
1.67 64.0 .016]
1.70 64.0 .0161
1.88 . 85.1 .0214
1.95 87.0 .0218.
10 203.0 . 5.0 140.0 . 0.0008 .37 26.2 .0066
.58 40.3 .0101
.87 58.7 .0147
1.00 73.1 .0183
1.18 102.0 .0255
1.28 122.0 .0306
1.43 183.0 .0458
1 203.0 5.0 190.0 0.0005 .48 57.9 ..0145
. .63 88.7 .0223
.67 86.6 .0217
.73 109.0 .0274
.83 125.0 .0313
.93 167.0 .0419
.97 189.0 .0475
1.10 301.0 .0756
12 203.0 7.0 89.0 0.0005 .45 27.2 .0068
’ . .63 32.2 .0081
.83 38.3 .0096
.98 43.3 .0109
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Table 4 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer

Cell Size Phase Volume Diameter Concentration Speed Current Coefficien§

Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
1.22 ° 50.3 .0126
1.42 55.9- .0140
1.57 61.4 .0154
1.72 69.5 .0174
1.87 76.5 .0192
2.10 . 84.6 .0212
2.10 86.6 .0217
2.30 98.8 .0248
2.45 121.0 .0303
13 203.0 - 7.0 140.0 0.0005 .42 40.6 .0102
.48 40.3 .0101
.57 50.8 .0127
.78 66.0 .0166
.80 69.0 .0173
.93 88.3 .0222
1.00 88.6 .0224
1.10 109.0 .0272
1.33 148.0 .0372
1.50 201.0 .0504
14 203.0 7.0 190.0 0.0005 1.30 443.0 .1120
‘ 1.12 331.0 .0831
.97 232.0 .0582
.67 174.0 .0436
.58 141.0 .0353
.43 108.0 .0270
.28 62.1 .0156
15 102.0 - 0.7 64.0 0.0010 .30 12.5 .0063
‘ .52 17.5 .0088
.70 22.0 .0110
.92 24.5 .0123
1.17 29.5 .0148
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Table 4 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phase Volume =  Diameter Concentration Speed Current Coefficient
Run - (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
1.43 33.5 .0168
1.70 40.0 .0201
2.00 48.5 .0243
2.30 66.5 .0334
16 102.0 0.7. 89.0 0.0010 .32 16.1 .0081
.50 19.6 .0098
- .97 30.2 .0151
1.20 36.2 .0181
1.42- 44.8 .0225
1.77 70.5 .0354
.72 24,7 .0124
17 102.0 0.9 . 64.0 . 0.0010 .27 13.1 .0066
.50 16.6 .0083
.75 21.1 .0106
1.00 24.7 .0124
1.27 28,2 .0141
1.50 32.2 .0161
1.80 36.9 .0185
2.00 41.3 .0207
2.32 50.8 .0255
18 102.0 0.9 89.0 0.0010 .47 19.1 .0096
.70 24.2 0121
1.03 31.7 .0159
1.40 42.3 .0212
1.70 55.4 .0278
.1.87 66.5 .0334
19 305.0 9.0 89.0 0.00020 .60 47.3 0139
.87 59.4 .0165
1.13 73.5 .0205
1.50 88.6 .0247

9L



k)

Table 4 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
- Cell Size Phage Yolume Diameter Concentration Speed Curren§ Coefficien§
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (Ax 10%) (m/sec x 103)
1.80 101.0 .0281°
2.03 123.0 .0342
2.37 147.0 .0410
2.67 179.0 .0499
21 305.0 - 9.0 240.0° 0.00020 .50 88.8 .0247
.63 122.0 .0339
.75 163.0 .0455
.88 250.0 .0696
1.00 341.0 .0950
1.12 415.0 .1160
22 305.0 9.0 280.0 0.00020 .35 61.9 .0173
.43 84.6 .0236
.53 118.0 .0328
.65 147.0 .0408
.82 312.0 .0869
24 305.0 18.0 89.0 0.0020 .48 33.7 .0094
.65 36.7 .0102
.93 48.8 .0136
1.18 55.8 .0155
1.35 59.9 .0167
1.77 65.9 .0184
2.00 81.1 .0226
2.33 98.6 .0275
2.67 123.0 .0344
3.13 179.0 . .0498
25 305.0 18.0 140.0 0.00020 .42 33.3 .0093
.60 43.4 0121
.85 55.5 .0155
1.07 68.7 0191
1.37 .0279

