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Fluid Dynamics of Radial-Flow lon Exchange in
Partially Filled Columns

STUART H. MUNSON-McGEE
DEPARTMENT OF CHEMICAL ENGINEERING
NEW MEXICO STATE UNIVERSITY

LAS CRUCES, NEW MEXICO 88003, USA

ABSTRACT

An experimental and numerical study demonstrated that completely filling the resin
bed is essential if a radial-flow ion-exchange column is to work properly. The first
phase of the study developed and verified a finite-element model of both an infinitely
long column and finite-height column that was completely filled with resin. The
porosity and tortuosity of the support columns of the ion-exchange column were cal-
culated using a least-squares analysis of experimental pressure drop versus flow rate
data in an empty column in conjunction with a theoretical analysis based on a layered-
cylinder model. Numerical analysis of a partially filled column (i.e., one in which the
top 2% of the resin bed was empty headspace) demonstrated that approximately 9%
of the fluid would flow through the headspace. This fluid would never come in con-
tact with the ion-exchange resin and would thus leave the column untreated. Modity-
ing the column so that the top 10% of the support membranes was impermeable
changed the flow lines such that the headspace was filled with a stagnant fluid and
that, after this space was filled, all subsequent fluid entering the column flowed
through the ion-exchange bed. This provides a method in which one could ensure that
all the fluid would flow through the ion-exchange resin and be treated even if the col-

umn could not be or was not completely filled.

INTRODUCTION

A common method for removing trace contaminants from liquid streams is
ion exchange. In the traditional ion-exchange process, the contaminated liquid
is distributed over the top of a column of ion-exchange resin. The liquid passes
down through the resin, typically coated polymeric beads, and the contami-
nant ion displaces a less harmful ion on the resin. This less-harmful ion be-

2415

Copyright © 2000 by Marcel Dekker, Inc. www.dekker.com



10: 54 25 January 2011

Downl oaded At:

2416 MUNSON-McGEE

comes part of the liquid solution, thereby maintaining electrical neutrality in
both the solution and the resin.

The contaminated liquid is allowed to flow through the resin bed until the
resin is saturated with the contaminant ion. Then the flow of the contaminated
liquid is halted and the resin washed with another liquid to remove the con-
taminant, replacing it with the original ion and restoring the resin to its origi-
nal composition. The entire process can be repeated with additional contami-
nated liquid.

As described above, the principle flow of the contaminated liquid is verti-
cally downward, giving rise to the descriptive name axial-flow ion exchange.
Several difficulties can be encountered with this flow arrangement, including
problems with scale-up from bench-scale studies to full-scale operation, ex-
cessive pressure drop across the resin bed, and channeling of the contaminated
liquid along the walls of the column.

One proposed method for overcoming these problems is radial-flow ion ex-
change. In this process, the contaminated liquid is forced to flow radially
through the ion-exchange resin. The resin is contained between two concen-
tric annular porous tubes. The fluid is forced through the outer tube, through
the ion-exchange resin, and then through the inner support tube into the inner
annular region from which it is collected. This results in a shorter flow path
through the ion-exchange resin and hence a lower pressure drop across the
resin bed for a given flow rate. Scale-up from bench-scale to full-scale opera-
tion may also be easier since increasing the flow rate only requires a taller col-
umn but does not alter the fluid dynamics or the residence time for the con-
taminated resin in the ion-exchange resin bed itself, thus having no impact on
the time the column can be used before the resin must be washed.

Several authors have studied the radial flow process. In early work, Lapidus
and Amundson (1, 2) developed a mathematical model to describe mass-trans-
port phenomena in a radial-flow bed of infinite thickness. They obtained rea-
sonable agreement with experimental data from a wide range of conditions
when diffusion in the liquid phase was assumed to be the rate-limiting step.
Tsaur and Shallcross (3, 4) focused on the problems of mass transfer and ra-
dial dispersion and found reasonable agreement between their model and ex-
perimental data using a wedge-shaped column with the fluid flowing from the
inside arc to the outside arc. Tharakan and Belizaire (5) compared the disper-
sion in axial- and radial-flow columns and determined that the radial-flow
columns exhibited a larger dispersion than did the axial-flow columns with the
fluid flowing from the outside to the inside.

