Diffusion in Slurries and in

Non-Newtonian Fluids
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Diffusivities in slurries and in non-Newtonian solutions are predicted by means of an extension
of the general Eyring rate theory. The fluid is considered as consisting of a number of discrete
regions, each with its own contribution to the overall diffusion process. This model overcomes
the unrealistic effects of fluid viscosity predicted by the conventional (empirical) equations.
Whereas diffusivities predicted by means of prior art correlations were as much as 230 times
lower than the experimental values in the systems, the maximum error in diffusivities predicted
with the equations developed in this work was about 40%.

Experimenta! data are provided on two kinds of fluids: slurries and a polymer solution. Both
were highly non-Newtonian (flow behavior indexes as low at 0.15). Benzoic acid and B-napthol
were employed as the diffusing solutes. The principal limitation of the experimental data is that

only aqueous systems were investigated.

Much further experimental work will be required to provide a truly adequate test of the theory
and to evaluate the several unknown parameters in sufficient detail to enable highly accurate

predictions. Additionally the model wused ‘suggests a possible mechanism for

increasing

diffusion rates in these systems which is worthy of exploration. It may also be applied to an
analysis and prediction of diffusion rates in viscous Newtonian fluids, for which no adequate

method is presently available.

In spite of the fact that many proc-
esses in which polymers or slurries are
handled involve mass transfer, in ad-
dition to heat and momentum transfer,
the latter problems have been studied
almost to the exclusion of the former.
For example changes in molecular
alignment which occur under the in-
fluence of changes in shear rate have
marked effects on momentum transfer
rates. However no information is avail-
able to indicate whether or not changes
in shear rate affect the diffusivities in
a non-Newtonian liquid or slurry.
[Harley (9) noted such changes in
polymeric films]. It has been further
suggested (6) that a number of oper-
ating industrial processes would be
quite unattractive if, in fact, the dif-
fusivities in these systems varied in-
versely with viscosity as predicted by
most correlations for Newtonian fluids.
Gerster (7) has recently commented
on the similarly primitive state of the
art for viscous Newtonian fluids. Tsvet-
kov and Klenin (20) have noted the
absence of any viscosity effects in so-
lutions of polybutyl-methacrylate in a
variety of solvents. However the vis-
cosities were determined at only one
shear rate in each solvent (and not at
the same shear rate in the various sol-
vents). These limitations of their rheo-
logical data afford an opportunity for
a masking of all but the grossest
changes. Biancheria and Kagles (1)
studied diffusion in very dilute polymer
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solutions, in this case under conditions
of no bulk motion of the fluid. In no
case was the decrease in diffusivity
observed when the concentration of
long organic molecules in solution was
increased as large as the concomitant
increase in viscosity. Only two other
studies of diffusion in non-Newtonian
systems are available. One develops a
useful experimental technique for
measurement of diffusivity as a func-
tion of shear rate (3). The other (19)
develops a dimensional, empirical cor-
relation which incorrectly predicts dif-
fusivities in polymeric solutions which
are as much as two and one half times
greater than those in the pure solvent.

In light of the above status of the
current literature the purposes of the
present study were first to develop a
theoretical approach for the prediction
of diffusivities in viscous and non-
Newtonian systems and secondly to ob-
tain some quantitative data with which
to check the theoretical prediction and
to answer at least some of the ques-
tions raised above.

THEORY

The Eyring rate theory for mass and
momentum transfer (8, 16, 17) was
extended to include the problem of
diffusion in slurries and in non-New-
tonian fluids. In accordance with this
approach, for the case of momentum
transfer, the shearing stress is given by

v
T=3 X\ T
n=1

(1)
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when there are » kinds of flow units.
The term «x, represents the fractional
area occupied by the n' type of flow
unit and 7, is the force per unit area
acting on units of the n* kind. This
leads to the familiar non-Newtonian
viscosity expression (18):

Y X, Bn sinh™ B,y
Oy ﬂn ’;’