100.0
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Table 4 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phase Volume Diameter Concentration Speed Current Coefficient
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
1.62 - 138.0 .0386
1.82 194.0 .0542
2.15 317.0 .0884
2.33 407.0 L1130
26 305.0 - 18.0 190.0 0.00020 .57 59.4 .0165
.83 " 85.6 .0238
1.03 127.0 .0354
1.25 223.0 .0621
1.47 331.0 .0922
1.67 434.0 1210
27 305.0 18.0 240.0 0.00020 .33 57.5 .0160
.53 86.3 .0241
.67 134.0 .0372
.85 187.0 .0521
.98 253.0 .0705
1.15 413.0 L1150
28 305.0 18.0 280.0 0.000z0 .27 51.4 .0143
) .38 71.9 .0200
.55 121.0 .0338
.67 166.0 .0464
.80 * 230.0 .0642
.92 335.0 .0934
97 305.0 9.0 190.0 0.00020 .33 48.1 .0130
.67 92.5 .0260
1.00 203.5 .0570
1.33 314.5 .0880
1.67 473.6 .1320
.33 48.1 .0130
98 305.0 9.0 140.0 0.00020 .33 40.7 .0110
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Table 4 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Sige Phase Yolume Diamete Concentration Speed Curreng Coefficieng
Run (m x 109) (m3 x 103) {m x 10°) (kg-moie/m3) (rps) (A x 10°) (m/sec -x 103)
.67 66.6 .0190
“1.00 88.0 .0250
1.33 129.5 .0360
1.67 188.7 .0530
30 .102.0 0.7 38.0 0.0010 .80 23.4 .0n7
1.20 28.5 .0143
1.57 35.6 .0179
.47 16.4 .0082
.80 21.5 .0108
1.20 27.3 .0137
1.57 34.8 .0175
1.57 34.5 .0173
2.00 46.7 .0243
2 7.1 .0357 -

.30
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Table 5. Experimental Conditions and Results Measured with 34 wt % Sucrose in the Aqueous Phase

Agitator Quinone Agitator Diffusion Mass Transfer
Cell 3Size Phase Volume Diameter Concentration Speed Current - Coefficient
Run (mx103) - (m3x103)  (mx103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
38 102.0 0.7 38.0 0.0005 .33 1.01 . .0010
.68 1.32 : .0013
1.00 1.56 .0016
1.37 1.76 .0018
1.73 2.07 .0021
2.33 2.64 .0027
3.00 3.30 .0033
.35 0.86 .0009
2.33 2.51 .0025
3.00 3.17 .0032 -
39 102.0 0.7 38.0 0.0005 .33 0.74 .0007
.67 1.10 .0011
1.03 1.31 .0013
1.40 1.53 .0015
1.73 1.73 .0017
2.60 2.41 .0024
3.00 2.67 .0027
.33 0.61 .0006
1.73 1.53 .0015
3.00 2.63 . .0026
40 102.0 0.7 64.0 0.0005 .33 1.76 .0018
.33 1.52 .0015°
.67 2.51 .0025
1.00 3.39 .0034
.33 1.48 .0015
.70 2.17 - .0022
1.02 2.95 .0030
1.37 4.14 .0042
1.70 7.88 _ .0079
.33 1.47 .0015
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Table 5 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Pha§e Yolume Diameter Concentration Speed Curreng Coefficient
Run (m » 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
.67 2.10 .0021
1.00 2.67 .0027
1.33 4.35 .0044
1.70 6.66 .0067
.33 1.36 .0014
.33 1.56 .0016
4] 102.0 0.7 89.0 0.0005 - .33 2.00 .0020
.70 4.21 .0042
. 1.00 8.63 .0086
.33 1.95 .0020
.68 3.70 .0037
1.00 7.50 .0075
1.37 9.76 .0098
.33 1.75 .0018
.33 1.79 .0018
.70 3.16 .0032
42 102.0 0.9 89.0 0.0005 - .33 1.68 .0017
.67 3.16 .0032.
1.00 6.72 .0068
1.37 9.14 .0092
.33 1.48 .0015
1.00 6.72 .0068
43 102.0 0.9 64.0 0.0005 .33 1.37 .0014
’ .67 1.79 .0018
1.00 2.32 .0023
1.33 3.05 .0031
1.73 5.32 .0053
2.07 7.53 .0076
.33 1.58 .0016
1.00 2.32 .0023