The objective in studying this process was to evaluate its suitability for use
in removing radioactive contaminants from aqueous solutions. In addition to
characterizing the fluid dynamics and mass-transfer characteristics of a radial-
flow column, there was interest in the potential for premature breakthrough and
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ease of operation. Breakthrough occurs when the ion-exchange resin becomes
saturated and the level of contamination in the discharged liquid exceeds the
permissible level. If the fluid dynamics and mass-transfer characteristics are
known sufficiently well, breakthrough can be estimated from theoretical anal-
ysis. Premature breakthrough occurs when contamination remains in the dis-
charge liquid before the resin becomes saturated. This often happens due to
maldistribution of the ion-exchange resin when the liquid channels down the
side (in axial flow) or across the top (in radial flow) of the-ion exchange bed.

The principle components of this study are an experimental study to assess
the ease of operation and characterize the porous tubes with respect to their per-
meability and tortuosity, and a theoretical and numerical study of the fluid dy-
namics for a layered porous structure in which the properties of the layers (i.e.,
the support tubes and the ion-exchange resin) could be varied along with the
degree to which the intertube region was filled with ion-exchange resin. A fol-
low-up study on the mass-transfer performance and estimating breakthrough
curves for different operating conditions will be considered.

ANALYTICAL MODEL

A radial-flow ion-exchange column (Fig. 1) is characterized by an outer an-
nulus through which the contaminated liquid is introduced into the column
and an inner annulus from which the decontaminated liquid was collected. The
inner support tube and outer support tube have interior and exterior radii of Ry,
R», R3, and Ry, respectively. The support tubes are assumed to have the same
permeability and porosity. The ion-exchange resin, located between the two
support tubes, is assumed to have its own porosity and permeability. To ex-
amine the effects of only partially filling the column with ion-exchange resin,
the resin bed extends for 0 = z = h and an empty space is located above the
resin bed, i.e., forh =z = H.

Fluid flow through each component of this composite, porous-material
structure is described by the steady-state version of the conservation of mass

V-v=0 (1)
and conservation of momentum (6)
V-(p—zv> + VP — pV2v + pFv =0 )

where v is the velocity vector, P the hydraulic pressure, w the viscosity, p the
density, & the porosity, and F the shear factor arising from flow through the
porous media. In creeping flow the shear factor is given by (6)

F=1/k 3)
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FIG. 1 Schematic diagram of the radial-flow ion-exchange column.

while for other cases it is given by

1 00081  Re;
F=5* % 1+ rake 4)

where k is the material permeability and Re, is the local modified Reynolds
number given by

1+ - Ve)? Vip|v]|
2
€

Re,=9.23
W

)

In cylindrical coordinates, the mass conservation equation (assuming no
variation with respect to angular position and a zero angular velocity) be-
comes

L oro) + 2(puy =0 6
2 ar(prvr) az(pvz) - ( )
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The radial and axial components of the momentum equation become

B 8v,+ 99, +£_ i(ii +a_2 7_{_ Fo=0 (7
el ar "oz or ar\r o) Gzz(vr)_ who. =0 (7)

and

P aszr dv. +£_ 19 aszrazvz’JrF_OS
el ar | oz | oz rar\or )T e | TR0 ®)

For the special case of an infinitely long column, i.e., when H = % and
v, = 0, the procedures of Bird et al. (7) can be followed to derive an expres-
sion for the velocity profile as a function of the difference between the pres-
sure on the outside of the outer tube (P,) and the pressure on the inside of the
inside support tube (P;) in terms of the geometry of the column, the properties
of the supports and the ion-exchange resin, and the properties of the fluid. For
this case, only the radial component of the continuity equation remains and is
given by

pd -
" (o) =0 ©)
or
ro, = (10)

where k is a constant. The radial component of the momentum equation be-
comes

e, durl dP _
8{1}, dr}—i_ dr-l—qu,—O (11

Substituting (10) into (11) and evaluating the derivatives gives

2
_px 4P _
8r2+rdr+p,FK—O (12)
For the case of creeping flow, i.e., when F'is a constant, Eq. (12) can be rear-
ranged and integrated to give