(2)

o=
Turning now to the problem of mass
transfer, Ree and Eyring (17) give the
following expression for the diffusion
coefficient in a Newtonian fluid:

kT FKkK dna

Exu k" dlnc
A diffusing species in the non-New-
tonian fluid encounters several kinds of
resistance to its motion, and Equation
(3) would not be expected to be valid
in the form given above. For example
particles or polymer molecules in the
suspension or solution would be ex-
pected to encompass small volumes
having different resistances to motion
of the diffusing species than would
those portions of the fluid which con-
sist of comparatively unaffected con-
tinuous phase or solvent. Under these
conditions one may write, analogously
to Equation (1), for the diffusivity in
a non-Newtonian fluid

(3)

M

DNN l

n

Xn Dn (4)&

1

where the D, represent the diffusivities
in the different regions of the fluid,
and the x, represent the volume frac-
tion (assumed equal to the area frac-
tion) of the solution occupied by units
or regions of the n* kind.

The simplest application of Equation
(4) would occur if the fluid were to
consist of only two kinds of units, those
largely associated with the solvent or
the continuous phase of a solution or

#It has recently been suggested (Duda, J. R,,
Private Communication) that the summation re-
quired by Equation (4) must be nonlinear and
would lead to the analogue of the Maxwell equa-
tion for thermal or electrical conductivity for the
special case v = 2. Over the range of Xep values
covered by the present data the differences between
this approach and that used in the present paper
would be negligible, but they may become im-
portant under other conditions.
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Fig. 1. Diffusivity of S-naphthol in a 1% aqueous carboxy methyl cellu-

lose solution at 25°C. The diffusivity in pure water at this temperature is

1.14 X 10° sq. cm./sec. (5,10). The apparent viscosity of this solution

varies between 29 and 310 centipoise over the range of shear rates cov-
ered. Complete rheological data are available (5).

suspension and those associated with
the polymer molecules or suspended
particles. It is evident that either kind
of unit could overshadow the other
in terms of relative importance. In the
case of an ionic polymer chain and an
ionized diffusing solute the contribu-
tion to diffusion which occurs along
the chain might well exceed the dif-
fusivity in the continuous phase. In
this case one might expect pronounced
effects of shear rate as the orientation
of the jonic polymeric molecule is
changed. In other systems one may
deal with relatively inert polymer mole-
cules or suspended particles which
would simply block off a portion of the
fluid. In this case one would expect
the diffusivity through the regions
made up of such units to be effectively
equal to zero. For this type of system
Equation (4) predicts

DNN = Xe¢p Dcp (461)

Equation (3) may be applied to
predict D,,, the diffusivity of the con-
tinuous phase portion of the non-New-
tonian fluid. It must be emphasized
that the properties of the continuous
phase are not in general equal to those
of pure solvent. Although it may be as-
sumed to be Newtonian, it may con-
tain some dispersed material which
affects its behavior.

To carry the theoretical development
further, consider a fluid prepared by
the suspension of solids in a liquid or
the addition of polymeric molecules to
a solvent. The diffusivity of any given
solute in the solvent itself is frequently
readily predicted by means of existing
correlations for Newtonian systems or
by reference to data on related mate-
rials. Under these conditions the quan-
tity of interest is simply the ratio of
the diffusivity in the non-Newtonian
or final fluid to that in the solvent it-
self. Applying Equation (3) to the cal-
culation of the diffusivity in the solvent
as well the continuous phase diffusivity
term in Equation (4a) one obtains for
this ratio

Vol. 8, No. 3

Dyy %4 Doy § N p

IR Rl v
(K/k") ey (dlna/dInc)., (5)
(k'/k”) (dlna/dlnc)

where the terms without the subscripts
designate the quantity in the pure
solvent.