18



Table 5 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phase Volgme Diameter Concentration Speed Current Coefficient
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
46 102.0 0.9 38.0 0.0005 . .33 1.01 .0010
, .33 0.70 .0007
.70 1.18 .0012
1.03 1.31 .0013
1.37 1.53 .0015
1.73 1.67 .0017
2.00 1.88 .0019
3.00 2.72 .0027
3.00 3.17 .0032
3.67 4.07 .0041
.33 1.07 .0011
1.00 1.49 .0015
56 203.0 3.0 190.0 0.0005 .33 12.1 .0030
.67 40.3. .0101
.33 10.2 .0026
.67 36.5 .0092
1.00 12.4 .0312
.50 18.1 .0046
.83 62.5 .0157
.33 10.2 .0026
57 203.0 3.0 140.0 0.0005 .33 6.00 .0015
.67 10.0 .0025
1.00 35.0 .0088
1.37 83.0 .0209
.33 5.04 .0013
60 203.0 3.0 : 89.0 0.0005 .33 3.55 .0009
.68 5.52 .0014
1.03 6.89 .0017
1.40 8.27 .0021
1.13 1.2 .0028
2.00 14.8 .0037
.33 3.15 .0008

@)
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Table 5 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer

Cell Sige Phase Volume Diametes Concentration Speed Curren§ Coefficien

Run (m x 103) {m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 109) “(m/sec x 10
66 203.0 7.0 190.0 0.0005 .33 12.1 .0030
.67 46.4 017
1.00 78.6 .0198
1.32 161.3 .0406
.33 10.1 .0025
67 203.0 7.0 140.0 0.0005 .33 5.52 .0014
.67 10.5 .0027
1.00 31.1 .0078
1.33 59.2 .0149
1.67 113.4 .0285
.33 5.02 .0013
70 203.0 7.0 89.0 0.0005 .33 3.56 .0009
: .67 4.15 .0010
1.00 5.24 .0013
1.33 7.12 .0018
1.70 12.1 .0030
1.67 11.6 .0029
2.07 18.9 .0048
.33 3.16 .0080
76 305.0 9.0 280.0 0.0002 .33 20.1 .0056
.53 36.1 .0101
.67 60.2 .0168
.82 72.3 .0201
1.00 120.5 .0336
.33 15.1 .0042
77 305.0 9.0 240.0 0.0002 .33 6.02 .0017
: .65 30.1 .0084
1.03 74.3 .0207
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Table 5 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phase Volume Diameter Concentration Speed Currens Coefficiens
Run (m x 103) (m3 x 103) {(m x 103) (kg-mole/m3) (rps) (A x 10°) (m/sec x 10°)
.67 38.2 .0106
1.30 126.5 .0352
.33 7.03 .0020
80 305.0 9.0 190.0 0.0002 .33 3.10 .0009
. .67 11.8 .0033
1.03 28.3 .0079
1.37 48.2 .0134
1.67 70.3 .0196
.33 2.7 .0008
86 305.0 18.0 280.0 0.0002 .33 20.2 .0056
‘ .50 42.5 .0118
.67 89.0 .0248
.83 108.3 .0302
1.00 153.8 .0428
.33 16.2 .0045
87 305.0 18.0 240.0 0.0002 .33 8.57 .0024
.50 23.2 .0066
.67 54.4 .0152
1.00 97.8 .0272
1.33 155.8 .0434
.33 13.1 .0037
90 305.0 - 18.0 190.0 : 0.0002 .33 4.03 .00n
.67 24,2 .0067
1.00 51.4 .0143
1.33 - 69.6 .0193
1.67 93.7 .0261
.33 5.04 .0014
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Table 6.

