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MODELING OF CRYSTALLINE SILICOTITANATE ION EXCHANGE
COLUMNS

By D. D. WALKER

SUMMARY

An ion exchange process using crystalline silicotitanate to remove cesium from Savannah
River Site radioactive soluble waste was modeled by Professor R. G. Anthony,
Department of Chemical Engineering, Texas A&M University, and Professor S. W.
Wang, Department of Chemical Engineering, Purdue University. The results of their
calculations of column size and performance closely agree and provide a basis for
preliminary design of a salt decontamination process.

* The column length required to contain the mass transfer zone (at 4-ft dlameter
and 25 gpm feed rate) varies between 12 and 31 feet.

-Length depends on the waste composition. High hydroxide feed requires
the shortest column (12 ft) and high nitrate waste requires the longest
column (31 ft).

-At a feed rate of 15 gpm, the column lengths vary between 7 and 19 ft.

-Estimates from the two modeling groups agree within 6%.

¢ If the column length is fixed at 16 feet (25 gpm feed rate), the required column
diameter varies between 3.5 and 5.5 feet.

- At afeed rate of 15 gpm, the diameter varies between 2.7 and 4.3 ft.

INTRODUCTION

Non-elutable ion exchange is being considered as a potential replacement for the In-Tank
Precipitation process for removing cesium from Savannah River Site (SRS) radioactive
waste.! Crystalline silicotitanate (CST) particles are the reference ion exchange medium
for the process. A major factor in the construction cost of this process is the size of the
ion exchange column required to meet product specifications for decontaminated
waste.To validate SRS column sizing calculations, SRS subcontracted two reknowned
experts in this field to perform similar calculations: Professor R. G. Anthony, Department
of Chemical Engineering, Texas A&M University, and Professor S. W. Wang,
Department of Chemical Engineering, Purdue University. The appendices of this
document contain reports from the two subcontractors. Definition of the design problem
came through several meetings and conference calls between the participants and SRS

personnel over the past few months. This document summarizes the problem definition
and results from the two reports.
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This work partially fulfills a request from P. L. Rutland, Technical Task Request, “CST
Ion Exchange - Salt Team Phase 3 Evaluation,” #HLE-TAR-98060, July 14, 1998.

PROBLEM STATEMENT AND DESIGN PARAMETERS

The task for the two modeling groups involved calculating the size of an ion exchange

column that uses the engineered form of CST (IONSIV® IE-911). The problem
statement follows.

Case 1. With column diameter fixed at 4 ft., recommend the total column length

to meet the SRS effluent requirements. Parallel trains may be used to
vary superficial velocity.

Case 2. With column length fixed at 16 ft., what must the column diameter be to
meet SRS effluent requirements. The maximum diameter allowed is 8 ft.

Table I lists additional requirements for the calculation. The careful definition of column
length is required for the problems stated above. The column length represents the
minimum length required in a two column train (i.e., both columns equal in length) such
that when the first column is loaded (i.e., effluent reaches C/Co = 0.9), then the effluent
from the second column meets the effluent cesium specification (< 20 nCi/g). A similar

statement of this requirement is that the column length is the length required to contain
the mass transfer zone.

A critical input parameter in the column calculations is the isotherm for cesium
absorption on CST in the presence of SRS waste solutions. Jacobs® calculated the
isotherms for the six waste compositions listed in Table I using a proprietary computer
program provided by R. G. Anthony of Texas A&M University.> The computer program
uses as a basis for equilibrium measurements of cesium absorption on the powder form of
CST. Savannah River Technology Center tests® of the engineered form of CST
(IONSIV® IE-911) indicated a 30% loss of performance relative to the powder form.

loss in performance may result from dilution due to the binder used in the engineered

form. Because of this, the isotherms used for modeling assumed 70% of the values
calculated by Jacobs.? '

RESULTS AND DISCUSSION

Appendix A (Texas A&M) and Appendix B (Purdue) contain the reports of the column
calculations provided by the two modeling groups. Table II lists the results of the column
calculations for nominal SRS waste compositions. The results of the calculations of
column size and performance closely agree and provide a basis for preliminary design of
a salt decontamination process. The column lengths calculated by the two groups agree
~ within 6%. The Texas A&M column lengths are consistently longer. The two groups
agree that the high nitrate feed composition requires the longest column and the high
hydroxide feed requires the shortest column. This trend is the expected order based on
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TABLE I. Design Parameters and Feed Compositions
Effluent cesium specification <20 nCi/g (<0.0013 mg Cs/L)
Feed flowrate 15 and 25 gpm
Temperature 25°C
Cs absorption isotherms see Ref. 2
IONSIV® IE-911 correction factor 70%
Loading for lead column > 90%
Bed void fraction 0.50
Particle void fraction 0.24
Feed compositions
Component Concentration (molar)
Average High OH" High NO3
Nominal Bounding Nominal Bounding Nominal Bounding
Na* 5.6 5.465 5.6 5.48 5.6 5454
Cs* 0.00014 0.00070 0.00037 0.00070 0.00014 0.00070
K* 0.015 0.15 0.030 0.15 0.0041 0.15
OH 1.91 1.915 3.05 3.05 1.17 1.17
NO;5 2.16 2.164 1.124 1.124 2.864 2.864
AKOH)4 0.31 0.31 0.27 0.27 0.32 0.32
COs> 0.16 0.16 0.17  0.17 0.16 0.16
SO 0.15 0.5 0.030  0.030 022 022
Cr 0.025 0.025 0.010 0.010 0.040 0.040
F 0.032 . 0.032 0.010 0.010 0.050 0.050
PO 0.010  0.010 0.008  0.008 0.010 0.010

comparison of the cesium isotherms for the three wastes. Column length is proportional
to flowrate. Decreasing the flowrate by 40% (from 25 gpm to 15 gpm) shortens the
columns by approximately 40%.