The term k” is the frequency factor
for a site in the pure solvent, and k'
is the corresponding rate constant in
solvent having a finite concentration of
the diffusing solute. While the ratio
k'/k” may not, in general, be con-
sidered equal to unity, it seems likely
that any deviation from unity will be
similar in the continuous phase of the
non-Newtonian fluid and in the sol-
(K/K") e

k/k” !
sumed equal to unity. By means of a
similar argument the derivative terms
of Equation (5) are also dropped.
Further the lattice parameter X is usu-
ally taken equal to (V/N)** (17), and
since the density of the continuous
phase of the solution or slurry is not
likely to differ from that of the solvent,
the ratio of the A terms also may be
dropped. Thus for systems in which
there is no positive contribution to
the diffusion rate on the part of the
suspended solids (or the dissolved
polymer molecules) one may write
with some generality

vent. Thus the ratio s as-

Dyy
D
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(6)

= Xep

With the possible exception of the
case of inert (nonsolvated )solids sus-
pended in a liquid the viscosity of the
continuous phase portion of the non-
Newtonian fluid gx., is not equal to u,
the viscosity of the pure solvent. How-
ever it will be equal to the viscosity
of the most fluid “fHow units” in the
Eyring theory of viscosity, and this has
been shown (18) to be equal to the
limiting (Newtonian) viscosity reached
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Fig. 2. Diffusivity of benzoic acid in a 20% kaolinite clay
slurry at 20°C. The diffusivity in pure water at this tempera-
ture varies between 0.80 X 10~ and 1.00 X 10, depending
upon concentration (4,15). The apparent viscosity of this slurry
varies between 53 and 144 centipoise over the range of shear
rates studied. Complete rheological data are available (75).

by the non-Newtonian system at very
high rates of shear. Data are available
for a number of systems (2, 11, 16).
When rheological data in the region of
high shear rates are not available, it
is still possible to estimate this quan-
tity by fitting the Eyring-Powell-Ree
type of viscosity expression, Equation
(2), to the rheological data at lower
shear rates. Methods for carrying out
this operation have been discussed in
some detail by Ree and Eyring (17,
18).

The ratio ¢/¢., represents the final
difficulty. Ree and Eyring (17) show
that ¢ is almost always between 5.5
and 8.0 and averages about 6.0 in non-
polar, organic fluids. The average is
frequently unaffected. by hydrogen
bonding (I17) but is strongly anomal-
ous in aqueous systems, for which the
best available average value is 15.5 and
individual values may exceed 20 (17).

The association between the solvent
or continuous phase and the suspended
or dissolved material in a non-New-
tonian fluid would tend to skew the
distribution of molecular velocities; the
less energetic molecules would, in gen-
eral, tend to be associated longer with
the solvated dispersed material and
the more energetic molecules would
not. This suggests that there may be
little association between these remain-
ing energetic molecules in the continu-
ous phase and the diffusing solute, that
is that &., will usually be close to 6.0.

In summary Equation (6) will be
assumed to correctly portray diffusivi-
ties in suspensions and in non-New-
tonian fluids in which there is no pecu-
liar association between the diffusing
species and the dispersed solids or dis-
solved polymer. The ratio p/p., may
be established by means of relatively
simple and direct rheological measure-
ments. In organic systems the ratio
£/€., may have values as low as unity,
but it may reach a value of 3.0 or
even higher in aqueous systems. The
volume fraction of the continuous
phase x., may be directly estimated in
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nonsolvated systems and, in any case,
represents a smaller range of uncer-
tainty. Thus the primary purpose of
experimental data would be to shed
light on the correct choice of the ratio
£/&.p; once sets of values for this ratio
have been established experimentally
for non-Newtonian systems [similar to
the ¢ values already available for New-
tonian fluids (I7)] Equation (6)
could be used to estimate diffusivities
in these non-Newtonian systems with,
hopefully, a very high degree of ac-

curacy.

EXPERIMENTAL PROCEDURE

The following systems were investigated:

1. p-naphthol diffusing through a 1%
aqueous solution of high viscosity sodium
carboxymethylcellulose.

2. Benzoic acid diffusing through an
aqueous 20% kaolinite clay slurry.

3. Benzoic acid diffusing through a
14.2% slurry of Attaclay X250 in water.

All three fluids were highly non-New-
tonian under the shear rates employed,
having flow behavior indexes as low as
0.15.