Experimental Conditions and Results Measured with 45 wt % Sucrose in the Aqueous Phase

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phase Volume Diameter Concentration Speed Current - Coefficient
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
47 102.0 0.9 89.0 0.0005 .33 0.79 .0008
.70 2.18 .0022
1.03 -5.31 .0054
1.40 12.0 0121
.33 0.79 .0008
1.00 5.16 .0052
48 102.0 0.9 64.0 0.0005 .33 0.63 .0006
.67 0.79 .0008
1.00 0.95 .0010
1.37 1.59 .0016
1.70 2.64 .0027
2.07 4.54 .0046
.33 0.63 .0006
1.03 0.85 .0009
5 102.0 0.9 38.0 0.0005 .33 0.44 .0004
.33 0.31 .0003
.67 0.46 .0005
1.03 0.50 .0005
1.40 0.57 .0006
1.73 0.59 .0006
2.33 0.66 .0007
3.67 1.05 .0011
.33 0.31 .0003
1.03 0.48 .0005
52 102.0 0.7 89.0 0.0005 .33 0.60 .0006
.67 1.19 .0012
1.00 4.7 .0042
1.37 15.0 .0150
.33 0.60 .0006
1.00 4.17 .0042
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TJable 6 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phase Volume Diameter Concentrazion Speed Current Coefficien§
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/n3) (rps) (A x 103) (m/sec x 109)
53 102.0 0.7 64.0 0.0005 .33 0.57 .0006
.33 0.44 .0004
.70 0.86 .0009
1.03 1.19 .0012
1.37 2.08 .0021
1.77 3.89 .0039
1.77 3.54 .0036
2.03 5.36 .0054
.33 0.49 .0005
1.00 1.15 .0012
54 102.0 0.7 38.0 0.0005 .33 0.36 .0004
.33 0.28 .0003
.67 0.38 .0004
1.00 0.44 .0004
1.37 0.53 .0005
1.73 0.61 .0006
2.33 0.81 .0008
3.00 1.06 L0011
3.67 1.46 .0015
.33 0.30 .0003
1.00 0.44 .0004
55 102.0 0.9 38.0 0.0005 .33 0.40 .0004
.67 0.42 .0004
1.00 0.50 .0005
1.33 0.55 .0006
1.77 0.63 .0006
2.33 0.85 .0009
3.67 1.52 .0015
.33 0.32 .0003
1.03 0.50 .0005
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Table 6 (Continued)