Similar agreement occurred for Case 2 , which fixes the column length at 16 feet while
varying the column diameter. Table III lists the results from the two groups. Again,
differences in diameter are less than 2%.
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TABLE II. Comparison of Calculated Column Lengths for Nominal SRS Waste

Compositions
Feed Type Flowrate Column Length (ft)*
(gpm) Texas A&M Purdue
High OH 15 7.41 7.3
25 12.3 12.2
Average 15 16.3- 15.6
25 27.2 25.7
High NOj3” 15 18.6 18.3

25 31.0 30.5

*Column diameter equals 4 ft.

TABLE III. Comparison of Calculated Diameters for Nominal SRS Waste

Compositions

Feed Type Flowrate Column Diameter (ft)*
(gpm) Texas A&M Purdue

High O 15 2.73 27

2 25 3.52 3.5

Average 15 4.05 40

- 25 5.22 5.2

High NO53” 15 4.32 4.3

25 5.57 5.5

*Column length equals 16 ft.
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APPENDIX A
Purdue Report

Design of a Carousel Process for Removing Cesium from
SRS Waste Using Crystalline Silicotitanate Ion
Exchanger

Benjamin J. Hritzko and N.-H. Linda Wang
School of Chemical Engineering
Purdue University
West Lafayette, IN 47907-1283

September 30, 1998

Abstract

Preliminary designs of a three-column carousel process have been developed for re-
moving radioactive ¥7Cs* from Savannah River Site’s nuclear wastes, based on crys-
talline silicotitanate (CST) ion exchanger. A multicomponent ion exchange model [16]
from Texas A&M University, which is based on batch data obtained from CST powder,
is used to generate cesium loading data at different cesium concentrations. These load-
ing data are fit to an effective single-component cesium isotherm, using the Langmuir
equation. A dilution factor is used to account for the inert binder used to make pellets
from the crystalline silicotitanate powder. Mass transfer parameters are estimated by
analyzing existing column data for Melton Valley Storage Tank waste, and a correc-
tion is made to the intraparticle diffusivity by means of the Stokes-Einstein equation.
Numerical simulations are performed to determine the length of the mass transfer zone
for given feed compositions, Cst concentrations, and linear velocities. The length of
the mass transfer zone after the concentration wave reaches constant pattern is chosen
to be the length of a single segment in the carousel process. Analysis of the dimension-
less groups in the differential mass balance equations reveals that the normalized mass
transfer zone length is linearly proportional to the particle Peclet number. The pro-
pdrtionality constant is a function of the waste composition and the Cs* concentration
in the waste. This dimensionless group analysis allows one to easily adjust designs for
variations in particle size, linear velocity, and intraparticle diffusivity.

1 Introduction

Over 100 million gallons of radioactive waste, generated by nuclear reactors and weapon
production plants, is now in underground storage tanks (USTs) at Department of Energy
(DOE) sites in Hanford, Savannah River, Oak Ridge, Idaho, and Fernald [12]. The cost for

treating this waste using current technologies is estimated at 100 billion dollars [12].*After




WSRC-TR-98-00343 Rev.0
Page 10 of 69

APPENDIX A (continued)

Saturation Mass Transfer Guard
Zone

B ™ C = Product

Feed

Feed —» D = Product

Feed

—» K | —> Product

Figure 1: Proposed carousel process. Column 1 is the saturation zone. Column 2 contains
the mass transfer zone. Column 3 is a guard zone.

the initial treatment, the waste in its final form is enclosed in borosilicate glass for permanent
storage. . ‘
Several different approaches are currently under investigation for treating the super-
natant before it is placed in long-term storage [12]. The present study is focused on CST ion
- exchange for treatment of Savannah River Site (SRS) wastes. CST has a high affinity for the
major radioactive contaminant, *?Cs*. Since the affinity is high, a large amount of 37Cs*
can be confined within a small volume of saturated CST particles. Since the cost of making
glass canisters is expected to be quite high. it is important to utilize the CST exchanger as
much as possible. A continuous carousel process with three packed columns in series (Figure
1) is proposed. The carousel design allows the cesium level in the decontaminated waste to
be below the required levels (less than 1.3 x 1072 mg/L Cs*) and almost full utilization of
the adsorbent [6].
CST ion exchanger was developed at Texas A&M University (TAMU) in a powder form
[1, 2] and was engineered into a pellet form by UOP. The pellet form is the CST powder
mixed with an inert binder. This binder makes CST feasible for column applications, but it
gives the pellets a lower effective capacity per unit weight than the powder [10, 11]. Zheng et
al. [16] at TAMU developed a detailed multicomponent ion exchange model that describes
the uptake of Cst on CST powder in the presence of competing ions. They validated the
model via batch experiments conducted in ORNL, NCAW and other waste simdlants in

o
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APPENDIX A (continued)

which Cst adsorption on CST powder was measured [16].

In this work, the TAMU model of equilibrium uptake of Cs* on CST powder has been
fit to a single-component Langmuir isotherm for six different SRS waste compositions. In
order to account for the inert binder, the Langmuir coefficients a have been multiplied by a
dilution factor of 0.7. The isotherms and the dilution factor are to be confirmed by batch test
and column test data for the SRS wastes in the near future. This approach yields effective
Cst isotherms which are needed in a dynamic column model for the carousel design.

Mass transfer parameters are estimated by analyzing Cesium Removal Demonstration
(CsRD) column experiments from Oak Ridge National Laboratory (ORNL) and CsRD sup-
port column experiments. These experiments were performed on CST pellets from the same
lot and with the same feed (Melton Valley Storage Tank W29, or MVST-W29) over a wide
range of linear superficial velocities (0.3 to 10.8 cm/min). Porous column model simulations
are compared to the ORNL column data and the effective intraparticle diffusivity (D,) is
determined for MVST-W29 waste. The Stokes-Einstein equation is proposed to estimate the
value of D, for the different SRS wastes, based on the D, and viscosity for MVST-W29.