Because of the improbability of obtain-
ing a uniform concentration of a viscous
non-Newtonian fluid inside the void space
of a conventional diaphragm diffusion cell,
and because the effects of shear rate [or
the absence of any, as predicted by Equa-
tion (6)] were to be investigated, the
measurement of diffusivity was carried out
in a flowing system. For this purpose
smooth tubes of the diffusing solute were
cast, and the non-Newtonian fluids were
pumped through these tubes under condi-
tions of laminar flow. At reasonably high
flow rates (Graetz numbers) the concen-
tration boundary layer is confined to a
narrow region next to the tube wall, so that
this technique may be made to approach
the ideal of a perfectly constant and
known shear rate as closely as desired. A
nondissolving entrance region must be
available so that the velocity profile has
been well developed by the time the fluid
reaches the soluble part of the tube wall.
The rheological properties of the fluid were
found to be unaffected by the addition of
the diffusing solute except during an initial
period at the beginning of some of the
runs. Such initial points were, of course,
discarded. For the data which are unaf-
fected by such radial variations in physical
properties the shear rate at the tube wall
may readily be calculated by the Mooney-
Rabinowitsch-Weissenberg relation (see
reference 11) provided there is no slip at
the wall due to the presence of a thin layer
of the solvent or continuous phase. Addi-
tionally the presence of such a low viscosity
layer would, of course, invalidate any
measured diffusion rates. Accordingly care-
ful pressure drop measurements were made
and compared with values calculated from
the known rheological properties of the
fluid. The close coincidence of these values
proved the absence of any such low viscos-
ity layer; the experimental and calculated
values agreed within the experimental error
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TaBLE 1. Dirrusivity oF BENzOIC ACID IN
A 14.2% AtracLAy SLurry AT 25°C,

Fluid
Fluid Shear rate, viscosity, Diffusivity,
mix sec.™  centipoise sq. cm./sec.
I 1,480 11. 0.90 x 10~
I 6,200 70 121
I 9,100 57 096
11 3,260 63. 0.69
II 10,500 45, 0.60

of about 6% and exceeded the pressure
drop of the continuous phase (water) by a
factor of over 100. In addition the coinci-
dence of rheological data obtained in tubes
of widely different diameters checks the
general tendency of these fluids to cling to
the tube wall as a continuous medium
rather than to slip.

Under these conditions the diffusivity
may be calculated unambiguously from the
measured total solution rate with the non-
Newtonian equivalent of the familiar
Graetz-Leveque solution for laminar heat
transfer under conditions of constant wall
temperature (12, 13, I14). Calculations
based upon the experimentally determined
diffusivities showed that the concentration
difference between the fluid at the wall and
that at any other radial position dropped to
within 5% of its maximum value in a dis-
tance of 0.06 to 0.18 mm. from the wall of
the tube, depending upon the conditions
used. As these values are large as compared
with the dimensions of the sodium carboxy-
methylcellulose molecules and clay parti-
cles, the diffusing species obviously pene-
trated well into the fluid stream, although
not so far as to encounter fluid in which
the shear rate was appreciably lower than
in the fluid adjacent to the wall itself.

In the first two fluids the solution rates
were obtained by mixing the Huid as it left
the tube and titrating a sample of this
mixed stream for the solute in question. In
the third fluid this procedure was not
found to be possible, and solution rates
were obtained by periodically weighing the
dissolving tube. This proved to be a far
less accurate procedure; thé data scatter
considerably in this instance and may only
be considered to be approximate. For the
first two fluids, on the other hand, a given
run at given conditions of shear rate was
continued for from 2 to 4 hr., and between
three and six samples were taken at peri-
odic intervals (not including those dis-
carded early in any given run). This
procedure was adopted not only to prevent
any erratic sampling errors but also to en-
sure the absence of any effects due to
changes in fluid physical properties with
time or to a concentration-dependent dif-
fusion coefficient.

