Mass Transfer Studies 1n an Agitated Vessel

A. . JOHNSON and CHEN-JUNG HUANG

A study of rates of dissolution of organic solid from a flat surface into turbulent liquid in
a mixing tank of 6 in. I.D. is reported for five systems—benzoic acid-water, salicylic
acid—water, salicylic acid-benzene, succinic acid-n-butanol, and succinic acid-acetone.
Previous theories for the rates of mass transfer are reviewed and compared, and experi-
mental results analyzed and correlated by an equation in terms of dimensionless groups
similar to that of Hixson and Baum, Sherwood and Gilliland, and Rushton and Oldshue.
The close agreement between the theoretical and experimental values of the exponent of
the Schmidt number in this equation may provide new and significant evidence for the
applicability of the surface-renewal theory to mass transfer from a flat solid surface into
a turbulent liquid.

For free rotational agitation, a local mass transfer coefficient with respect to the position
of a cast solid was detected quantitatively. However, the insertion of four baffles into the
tank gave a uniform mass transfer coefficient regardless of the position of the cast solid.
A decrease in the mass transfer coefficient was observed when baffles were used.

The advantages of the constant and stationary interface, the stability and simplicity of
the apparatus, the possibility of duplicating experimental results, and the success of the
detection of a local mass transfer coefficient suggest that the présent apparatus and pro-
cedures could be used for the study of the theory of mass transfer rates from flat surfaces.

Among the basic concepts of mass
transfer between phases which have been
proposed, the film theory of Whitman
and Lewis (I8, 19, 31) and the Danck-
werts surface-renewal theory (2) have
attracted greater attention from chemical
engineers than have others. The first
theory pictured a stagnant fluid film at
the interface representing the resistance
to mass transfer. It was assumed that
the solute phssed through this film only
by molecular diffusion. According to the
theory, the mass transfer rate from the
interface to the bulk of the phase can be
represented by the equation

N =‘§ € -4

Although the film theory has the ad-
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vantage of supplying a simple picture of
a complicated mechanism, it has been
doubted whether a stagnant film exists
under any turbulent condition, and the
usual assumption of a stagnant film at
the interface was abandoned by Danck-
werts in his surface-renewal theory (2).
Instead he assumed that the surface
was continuously being replaced with
fresh fluid. A new term, surface-renewal
rate, was introduced without specification
of the physicochemical properties of the
system and the hydrodynamic conditions.
Based on this concept, the mass transfer
rate equation, similar to Equation (1),
can be written as

N=+Ds(C;-COA (2
Although Danckaerts proposed the sur-
face-renewal theory for gas absorption
in a packed tower, a mechanism can be
postulated{to permit the concept to be
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applied for solid-liquid or liquid-liquid
systems. When the theory was proposed
in 1951, Danckwerts made no effort to
compare the foregoing equation with
published experimental measurements.
He regarded the theory as tentative until
it was confirmed experimentally. Re-
cently, however, the transient rates of
gas absorption by use of a rotating drum
for a few systems including a case of
mass transfer with chemical reaction
were measured by Danckwerts and
Kennedy (3). Comparing these results
with the steady state of gas absorption
in the packed tower, they tentatively
concluded that none of the present
theories by Whitman and Lewis and by
Danckwerts gave an adequate description
of the absorption process. The recent work
of Lynn, Straatemeier, and Kramers (23)
however shows the applicability of the
penetration theory (1) of the Higbie
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Fig. 1. Agitation tank.

type to the absorption of sulfur dioxide
by water and by aqueous solutions of
HCl, NaHSQ;, and NaCl in relatively
long wetted-wall columns, in short
wetted-wall columns, and in wetted
spheres singly and in columns. In the
presence of small concentrations of a
surface-active material the rate of ab-
sorption in long wetted-wall columns is
very well explained by the penetration
theory, which predicts that the rate of
absorption is proportional to the diffu-
sivity to the one-half power. It would be
premature, therefore, to conclude from
these relatively few results that the sur-
face-renewal theory was an unreliable
guide. More experimental evidence would
be welcomed.