The model and mass transfer parameters are used to perform:simulations on designs
for treating large-scale SRS waste. The length of the mass transfer zone determines the
column length requirement for the segments in a carousel process. The mass transfer zone
is defined as the length of column required to contain the Cs* concentration wave from
90 percent of the feed concentration to 1.3 x 107 mg/L. An analysis of the dimensionless
groups in the model has shown that the mass transfer zone length (normalized by the particle
radius) depends only on the particle Peclet number. The proportionality constant in this
relationship is a function of the waste composition and the Cs* concentration. Using this
proportionality, one can easily determine the carousel column size at a given linear velocity,
particle size, and intraparticle diffusivity.

2 Simulation Models, Parameters, and Assumptions

The mathematical model utilized in the simulations is a porous model which takes into ac-
count competitive adsorption, bulk convection, axial dispersion, film mass transfer, and pore
diffusion. Surface diffusion effects are lumped into an apparent pore diffusion coefficient in
this preliminary analysis. The numerical solutions of the governing equations and bound-
ary conditions are performed by the VERSE simulation package (4, 14]. This model has
been validated in many previous studies [6, 7, 9]. The pore diffusion model assumes uniform

spherical adsorbent particles, plug flow with constant linear velocity, local equilibrium within
the adsorbent, and constant diffusivities.

2.1 Pore Diffusion Model

In the pore diffusion model, the material balance in the mobile phase is given by

zq_ - 9*C u _a_g__?)kf(l—eb)
at ~ 9.2 %82 R, e

(C —Chr=r,)

i

—
oy

s

2=0, B2 = up(C(t,0) — Co)

3




WSRC-TR-98-00343 Rev.0
Page 12 of 69

APPENDIX A (continued)

Table 1: Dimensionless parameters in the pore diffusion model (Eqgs. 3 and 4).

Parameter Definition Description Valuet

z z/L. dimensionless axial distance 0-1

0 tuof/L, dimensionless time 0-1

3 r/R, dimensionless radial distance 0-1

b (1 —ep)/es particle/bulk phase ratio 1.0

&p (1 —¢,)/ep solid/pore phase ratio 3.2

L: L¢/R, dimensionless column length 7.6 x 10*
k} kgfug film mass transfer/convection 2.5 x 1072
Pey uo Lo/ Ey convection/axial dispersion 4.4 x 104
Pe, uo R,/D, “convection/intraparticle diffusion 3.6 x 103

tLD.=4ft. L. = 16 ft. v, = 4.9 cm/min. R, = 187.5 ym. D, = 5.0 X 10~® cm?/min.

ac
z = L, 55 =0

t=0, C =C(0,2)

where C is the mobile phase concentration (mg/mL), ¢ is time (min), £ is the axial dispersion
coefficient {(cm?/min), z is the axial distance along the column (cm), ug is the mobile phase
velocity (cm/min), ky is the film mass transfer coeflicient (cm/min), R, is the particle radius
(cm), and Cp =g, is the particle phase solute concentration at the surface (mg/ mL) In the
pore phase, the material balance equation is

dq \ 9C. D, 0 { ,0C,
(5p S “6”55;) R ( or ) ®)
r =0, %gr'?- =0
r =Ry, eDp%2 = ky By(C — Cpr=r,)
t=0, Cp, = Cp(0,7)

where C,, is the pore-phase concentration (mg/mL), g is the solid-phase concentration (mg/mL
S.V.), r is the distance in the radial direction (cm), and D, is the intraparticle diffusivity
(cm?/min).

Eqgs. 1 and 2 and their boundary conditions can be rewritten as follows in terms of the
dimensionless quantities listed in Table 1.

8C 1 8°C  aC

80 ~ Pe, 6z Oz =3 L7 $p kH(C — Cpe=1) G

z=0, % =Pey(C — Co(h)) —

:C:l, %S—:O
0 =0, C=C(0,z)
4
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APPENDIX A (continued)
aC, . 1198 (,8C,
(1 * "”’ac ) 50 = “Pe, v 5t (5 o€ (4)
£=0, =0
E=1, 2= Pepkf(C' Cy)
0 =0, Cp = Cp(0, )

2.2 Effective Cs* Isotherm Approach for Complex Wastes

Figure 2 shows effective Cs*/CST isotherms based on TAMU model predictions for the
various SRS wastes and W29. Figure 3 shows the TAMU model predictions for the SRS
standard simulant and the batch test data for CST powder [10] and CST pellets [11]. The
experimental data are in reasonable agreement with the model predictions. The waste is a
complex multicomponent mixture and the TAMU model {16] is able to predict the adsorp-
tion capacity of Cst at various feed Cs* concentrations for the SRS standard simulant. In
our simulations, we chose a simple Langmuir isotherm to describe the equilibrium uptake
of Cst on CST. We fit the TAMU model isotherms to individual Langmuir isotherms, and
then found it necessary to multiply the Langmuir coefficients a by a dilution factor to take
into account the inert binder that is used in engineered-form CST exchangers. This factor
has been justified in two separate instances. Figure 3 shows experimental batch data for
powdered CST (DG-112) and batch data for the engineered form (38-B), both in SRS stan-
dard simulant. The maximum capacity (at high concentration) of the engineered form is 56
percent of that of the powdered form. At low concentrations, the dilution factor is between
0.7 and 1.0. The solid line shows that the TAMU model can predict Cst uptake on the
powdered CST reasonably well. The uptake of Cs* on the engineered form is in reasonable
agreement with the TAMU model prediction multiplied by dilution factors of 0.56 and 0.7
(dashed lines in Figure 3). In a second case, shown in Figure 4, the TAMU model for Cs*
uptake on powdered CST in the MVST-29 waste is denoted by a solid line. The two dotted
lines show the best-fit Langmuir isotherms to column data performed on engineered CST
with the MVST-W29 waste (dilution factors of 0.56 and 0.66). All of the column data were
well-predicted by isotherms within this range. The maximum capacities determined from
these two isotherms (on engineered CST) are 56 percent and 66 percent of that of the pow-
dered form CST. A dilution factor of 0.7 is assumed in the simulations in this study Table
2 lists the Langmuir isotherm parameters for various SRS wastes.

