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1. SUMMARY

An axial filtration apparatus has been investigated for the adsorption
of tracer copper from aqueous solutions. Experimental operation of the
system involved continuous introduction of a contaminated stream into the
annular space between two concentric cylinders where it was contacted by a
well-mixed ion exchange resin suspension. Fluid motion was induced by
rotation of the inner cylinder which was fitted with a stainless steel fil
ter. Radiometric techniques were used to monitor copper concentrations.

The mass transfer phenomena were studied as a function of several opera
ting parameters: flow rate (100 - 1500 ml/min), resin volume (1 - 32 vol %),
particle size (50 - 400 mesh), temperature (25 - 55°C), rotational speed
(600 - 6000 rpm), and annular cell size 085 - 3000 ml). Pursuant to this
investigation a literature search was conducted to review the correlations
for mass transfer to suspended particles in agitated vessels.

The primary findings of the study were:

1. Successful attainment of high product flux (1000 - 15,000 gpd/ft2)
and adsorption efficiencies (90 - 99+%) with low pressure drops (0 - 10 psi)

2. A material balance based on a first order mass transfer approxi
mation yielded the following expression, valid for high adsorption levels
and distribution coefficients and low resin loadings.

C a. R F

Co 3kV
(1)

C and C_are fluid phase copper concentrations entering and leaving the_
system, R is the mean particle radius, F is the volumetric flow rate, Vis
the resin volume, and k is the overall mass transfer coefficient.

3. The mass transfer coefficient is well-described for the region of
study by the correlation of Brian, Hales, and Sherwood (3).

<Sh = *
rP d2 pl] n/3

NV3
INScV 3

L VL J
(2)

For a = 0.87 and n = 0.40, where Nsh is the Sherwood number, Nsc is the
Schmidt number and P/V is the power per unit fluid volume with d being the
particle diameter. This correlation, however, is not valid for high resin
contents (volume percent greater than 20) and high resin loadings.



4. The dependence of the mass transfer coefficient on temperature was
found in terms of an activation energy, 6 kcal/gmole.

The major recommendations include further study on the effect of par
ticle concentration, development of in situ regeneration techniques, and
adaptation of the unit to provide more efficient mixing.

2. INTRODUCTION

2.1 Background

As stated in a recent technical journal, "removing even trace quantities
of metals that are suspected of having a bad effect on the environment, or
of being toxic to humans, is becoming an increasingly important industrial
problem" (28). The article further identifies adsorption techniques as
critical to the solution of the problem.

A laboratory-scale filtration device has been constructed by the Water
Research Group of Oak Ridge National Laboratory for investigation of the
removal of trace contaminants from aqueous effluents. The device incorpor
rates the adsorption of contaminants on a substrate and cross-flow filtration
in a single unit. Semi continuous operation is possible allowing for in situ
regeneration. The device has been successfully employed to remove trace
metal ions such as copper (II), arsenic (V), and mercury (II). Rejections
greater than 99% and product flux rates over 3000 gpd/ft^ at a differential
pressure of 8 psi were successfully achieved (17). This process offers
several possible advantages over mixer settler contactors, fixed bed or
fluidized bed operations: low pressure drops, no carryover of adsorbent in
the affluent, and good mixing.

2.2 Objectives and Method of Attack

The objective of this work was to develop a better understanding of
the operational behavior of the axial filtration device. Primary efforts
were directed toward determining a generalized correlation for scaleup and
subsequent economic analysis.

The problem was approached through a basic mass transfer study with
particular emphasis on applicable models. Specific questions of interest
were:

1.

trations
taken at the outset of the project

Accuracy of radiometric analytical techniques for copper concen-
of 10"8 M. Verification of the precision of this method was under-

2. Effect of operating variables. Such parameters included flow rate
amount'of resin used, particle size, temperature, mixing parameters, and
system geometry.



3. Validity of available theoretical and empirical correlations. The
impetus was to permit accurate prediction of system performance over a wide
range of conditions and scaTeup for large scale operations.

3. APPARATUS AND PROCEDURE

3.1 Description of Apparatus

The axial filtration unit, as shown in Fig. 1, consisted of a cylin
drical vessel and concentric cylindrical rotor fitted with a stainless steel
filter. The cell was charged with adsorbent. Liquid was fed under a slight
pressure while the inner cylinder was rotated. The liquid permeated radi
ally inward through the filter and was collected axially from the hollow
center of the shaft. Three annular gap widths, b, were studied (0.85, 1.52,
and 6.12 cm).

The complete experimental flow system is illustrated in Fig. 2. Process
water was monitored with a rotameter to maintain the desired inlet feed rate.
Contaminant solution, containing a small amount of radioactive Cu++ tracer,
was injected into the primary flow system by a Pall metering syringe pump.
After passing through the filtration device, the effluent was discharged to
a 'hot drain' (designated specifically for radioactive wastes). The system
was operated continuously with interruption only for replacement of adsorbent,
Temperature control (+ 2°C) was obtained with a heating bath and a "Porta-
Temp" controller.