A statistical analysis of the data showed
all such aberrations to be absent and the
diffusivity to be independent of concentra-
tion in both systems. The several points
obtained during each run were averaged
and are reported as a single point in the
present paper. The maximum deviation of
any single determination from the average
value reported here was usually less than 2
or 3% in the case of sodium carboxymethyl-
cellulose solutions and less than 5% for the
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kaolinite slurry; the maximum deviation was
above 10% in only one instance. Correc-
tions for deviation of the fluid from the
standard temperatures of either 20° or
25°C. were required in some of the early
runs; this amounted to 6% in one instance
and to 4% in another, but was otherwise
negligibly small. Correlations which in-
clude effects of natural convection (12)
indicate the lowest shear rate run made
with the sodium carboxymethylcellulose
solution may have incurred a 5% error for
this reason hence this point was suitably
corrected. No other corrections of any kind
were applied, and problems such as reac-
tion of the solute with the fluid or abrasion
of the solute were shown to be absent.
Thus the data reported for these systems
are highly reproducible and well defined.

Complete details of the flow system, of
the analytical and calculational procedures,
as well as of the solubility data and de-
scriptions of the techniques used to cast
the smooth, long tubes necessary are avail-

able (3, 5, 15).

RESULTS

Figures 1 and 2 show the results for
the sodium carboxymethylcellulose so-
lution and the kaolinite clay slurry,
respectively. The slope of the least-
squares correlation of Figure 1 is
0.0003 and that of Figure 2 is 0.0035;
both are statistically equal to zero at
the 95% confidence level, showing the
absence of any effect of shear rate on
the diffusivity over the 3 to 130 fold
ranges studied. Table 1 presents the
results for two Attaclay slurries studied
by means of the less accurate experi-
mental technique. (While the clay con-
centration was the same in both runs,
differences in mixing led to differences
in the viscosity of the fluids.) In this
case no rigorous interpretation of the
data is possible, but it is interesting
to note that they are in general agree-
ment with Figure 2 even though the
shear rates are higher by about 1 order
of magnitude, extending the entire
range of shear rates studied by a fac-
tor of nearly 2. Thus, a 220 fold range
of shear rates is covered by the three
sets of data.

When one applies Equation (6), the
ratio u/pu., for the data of Figure 1 is
taken as 0.89/3.0. The former value is
simply the viscosity of water at 25°C.,
while p,, is obtained by fitting the
Eyring-Powell-Ree viscosity equation
to the rheological data (5). Values
of &, and ¢ are taken as 6.0 and
16 as being representative of non-
associating and highly associated sys-
tems (I7) respectively, as discussed
earlier. The eftective volume fraction
of the continuous phase x., should be
taken appreciably lower than the be-
fore-mixing value of 0.99. If one arbi-
trarily assumes the solvation to double
or triple the effective volume of a
sodium carboxymethylcellulose mole-
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cule in solution, x., would be equal to
0.98 or 0.97. (While this may be in
error, the uncertainty here is much
less than in the choice of ¢.) With
these values Equation (68) predicts the
ratio Dyy/D to be equal to about 0.77,
as compared with the experimental
value of 0.85/1.14 or 0.75. In the case
of the kaolinite slurry the partially
rigid particles cannot imbibe nearly as
much solvent as free sodium carboxy-
methylcellulose molecules, and a value
of x., equal to approximately 0.85 ap-
pears reasonable. The ratio u/p., is
found to be equal to 1.0/4.5 in this
case (5). If one uses the same value
of ¢/¢., as above, the predicted ratio
of diffusivities is 0.50 as compared
with an experimental ratio of about
0.8. By increasing ¢ from 16 to 23, as
might be reasonable in view of the
general trends exhibited for larger
particles or molecules in the Eyring-
Ree tabulation for Newtonian systems
(17), the predicted and experimental
diffusivity ratio are brought into agree-
ment. No accurate experimental ratio
is obtainable from the data of Table
1, but the agreement between the ap-
proximate experimental results and a
prediction is about the same as for
the kaolinite slurry.