2
pr” [ 1 1 <RB>]
Pp—Py=|—"—""—|—7F5 -] wFklnl— 13
B A { 28<R123 Rﬁ) wIIN R, (13)
where the subscripts A and B indicate two radial positions. For the three-layer

ion-exchange column shown in Fig. 1, Eq. (13) can be used to determine the
desired pressure-drop—velocity profile by applying it to each section individ-
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ually and then eliminating the unknown pressures at the two interfaces, i.e., P,
and P5. The desired expressions are

P,.—P [ pK2<1 1) F 1<R4)} (14)
SPS L h DEE 1
4T 2, \R2  RZ) PR,
Ps—P [ pK2<1 1) F 1<R3>} (15)
SPS BU.L ( S  B (c]
a2 26, \RZ  R3) MR,
2
) el )
p—p =P ) FkIn( 2t 16
2 1 [ 2SS<R421 R% MAKHR3 (16)

where the subscripts s and ix indicate the support tubes and the ion-exchange
resin, respectively. Summing Eqs. (14)-(16) gives

pK2 1 1 1 1 R4R2
Po=Pi=|=-T—\0s 7t 52~ %)~ wF«kn
28S R4 R3 R2 R] R3R1

a7
2
v O v
+|—— = — | — WFiukIn|—
[ 26, (R_% rg) MR,
which can be rearranged into a quadratic expression for k
A’ +Bk+C=0 (18)
with
A_L<L_L+L_L>+L(L_L> (19)
2¢, \Ri RS R Ri) 26\R3 R
B F[l (R4R2>}+ F 1<R3) (20)
= s| I ix 10| ——
" R:R,)| PR,
C=Ps— P (2D

FINITE ELEMENT ANALYSIS

A commercial finite-element analysis (FEA) program (8) was used to solve
Egs. (6)—-(8). However, to decrease the number of elements and nodes gener-
ated by the program’s self-meshing algorithm, the equations were first nondi-
mensionalized with respect to R, in the radial direction and with respect to H
in the axial direction. The resulting expressions were

a . ., 0 _
H 3z (pFu) + PRy 5x(pv) = 0 (22)
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e\, 9, Radu) 0P
e )| or T 5H oz or

23
e (Latwy R du)
MR, or \7 o7 e | TR =
and
H o d oP
(£> Uy, |
g Ry o7 9z 93
(24)
W R A +i82vz + WFHv, = 0
MEg7or \op ) m ez | T T
where the dimensionless variables are defined as
o ro. <
F= R—4; =g (25)

In addition to the momentum conservation equations, an equation for pres-
sure was required. Backstrom (9) derived this relationship for the case of fluid
flow in an unfilled tube
19 ( aP\ &P v; v, v v
———lr=—|+—5+2p 5 +tw—+—+—]=0 26
rar( 8r> o PP (r ar 81) (20)
where w is an arbitrary constant used to enforce continuity.

The boundary conditions for the problem at hand along theZ =0and Z = 1
boundaries are

0 0 oP 19 < avz> N v, @
= U =0 —=——\r
Y v 0z r or or or?
Along the # = R|/R, boundary they are
v, dv,
— =0, —=0; P=Py, (28)
ar or
and along the # = 1 boundary they are:
v, ad
L=0, SX=0; P=P, (29)
or or

where P;, and P,,, are the inlet and outlet pressures (i.e., at r = Ry and r = R,),
respectively.

EXPERIMENTAL APPARATUS AND PROCEDURE

A Superflo® 1500 radial-flow ion exchanger was purchased along with a
support stand from Sepragen Corp. The solution (which was deionized water
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initially) was withdrawn from a holding tank and pumped through the column
using a Manostat Varistaltic® pump. Solution exiting from the column was re-
turned to the holding tank. All plumbing was done with "s-inch PVC plastic
tubing. Dial pressure gauges, 0—30 psig, were mounted just before the inlet to
the column and just after the discharge port. The inside and outside radii of the
inner support tubes were 0.57 and 1.01 cm, respectively. The inside and out-
side radii of the outer support tubes were 4.29 and 4.60 cm, respectively. The
height of the ion-exchange resin bed was 28.45 cm.

Fluid is introduced into the column through a very simple scheme. It is fed
into a port in the center of the top support plate and then distributed to the gap
between the outer support tube and the external structural support (in this case
a clear plastic pipe) through 6 radial slots, each approximately 's-inch (3.2-
mm) diameter. The effluent is collected from the interior of the inner support
tube through a port centered in the bottom support plate.