It should be pointed out that both the
film and  the surface-renewal theories
adopted the concentration difference as a
driving force; therefore, the equation for
rate of mass transfer through a single-
phase resistance,

N =KC: - ()4 @)

is common between the two theories with
the different significances attached to
the individual mass transfer coefficient & ;
ie.,

Whitman-Lewis k = —
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Danckwerts k= ~/Ds (5)

Up to the present time there have been
very few data published which were
obtained for the specific purpose of in-
vestigating the effect of diffusivity on
the mass transfer coefficient. As pointed
out by Sherwood and Gordon (9), the
previous experimental data showed that
the effect of diffusivity on the mass
transfer coefficient might be represented
by the power function k « D+ where the
exponent v had been reported to be
somewhere between 0.15 and unity. A
table summarizing these experimental
results has been published (9). It should
be noted that for the study of the addi-
tivity of individual mass transfer resist-
ances, Sherwood and Gordon assumed
that an individual mass transfer coeffi-
cient should vary with molecular diffu-
sivity to the one-half power. Thus it may
be coneluded that the effect of diffusivity
has not been satisfactorily established
and that further experimental work for
this purpose is desirable.

Besides the two foregoing theories, the
kinetic theory of Miyamoto (24, 26, 26)
and Kishinevskii’s surface-renewal theory
without penetration (4, 15, 16, 17) were
also interesting because the existence of
a stagnant film at the interface was not
assumed. For the process of dissolution
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Fig. 2. Bottom plate with cast solid
(plate 1).

of a solid into liquid Miyamoto separated
the process into two parts, namely, escape
of the solid molecules into the liquid
phase and deposition of the dissolved
molecules on the solid surface. The
further assumption was that, among
molecules which made up the solid sur-
face, only those with components of
vibration energy at right angles to the
interface greater than a threshold value
could enter into the liquid phase and,
among dissolved molecules, only those
which collided with the interface at
velocities with components at right angles
to the interface greater than a threshold
value could deposit on the surface. The
mathematical expression for the indi-
vidual mass transfer coefficient does not
include the terms for hydrodynamic con-
ditions of the operations. Thus the appli-
cation of his theory to equipment design
was limited. Kishinevskii’s concept was
similar to the surface-renewal theory
except that the surface became instan-
taneously saturated with the solute on
exposure (4). Thus molecular diffusion
played very little part in the determina-
tion of the rate of absorption. But, as
pointed out (4, 9), there is strong evidence
that the mass transfer coefficient varies
with molecular diffusivity.

In chemical engineering research some
indirect approaches to evaluating agita-
tion by some measurable quantities have
been applied; for example, the studies on
the rate of solution of suspended solid
pellets were emploved for this purpose.
The earliest study on the rate at which
solids dissolve in their own solution was
published by Noyes and Whitney (27).
The materials (benzoic acid or lead
chloride) were cast in the form of cylin-
drical sticks on glass cores and, after
insertion into wide-mouthed bottles con-
taining water, were rotated at a constant
rate. The rate of solution was explained
on the assumption that a very thin layer
of saturated solution was formed at the
surface of the solid and that the rate at
which the solid dissolved was governed
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by the rate of molecular diffusion from
this saturated layer into the main body
of the solution. Since then most workers
have suspended the solid pellets or
particles in the solution for the study
of mass transfer between solid and liquid
systems in a stirred vessel. For this case
Hixson and Crowell (12) developed the
so-called “cube-root law” for the deter-
mination of the mass transfer coefficient
on the assumption that the surface area
of the solid pellets or particles was pro-
portional to the two-thirds power of the
volume or the weight of dissolving solids.
Later Hixson and Wilkens (14) extended
the work, still suspending the benzoic
acid tablets in water, to include the effects
of stirring speed, size of equipment, and
the use of bafflles. Since the exact ex-
pression of the cube-root law was alge-
braically complex, Hixson and Baum (13)
proposed an approximate equation with
the simplified assumption that the total
area of the surfaces of the suspended
solid was constant and that the change
of concentration as the dissolution pro-
ceeded was small so that the average
concentration driving force might be
expressed by logarithmic means. Mass
transfer data for a series of dimensionally
similar agitators in which solids were
suspended in liquid were reported. Their
experimental results were correlated by
the similar equation used by Gilliland
and Sherwood (8):

ki J u "[R d%]‘

[D] K [pD] w ] ©

The main purpose of the present re-
search was to pursue the Danckwerts
type of surface-renewal theory to see
whether the theory could be extended to
a solid-liquid system. An attempt was
made to relate the surface-renewal rate
to the operating conditions and physical
properties of the agitated system. The
present research was limited. to the case
of mass transfer by physical means only.
It was decided to measure rates of solu-
tion of organic solid into the turbulent
liquid from the flat surface. The operation
was made in a mixing tank rather than
in a packed tower with its complicated
and possibly varying flow patterns or in
a wetted-wall column with its rippling or
in a mixing tank containing solid particles
suspended in agitated liquid with varying
surface area. The suspension of the solid