3.2 Materials and Experimental Concentrations

The adsorbent used was a Dowex 50W-X12 cation exchange resin, a typical
sulfonated polystyrene resin with 12% divinyl benzene crosslinking. Capacity
calculations are included in Appendix 9.1.1. Three adsorbent sizes were
used: dry basis, 50-100, 100-200, and 200-400 U.S. Standard mesh. The vol
ume of resin quoted in the report is wet volume corrected for the void
fraction (see Appendix 9.1.1).

The contaminant reservoir contained a prepared aqueous solution of
Cu(N03)2(4 x 10"4 M) and HN03(0.10 M). A small amount of radioactive
Cu(N03)2 solution was added as a tracer. The feed water to contaminant
dilution ratio was 100:1, thereby providing inlet concentrations of Cu++
and HNO3 of 4 x 10"6 M and 10"3 M, respectively.

3.3 Procedure

The annular space was filled with a measured quantity of resin. Process
flow was started and the temperature controller set-point was manually
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adjusted to the desired level. The rotor was started, and then the primary
flow was set at the prescribed rate. The syringe pump and timer were simul
taneously started. After steady state operation was obtained, 500-ml sam
ples were collected from the effluent stream. The time of collection was
noted.

3.4 Radiometric Analytical Technique

Radioactive copper (II) tracer was used to monitor concentrations.
Tracer samples were prepared by irradiating a 10-mg sample of Cu(N03)2 in
the ORNL Research Reactor for 8-10 min (activity calculations are given in
Appendix 9.1.2). 64Cu has a half life of 12.9 hr making each sample good
for two days of experimentation (^4 half lives).

To permit accurate analysis of effluent copper concentrations (as low
as 10"8 M)9 tne COpper content of the 500-ml sample was concentrated on
2 cc of 200-400 mesh Dowex-50 resin for a set time period. It was deter
mined experimentally that 30 min resulted in 99.8% adsorption of the copper
on the resin. The activity of the concentrated sample was measured in a
RIDL Counter Model 49-43 and compared with a measured sample of contaminant
solution. Subsequent calculations for experimental evaluation are detailed
in Appendix 9.1.3.

4. THEORETICAL CONSIDERATIONS AND PREVIOUS WORK

4.1 Ion Exchange Phenomena

From a mass transfer standpoint the rate determining step in ion ex
change is the interdiffusion of counter ions. This step may be limited by
diffusion through a fluid film at the surface of the resin, by diffusion
within the bead structure itself, or a combination of the two. Film dif
fusion (liquid phase limiting) is characterized by a strong dependence on
solution concentration and distribution coefficient of the adsorbed species
fluid transport properties, and the hydrodynamic nature of the system.
Selke and Bliss (22J indicate a liquid diffusion controlled process for
the ion exchange of copper in a fixed bed. This model is particularly
applicable when resin loading is low and the distribution coefficient is
high. Diffusion through a thin stagnant film, of thickness 6, may be ex
pressed as:

-Vf - |A(CCe) (3)

where C and C are liquid phase concentrations in the bulk solution and at
the resin surface, t = time, V= diffusion coefficient, V = fluid volume,
and "A" = surface area. Equilibrium considerations (detailed in Appendix
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9.1.4) indicate that for excess resin capacity the fluid concentration at
the surface is effectively zero. Coupling this with a definition of the
overall mass transfer coefficient, one obtains

k - I (4)

where k is a first order mass transfer coefficient defined by the equation

-V4| = kAC (5)

(An alternate derivation is given in Appendix 9.2.)

4.2 Material Balance

By assuming a film diffusion controlled model and a well-mixed suspen
sion within the annular cell, i.e., negligible concentration gradients in
the bulk fluid phase, the following steady state material balance for con
tinuous operation can be stipulated:

FC - FC = kAC (6)
o

After rearranging and substituting the area for mean resin radius and vol
ume, Eq. (6) becomes

SlJ- - M (7)
L R F

For the case where C » C, Eq. (7) reduces to

uo 3kV

which relates adsorption efficiency to the primary operating variables and
the overall mass transfer coefficient.
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4.3 Mass Transfer Coefficient Correlations

A number of studies have been conducted to identify a general corre
lation for the prediction of mass transfer coefficients for suspended
spheres in agitated media. The literature was reviewed 0_, 3, 6, 8, j_6, 25_)
to find a correlation for future design work.

4.3.1 Power Per Unit Volume

Brian, Hales, and Sherwood (3) have postulated that the Sherwood number
for mass transfer in a stirred tank (isotropic turbulence) is a function of
several dimensionless groups including a power per unit volume group, the
Schmidt number, a gravity, and a density group:

where:

*Sh
= f

vdV M gd3(ps - pl)pl ^S
•• NSc' ~1 ' p,vl y

Nr, = Sherwood number, kd/P
Sh

d = particle diameter

P = power

y. = fluid viscosity

p p = density of fluid and solid

Nr = Schmidt number, y/p, V
Sc L

(8)

The basis for the power per unit volume group is the Kolmogoroff theory of
isotropic turbulence (3, 15) which depicts the transfer of kinetic energy
from the mechanical agitation to the general flow of the system through a
series of progressively smaller eddies until it is finally dissipated. These
microscopic eddies are considered isotropic since they contain no orientation
or memory of the mechanical energy input and as such represent the primary
contribution to fluid turbulence.