To determine the relationship between pressure drop and flow rate, the de-
sired flow rate was set on the pump and the pressure at both the inlet and dis-
charge ports read from the pressure gauges after steady state had been reached,
approximately 2 minutes. The actual flow rate was determined by collecting
the discharged solution in a tared container for a measured time (typically 30
seconds). The mass of the solution was measured using an electronic balance
and converted into a volumetric flow rate using published densities for water
(10) at the measured solution temperature.

RESULTS AND DISCUSSION

To estimate the permeability and porosity of the support tubes, volumetric
flow rate for several different pressure drops was collected without any ion-
exchange resin in the column. This corresponds to the condition g;, = 1 and
F;x = 0. Shown in Fig. 2 are both the experimental results and a nonlinear
least-squares fit of the data using the approximation of an infinitely long col-
umn, i.e., Egs. (17)—(21). The results of the nonlinear least-squares analysis
gave the “best fit” with &, = 0.0023 and F = 8.48 X 10* cm™.

To test the accuracy of the finite-element analysis (FEA), two test cases
were evaluated. The first corresponded to radial flow in an infinitely long tube
without any packing or supports. The operating conditions for this case were
a pressure drop of 200 dynes/cm? (this value was selected so the velocities
were approximately equal to those determined for the data shown in Fig. 3), a
fluid viscosity of 0.01 poise, and a fluid density of 1.0 gm/cm?. In terms of the
discussion above, this is equivalent to the case of e, = g;, = 1 and F; = F,, =
0 and using symmetry boundary conditions at Z = 0 and Z = 1. The analytical
solution for this problem is given by Bird et al. (7).

The second test of the FEA simulation was the infinitely long, layered col-
umn whose solution is given above for a pressure drop of 10° dyne/cm? and



10: 54 25 January 2011

Downl oaded At:

RADIAL-FLOW ION EXCHANGE 2423

20
15 | *
2 | ®
-
£ ]
& 10
©
o .
£
K=
w
5+
0 L L L 1 L L L 1 L L L 1 L L 1 1
0 200,000 400,000 600,000 800,000 1,000,000

Pressure drop (dyneslcmz)

FIG. 2 Comparison of experimental (symbols) and calculated (solid curve) volumetric flow
rates for the layered-cylinder model.

the same fluid properties as above. For this case, the porosity of the support
tubes and the ion-exchange resin were selected to be

g = 0.0023; &, = 0.20 (30)
while their permeabilities were chosen as
ke = ki = 107° cm? 3D

These values were selected to ensure the stability of the FEA simulation.

The agreement between the FEA model and the analytical solutions (Fig. 3)
was satisfactory. In fact, the root mean square of the difference between the
analytical solution and the FEA calculations for the radial velocity and pres-
sure profiles for the second simulation were 8.4 X 107 and 2.9 X 107,
respectively.

Two simulations were conducted on finite-length columns. The first corre-
sponded to a completely filled column, i.e., one in which the ion-exchange
resin extended to the top of the column, and the second to one in which the
ion-exchange resin only filled 98% of the available space. This corresponds to
an empty headspace of 0.56 cm in the actual column. For both studies, the val-
ues for the porosities and the permeabilities of the support columns and the
resin given above were used. For the second case, in the unfilled region the
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values of ¢, = 1.0 and F,, = 0.0 were used. For both cases, an applied pres-
sure across the column of 1 X 10° dynes/cm? was used. This resulted in radial
velocities at the inner and outer radii of the column of —21 cm/sec and —2.6
cm/sec, respectively. The same permeabilities and porosities used above were
used in these simulations.

For the completely filled column (Fig. 4), the expected behavior was ob-
served. Adjacent to the top and bottom walls (only the top 10% of the column
is shown in Fig. 4 for clarity) symmetric boundary layers were observed.
These boundary layers occupied approximately 1% of the top and bottom of
the column with a distinct demarcation between the boundary layer and the
bulk flow region at a constant distance from the solid wall. Based on these re-
sults, the flow rate through the column could easily be approximated by the
layered cylinder model. Furthermore, since the velocities in boundary layer
are less than in the bulk, the presence of this boundary layer would make pre-
dictions of contaminant breakthrough based on the layered-cylinder model
conservative estimates.