particles in the agitated liquid was
accompanied by other disadvantages.
There was difficulty in obtaining uniform
shape of the particles. During agitation
the solid particles could be crushed or
fractured and the surface area might be
changed. A variation in the surface area
might also be caused by the agglomeration
of the particles. The particles might not
have remained suspended in the liquid
but have fallen to the bottom of the tank.
Thus the advantages of the choice were,
first, to have a single fluid resistance to
mass transfer and, second, to maintain
the interfacial area constant and station-
ary. An important reason for this system
was also that it was intended to be a
model of a liquid-liquid system with a
fixed interface area. =
The second object of the research was
to study the method of anticipating the
agitator performance by mass transfer
data. Specifically, the effects of the
position of cast solid, the stirring speed,
the position of the impeller, the baffling,
and other physicochemical properties on
mixing or mass transfer were to be
investigated along with the first objective.
Since the variation of diffusivities of
different organic solids in the same solvent
was not great enough for direct deter-
mination of its effect on the mass transfer
coefficient, several pairs of organic solid-
liquid systems were used. If the Danck-
werts type of surface-renewal theory
could be applied to explain the rate of
dissolution, the experimental data could
be correlated by Equation (6), in which
the exponent to the Schmidt number
should be 0.5, as according to Danck-
werts’s theory & should be proportional

to v/ D.
] T o
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EXPERIMENT

The experimental runs were made in a
mixing tank the dimension of which are
shown in Figure 1. The bottom plate was
aluminum with a ring depression in which
organic solid was cast. Four bottom plates
with different rings were used. Figure 2
shows the photograph of a bottom plate and
Table 1 lists the radii of the circular de-
pressions for four plates.

The solution was agitated by a turbine-
type impeller with six flat blades. The
impeller was placed at the center of the

TasrLe 1. DimensioNs oF THE CasT ORGANIC SoLID

Inside Outside Surface Mean

radius radius area radius

Plate 7y, CI. 72, CIN. A, sq. cm. Ty CIO.
1 6.568 7.620 46.873 7.094

2 5.387 6.317 34.183 5.852

3 3.810 4.666 22.793 4,238
4 0.635 2.009 11.415 1.322
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Fig. 8. General correlation for rate of dissolution with haffling.

TaBLE 2.

Variables

Deusity

Viscosity

Diffusivity

Stirrer spced
Temperature

Stirrer position

Mass transfer coefficient
Sherwood number
Schmidt number
Reynolds number

Vol. 2, No. 3

Units

g./ce.
centipoises

5q. cm./sec.

rev./min.
°C.

in.
cm./sec.

RaANGE oF EXPERIMENTAL VARIABLES AND PHYSICAL PROPERTIES

Range

0.7990 ~ 0.9998
0.3982 ~ 3.205

0.2725 X 1075 ~ 1.850 X 10~
50 ~ 500

10 ~ 40

2.5~5.5

0.360 X 10~ ~ 8.897 X 10-3
1,070 ~ 13,700

208 ~ 14,800

2,250 ~ 48,760
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tank and was driven by a variable-speed
motor. The speed of the stirrer varied within
3% during a run. For the runs with baffling
four narrow vertical bafftes 34 in. wide
and 14 in. thick were inserted. A photograph
of the baffles is shown as Figure 3. The
agitation tank was placed in either a con-
stant-temperature bath or a constant-
temperature room for each run. The
temperature fluctuated in the constant-
temperature bath by +0.2°C. and in the
constant-temperature room by =+£0.5°C.
The selection of the system was one of the
most difficult problems in this research
because the chosen system had to meet
several criteria, i.e., no cracking of the
cast solid, adherence of the cast solid to
the ring depression, wide range of diffu-
sivities, and large variation of the Schmidt
number. The following systems were
selected on the basis of these conditions:
benzoic acid-water at 25°, 10°, and 40°C.;
salicylic -acid-water at 25°; salicylic acid-
benzene at 25°C. ; suceinic acid—n-butanol at
25°C.; and succinic acid-acetone at 25°C.

The main difficulty with the present work
was to prepare a flat surface of organic
solid without any trace of cracking. The
present authors recommend, after trying
several methods, slow melting of the solid
and gradual cooling of cast solid. The
surface of the organic solid was carefully
smoothed to the same level as the aluminum
plate with a sharp spatula or a razor blade.
Finally the surface was rubbed with fine
sandpaper, then washed and dried.