Calculation of the power input to this particular fluid system (see
Appendix 9.1.5) is theoretically possible using the friction factor data
compiled for cylinders rotating in annular spaces (2, 5, 21_, 23, 26_).
Since the primary fluid and particle motion was induced by the rotor in
this study, the gravity and density groups were not considered important
(density difference less than 0.1 g/cc and particle diameters less than
210 y).
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4.3.2 Slip Velocity Concept

Harriott (8_) has suggested that the Sherwood number will vary from the
limiting case of transfer to a sphere in a stagnant media (No. = 2) with
the Reynolds number and Schmidt number.

NSh"2 = f(NRe'NSc) (9)

where the Reynolds number is based on the slip velocity which is defined by
the relative motion of the fluid past the particle. A minimum value of the
mass transfer coefficient for suspended solids is reached when the slip
velocity is equal to the particle's terminal velocity. However, estimation
of the actual slip velocity in a turbulent flow field, and therefore the
increase over the minimum coefficient, is a complex problem to which no
fully adequate solution is available.

5. RESULTS AND DISCUSSION OF RESULTS

5.1 Effect of Flow Rate

Based on material balance considerations [Eq. (7)] the relative effluent
concentration, C/C0, should vary proportionately with flow rate for a con
stant mass transfer coefficient. The assumptions detailed in Sect. 4.2 are
verified by the results illustrated in Fig. 3. Adsorption decreases with
increasing flow rate. The evident dependency on solution concentration is
strong evidence supporting the initial assumption of film-diffusion being
the controlling step. The flow rate range of 125 to 1500 ml/min corresponds
to mean residence times from 3.0 to 0.2 min, respectively. Maximum devia
tion from the estimated curves is approximately 15% (see Appendix 9.6 for
details). Little variation in adsorption is noted for low level changes in
resin content (6 - 0.7% volume fraction).

The demonstrated linearity and unity slope of each curve suggest a
constant mass transfer coefficient, k, over the extent of experimental flow
rates. The contribution of axial flow (feed) to the total fluid motion or
mass transfer coefficient is insignificant. (Nr6 for the rotating motion
are approximately 1000 times greater than the axial Nrg.) As the axial
flow reaches a magnitude comparable to total fluid motion, a strong effect
on mass transfer resistance would be expected. Selke and Bliss (22) report
transfer coefficients vary with liquid velocity to the 0.7 power Tn" fixed
beds (axial flow constitutes the only hydrodynamic motion).
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5.2 Effect of Resin Volume

The effect of the volume of ion exchange resin is most significant in
terms of the surface area it provides for mass transfer. Figure 4 demon
strates the experimental relationship of the derived concentration param
eter, (C0-C)/C, to the resin volume present. As expected, it increases with
unity slope until the resin volume reaches 67 ml (18% volume fraction),
after which the adsorption efficiency increases disproportionately indi
cating an improved mass transfer coefficient. With the available equipment
(1/5 hp motor and a 20 psig feed line) operation with 50 to 60% solids
(approaching the value for a packed bed) was impossible.

Figure 5 characterizes the behavior of the mass transfer coefficient
with respect to the volume fraction of solids. While the coefficient is
obviously improved at high solids concentrations, the increased scatter in
experimental data offers little evidence of the mechanism. A very simplified
view, in terms of the film diffusion model, might conceptually be increased
particle interactions which wipe away portions of the film, thereby increasing
the value of k for a given diffusivity.

Hales (6) presents a derivation for the Sherwood number as a function
of particle concentration in a stagnant medium. (Pertinent equations are
given in Appendix 9.3.) As a first approximation the percentage increase
in the mass transfer coefficient predicted from this formulation has been
plotted in Fig. 5. This correlation tends to over estimate the influence
of the solids concentration even though the derivation does not account for
the relative motion between fluid and particle.

Most of the experimental work reviewed in the literature involved \/ery
low solids inventories. Harriott (8) varied the solids fraction from 0.1
to 5.5 volume percent and observed no effect on the mass transfer coefficient.
He claimed this would be valid to 15% solids content, but beyond that an
increasing coefficient should be expected, especially with small particles.
Sykes and Gomezplata (25) found no change in the value of k with solid frac
tions ranging from 3 to 10%. Barker and Treybal (1_) experimented with par
ticle concentrations as high as 23% and reported a trend of larger coef
ficients as the solids fraction increased. As a consequence of the minimal
experimental evidence, little theory has been developed to explain the
phenomenon.