Through the bulk of the column the flow is laminar (Fig. 5) with the modi-
fied Reynolds number (see Eq. 5) ranging between 360 and 1500. However,
in the support columns, the modified Reynolds number is much larger, rang-

1.00
c 4
§ 098
=
[/}
o
Q.
© 0.96 -
x
«©
0 15
3 -20 -5
c 0.94 -10
2
(7]
c
o
E
8 0.92 I1s
- 5
-10
0.90 . T T
0.0 0.2 0.4 0.6 0.8 1.0

Dimensionless radial position

FIG. 4 Radial velocity profiles for the top 10% of a finite height column that is completely
filled with resin.
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FIG.5 Reynolds number for the flow conditions in Fig. 4.

ing between 4 X 10° and 3 X 107. This is due to the much lower assumed
porosity in the support structures and causes the value of the shear factor to be
underestimated. Since interest was in the flow in the column, this is not a se-
rious problem.

The case of the partially filled column (Fig. 6, where again only the top 10%
of the column is shown) is much more interesting. At a constant radial posi-
tion, the velocity in the boundary layer, instead of monotonically increasing
from the imposed zero velocity at the wall to the bulk flow velocities, goes
through a maximum before returning to the bulk flow velocity near the top of
the packing. This behavior is observed in the support columns as well.

The velocities in the empty headspace are not as high as would be predicted
by the layered-cylinder model for an infinitely long, empty column, reflecting
the effects of both the solid wall and the constrained velocity in the ion-ex-
change resin. In terms of estimating the efficiency of this column, however, it
must be remembered that the volumetric flow through the headspace per unit
height will be greater than that through the ion-exchange resin because of the
higher velocities as well as the differences in porosity. The ion-exchange resin
porosity being only 0.20 compared to 1.0 in the headspace, means that even at
the same velocities, five times more fluid will flow through the headspace as
through an equivalent height of ion-exchange resin. This means that in the cur-
rent column, with only a 0.56 cm unfilled headspace, approximately 9% of the
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FIG. 6 Radial velocity profiles for the top 10% of a finite column of which only 98% is filled
with resin.

feed solution would not pass through the resin bed at all and would be
untreated.

Yoo and Dixon (11) and Zardi and Bonvin (12) describe a method to pre-
vent unreacted feed gases from exiting from the top of a combined axial- and
radial-flow catalytic bed. They used a nonporous containing-wall section at
the top of the catalyst bed to ensure that all the reactants passed through the
bed before exiting from the reactor. To determine if the same approach would
be effective in the current situation, a simulation was conducted in which the
top 10% of the inner and outer support columns were nonporous, and the top
2% of the resin bed was unfilled. The other flow conditions were the same as
the prior simulations when there was an empty headspace above the bed. The
results (Fig. 7) indicate that the use of the nonporous wall sections causes a
stagnant pool of liquid to saturate the top portion of the bed. In this stagnant
region there is essentially no flow through the portion of the bed between the
nonporous portion of the supports and no radial flow at all through the empty
headspace. Although adding the nonporous section decreases the effective
height of the ion-exchange column, the improvement in the efficiency of con-
taminant removal would more than offset this problem.
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FIG. 7 Radial velocity profile for the top 20% of a finite column of which only 98% is filled
with resin, and the top 10% of the supports are impermeable (indicated by the gray shaded area).
Flow conditions are described in the text.

Conclusions and Recommendations

Because of the high possibility of not completely filling the column with
ion-exchange resin and the resulting bypass of the resin bed by the contami-
nated fluid, this geometry does not seem suitable for applications in which re-
moval of the contaminant is absolutely necessary, such as with removal of ra-
dioactive contaminants. Based on the results presented in this report, the
following conclusions and recommendations are made:

* The fluid dynamics of an infinitely tall, radial-flow ion-exchange column
can be adequately modeled using the layered-cylinder model.

* Finite-element analysis can be used to determine the flow patterns in finite-
height columns, completely filled as well as partially filled ones.

* Analysis of partially filled columns demonstrates that even if only a small
percentage of the column is unfilled, unacceptable amounts of the contami-
nated fluid will bypass the resin and be discharged from the unit untreated—
an exaggeration of channeling along the walls in an axial-flow column.

* Making the top 10% of the support membranes impermeable will eliminate
the problem of overflow in an unfilled column.
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