When the agitation tank was set ready
for a run, the motor was started and
allowed to come to speed. The solvent
was added from a funnel of which the end
tip was close to the tank wall so that the
solvent fell along the wall. In this manner
3 liters of solvent could be admitted with
very little initial turbulence caused by
pouring. As soon as the solvent was added,
the funnel was removed and the timer
started. A run was then in progress. At a
constant interval of time, e.g., 15, 30, or
60 min., depending on the rate of dissolu-
tion, a sample of the solution was removed
by a 10-ce. pipctte and later analyzed.
Ten cubic centimeters of fresh solvent was
added immediately after the withdrawal of
the sample to make up for the amount
which had been removed. The sampling
point was kept constant during this investi-
gation. The rotating speed of the stirrer
was counted every 10 min. by use of a
strobotac. The concentration of the samples
was readily determined by a straight titra-
tion with sodium hydroxide solution of
proper concentration with phenolphthalene
used as an indicator.

RESULTS

Mass Transfer Coefficient

The concentration change of the solu-
tion in the tank with respect to time
can be expressed by the following equa-
tion:

C',"_C,.

Ci - Cn*—l

which is developed from the following two
equations for a batch operation:

N = kAC, ~ O)

In =k é (tor — £ (8)

9
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Ndt=VdC (10)
Therefore, when the concentration of
liquid phase in the mixing tank is plotted
against time, the line should be an ex-
ponential curve, as shown in Figure 4.
Furthermore, if the run was made for a
longer period, the curve would flatten
out and become asymptotic to the satu-
rated concentration. Theoretically, the
time necessary to reach the saturated
concentration is infinite according to
Equation (8).

The initial mass transfer coefficient

was not measured because the present -

experimental procedure was not prepared
for that purpose. It was observed that
except in a few cases out of one hundred
fifty runs the mass transfer coefficient
for the first interval was usually the
same as that observed in the later inter-
vals. A few deviations were most likely
due to the hydrodynamie discrepancy
caused by the method of pouring solvent
into the tank at the beginning of a run.
.- The removal of dissolved solute owing
to intermediate sampling was corrected
by the introduction of correction factor ¢;
that is, the true mass transfer coefficient
k must be the sum of the apparent mass
transfer coefficient &’ and the correction
 factor ¢.

k=Fk +¢ (11)
where
In =G
R
I—/p(tn+1 - tn)
and
n+p—1 —
Z In ——————% __Tg’"
¢ — m=n-+1 4 m (13)

A
T[_/_p(tn+l - tn)

For the determination of correction factor
¢, a plot of In [(01 — TCM)/(CI - Cm)]
against C,, will facilitate the calculation,
However, the correction was usually very
small, t.e., within 37, of the true mass
transfer coefficient. Particularly when the
solution was dilute and the amount of
the solution in an agitation tank was
large, the correction was usually not
necessary.

During a run the mass transfer coeffi-
cient was assumed to be constant. The
assumption was sound because the plot
of log concentration driving force vs.
time was straight through the points as
shown in Figure 5. If the assumption did
not represent the phenomenon observed,
there would not be a single straight line
through all the points for a run. A single
straight line through the plots also
implies that the concentration difference
between the saturated solution and the
solution was the right driving foree for
the rate of dissolution.. The reproduci-
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bility of the experimental results was
checked at random and was found to be
satisfactory. The deviation in mass
transfer coefficient was usually within
6%.

In addition to the advantages of con-
stant interfacial area and the simplicity
of the apparatus, the possibility of
duplicating the experimental results with-
in the experimental error was encourag-
ing. For this reason the present apparatus
would be recommended for the study of
masgs transfer theory in the future.

Several evidences of the existence of an
interfacial resistance have been reported
(3, 6, 11, 30) for gas-liquid mass transfer
studies. However, in these reports the
authors stated that for a long period of
the exposure, say 10 sec. for the carbon
dioxide-water system as reported by
Higbie (11), the effect was not observed.
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Emmert and Pigford (6) showed that
after a very short period of exposure
k/k° became asymptotic to unity for the
same system; here £° was the mass trans-
fer coefficient if no interfacial resistance
was assumed. In the study of rates of
dissolution of benzoic or salicylic acid
into water under free convection, Wilke
and his associates (32) concluded that
the assumption of interfacial equilibrium
was not significantly in error for the
organic acids involved. In the study of
rate of dissolution of solid from the
cylindrical surface, Noyes and Whitney
(27) explained the action on the assump-
tion that the solution at the interface
was saturated. It would appear to be safe
to assume that there is no appreciable
resistance to mass transfer in this study
other than that resulting from hydro-
dynamic and diffusional considerations.
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Fig. 9. General correlation for rate of dissolution without baffling.