5.3 Effect of Resin Diameter

Figure 6 shows that as particle diameter increases, the mass transfer
coefficient is reduced. Direct interpretation of the plot would imply that
k is proportional to d~0-5. However, only a relatively narrow range of
particle diameters were considered (80 to 300 y), and there was a rather
large particle size distribution within any given sample (see Appendix
9.1.7).
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Nevertheless there is remarkable agreement between the results of this
study and the data reported by Harriott (8), a portion of which has been
included in Fig. 6. Harriott studied particle diameters ranging from 10 to
1000 y for volume fractions less than 5% and found the relationship for k
to vary from inverse proportionality (limiting case for small particles
where N$h = 2) to independency of particle diameter (for very large beads).
Selke and Bliss (22_) report lower coefficients at larger diameters (k =
0.0055 cm/sec for d = 600 y) from their fixed bed experiments.

5.4 Effect of Temperature

Two experimental runs were conducted at elevated temperatures (40 and
55°C). The dramatic increase in the mass transfer coefficient is illus
trated in Fig. 7, where the coefficient is plotted versus the reciprocal
absolute temperature. Similar increases were observed by Harriott (8) and
Selke and Bliss (22_). A general rule-of-thumb for rate increases due to
small temperature changes is about 3-5%/°C for film diffusion and 4-8%/°C
for particle diffusion (9_). The experimental data from this study indi
cates a 4.5% increase per °C. The work of Selke and Bliss gives a similar
figure while Harriott's data imply 3.3%/°C.

These results can be examined in terms of an activation energy for the
diffusional process. If an Arrhenius model is postulated,

k a e"EA/RT (10)

the mass transfer coefficient can be related to the reciprocal of the abso
lute temperature, and an activation energy may be obtained from the slope.
The value determined was about 6 kcal/mole which compares favorably to the
data of Selke and Bliss. Harriott's results give a figure of 4.2 kcal/mole.

The activation energy concept can also help identify the process mech
anisms. Liquid phase diffusion typically has an activation energy of 3-6
kcal/mole while that for internal particle diffusion varies from 6-10 kcal/
mole (9_). Chemical reactions generally involve levels considerably higher.

5.5 Effect of Rotational Speed and Annular Gap Width

From the simplified model of a thin film surrounding each suspended
sphere, the only manner in which rotational speed and the annular gap should
influence mass transfer is in the induced hydrodynamic flow field seen by
the particle. To analyze this phenomenon on a consistent basis, two recent
correlations for transport in an agitated vessel have been examined.
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5.5.1 Power Per Unit Volume Correlation

Use of the power per unit fluid volume parameter theoretically permits
correlation of mass transfer data from systems with widely varying fluid
motions and geometries (3_). The primary difficulty is in evaluation of the
energy dissipation for a given system. With respect to a rotating cylinder
in an annular space, the work of Taylor (26_) provided fundamental friction
factor data for estimation of inner wall shear. Sherwood and Ryan (23)
have compiled the results of similar studies (0.0279 < b/rj < °°). Use of
their correlations permitted calculation of the power required to maintain
a designated rotational speed. (Specifics are contained in Appendix 9.1.5.)
To account for the solids in the system, the suspension viscosity (14, 2_7_)
was used in the power calculations. The results are presented in Fig. 8.
Calculated levels of power per unit volume range from 1.2 to 411 x 10^
ergs/sec corresponding to abscissa values of 3 to 44. To support the con
fidence level of the calculated power consumption, the net energy dissipa
tion of the fluid was experimentally measured for the large annulus (see
Appendix 9.4). Good agreement was found as evidenced in Fig. 8. The diffi
culty of experimental determination is in the magnitude of internal fric-
tional losses in both the motor and seals, roughly 100 times that transferred
to the fluid in the case of the large annulus. For the smaller annuli, this
ratio increased to an extent which prevented accurate measurement. From a
practical standpoint, these losses represent a sizeable energy cost to obtain
a well-mixed system. The primary variables of annular gap width and rota
tional speed seem well represented by this correlation. An empirical curve
suggested by Hales (6J is included for comparison.

Significant discrepancies occur at high resin volumes (28%) where the
calculated power per unit volume no longer characterizes the mass transfer
coefficient. Several reasons are offered for this deviation, none of which
are totally satisfactory. The bulk of the friction factor data describing
this form of Couette flow has been based on homogeneous fluid systems with
out flow of fluid through the rotor. Suspension viscosity correlations
(li> 27) in light of the conclusions reached by Gandhi and Estrin (5) were
used to approximate the solids contribution. Unusual flow patterns were
observed at high particle concentrations; in particular, accumulation of
solids was seen as a formation of narrow bands encircling the annulus. Such
flow phenomena are apparently not uncommon (4_, 7_, JJ_). Finally a high
solids concentration can effect considerable change in the mass transfer
coefficient as noted earlier. Particle interactions for these concentrations

are not well understood, and subsequently, available correlations are shown
to be inadequate.

5.5.2 Slip Velocity Correlation

Harriott's slip velocity correlation (8) was considered; in the simplest
case a minimum transfer coefficient is based on the terminal velocity of
particle (see Sect. 4.3.2). This approximation yields a k value of 0.0036
cm/sec which is independent of rotational speed and system geometry. Contrast
this value with the actual data shown in Fig. 8, and the shortcomings of such
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a correlation are immediately apparent. Further application requires
knowledge of the true slip velocity as a function of the geometry, agitation,
and particle size. Unfortunately, no such correlation is available, although
Harriott acknowledges that the parameter of power per unit volume correlates
his data reasonably well.

