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Fig. 1. Correlation of data from saturation exberimenfs.

Studies of the rate of absorption of
glycerol from aqueous solutions by
packed beds of ion exchange resin
have recently been reported (I, 2). In
particular, Vassiliou and Dranoff (2)
showed that the rate of absorption and
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desorption of glycerol in beds of am-
berlite IR-120 resin could be described
by a linear rate equation containing
an unknown mass transfer coefficient k.
They studied the effect of Reynolds
number on k in a limited number of
experiments and also noted differences
between k values for saturation and
elution and an effect due to resin par-
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Abstract: An equation is developed for evaluating the ratio of the eddy diffusivity
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coefficients for liquid-metals. This ratio is given as a function of two dimensionless
groups: the Prandtl number and the ratio of eddy diffusivity of momentum trans-
fer to kinematic viscosity. The equation gives eddy diffusivity ratios, which when
incorporated in the usual semiempirical equations for estimating liquid-metal heat
transfer coefficients, bring theoretical predictions and experimental results into
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Abstract: Available PVT data for argon were utilized to develop isochoric relation-
ships between the normalized pressure and normalized temperature in the form of
third-degree polynomials. The dependence of the coefficients of the polynomials on
reduced density was established. These relationships permit the calculation of
densities for argon and substances of similar nature (nitrogen, oxygen, carbon
monoxide, and methane) for reduced temperatures less than 2.81° and reduced
pressures up to 50 through a trial-and-error procedure. For argon, an average
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Fig. 2. Correlation of data from elution experiments.

ticle size. The present work was under-
taken to obtain more complete and ex-
tensive data, including the effects of
Reynolds number, temperature, and
particle size on the transfer coefficient.

The detailed analysis of the transi-
ent operation of a packed bed during
the saturation and/or elution cycle has
been presented previously (2, 8) and
is therefore not repeated here. Suffice
it to say that a linear rate equation of
the form

aq~ _
& =kEC—q) )

is combined with appropriate material
balances and initial conditions to yield
equations which predict the familiar
breakthrough curves encountered in
such operations. Comparison of these
theoretical curves and those measured
experimentally then makes possible the
estimation of the appropriate k values.

EXPERIMENTAL

The absorption of glycerol from
dilute water solutions (approximately
6.5 wt. % glycerol) was carried out in
a standard glass chromatographic col-
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umn packed with ion exchange resin.
The column, which was 36 in. long'and
1 in. in inside diameter, was fitted with
a concentric glass heating jacket for
close temperature control. The packed
bed, which had a height of 76 cm. in
all experiments, was supported in the
column by a sintered glass filter disk
and was covered at the top by a fine
stainless steel screen. The portions of
the column above and below the resin
bed were filled with 4-mm. glass
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beads. The bottom of the column was
equipped with an Ultramax valve (4)
that allowed fine control of the effluent
rate. At the top of the column was a
three-way stopcock which was used
to direct fluid through the fixed bed or
into a waste container.

The feed solutions were stored in
1-liter flasks located in a constant tem-
perature water bath. Solution was
pumped from these flasks through a
rotameter and then to the column. The
rotameter was used for estimation and
control of the flow rates. All fluid lines
were made of tygon tubing. The water
in the constant temperature bath was
also circulated through the concentric-
tube heating jacket which, like all
fuid lines, was insulated to minimize
heat exchange with the surroundings.
With this equipment it was possible to
maintain the temperature of the feed
solutions and the column contents con-
stant to within one degree centigrade.

The resin used in this work was
Dowex 50W-X8 in the hydrogen form.
It was divided into three particle size
ranges by dry screening through U. S.
Standard’ screens. The mean particle
size (and range) for each range was
0.0715 cm. (0.0590 = 0.0840), 0.0505
cm. (0.0420 - 0.0590) and 0.0274
cm. (0.0250 = 0.0297).

The resin bed was packed by the
usual technique of allowing a slurry of
particles to settle in the column when
it was full of water. The resultant uni-
form bed had measured interparticle
and intraparticle void fractions of 35
and 39.7%, respectively, based on the
superficial bed volume. These values

TasLE 1. REPORTED VALUES OF K4 FOR

AQuEOUS-GLYCEROL SOLUTIONS

Glycerol con-
centrations, Distribution

Investigation (wt. %) constant, Ko
Vassiliou and 4.06 0.58
Dranoff (2) 7.05 0.60
9.80 0.625
Shurts and 2.00 0.60
White (5) 7.00 0.63
This work (3) 6.5 0.63
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were determined by the procedure
reported previously (2, 3).

Effluent concentrations were deter-
mined with this system for both satur-
ation and elution experiments. Analy-
sis of solution composition was by re-
fractive index measurement.

Additional details of equipment and
procedure are presented elsewhere (3).

RESULTS AND DISCUSSION

Fifty-one saturation and fourteen
elution runs were made at various
conditions of flow rate, temperature,
and particle size. (Elution data were
not collected after every saturation ex-
periment since early analysis indicated
no unusual trends in these results.)

The breakthrough curves from sev-
eral runs were analyzed to determine
the equilibrium distribution coefficient
K;. The results indicated that K, is
not affected significantly by changes in
temperature, flow rate, or particle size.
Since K, is an equilibrium parameter,
it is to be expected that jts value would
not depend on flow rate or particle
size. Although a temperature effect
might be expected previous studies (1)
have shown that this dependence is
negligible over the range of tempera-
tures considered here.