TABLE 4. CORRELATION OF RATE oF Dissorurion
[kl/D] = Klu/eDP[(Rd?)/ul

Plate
With baffles 1
2
3
4
Without baffies 1
2
3
4

A.L.Ch.E. Journal

K b c
0.1283 0.475 0.693
0.0722 0.523 0.769
0.0973 0.501 0.702
0.2613 0.467 0.630
0.2700 0.499 0.596
0.0431 0.526 0.809
0.0915 0.484 0.865
0.1280 0.422 (.948
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Figure 6 shows the plots of log driving
force against time based on the assump-
tion that the interfacial concentration
was not at equilibrium. When the solution
at the interface was less saturated, the
points deviated more from a straight line.
As will be shown later, the points for five
different systems did not deviate exces-
sively from the general correlation, an
implication that the effect of interfacial
resistance was negligible in this study or
at least that the ratio of k to %° was
constant for all the systems.

Effect of the Stirring Speed

Figure 7 shows the effect of the speed
of the stirrer on the mass transfer co-
efficient. For illustration, here the experi-
mental results of the benzoic acid-water
system at 25 & 0.5 °C. without bafiling
were used. For all runs made, the effect
can be generalized that the mass transfer
coefficient was proportional to the speed
of the stirrer to the Sth power.

k= aR?

The constants @ and 8 depended on the
plate and on whether baffling was applied.
A similar observation for the power-speed
study was reported (28) with the expo-
nent 8 between 2 and 3. However, there
was no appreciable distinction in « and
B between plates 3 and 4, which were the
smaller rings in mean radius. With the
use of baffles, the effect of the speed of
the stirrer on the coefficient could be
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Fig. 11. Effect of baffling (plate 3).

represented for each system by a single
line regardless of the position of a cast
solid.

Figure 7 also shows that higher mass
transfer rates were obtained with cast
solid rings of small diameter than with
the large rings. In an unbaffled tank,
with the impeller centrally located and
the mixing shaft vertical, the entire tank
is set in a rotary flow pattern with the
highest linear velocities at the center of
the tank. As the ring approaches the
wall of the tank, the velocity will be
lower and therefore the mass transfer
coefficient lower.
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Fig. 12. General correlation for rate of
dissolution with baffling.

The range of experimental variables
and the physical properties of the systems
studied in the present research are sum-
marized in Table 2. The range of the
Schmidt number was rather wide, but
the Reynolds number was limited.

Correlation of Data

Equation (6) suggested that when
[kl/D)/[u/pD} was plotted against
[(Rd%p)/u], a correlation would be ob-
tained with a proper choice of the
exponent b. Although Danckwerts did
not claim that his theory would work for
solid-liquid mass transfer, the surface-
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renewal theory may be pictured as still
applying to solid-liquid interface by the
following postulation. A thin liquid layer
of saturated concentration was assumed
to exist at the interface. Then the con-
trolling mass transfer process between
solid and liquid could be pictured as that
between the saturated liquid layer and
liquid phase. Here the turbulence was
assum2d to reach the surface of the satu-
rated layer.

The physical properties of the systems
for the calculations of the dimensionless
groups were obtained from the literature
or by measurements. Table 3* tabulates
all the experimental results and the
calculated dimensionless groups. The
experimental results were plotted by
[kl/D}/{u/pD]*? vs. [(Rd%p)/u] on the
assumption that the surface-renewal
theory might be applicable.

The results seemed to be satisfactory
as shown in Figures 8 and 9. For an
individual system the previous discussion
showed that the mass transfer coefficient
varied with the speed of the stirrer to a
certain power. This implied the linearity
of the plots of the mass transfer coefficient
against the stirrer Reynolds number.
Then the method of least squares could
be applied for the determination of the
best values of the exponents b and ¢ of
Equation (6). Table 4 lists the constant
K and the exponents b and ¢ determined
by the method of least squares.

As discussed before, if the mass transfer
mechanism follows the surface-renewal
theory, the exponent of Schmidt number,
b, should be 0.5. The close agreement
between the empirical and theoretical
values for the exponent b, as tabulated in
Table 4, may then support the possible
application of the surface-renewal theory
to the process of physical dissolution as
conducted in the present research. In
order to show the differences of the cor-
relation due to different values of the
exponent b, Figure 10 was prepared with
b equal to 0.25, 0.333, 0.5, 0.475, 0.667,
or 1. The experimental data of plate 1
with baffling were taken for comparison.