5.6 Use of Generalized Correlation

All data accumulated during this investigation (except those runs with
solids content higher than 20%) have been plotted in Fig. 9 (N<. ^ 1000).
Harriott's data for ion exchange with sodium (N$c %500) and Hafes' corre
lation have been included for comparison. The data are reasonably well
predicted (mean deviation 15.4%) in the region of investigation by the
expression

\> 0.87

P ,4 2

Vd 1

ll J

n/3

<V3 (z)

where the constants 0.87 and n = 0.4 were determined from the figure.

The correlation agrees fairly well with the individual findings of
the project; even so, some caution should be exercised in extrapolating the
results. Equation (2) predicts that k varies with particle diameter to
the -0.47 power compared with the -0.5 power discussed earlier. The temp
erature dependence of k in the equation is derived in Appendix 9.5, and
the activation energy is 4 kcal/mole compared with the experimental value
of 6 kcal/mole. The primary weakness of this correlation is that it cannot
accommodate high resin volumes.

5.7 Large-Seale Implications

The secondary objective of this study was to offer a basis for large-
scale design. In addition to the correlations reviewed, several economic
or performance factors were also considered (product flux, pressure drop,
adsorption efficiency, and design alterations). Table 1 gives several
examples of experimental product flux achieved which range from 1000 to
15,000 gpd/ft2 for pressure drops less than 4 psi and adsorption efficien
cies as high as 99+%.
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Table 1. Performance Factors at 25°C and 2500 rpm

Sample
Flux

(gpd/ft2)

1300

Efficien

(%)
cy AP

(psi)

1

v/vT

67-4A 98.1 0.058

76-5 3000 99.7 1 0.320

77-6 6000 99.5 1.5 0.320

91-3A 15,200 96.9 4.0 0.176

(Experimental details are included in Appendix 9.7.)

One unique advantage of this system is the use of the centrifugal
force field to shield the filter surface from residue accumulation. Oper
ation with large fluid volumes, however, will necessitate more efficient
transfer of energy to the fluid. To accomplish this, and at the same time
avoid extremely high rotational velocities, paddles might be attached to
the rotor and baffles installed in the annular gap.

An efficient means of regenerating the ion exchange resin is of indus
trial concern. Selke and Bliss (22) provide equations for estimation of
resin exhaustion in the specific case of copper exchange.

6. CONCLUSIONS

1. Tracer copper contaminants can be removed by adsorption and fil
tration. High product flux (1000 - 15,000 gpd/ft2) and adsorption effi
ciencies (90 - 99+%) coupled with low pressure drops (0 - 10 psi) make the
system attractive for large-scale operations.

2. The general material balance coupled with a first order mass trans
fer expression describes the system effectively.

3. The correlation proposed by Brian, Hales, and Sherwood (3) provides
a reasonable means for prediction of the mass transfer coefficient.

4. Specific findings for the mass transfer coefficient were:

a) Independent of flow rate

b) Increases with high resin volumes

c) Increases with decreasing particle size
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d) Increases with increasing temperature

e) Correlates well with annular gap size and rotational speed
based on power per unit fluid volume.

7. RECOMMENDATIONS

1. Performance of the system at a high solids concentration should
be further studied.

2. Effective elution techniques should be developed for possible
industrial regeneration applications.

3. Modifications of the unit (agitation paddles and baffles) should
be considered to improve the mixing efficiency and application potential
of the system.
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9. APPENDIX

9.1 Sample Calculations

9.1.1 Ion Exchange Resin Capacity

The cation exchange resin (hydrogen form), Dowex 50W-X12, was employed
throughout the investigation. Capacity specifications were given as 2.3
meq/ml of resin bed (9). Based on the suggestion by Nelson (17), a void
volume of 40% was assumed for the wet resin bed.

For 36.8 ml of wet resin bed (22 ml of actual resin):

..,r++, .. .. / 2.3 meq wl mmole Cu++\total Cu++ adsorption capacity =(m1 resin bed)( Fmiq >

x (36.8 ml resin bed)

= 42.4 mmoles Cu++

Since the inlet feed concentration was approximately 4 x 10~6 M Cu++,

42.4 mmoles Cu++ = 10#6 x 106 ml Cu++ allowabie throughput
4 x 10"6 M Cu++

Under experimental conditions, the resin was never loaded to more than 5%
capacity.