2.3 Mass Transfer Parameters

The Brownian diffusivity for W29 is taken from the work of Ernest et al. [6]. A Brownian
diffusivity for the SRS wastes is assumed to be 50 percent of that for W29. The film mass
transfer coefficient, ky, is calculated from the correlation by Wilson and Geankoplis [15]
and the axial dispersion coefficient, Fy, is calculated from the correlation by Chung and
Wen [5]. These parameters were used to analyze ORNL CST small-scale (10 m[) column
data [8] and large-scale (38 L) column data [13]. Simulation results were compared to the

3
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0 ] 1
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C [mg/L]

Figure 2: Cst/CST isotherms showing model predictions of bounding cases: average SRS,
high hydroxide, and high nitrate. Experimental data are shown in symbols.
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O 38B pellet (McCabe)

O DG-112 powder (McCabe
—— SRS Std. Sim.
~~--SRS Std. Sim.x .7
----- SRS Std. Sim. x .56

Figure 3: Cst/CST isotherms in SRS high level waste. The solid line denotes Cs* uptake on
powdered CST; circles denote experimental batch Cs* uptake on powdered CST. Triangles
denote batch equilibrium data performed on an engineered CST (38-B). The dashed lines
are obtained by multiplying the Langmuir a of the model prediction by 0.56 and 0.7.
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Figure 4: Cs*/CST isotherm. The solid line denotes the TAMU model of Cs* uptake on
powdered CST in MVST-29 waste. The dashed lines represent the upper and lower bounds
of isotherms which predict column data on engineered CST in MVST-29 waste.
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APPENDIX A (continued)

Table 2: Langmuir coefficients, modified from the TAMU model isotherms for SRS wastes.
The parameter a has been multiplied by a dilution factor of 0.7.
SRS waste description a [mL/mL B.V.] b [mL/mg]

Average 1680 30.9
Average, bounding 1070 19.8
High OH 2030 37.6
High OH, bounding 1370 25.3
High NO; 1420 26.3
High NO3;, bounding 899 16.7

experimental data. It was found that the breakthrough times were well predicted when the
isotherm parameters for W29 from the TAMU model were adjusted by a factor of 0.56 to 0.66.
These results also indicate the effective Cst isotherm approach is successful in predicting
Cs breakthrough in a complex mixture. The intraparticle diffusivity, D,, was then fit to
the small-scale frontal data, and the correlation was quite good. Figures 5a-c show the
comparison of experimental data to simulation results for small scale CsRD support runs by
D. Lee. These parameters were then used to predict the large-scale frontal data, and it was
found that the large scale breakthrough curves were slightly more spread than predicted.
Figures 6 and 7 show the comparison of experiment to simulation for large scale CsRD
column experiments. This indicates that perhaps dispersion in the large columns is greater
than that in small columns. :

Since MVST waste has a viscosity of 1.6 cp and the SRS waste has a viscosity of 2.2 cp,
the value of D, determined from the CsRD column tests is not valid for designing columns
to handle SRS waste. The Stokes-Einstein equation relates the diffusivity to the solution
viscosity: T

=5 ()
# Ro
where D is the diffusivity, kg is Boltzmann’s constant, T is absolute temperature, y is the
viscosity, and Rp is the solute radius. The value of the diffusivity is inversely proportional
to the fluid.viscosity, so that the intraparticle diffusivity for SRS wastes is estimated to be
1.6

1.0 x 107 (55) = 7.3 x 10~%cm® /min (6)

In order to obtain a conservative design, we were advised to use a lower D, value of 5.0 x
10~° cm?/min [3].

2.4 Column Parameters

The particle size, interparticle void fraction (e), and intraparticle void fraction (e,) were
- based on the known densities of the CST particles [3]. In the mathematical model, it is
assumed that all the particles are spherical and of uniform size (375 pm in diameter). Table
3 lists the simulation parameters. These mass transfer and system parameters have been
employed to design large scale carousel processes for treating SRS wastes.

9
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Figure 5: CsRD support column experiments compared to simulation. D, = 1.0 x 10~*
cm’/min. (a) V; = 10.0 mL; I. D. = 1.45 cm; F = 1.00 mL/min. (b) V. = 12.54 mL; L. D. .
= 1.45 cm; F = 0.627 mL/min. (c) V. = 23.2 mL total; L. D. = 1.45 ¢m; F = 1.16 mL/min.
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Figure 6: CsRD column experiment compared to simulation. Isotherms are estimated by
multiplying TAMU model prediction by 0.36 and 0.66. Column volume: 38 L. Column
diameter: 30 cm. Flow rate: 1.9 L/min. D, = 1.0 x 107* c¢m?/min.
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Figure 7: CsRD two-column experiment compared to simulation. Isotherm is estimated by
multiplying TAMU model prediction by 0.56 and 0.66. (a) Lead column efluent history. (b)
Second column effluent history. Column volume: 38 L (each column). Column diameter: 30
cm. Flow rate: 3.8 L/min. D, = 1.0 x 107! cm?/min.
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Table 3: Mass transfer and system parameters used in carousel simulations.