The mean deviation was 39, for
b = 0.475, which was determined by the
method of least squares, where it was
5.8¢, when the theoretical value of 0.5
was adopted for b.

For solid-liquid mass transfer the rela-
tion between the mass transfer coefficient
and the molecular diffusivity has not been
established as definitely as for other
systems. In order to explore the effect of
the Schmidt number on mass transfer in
turbulent flow, data were obtained on
the rate of solution of cast tubes and
cylinders by Linton and Sherwood (22).
Lin et al. (20) measured transfer rates
from a flowing electrolyte to the surface
of an electrode. These data were corre-

*Table 3 may be obtained as document 4957 from
the American Documentation Institute, Photo-
duplication Service, Library of Congress, Washington,
25, D. C, for $3.75 for photoprints or $2.00 for 35-
ram, microfilm.
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lated with respect to Schmidt number to
the two-thirds power. Later Lin, Moul-
ton, and Putnam (21) presented a
theoretical analysis of mass transfer be-
tween a turbulent-fluid system and the
wall. The fluid was divided into three
layers, namely, the very thin sublaminar
layer adjacent to the wall, the turbulent
core, and the buffer region between the
core and laminar layer. Analysis of these
showed that there was no definite laminar
film for pure molecular diffusion near
the wall. The concept was to introduce
into the sublaminar layer a small appro-
priate amount of eddy which decreases
rapidly to zero at the wall. The general
mass transfer ecquation included ¢p,
which is an involved function of the
Schmidt number and the friction factor.
Eisenberg, Tobias, and Wilke (5) studied
the rates of mass transfer at circular
cylinders rotating about their axes in the
center of stationary cylinders by means
of solid dissolution and electrolytic
redox reactions. The correlation was in
terms of Schmidt number to the 0.644
power. They (32) also evaluated the
mass transfer coecfficient from limiting
rates of electrolysis and from rates of
dissolution of organic solids where no
mechanical agitation was applied. For
this case the correlation was made with
respect to Schmidt number to the 0.25
power. Gaffney and Drew (?) determined
the mass transfer coefficient for three
organic solvents flowing through the
packing of organic acid pellets. The
height of the transfer unit increased with
the 0.58 power of Schmidt number. Only
one previous study, that of Hixson and
Baum (13), correlated data with the
0.5 power to the Schmidt number.

However, Hixson and Baum did not
think that in their study the value of the
exponent b to the Sechmidt number could
be accurately determined because of the
narrow range of values for the Schmidt
number at a given range of the Reynolds
number. They selected 0.5 tentatively
because this value gave the best cor-
relation for most points and because it
was approximately the same as the value
0.44, which was used by Gilliland and
Sherwood (8) to correlate their data for
mass transfer into turbulent air. Their
research was not intended to establish
this exponent but was to indicate a
method for applying the dissolution
constant to the problem of designing
and determining the operating charac-
teristics of mixing equipment.

Effect of Baffling

The radial flow, as the result of the
application of bhaffles, has vertical and
lateral flow currents that are desired for
most mixing operations. But the insertion
of the baffles was accompanied by the
decrease of mass transfer rate. Apparently
the surface-renewal rate for the operation
without baffles was higher than that with
baffles. The same phenomenon was re-
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ported by Hixson and Wilkens (14) for
the rate of dissolution of suspended solid
particles into the liquid in a mixing tank.

The magnitude of the decrease in the
rate of dissolution upon insertion of
baffles was different for each plate, but
the magnitude increased as the cast
solid ring became small. When the ring
was big enough to get close to the wall
of the tank, there was almost no effect.
The decrease of the mass transfer co-
efficient due to baffling is shown in
Figure 11, results obtained for plate 3
being used.

Different effects with respect to the
number of baffles were not studied.
According to Hixson and Wilkens, the
introduction of more than four bafles
appeared not to influence the dissolution
rate further for systems of solids sus-
pended in liquid.

It has been recognized (3, 10) that the
local value of mass transfer coefficient %
would probably vary from one region to
another in a packed tower. There are
regions in the packing where the surface-
renewel rate is high and other parts
where the liquid is relatively stationary.
This uncertainty and nonuniformity of
local k value is the fundamental disad-
vantage of the use of a packed tower in
the study of mass transfer theory. In
this research the local %k value was
detected quantitatively as shown in the
correlation of the data.