From the present results an arith-

metic average value of 0.63 was chosen
for use in subsequent calculations.
This value is consistent with the data
of Vassiliou (2) and Shurts and White
(5) as shown in Table 1.
Note that these data indicate a slight
concentration dependency which was
assumed negligible for present pur-
poses.

Mass transfer coeflicients were cal-
culated for each run after graphical
matching of experimental and predicted
breakthrough curves (3). Such match-
ing was found to be quite satisfactory
for all of the present data as was also
noted by Vassiliou (2).

The effects of temperature, flow rate,
and particle size upon the coefficient &
were next considered. For a single par-
ticle size and temperature the value of
k increased approximately with the 0.7
power of particle Reynolds number, as
the latter was changed from 0.038 to
about 1.0. Further increase in Reyn-
olds number produced a rather sharp
change after which k values appeared
to be constant. The same kind of be-
havior was observed by Vassilion, al-
though the transition to constant k val-
ues was more gradual. Note that
Reynolds numbers were based on aver-
age fluid properties corresponding to
solutions of 3.2% glycerol.

Again as found by Vassiliou (2), the
k values for elution runs were consider-
ably higher than corresponding values
for saturation experiments. The only
explanation for this difference pres-
ently available is that nonlinearities in
the K, concentration relationship may
be responsible. Further experiments
will be necessay before this may be
confirmed.

A correlation of the data for various
particle sizes and temperatures was
then sought. It was found that as tem-
perature was increased at constant flow
rate, the value of k also increased.
However the Reynolds number in-
creased as well, owing to decreases in
the viscosity of the liquid, with the re-
sult that the data for any particle size
fell on essentially one curve. Further-
more decrease in particle size also
produced an increase in k. Such in-
creases were higher than might be ac-
counted for simply in terms of the
larger particle-solution interfacial area
per unit volume of bed associated with
the smaller particles.

It was found that the data could be
best correlated by a plot of kD,”*
against Reynolds number. Such plots
are shown in Figure 1 for saturation
data and Figure 2 for elution data.
Simple equations were fitted to these
data and the results are as follows:
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For saturation:
kD,** = 0.0275Nz."", Nz, = 1.35
kD, = 0.0250, Nz =135

For elution

kD™ = 0.0275N,", Nz = 1.15

kD, = 0.031, Np.=1.15
In these relationships the units of k are
taken as (minutes)™, and D, is given
in centimeters, The above equations
will reproduce the experimental data of
this investigation with an average ab-
solute difference of 9.75% for satura-
tion data and 5.57% for elution data.

Over the range of flow conditions
studied here, it seems clear that the
rate process is controlled by a combina-
tion of external or film diffusion of
solute at low Nz, and internal or parti-
cle diffusion at N:. greater than about
1.0. These conclusions are based upon
the observed influence of changes in
Nz, which are characteristic of such
regimes of operation.

An attempt was made to separate
these two mechanisms by assuming
they act in series, much as was done
by Baddour and Gilliland (6) with ion
exchange data. The results were nega-
tive in that consistent values of system
parameters could not be determined.
This was in part due to the sharp, al-
most discontinuous change in the Na.
dependence mentioned above and
shown in Figures 1 and 2. It thus ap-
pears that a somewhat more detailed
model of the transfer process is re-
quired to explain the observed phe-
nomena. Although the linear rate equa-
tion used here does lead to break-
through curves of appropriate shape,
the effective mass transfer coefficient k
is obviously a complex parameter
which demands further study.

It should be noted that the data of
this study are in good agreement with
those of Vassiliou. The Reynolds num-
ber dependence agrees exactly as does
the value of k at high Ni.. At lower
values however Vassiliou’s data appear
to be higher than those reported here.
This may be due to poorer flow rate
control in the earlier work or to use a
different resin (Amberlite IR 120)
with possibly different cross linkage.

In summary, it has been again shown
that a simple linear rate model may
be used to describe glycerol absorption
in packed beds of ion exchange resin
at low flow rates. The effects of tem-
perature, flow rate, and particle size
upon the one parameter of this model
have . been correlated empirically to
vield working relations of moderate ac-
curacy. The data indicate that the
process is controlled by some combina-
tion of diffusion within and at the sur-
face of the resin particles, although the
exact mechanism of the rate process is
not yet clearly understood.
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NOTATION

C = solute concentrations in ex-
ternal solution, (wt.%)

C, = input solute concentration

D, = particle diameter, (cm.)

K, = equilibrium distribution co-
efficient, (dimensionless)

k = mass transfer coefficient,
(min.™)

L = solution flow rate, ml./ (min.)
{sq. cm.)

Ny, = particle Reynolds number,
D,L5

’.L
q == golute concentration in inter-

nal solution, (wt.%)

t = time, (min.)

p = average fluid density, (g./
_ ml.)

7 = average fluid viscosity, g./

(cm.) (min.)
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This book is devoted to the chemical
engineering treatment of mass transport
phenomena and, more particularly, to the
mass transfer unit operations involving gas
and lquid phases. Its principal value is
as a knowledgebale, up-to-date, and ex-
tensive review of engineering research
work in these areas,

The first three chapters deal with mo-
lecular transport properties and the devel-
opment of the mass transfer coeflicient.
The fourth chapter treats the fundamen-
tal procedures for the analysis of per-
formance of absorption and distillation
towers, and the fifth chapter contains in-
formation on equilibrium relations and
special distillation processes. The sixth
through the thirteenth chapters must be
considered the heart of the book. Found
here are rather complete discussions on
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