Parameter Value, 15 gpm  Value, 25 gpm  Source

I. D. [ft] 4.0 5.2

R, [pm] 187.5 187.5 McCabe [10]
&p [ 0.50 0.50 Anthony [3]
ep [ 0.24 0.24 Anthony [3]

Do [cm?/min] 6.44 x 1074 6.44 x 107* Ernest et al. [6]

D, [cm*/min] 5.0 x 107° 5.0 x 107° Anthony (3]

ks [cm/min]  0.245 0.246 Wilson-Geankoplis [15]
Ey [cm?/min] 0.883 0.883 Chung-Wen [5]

3 Design Approach

The first step in the design is to determine the mass transfer zone length, which is related to
the length of each column in a carousel process. The mass transfer zone length is examined
at two different flow rates—15 and 25 gpm, which correspond to two different superficial
velocities (4.9 and 8.1 cm/min, respectively). Since the isotherm is nonlinear at the concen-
tration level in the SRS waste (Figure 2), the concentration waves eventually develop into
a constant pattern. A sufficiently long column (66 ft) is chosen in this simulation so that
the waves can reach a constant pattern. Figures 8a-b show the mass transfer zone length
determination. The length of the mass transfer zone is determined from the concentration
profile where the local concentration decreases from 90 percent of the feed concentration.
The feed compositions are listed in Table 4. Notice that the concentration of Cs* varies
from waste to waste. For this specification, the percent saturation.in the lead column is
much higher than 90 percent (the target for Task 4). Clearly, the mass transfer zone length,
Lmrz, increases on increasing column length and reaches a maximum value when a constant
pattern develops.

If one chooses the constant pattern Lmrz, the carousel design is straightforward. A
three segment carousel will have a total length of 3Lpr1z. The choice of constant pattern
Lutz to be the column length will ensure that when the carousel operation reaches cyclic
steady state, the percent sorbent utilization in the lead column (saturation zone) will satisfy
the percent utilization desired. This is confirmed by VERSE simulations and an example is
shown in Figure 10. Table 5 compares the carousel designs at two different linear velocities.

Table 6 lists the column length requirements for three nominal SRS feeds when the
column diameter is fixed at 4 ft and the dilution factor is set to 0.7. For each isotherm,
we have determined the mass transfer zone length for two flow rates (15 gpm and 25 gpm).
Because the design is very sensitive to both the isotherm and mass transfer parameters, these
values need to be determined accurately.

It is shown in this study that the length of the mass transfer zone is directly proportional
to the linear velocity and the square of the particle radius and that it is inversely propor-
tional to the intraparticle diffusivity. These relationships can be summarized by défining the

13
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Figure 8: Mass transfer zone length determination for cesium in average SRS waste (nomi-
nal). Column diameter: 4 ft. Column length: 66 ft. Dilution factor: 0.7. Lyrz determined
from the profile where the concentration decreases from C/Coy = 0.9 to C =1.3 x 1073
mg/L. (a) F = 15 gpm. u; = 4.9 cm/min. (b) F = 25 gpm. u, = 8.1 cm/min.
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Table 4: SRS waste compositions.
Concentration [mol/L]

Component Avg Avg-b OH OH-b NO; NOs-b

Na*t 5.6 5.47 5.6 5.48 5.6 5.45
K+ 0015  0.15 0.03 0.15 0.0041 0.15
Cst 0.00014 0.0007 0.00037 0.0007 0.00014 0.0007
AlO3 0.31 0.31 . 0.27 0.27 0.32 0.32
C,07 0.008  0.008 ~0.008 0.008 0.008 0.008
CO3~ 0.16 0.16 0.17 0.17 0.16 0.16
MoO32~ 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
Si02%~ 0.004 0.004 0.004 0.004 0.004 0.004
S02- 0.15 0.15 0.030 0.030  0.22 0.22
P03 0.010 0.010 0.008 0.008 0.010 0.010
Cl- 0.025 0.025 0.010 0.010 0.040 0.040
F- 0.032 0.032 0010 0.010 0.050 0.050
NO; 0.52 0.52 0.74 0.74 0.37 0.37
NO; 2.14 2.14 1.10 1.10 2.84 2.84
OH- 1.91 1.91 3.05 3.05 1.17 1.17

Table 5: Comparison of three-column carousel processes operated at two different volumetric
flow rates. Isotherm is based on SRS average nominal waste with a dilution factor of 0.7.
D, =5.0 x 107° cm?/min. R, = 187.5 pym.

Flow rate [gpm] 15 25

L. D. [ft] 40 5.2

Interstitial velocity [cm/min] 9.7 9.7

Superficial velocity [cm/min] 4.9 4.9

Lz [ft] 15.6 16.0
Total bed volume [ft?] 588 1000
Percent column saturation 99 99

Switch time [days] 72 72
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Table 6: Case 1. Column length requirement for a fixed column diameter of 4 ft. Lyrz is
determined as length of column for concentration to drop from C/Cq = 0.9 to C = 1.3 x
1073 mg/L at constant pattern. SRS wastes are as defined in Table 4. The letter b indicates
a high K* (bounding) case. R, = 187.5 ym. D, = 5.0 x 10™* cm?/min. Lyrz = single
column length in a three column carousel. Liyx = 3 X Lyurz.