There was a much greater deviation
in the exponent of the Schmidt number
for the unbaffled tank than for the baffled
tank, as shown in Table 4. With the
Reynolds number used as the measure
of the hydrodynamic condition in the
tank, wider variation in the exponent of
the Reynolds number also indicated
strongly the variation of hydrodynamic
conditions with respect to position.
However, when the baffles were inserted,
the variation of the local mass transfer
coefficient was eliminated, as the experi-
mental results of all four plates could
be represented by a single line, as shown
in Figure 12. Then a single correlating
equation was sufficient to cover all plates
if baflling was provided.

k‘_l 3 —leox,ool:@ﬂjlo.no
(4] _ g 2 ] "

(14)

As compared with the packed tower,
the success of the quantitative detection
of the local & value would lead to the
recommendation of the use of this
apparatus for the study of mass transfer
mechanism.

Effect of Surface Structure

The question of the effect of the differ-
ent crystal structure at the interface was
very difficult because of the impossibility
of casting exactly the same surface each
time. However, if the method of casting
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was repeated in the same manner de-
scribed in the experimental details, the
results could be reproduced, an implica-
tion that although the surface might not
have the same crystals at any point, its
population would be almost the same for
each casting. The constant £ value during
a run and the success of the general
correlation for different systems might
indicate that minor change in the erystal
structure and its population on the sur-
face did not play a dominant role in the
present study. Similarly the small devia-
tion of the smoothness of the surface has
little effect on the rate of dissolution in
the mixing tank, where the hydrodynam-
ie conditions have a greater effect.

Effect of the Position of the Impeller

A change of the flow pattern in the tank
caused by the change in the height of the
impeller was observed as the change in
the dissolution rate. For agitation with
baffling, however, the change of the
transfer coefficient was insignificant. The
application of the baffles masked out the
effect of the position of the impeller.
Even in the case without baffling, plates
1 and 2 showed insignificant change in
the mass transfer coefficient. Near the
wall the flow would have greater influ-
ence from the wall than would other
factors. Appreciable effects of the im-
peller position' were observed for plates
3 and 4 when no baffles were attached.
Qualitatively it could be stated that the
dissolution rate decreased as the position
of the impeller was raised. For power-
consumption study (28) the effect of the
stirring position has been observed but
no definite quantitative expressions were
obtained. For any quantitative conclusion
concerning the effect of the impeller posi-
tion, more data are needed. -

CONCLUSIONS

The following conclusions can be
reached from the results of the present
investigation.

This study proposed the correlation of
the experimental results for mass transfer
from a flat solid surface into a turbulent
liquid in terms of dimensionless groups
with 0.5 used as the exponent of the
Schmidt number. The fact of this satis-
factory correlation may provide new and
significant evidence for the possible appli-
cability of the Danckwerts type of surface-
renewal theory to the mass transfer from a
flat solid surface into a turbulent liquid in
an agitated vessel.

Nonuniformity and mstablhty of local
mass transfer coefficient is one of the dis-
advantages for the use of a packed tower
for the study of the theory of mass transfer
rates. Furthermore, a local mass transfer
coefficient cannot be detected in a packed
tower. In this study the local mass transfer
coefficient was quantitatively detected with
respect to the position of a cast solid;
however, insertion of four baffles into the
tank gave a uniform mass transfer coefficient
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regardless of the pogition of a cast solid.
Since the present system can be considered
to be a model of a liquid-liquid system, it is
concluded that, in order to obtain the
uniform mass transfer rate across the
liquid-liquid interface in an agitated tank,
baffles should be applied.

The advantages of the constant and
stationary interface, the stability and
simplicity of the apparatus, the possibility
of duplicating experimental results, and
the success of the detection of the local mass
transfer coefficient suggest the use of the
present apparatus and procedures for a
further study of the mass transfer theory.
In particular, a study of the mass transfer
rates' accompanied by chemical reaction is
recommended. The surface-renewal rates
obtained in the present work could be
compared with the rate obtained for the case
accompanied by chemical reaction as a
further confirmation of the surface-renewal
theory.

NOTATION

4
c

interfacial area, sq. cm.
concentration of solution, g. equiv-
lent/liter or g. equivalent/cc.
saturated concentration, g. equiva-
lent/liter or g. equivalent/cc.
interfacial concentration, g. equiv-
alent/liter or g. equivalent/cc.
molecular diffusivity, sq. em./sec.
constant

rate of mass transfer, g. equivalent
/sec.

stirring speed, rev./sec. or rev.
min.

temperature, °C.

volume of solution, cc. or liters
volume of a sample, ce.

exponent of Schinidt number
exponent of Reynolds number
diameter of impeller

mass transfer coefficient, em./sec.
apparent mass transfer coefficient,
defined by Equation (12), cm./sec.
= mass transfer coefficient, no inter-
facial resistance assumed, cm./sec.
diameter of the mixing tank, cm.
number of sampling

constant = (V — a)/V

inside radius of ring depression for
casting solid, em.

outside radius of ring depression
.for casting solid, em.