As expected the question of whether
or not there is agreement between the
experimental and theoretical values
rests upon choice of the ratio &/&,
about which there is necessarily great
uncertainty at the present time. Un-
fortunately it is only within recent
years that enough data have been ac-
cumulated on Newtonian systems to
make rational choices possible in that
simpler special case. Thus while it is
clearly desirable to obtain. further ex-
perimental data (especially for non-
aqueous systems, for which the maxi-
mum range of the ratio £/¢., is much
smaller), it will likely be some time
before accurate predictions by means
of Equation (6) or improvements
thereon will be possible. In the mean-
while it may be noted that the poorest
choice of the £&/£,, ratio resulted in a
prediction which was only 30 to 40%
too low and which is therefore of
sufficient accuracy to be of value un-
der some circumstances. By contrast
application of the usual correlations
for Newtonian fluids would have re-
sulted in predictions which were too
low by a factor of between 6 and 130
for the slurries and between 25 and
230 in the case of the sodium carboxy-
methylcellulose solution. Thus while
Equation (6) cannot yet be claimed
to be of proven applicability, it is ob-
viously a very significant improvement
over the prior art.

The large errors in predictions with
prior art correlations arise primarily
because of the very small effect the
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viscosity of these systems is seen to
have on the diffusion rate. As a crude
approximation it would be better to
estimate the diffusivity in a non-New-
tonian fluid as being identical to that
in the pure solvent than to adopt the

‘inverse dependency on viscosity pre-

dicted by prior art equations. In gen-
eral however such a procedure would
not prove to be as accurate as the use
of Equation (6).

CONCLUSION

Previously used mass transfer studies
were extended to provide an experi-
mental technique for the accurate
measurement of a diffusion coeflicient
at a fixed shear rate, but at any shear
rate level.

The Eyring rate theory has been ap-
plied to the problem of diffusion in
non-Newtonian fluids and slurries.
Whereas the usual correlations of dif-
fusivities in Newtonian systems yield
predictions which may be incorrect by
as much as several hundred fold, in
these systems the agreement between
the present predictions and the experi-
mental data was always better than
within 40%. Much further experimen-
tal effort will be required to check the
theory in detail and to provide the
parameters necessary for highly accu-
rate predictions.

A particularly interesting point for
further work stems from comparison of
Equations (4) and (4a); while the
latter was derived from the earlier one
by assuming that the portion of the
fluid associated with the polymer mole-
cule or suspended particle effectively
blocked the diffusing species, a more
interesting situation would be that in
which the polymer molecule provided
an easier path for diffusion than did
the continuous phase. Molecular mech-
anisms for such diffusion along a poly-
mer chain are possible and, if present,
should enable appreciable increases in
diffusivity above those obtainable in
the pure solvent. In this case the fluid
diffusivity may be expected to be shear
rate dependent.

Diffusivities in viscous Newtonian
fluids are not as low as predicted by
prior art correlations. The present ap-
proach of subdividing the fluid into
several kinds of flow units, each offer-
ing a different resistance to diffusion,
may afford an opportunity for the cal-
culation of diffusivities in these sys-
tems. In view of the known tendencies
toward association of the molecules in
these systems the presence of a variety
of flow units in such Newtonian fluids
is qualitatively reasonable.
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NOTATION

a = activity of the diffusing spe-
cies

c = concentration of the diffusing
species

d = tube diameter

D, Dyy, D, = diffusivity of a New-
tonian fuid, a non-Newtonian
fluid or a slarry, and in the
continuous phase portion ot a
non-Newtonian fluid, respec-
tively

k = Boltzmann’s constant

k,k” = frequency factors (relaxation
frequencies) in the Eyring
rate theory for a solvent con-
taining a solute and the pure
solvent, respectively

T = absolute temperature

V= mean fluid velocity

x, = fractional area occupied by
flow units or diffusion units of
the n'" kind; for example x.,
denotes the fractional area oc-

cupied by the continuous
phase

Greek Letters

o, B. = dimensional groups of terms

in the Eyring-Powell-Ree vis-
cosity equation [see (17) for
detailed definition ]

3n + 1

4n’

8V/D for well-developed lam-
inar flow through a smooth,
long tube, where

, dlogr.