SRS waste Flow rate [gpm] wu, [cm/min] o [cm/min)] Pe, Lyurz [ft]
Average 15 4.9 9.8 1.52 x 10° 15.6
25 8.1 16.2 2.53 105 25.7
Average (b) 15 4.9 9.8 1.52 x10° 7.5
25 81 - 162 2.53 x 105  12.7
High OH 15 4.9 9.8 152 x 10° 7.3
25 8.1 16.2 2.53 x 105 12.2
High OH (b) 15 4.9 9.8 152 x 10° 6.5
25 8.1 16.2 2.53 x 105 11.1
High NOs 15 4.9 98 152 x 10° 183
25 8.1 16.2 2.53 x 10°  30.5
High NO; (b) 15 4.9 9.8 1.52 x 105 8.7
25 8.1 16.2 2.53 x 105  14.4
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Table 7: Case 2. Column diameter requirement for a fixed column-segment length of 16 ft.
R, =187.5 gm. D, = 5.0 x 107% cm?/min.
SRS waste Flow rate [gpm] u;s [cm/min] up [cm/min] I.D. [ft]

Average 15 4.9 9.8 4.0
25 4.9 9.8 5.2
Average (b) 15 10 20 2.8
25 10 20 3.6
High OH 15 11 29 2.7
25 11 22 3.4
High OH (b) 15 12 24 2.5
25 12 24 3.3
High NO; 15 4.3 86 7 43
25 43 - 8.6 5.5
High NOs (b) 15 9.0 18.0 2.9
25 9.0 : 18.0 3.8

following dimensionless groups:

MTZ = LI};:Z (7)
_ U Ry
Pep =5 (8)

where Ly is the dimensionless mass transfer zone length. Figure 9 shows the relationship
between the dimensionless mass transfer zone length and the Peclet number. There is a
linear dependence of Ly;pg on Pe,. It should be pointed out that the slope of the line in each
case depends on both the waste type and the cesium concentration. This simple relation
can be understood by examining the coeflicients of the differential mass balance equations,
Equations 3 and 4. The dimensionless concentration profile or dimensionless mass transfer
zone length, Lypg, at constant pattern is expected to be a function of the dimensionless
groups (L7, k}, ¢v, ¢p, Pe,, and Pey). For a sufficiently long column (L./R, > 1000) at a
relatively high linear velocity (uo > 0.1 cm/min), L;pg is controlled by intraparticle diffusion.
Therefore, Ligrg is only a function of Pe,. If the waste composition remains the same as
those in Table 4, Figure 9 provides a convenient estimate of Ltz (or carousel size) when
R,, Dy, or ug is varied. _

Table 7 lists the required column diameter for a fixed individual column length of 16 ft
(Lmrz = 16 ft). This implies that Lutz is fixed at 16 ft for all the different feeds, whereas the
linear velocity ug is varied to achieve this goal. The ug values are determined by finding the
Peclet number that gives Lyrz = 16 ft. from Figure 9 for a given SRS waste composition.

17




LMTZ/R

WSRC-TR-98-00343 Rev.0

Page 26 of 69
APPENDIX A (continued)
50000
40000 -
_ - Average
30000 + ~O—High OH
) ~—High NO3
-0 - Avg-b
20000 - ~O - High OH-t
=4 - High NO3-
10000 =
0 I T ] T T I
0 1000 2000 3000 4000 5000 6000 7000
" Pe
P

Figure 9: Dimensionless mass transfer zone length as a function of the Peclet number (Equa-
tions 7 and 8).
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Column diameters which can handle 15 gpm and 25 gpm are calculated according to a given
uo. Notice that for a given feed, the linear velocity is the same for 15 and 25 gpm. A change
in the column diameter allows for a change in the volumetric flow rate.

As clearly shown in Table 6, the Lytz for 4 ft diameter columns for some cases are
less than 16 ft. Therefore the column diameter in Table 7 can be reduced to below 4 ft and
a higher uo can be used. In contrast, for the cases in Table 6 where the Lytz are longer
than 16 ft, a lower uo must be used to confine the mass transfer zone to 16 ft, and column
diameters must be increased to above 4 ft to accomodate 15 gpm and 25 gpm feed flow rates.

In the carousel process simulations, the port switching occurs when the outlet concen-
tration of the second column reaches 1.3 x 1072 mg/L. At this time, the first column is
taken off-line, the feed is introduced into the second column, and a fresh column introduced
at the end of the train (as a guard column). Figure 10 shows the simulated concentration
histories at the outlet of each column in a three-column carousel process. Notice that the
outlet concentration of column 2 reaches the specified value of 1.3 x 10~® mg/L at the port
switching time. The outlet concentration of column 3 (the guard column) is too low to be
seen in this figure. Figure 1 also shows that cyclic steady state is established after three
switching periods. The utilization of the lead column is about 99.6 percent before cyclic
steady state is established and 98.8 percent at cyclic steady state. This result proves that by
choosing the constant pattern Lytz, one can ensure that percent utilization is high during
the startup and after cyclic steady state is established.

4 Design Alternatives

There are many alternative carousel designs that can meet SRS waste treatment require-
ments. The sizes of the carousel columns in Tables 6 and 7 are estimated based on a fixed
diameter for Case 1 and a fixed segment length of 16 ft for Case 2 and the following assump-
tions: (1) The effective Cs* isotherms of the wastes can be predicted by using the TAMU
model with a dilution factor of 0.7. (2) The D, value is 5.0 x 107% c¢cm?/min for all wastes.
(3) The Ltz is defined as the length where C decreases from 0.9Co to 1.3 x 1072 mg/L.
This definition gives a percent utilization of 99.6 during the startup and 98.8 percent at
cyclic steady state. One can choose a shorter Lyt if a lower percent utilization of the lead
column is desired or the level of Cs* in the effluent of column 2 can be higher than 1.3 x
1073 mg/L. (4) The current design assumes three columns: the lead column is for saturation;
the second column is to contain the mass transfer zone; and the third column is a guard
column. Each column length is the same as the mass transfer zone length.