9.1.2 Activity of Tracer

If a 10 mg sample of Cu(N03)2 • 3H20 were irradiated for 10 min, the
activity (in disintegrations/sec) can be calculated from

where:

A' = N F0 a S (11)

A' = activity, dis/sec

N = number of atoms of target nuclide

F = neutrons/cm2/sec, about 10^

a = activation cross section for reaction, 4.5 barns (4.5 x 10-2^
cm2/atom)



27

S = saturation factor, ratio of activity produced in time t to
that produced in infinite time

= 1 - eAt

X = 0.693/half life

«• (M&yjai.'"6-02xio23atoms/9rfe)(g^£f>
= 17.2 x 1018 atoms 63Cu

64
Since the half life of Xu is 12.8 hr,

s = 1_e-0.693(10)/(60)(12.8) = Q
0089

Therefore,

A1 = (17.2)(1018)(1014)(4.5)(10~24)(0.0089)

= 0.695 x 108 dis/sec = 6.95 x107 dis/sec

Note: Since 31% of the naturally occurring copper is Cu (a = 1.9 barns),
a portion of the irradiated sample will contain °6Cu (half life = 5.1 min);
however, no tracer was introduced into the system within one hour of irradi'
ation.

9.1.3 Evaluation of Experimental Data

Example: Run 67-5A taken from Databook A-5508-G, pp. 67 and 73.

Run conditions:

flow rate = ^300 ml/min

resin volume = 21.84 cc (36.4 cc resin bed)

resin size = 100 - 200 mesh (70 - 170 wet basis)

annular volume = 375 ml

rotational speed = 2500 rpm

temperature = 25 - 27°C
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Databook entries:

effluent sample collection = 483 ml/1.60 min

average flow rate of contaminated solution = 2.28 ml/min

pressure drop for filter ^ 1 psi

radiometric analysis:

average background = 4340 counts/800 sec

2.0 ml contaminated solution (average based on t = 0) = 40,884
counts/80 sec

sample 5A concentrated = 29,942 counts/800 sec (t = 170 min)

amount of contaminated solution in effluent sample = 2.38 ml/min

x (1.60 min)

= 3.65 ml

Net activity of standard charge solution:

40,884 counts/80 sec - 434 background counts/80 sec _ 2Q 225 counts/
2 m1 80 sec-ml

Net activity sample per ml:

2994 counts/80 sec - 434 bkgd counts/80 sec^ ]7^ = 82] counts/
3-65 ml ' 80 sec-ml

where 1.17 is the time factor allowance for 64Cu decay during the 170 min
time lapse. This factor may be calculated from the expression:

F* = e0.693t/ti/2

Adsorption ratio,

C/C = 821/20,225 = 0.041

Concentration parameter,

(C - C)/C = (1/0.041) - 1 = 23.4
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Mass transfer coefficient,

_ ,co - Cn FR~ _ (23.4)(300 ml/min)(0.0077 cm) n m,Q .k ' (—•C—> ^ " (3)(60 sec/min)|̂ .64m1) ' = °-0138 cm/sec

9.1.4 Equilibrium Distribution of Copper (II)

In the presence of an electrolyte the process of ion exchange can be
represented as an equilibrium reaction,

2RH + Cu++ i=± R2Cu + 2H+ (12)

where R is the sulfonic acid group of the resin. The equilibrium expression
for this equation (assuming unity activity coefficients) is

k = JMr >l!tK£ , .
c [Cu++] [H]2 (13)

The distribution coefficient, D is defined as the concentration ratio of
copper in the resin to that in solution.

n CCu]r
Dv = tc^+T] (14)

Under conditions where only a small portion of resin capacity is used, the
concentration of hydrogen in the resin is effectively unchanged, thereby
giving

d log Dv

d log [H+]
(15)

Reported data (24_) for the distribution coefficient of copper (II) in a
nitric acid media is graphically illustrated in Fig. 10. The data were
obtained with Dowex 50-X8 at 40% loading (this study ^5%). An experimental
slope of -1.62 was considered conservative for an extrapolation to the con
ditions of this study. Example: For a solution of 10"^ M HNO3 the esti
mated distribution coefficient is approximately 10^. In other words, at
equilibrium the ratio of copper (II) per ml of resin to copper (II) per ml
of solution is one million to one.
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9.1.5 Power Per Unit Volume

Example: Run 67-5A

System dimensions:

rotor radius = 1.65 cm = r-j

cylinder radius = 3.17 cm = r0

annular gap = 1.52 cm = b

rotor length = 13.3 cm = a

Using friction factor data compilation of Sherwood and Ryan (23),

2 r U. pl
N = !—U_L
Re yLyr

where the tangential velocity and relative viscosity of the suspension are
introduced.

U. = 2irr-(gg-) = 425 cm/sec for u= 2500 rpm

For 6% solids,

3
p. = 1.01 gm/cm

2
y. = 0.8937 x 10" gm/cm-sec for pure water at 25°C

yr = 1.1 from Lee (1_4)

NRe = 142,500

f = 0.003 for r0/ri = 1.92

power = Ti A Ui

A = 2rrriJl = 138 cm3

f pi U2 2Ti = ML2 i = 274 dyne/cm^
r = 15.6 x 106 erg/secpowe
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power per unit volume of fluid = 15.6 x 10 erg/sec/(375 ml -
21.84 ml)

= 44.2 erg/sec-ml

lV " y,
p d^ PLx "1/3

dimensionless power per unit volume factor = (tj — ) = 13.3

9.1.6 Diffusion Coefficient

Diffusivities for dilute aqueous electrolyte solutions may be estimated
from the Nemst equation (19_, 20).