- 61

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phage VJ]gme Diameter Concentrat&on Speed Currens Coefficieng
Run (m x 103) x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
203.0 3.2 190.0 0.0005 .33 4.05 .0010
: .67 23.3 .0059
1.00 70.0 .0178
.52 12.1 L0031
.83 46.6 0117
.33 4.05 .0010
62 203.0 3.9 140.0 0.0005 .33 3.01 .0008
.67 5.52 .0014
1.00 27.1 .0068
1.33 51.2 .0129
.33 3.01 .0008
65 203.0 3.9 89.0 0.0005 .33 1.88 .0005
: .67 2.47 .0006
1.00 3.26 .0008
1.33 4,35 .0011
1.70 5.93 .0015
2.00 9.00 .0023
.33 1.78 0004
71 203.0 7.0 190.0 0.0005 .33 6.10 .0015
' .67 22.4 .0056
1.00 40.6 0102
1.33 76.2 .0192
0.33 5.08 .0013
72 203.0 7.0 140.0 0.0005 .33 2.02 .0005
.67 5.04 .0013
1.00 15.1 .0038
1.33 32.3 .0081
1.67 51.9 L0131
2.00 72.6 .0183
.33 2.02 .0005
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Table 6 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phage Volume Diameter Concentratjon Speed Current Coefficient
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 103)
75 203.0 7.0 . 89.0 0.0005 .33 1.19 .0003
.67 1.58 .0004
1.00 2.37 .0006
1.33 4.74 .0012
1.67 7.75 .0020
2.00 17.3 .0043
2.40 30.2 .0076
.33 1.19 .0003
81 30£.0 9.0 280.0 0.0002 .33 10.2 .0028
.67 42.8 .0119
.97 81.6 .0227
.50 30.6 .0085
.83 63.2 .0176
.33 10.2 .0028
82 305.0 9.0 240.0 0.0002 .33 5.04 .0014
) . .68 32.3 .0090
1.00 49.4 .0138
1.30 94.7 .0264
.33 8.06 .0023
85 305.0 9.0 190.0 0.0002 .33 1.76 .0005
.65 9.77 .0027
.98 23.4 .0065
1.33 32.8 .0091]
1.67 57.5 .0160
.33 1.37 .0004
91 305.0 18.0 280.0 0.0002 .33 12.2 .0034
.53 34.5 .0096
.70 51.8 .0144
.87 714 .0198
1.00 87.4 .0243
.33 8.13 .0023
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Table 6 (Continued)

Agitator Quinone Agitator Diffusion Mass Transfer
Cell Size Phage Volume Diameter Concentrat%on Speed Current Coefficien§
Run (m x 103) (m3 x 103) (m x 103) (kg-mole/m3) (rps) (A x 103) (m/sec x 10°)
92 305.0 18.0 240.0 0.0002 .33 5.04 .0014
. . .67 36.3 .0101
' ‘ 1.00 62.5 .0174
. 1.33 98.8 .0275
.33 8.06 .0023
95 305.0 18.0 190.0 0.0002 .33 3.59 .0010
.67 1.1 .0031
1.00 32.8 .0091
1.33 49.4 .0138
1.67 - 63.5 0177
.33 3.5

w

.0010
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APPENDIX B
MEASUREMENT OF QUINONE DIFFUSION COEFFICIENT

As described in Chapter IV, the diffusion coefficient of quinone
through the aqueous electrolyte medium was measured as a function of ‘
aqueoué viscosity, using the d.m.e. Table 7 lists the experimental
conditions and results which, when substituted into Equation (17), can
be used to calculate the diffusion coefficient.

Tabie 7 also gives the sucrose concentration, measured diffusion
current, quinone concentration, mercury flow rate, and mercury drop
- time for each nf the measurements. The calculated diffusion cneffi-

cients are included in Table 2 (see page 51).

Table 7. Data and Conditions for Quinone
Diffusion Coefficient Measurements

Sucrose Diffusion Quinone Mercury Drop
Concentration Current Concentration Flow Rate Time
(wt %) (mA) (millimoles/liter) (mg/sec) (sec)
0.0 3.04 1.0 1.001 0.5

34.0 © 1,19 1.0 1.001 0.5
45.0 0.755 1.0 1.001 0.5
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APPENDIX C
SAMPLE CALCULATIONS FOR A TYPICAL MASS TRANSFER RUN

The mass transfer coefficients given in Tables 4, 5, and 6 were

calculated from Equation (15), which is:

= IYRRIEY -

The diffusion current is determined from the current-voltage curve
for each run (see Figure 3, page 17). The interfacial area available
for mass transfer was assumed to be the cross-sectional area of the
cell. The quinone concentration was calculated from the amount of
quinone used to prepare the electrolyte solution. The quinone concen-
tration was occasionally verified with the d.m.e. apparatus. The
calculated mass transfer coefficient for Run 8, which was made at an
agitator speed of 0.53 rps, is:

3

K = 62.9 x 10°° A ‘
equiv coul A-sec 2 mole )
(2 mole )(96,487 equiv)(] Coul )(0.0412 m“)(1.0 3 )
=7.9x10°° m/sec.
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