Alternatively, the mass transfer zone can be spread among two columns, thus halving
the size of the lead column and the guard column in the process. The saturation zone and
the guard zone decrease in length, while the mass transfer zone remains fixed, leading to a
shorter overall bed length. Table 8 compares the performances of carousel processes with
three, four, five, and six column segments. One can see that there is a 50 percent gain in
the throughput per bed volume and a 33 percent decrease in the bed length on increasing
the number of segments from three to four. However, there is also a 50 percent smaller

guard column and one more valve. These factors need to be taken into account in process
optimization in the future.
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Figure 10: Simulated Cs* concentration histories at each outlet port in a three-column
carousel process. Feed: average SRS. Dilution factor: 0.7. Total bed length: 46.8 ft. Flow
rate: 15 gpm. D, = 5.0 x 10™® cm?/min. Saturation of lead column: 99 percent. Solid line:
lead column hlstory Dashed line: second column history. The outlet concentration of the
third column is below 10~7 mg/mL.
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Table 8: Comparison of carousel configurations with varying numbers of segments. Column '
cross-sectional area and flow rate are fixed.

Number of Guard column Number of
segments  Total bed length Relative TPBV length valves

3 3Ltz 1 Lyvrz 3

4 2LmTz 1.5 0.50Lyrz 4

5 1.67 Lyrz 1.8 0.33Lmrz 5

6 1.5Lmtz 2.0 0.25Lyprz 6

5 Conclusions

A model-based approach has been developed to design a CST carousel ion exchange process
for removing cesium from Savannah River Site wastes. Batch equilibrium data were cor-
related using a detailed ion exchange model for CST powder (TAMU model). The model
predictions were then fit to the Langmuir equation to obtain effective cesium isotherms for
six model SRS waste compositions. A dilution factor of 0.7 was used in order to fit the
isotherm to column data and to account for the presence of an inert binder in CST pellets.
This effective cesium isotherm approach was validated using the data from both small-scale
and large-scale column tests obtained for ORNL wastes. Axial dispersion and film mass
transfer coefficients were calculated from well-known correlations, and the intraparticle dif-
fusivity was determined by fitting porous model predictions to ORNL column data. These
mass transfer parameters were validated over a wide range of linear velocities for the W29
wastes.

In the design of the carousel process, the length of a single column segment is determined
from the length of the mass transfer zone at a given linear velocity. The mass transfer zone
is defined as the length of column required to contain the Cs* concentration band from C
= 0.9C, to C = 1.3 x 107 mg/L after the development of a constant pattern wave. An
analysis of the dimensionless groups reveals that the normalized mass transfer zone length
is proportional to the particle Peclet number. The proportionality constant is a function of
the waste composition and the Cs* concentration. For a given composition, modifications
of a given design can be easily made by the use of this simple linear relation.

This study shows that the estimated carousel sizes are most sensitive to the eflective
cesium isotherms and the intraparticle diffusivities. The bed void fraction also has a direct
impact on the size estimates. Accurate estimates of these key parameters should be the
major goals of future batch and column tests for the various SRS wastes.

6 Acknowledgment

The authors wish to thank Mr. Walter Tamosaitis and Mr. C. Phillip McGinnis for initiating
this project. The authors acknowledge Dr. Darrel Doug Walker, Dr. Scott Beck, and M. Joe
Carter for providing background information; Mr. Roy Jacobs for calculating Cs* isotherms
from the TAMU model; Professor Ray Anthony for providing the TAMU model as well as

21




S Bt a b it e ot

WSRC-TR-98-00343 Rev.0
Page 30 of 69

APPENDIX A (continued)

many system parameters; Dr. Dan McCabe for providing SRS simulant batch data; and Dr.
Doug Lee and Mr. Paul Taylor for providing W29 column data.

7 Nomenclature

a = Langmuir coefficient, mg/mL B.V.

b = Langmuir coefficient, mL/mg

C = bulk-phase solute concentration, mg/mL
C, = pore-phase solute concentration, mg/mL

Cp = column inlet solute concentration, mg/mL

D = diffusivity, cm?/min

D, = intraparticle diffusivity, cm*/min

D, = Brownian diffusivity, cm?/min

Ey = axial dispersion coefficient, cm?/min

F = volumetric flow rate, gpm or mL/min - -
I. D. = column inner diameter, ft

kp = Boltzmann’s constant, 4.97 x 107** g-cm?/K-min?
ks = film mass transfer coefficient, cm/min

L. = column length, cm or ft

g = solid-phase solute concentration, mg/mL S.V.

r = radial distance from center of adsorbent particle, cm
Ry = solute radius, cm

R, = adsorbent particle radius, cm or gm

t = time, min

T = absolute temperature, K

TPBV = throughput per bed volume, gpm/ft3

ug = linear interstitial velocity, cm/min

us = linear superficial velociey, cm/min

V. = column volume, mL or L

z = axial distance, cm

Greek Symbols

€y = bed void fraction, dimensionless

€, = intraparticle void fraction, dimensionless
u = solution viscosity, g/cm-min

Dimensionless Variables

k} = ky/uo (film mass transfer number)

L* = L./ R, (dimensionless column length)

Ltz = Lmrz/ R, (dimensionless mass transfer zone length)
Pey, = ug L./ Ey (bulk Peclet number) '
Pe, = uo R,/ep D, (particle Peclet number)

z = z/L. (dimensionless axial position)

0 = tug/L. (dimensionless time)

22
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¢ = r/R, (dimensionless radial position)
és = (1 — &p)/ep (particle/bulk phase ratio)
¢, = (1 — &s)/€s (solid/pore phase ratio)
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Executive Summary

Designs for treating Savannzh River Tank Waste in 2 two-column ion exchange carousel vsing
UOP IONSLV IES11 are presented. The design exercise was conducted for three waste
compositions, two flow rates, and two design cases. The wastes were labeled-Avg, HFANO, and
HiOH, the flow rates were 15 gpm and 25 gpm, and the two design cases werc as follows:

Case 1) With the column diameter fixed at four feet, determine the necessary colurnn length for
2 two column carouse! system. Parallel trains of columns can be used if necessary.