where:

v = £L
r2

'K K 1 [z+ +z-l
xj-ny] |_z+z_ J (16)

2
V = diffusion coefficient, cm /sec

T = absolute temperature, °K

x°, \° = limiting ionic conductances for cation and ion,
mho/equivalent

Z+, Z_ = ion valences for cation and anion (absolute, i.e., no
sign)

F = Faraday's constant

For the case of copper-hydrogen cationic exchange, this relationship reduces
to

RT A°

where:

PCu(II) =~^y+

Cu++ Na+ OH"

\° mho/equivalent 54 197.6 50.1

Z 2 11

T (°K) 298 298 298
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and

V = 0.72 x 10"5 cm2/sec

For the case of NaOH, where a neutralization reaction is occurring,

PNaOH = 8.931 x10"10 T(197^5°'1))(f) = 2.13 x10"5 cm2/sec

Values for limiting ionic conductances were taken from Reid and Sherwood (19),

9.1.7 Mean Particle Size

For a Dowex 50W-X12 resin of 100-200 dry mesh size, the wet mesh size
(swollen state) is 70 - 170. From tables of the U.S. Standard Screen Series
(9), wet mesh size corresponds to radii from 0.011 to 0.0044 cm. An arith
metic average over the range gives the mean wet particle diameter as 154 y.
An experimental particle size distribution was obtained for 109 wet particles
Since the most significant geometrical contribution to the hydrodynamic
boundary layer and mass transfer is the area of the sphere, an area-average
mean diameter was calculated.

_ zAd znJ
d = —^- = —4" = 146 y

EAi zn.jd.j

This value compares favorably with the arithmetic average of the range,
154 y. The arithmetic averages were used in all the calculations and
figures.

9.1.8 Mass Transfer Coefficient (Batch Operation)

A batch operation was run with a 1000-ml beaker and a small magnetic
stirrer with the 200-400 mesh size resin to determine the mass transfer
coefficient for comparison to the flow system. Using Eq. (17) from Appen
dix 9.2, one finds:

t = -BJ-V£nf- (17)
3VP °o

k = 2. = RV &n c/c0 (4)
6 3V t

(0.004 cm)(1000 ml) 0n 2866 _ n nn(.fi rm/.p_
= - -,/n r. n\;1n—• \ I cr\ /—!—T ^ 00 one ~ U.UUbO CHI/SeC3(0.9 ml)(10 minj(60 sec/mm) 28,806
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9.1.9 Dimensionless Groups

kdSherwood number (mass transfer Nusselt number), N$h = p-

Schmidt number, N<-c = j^j-

System properties (25°C):

for a 100-200 mesh resin = 0.0154 cm (0.0146 cm, area - average mean)
wet resin

3
p = 1.0 gm/cm

_2
y = 0.8937 x 10 gm/cm-sec

V %10"5 cm2/sec(0.72 x10"5 cm2/sec from Eq. 16) (a value of 10"5
was used in the power correlation)

k = 0.0138 cm/sec (Run 67-5A)

NSh/NSc3 = (kd/P)/(y/pP)1/3 = 2.2

9.2 Alternate Derivation for Mass Transfer Expression

Helfferich (9) offers the following expression for the time required
in film diffusion controlled isotopic ion exchange (assuming excess resin
capacity available):

t = -LLlmf- (17)
3 V V Lo

where C and C0 are solution concentrations at t = t and t = 0, respectively.
Rewriting this equation in differential form, one obtains:

dC = _3_HC {18)
dt R V 6

For spherical particles, 3V/R may be replaced with surface area, A,
and the mass transfer coefficient k from Eq. (4) may be substituted in
Eq. (18),

-Vj = kAC (5)
dt
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9.3 Theoretical Model for Particle Interactions

For zero flow conditions, Np = 0, the Sherwood number is given by

, 4(R*3 - R3) (19)
Sh -, - o n*3 , n3 onn*2 U '1 - X 2 R*J + Rd - 3RR*'

X" = dimensionless bulk concentration

R" = particle radius

R* = radius of spherical shell surrounding particle

R~ 3(dw) = volume fraction of solids present

As R* —>•», Nsh —»- 2.

By basing the fractional increase in mass transfer coefficient with
solids content on the value at a particle concentration of 1%, the fol
lowing are obtained:

vol %Solids NSh^NSh at 1%>

0.8 0.97

2.7 1.19

6.4 1.49

12.5 1.93

21.6 2.60

34.3 3.72

51.2 6.00

The original computations were made by Hales (6_).

9.4 Procedure for Experimental Power Measurements

Determination of fluid power dissipation involved attachment of a watt
meter (0 - 100 w scale) on the motor power source. Power readings were taken

where:
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for the rotor spinning in air at different rpm levels and for the rotor
spinning in water. The difference in power consumption was attributed to
viscous dissipation.

Example: The large annulus (b/ri = 3-7l) was used and for a rotational
speed of 2500 rpm, the input power when spinning in air was 50 w. For the
same conditions when filled with water, the reading was 56 w. The difference,
6 w, was assumed to have been dissipated by the fluid.