= mean radius of ring depression for
casting solid, em.

fractional rate of surface renewal,
(sec)—t

time, sec.

exponent

fictitious film thickness, em.
constant

constant

correction factor defined by Equa-
tion (13), em./sec.

= function of Schmidt number and
friction factor, f, proposed by Lin,
Moulton, and Putnam (21)
density, g./cc.

viseosity, centlpmses or g. / (cm)
(see.)
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Subscripts

¢
m - = Integer
ni = an arbitrary integer

LITERATURE CITED

1. Colburn, A. P., Ind. Eng. Chem., 22,
957 (1930).

2. Danckwerts, P. V., loc. cit.,
(1951).

43, 1460

3.

, and A. M. Kennedy, Trans.
Inst. Chem. Engrs., 32 (Supplement),
$49 (1954)

4. Danckwerts, P. V., A.I.Ch.E. Journal,
1, 456 (1955)

5. Elsenberg, Morris, C. W. Tobias, and
C. R. Wilke, C’hem Eng. Progr. Sym-
postum Series No. 16, 51, 1 (1955).

6. Emmert, R. E., and R. L. Pigford,
paper presented at A.I.Ch.E. New York
meeting (1954).

7. Gaffney, B. J., and T. B. Drew, Ind.
Eng. Chem., 42, 1120 (1950).

8. Gilliland, E. R., and T. K. Sherwood,
loc. cit., 26, 516 (1934).

9. Gordon, K. F., and T. K. Sherwood,
Chem. Eng. Progr. Symposium Series
No. 10, 50, 15 (1954).

10. Hatta, 8., Chem. Eng. (Japan), 18, 453
(1954).

11. ‘Higbie, R., Trans. Amer. Inst. Chem.
Engrs., 31, 365 (1935).

12, Hixson, A. W., and J. H. Crowell,
Ind. Eng. Chem., 23, 923 (1931).

13. Hixson, A. W., and 8. J. Baum, loc. cit.,
33, 478 (1941).

14. Hixson, A. W., and G. A. Wilkens,
loc. cit., 25, 1196 (1933).

15. Kishinevskii, M. K., and A. V. Pam-
filov, Zhur. Priklad. Khim., 22, 1173
(1949).

16. Kishinevskii, M. K., loc. cit.,
(1951).

17. Ibid., 27, 382 (1954).

18. Lewis, W. K., Ind. Eng. Chem., 8, 825
(1916).

24, 542

19. , and W. G. Whitman, Ind. Eng.
Chem., 16, 1215 (1924).

20. Lin, C. 8., E. B. Denton, H. 8. Gaskill,
and G. L. Putnam, I'nd. Eng. Chem., 43,
2136 (1951). ‘

21, Lin, C. 8., R. W. Moulton, and G. L.
Putnam, loc. cit., 45, 636 (1953).

22. Linton; W. H., and T. K. Sherwood,
Chem. Eng. Progr., 46, 258 (1950).

23. Lynn, 8., J. R. Straatemeier, and H.
Kramers, Chem. Eng. Sci., 4, 46 (1955).

24. Miyamoto, S., Bull. Chem. Soc. (Japan),
7, 8 (1932).

25. Ibid., 388 (1932).

, J. Chem. Soc. (Japan), 54, 410

(1933).

27. Noyes, A. A, and W. R. Whitney,
J. Am. Chem. Soc., 19, 930 (1897).

28. Rushton, J. H., E. W. Costich, and
H. J. Everet, Chem. Eng. Progr., 46,
395 (1950).

29. Rushton, J. H., and J. Y. Oldshue,
Chem. Eng. Progr., 49, 161, 267 (1953).

30. Schrage, R. W., “A Theoretical Study of
Interphase Mass Transfer,”” Columbia
University Press, New York (1953).

31. Whitman, W. G., Chem. Met. Eng., 29,
No. 4, 146 (1923).

32. Wilke, C. R., C. W. Tobias, and Morris
Eisenberg, Chem. Eng. Progr., 49, 663
(1953).

Presented at A.I.Ch.E. Detroit meeting

Page 419