"= dlog8V/D
A = lattice parameter (distance a
molecule advances during one
jump)
= viscosity of the fluid
= number of kinds of flow or
diffusion units
£ = number of neighbors of the
diffusing molecule which are
sheared during its advancing
a distance equal to one lat-
tice parameter

v = fluid shear rate; ¥y =

v

7, Tas Tw — Shearing stresses
Subscript
cp = properties or parameters of

the continuous phase portion
of the non-Newtonian fluid
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Spontaneous Interfacial Cellular Convection

Accompanying Mass Transfer: Ethylene
Glycol-Acetic Acid-Ethyl Acetate

ALUF ORELL and J. W. WESTWATER

Spontaneous interfacial cellular convection accompanying the extraction of acetic acid out
of ethylene glycol with ethyl acetate was studied photographically with a Schlieren technique.
A flot liquid-liquid interface ot room temperature was photographed straight down with
motion-picture and still cameras. The interface exhibited a dominant pattern of stationary
and propagating polygonal cells, accompanied by stripes, cell cluster boundaries, and confined
or unconfined ripples. The time-dependence of the average wave length (size) of the different
patterns, their average speed of propagation, and their frequency was determined by means of
an initial acetic acid concentration range of 0.1 to 10%, over a time span of 72 hr. The average
wave lengths of cells, stripes, and ripples ranged from 0.02 to 0.14, 0.065 to 0.155, and from
0.03 to 0.10 cm., respectively. Cell and ripple velocities ranged from 0.27 to 1.33, and from

0.27 to 1.10 cm./min. respectively.

The relation between the observed interfacial cellular convection and the Sternling-Scriven

theory of interfacial turbulence is discussed.

Mass transfer in liquid-liquid extrac-
tion, as described by the traditional two-
film model, is a rather quiet and unex-
citing affair. Solute is visualized as
transferring to and away from the inter-
face by molecular or eddy diffusion.
The interface as well as the interfacial
regions of a mechanically unstirred ter-
nary system are considered to be quies-
cent and motionless.

During the past decade a number of
ternary systems have been discovered
experimentally which challenge the uni-
versality of the two-film model. The in-
terface in these systems is found to be
disturbed during mass transfer by erup-
tions and spasms, while the nearby re-
gions are agitated spontaneously. This
Ehenomenon, known as interfacial tur-

ulence (17), has more than an aca-
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demic importance since it is invariably
accompanied by mass transfer rates
which may be several times higher than
the theoretical ones as predicted by the
two-film theory (3, 7, 10, 18, 19, 21,
32).

This study plans to explore the nature
and form of the interfacial activity ac-
companying liquid-liquid extraction
through a flat interface.

PREVIOUS EXPERIMENTAL
OBSERVATIONS

Ward and Brooks (38) were the first
to report the existence of spontaneous,
highly localized, interfacial agitation ac-
companying mass transfer. Since then
interfacial turbulence has been ob-
served and studied in drops and flat in-
terfaces both visually and photographi-
cally. Kroepelin and Neumann (15)
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photograt%hed the flat, turbulent inter-
face of the system ethyl acetate-acetic
acid-water in profile using a Schlieren
apparatus. The active interface of the
system amyl alcohol-acetic acid-water
was photographed by Briickner (4).
Sherwood and Wei (32), while study-
ing mass transfer with interfacial chemi-
cal reaction, noticed the occurrence of
spontaneous turbulence in the phase
boundary regions. Extending their ob-
servations to forty ternary and quater-
nary systems they found that interfacial
turbulence was pronounced in the case
of exothermic neutralizations. Some of
Wei's experiments were repeated by
Sternling and Scriven (87) who studied
them cinematographically along with
other surface-tension-driven flows.
Pendant droplets disturbed by rip-
pling, pulsation, kicking, and eruptions
were studied by Lewis and Pratt (20),
Haydon (11), and Garner et al. (8).
Haydon (12) investigated also the kick-
ing of pendant drops both qualitatively
and quantitatively and proposed a
mechanism for it. Sigwart and Nassen-
stein (33, 34) made an extensive photo-
graphic study of eruptions in pendant
droplets using a color Schlieren micro-
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