(6 w)(107 erjs/sec) = 6x107 ergs/sec
watt

which compares with the calculated value of 1.6 x 10 ergs/sec.

9.5 Temperature Dependence of Generalized Correlation

The correlation of Brian, Hales, and Sherwood (3) is given as:

h4 2
/P pM/3 J/3 (o\

NSh a {Y~T') NSc (2)
yL

p d^p f i/3
where n = 0.4 for values of (y- —j=-) ranging from 4 to 44 with N$c *
1000. Therefore, yL

k.(1j)0-V3(JL,1/3 (20)

k . V°-67V-°-07 (2D

This assumes the viscosity variations in the P/V term to be negligible.
From Reid and Sherwood (19),

V a I (22)
y

so that

k a (T)0-67 UP0'74 (23)
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The temperature dependence of the viscosity function over limited temp
erature ranges is well approximated by (18).

u a eB/T (24)

so that

k a (T)0.67 e-0.74B/T (25)

The value of B for water from 0 to 47°C is 2200°K (taken from Fig. 11).
Upon calculation of a pseudo mass transfer coefficient according to Eq. (25)
for several temperatures, an activation energy of 4 kcal/mole is determined
(see Fig. 11). The experimentally observed value for the activation energy
was 6 kcal/mole.

9.6 Error Analysis

Mean percent deviation for experimental data: An average percent devia
tion using_Eq. (2) was computed for each experimental data point (except
runs when V/Vt . > 0.20) in the following manner:

Example: Run 67-5A

(^)1/3 -13.3'V 3

yL

(Ns,/Ns ' ) = 2.20 (experimental)1/3

1/3
(NSh/NSc ' >calc = 2-45 [fr0m Eq- (2)]

%deviation = 2,452"4|-20(100) = 10.2%

Summing the percent deviations over all the data:

525 6mean percent deviation = —jd— = 15.4%

Estimated limits of experimental accuracy:

flow rate + 1 ml/min

resin volume + 1 ml (resin bed) (void fraction of 40%
was assumed)
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particle diameter estimated mean

temperature + 2°C

rotational speed + 25 rpm

annular gap width +0.01 cm

9.7 Summary of Data and Calculated Values.

A summary of data and calculated values can be found in Table 2.

9.8 Location of Original Data

Documentation for all experimental work conducted may be found in ORNL
Databook A-5508-G, pp. 54-104. Calculations and literature references are
on file with the databook at the M.I.T. School of Chemical Engineering
Practice, Bldg. 1000, ORNL.

9.9 Nomenclature

a constant

2
A surface area of rotor, cnr

_ 2
A surface area of particles, cm

A-j area of individual particle, cm2

A' activity, disintegrations/sec

b annular gap width, cm

B constant

C outlet concentration, moles/ml

Ce surface concentration, moles/ml

C0 inlet concentration, moles/ml

d particle diameter, cm

di individual particle diameter, cm
2

V molecular mass diffusivity (mass diffusion coefficient), cm /sec
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D equilibrium distribution coefficient

E^ activation energy, kcal/mole

f Fanning friction factor

F volumetric flow rate, ml/sec

F0 neutrons/cm2/sec

F* correction factor to allow for decay of sample

F Faraday's constant, coul/g. equivalent

g acceleration of gravity, cm/sec2

k mass transfer coefficient, cm/sec

kc concentration equilibrium constant

sl length of rotor, cm

n exponent on the power per unit volume dimensionless group

n-j , number of particles in a given size range, dj

N number of atoms of target nuclide

P power, ergs/sec

rn- radius of rotor, cm

r0 radius of cylindrical vessel, cm

R gas constant, kcal/mole(°K) ; sulfonic acid group

R mean particle radius, cm

R* radius of spherical shell surrounding particle, cm

S saturation factor

t time, sec

t-,i2 half life, hr

T absolute temperature, °K

U velocity, cm/sec

Ui tangential velocity of inner cylinder, cm/sec
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y.J

V liquid volume, ml

V resin volume, ml

Vtot total volume, ml

X dimensionless bulk concentration

Z+>Z- absolute ion valences for cation and anion

Dimensionless Groups

,3 (ps " pL)pLgravity group: g d y
y

Peclet number: Nn„ = Nn„ N

p

V
power group: —

H4 2d pL
3

^L

Reynolds number: NRe
pdU

Schmidt number: NSc =

Sherwood number: NSh
kd

V

Greek Symbols

U d

Pe "Re "Sc ~ V

<5 film thickness, cm

X constant, 0.693/ti/2, sec"

X°,A° limiting ionic conductances for cation and anion, mho/equivalent

y viscosity, gm/cm-sec

ur relative viscosity between suspension and suspending medium

p density, gm/cm^
-24 2

a activation cross section for reaction, 4.5 x 10 cm /atom

Tj shear stress at the wall of inner cylinder, dyne/cm2

oo speed of rotation, rpm



Subscripts

L liquid

s solid
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