Case 2) With individual column lengths fixed at 16 foct, determine the necessary column
diameter (maximum diameter is eight feet) for a two column carousel system, Parallel trains of .
columns can be used if necessary.

The design specifications for the carouscl were that the Cs* concentration in the effluent from the
frst column be 90% of the feed concentration, when the concentration in the effluent from

second column reaches 1.3 ppb (mg/m® or 20 nCi/g) . The design information for Case 1 and
Case 2 arc summarized in Tables 1 and 2, respectively.

The design cases were evaluated using an effective diffusivity of 0.2 x 10™% m¥s. We consider -
this a conscrvative cstimate. Column experiments are currently underway at SRS to measure
breakthrough curves using solutions representative 6f SRS waste. These experimental data can ,
and should, be used to fine-tune the estimate for the effective diffusivity.

A case study is presented which demonstrates that, over the range of superficial velocities being
considered by SRS, the superficial velocity has a negligible effect on the column breakthrough
profile when the space velocity is held constant. This result necessarily implies that the column
concentration profile is unaffected by superficial velocity when it is plotted as concentration
versus voluine instead of concentration versus length and when the space velocity is held
constant. Thus, space velocity (or residence time) based on the total volume of the ion exchange
bed in the carousel is the natural design variable for this system.

Using space velocity, we constructed design curves for six of the waste compositions provided
by Roy Jacaobs. The curves are presented in Figure 1. They plot the space velocity required to

© Texas A&M University — Depa:ﬁncm of Chemical Engineering
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meet the design effluent specifications versus the number of working columns in the carousel.
These curves illustrate two important points:

1. The waste compositions with lower distribution coefficients do not necessarily yield the
conservative desigu cases. Also, the bounding compositions do not represent the worst
design cases. In terms of space velocity, conservative means a smaller space velocity which
translates into a larger carousel for a given flow rate. We strongly recommend that an effort

be undertaken to identify the actual worst case compositions and their effect on the design
. and operation of the carouscl.

2. As the number of columns in the carousel increases, the space velocity required to meet the
design cffluent specifications increases. Thus, for  given flow rate, the required total
volume of the carousel decreases. We recornmend that the number of working columns in
the carousel be considered as a design variable,

Table 1. Case 1 designs: The column diameter is fixed at four feet. The design is for two-
columm carousel system with no paralle] trains. The lengths are for individual columns. The
space velocities (S.V.) are based on the carouse] volume.

Length  Carous. ' AP/column .
Weste FlowRate o) oo K o SV. oep | Sup- Vel

Avg 15gpm 163ft 412f% 1060 029hT 5.8 4.9 crivmin

Avg  25gpm  272f 6868 1060 029K' 165 8.1 cu/min

HiOH 15gpm 7418/ 187& 713  0.65h" 26 4.9 cm/min
HiOH 25gpm 123ft 3128 713 065h* 74 8.1 cm/min
HINO 15gpm 186f 468f° 953 0.26h" 6.6 4.9 cm/min
HINO 25gpm 310/t 780f% 953 026h! 188 8.1 cr/min
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Table 2. Case 2 designs: :rhc column length is fixed at sixteen feet. The design is for two-
column carousel system with no parallel trains. The space velocities are based on the carousel

volume.

Waste = FlowRate Diam. Sgom‘i X4 S.V. AP(Pcchmn Sup. Vel.
Avg  15gpm  405R 412 1060 0.29h" 5.5 4.8 co/min
Avg  2Sgpm SR 686# 1060 029% 55 4.8 coo/min

HiOH 15gpm 273 187 £ 713 065k’ 12.7 10.S cm/min

HiOH 25gpm 3528/  312f° 713 0.65h™ 127 10.5 cm/min

HINO 1Sgpm 4328 46888 953 026K ~ 48 42 cmmin

HNO 25gpm SS57f 780 £ 953  026h? 4.8 4.2 cm/min

14 i
12 S, S =]
s 4 R o |AAg
2 /,o/"o'" t—Avgb l
S 08 — : —e—HiNO |
;a os.‘_(/O . |-o—HiNOb
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Figure 1. Design curves for various Savannah River wastes. As the number of working columns
in the carouscl inoreases, the required space velocity increases which, for a fixed flow rate,
means a smaller carousel. For a given flow rate, the carousel volume is found by dividing the

flow rate by the space velocity. Individual column volumes are found by dividing the carousel
volume by the number of working columas.
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The four experiments modeled by Scot Beck and Roy Jacobs as a preliminary design exercise
were revisited. The objective was to simulate these experiments using the Texas A&M ion
exchange column model and then examine the consistency of the modeling parameters. The
results of this excrcise are summarized in Table 3. The distribution coefficients used to model
all of the experiments were between 60% and 66% of the value predicted by the Texas A&M
powder equilibrium model. Three of the experiments, MVST W-29, MVST W-27, and Sandia
DSSF5, were modeled using an effective diffusivity of 0.8 x 107" m¥s. The fourth experiment,
AW-101, required an effective diffusivity o£ 2.0 x 10™'° m*s. We consider these best-fit
parameters to be reasonably consistent.

Table 3. Summary of best fit parameters for four ion exchange column cxperiments using the
Texas A&M ion exchange column model. Because the Cs* concentrations for these experiments
were all less than 10ppm, the experiments were modeled using a linear isotherm.

Experiment Best fitKy Predicted K¢ Dilution Factor  Degrocive

Sandia DSSF5 575 © 910 0.63 0.8 x 107
MVSTW=29 - 575 950 0.61 0.8x107°
MVST W-27 375 600 063 0.8 x10™

Hanford AW-101 775 1173 0.66 2.0x10M°
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Treating Savannah River Waste Using UOP IONSIV IE911

M. E. Huckman, §. M. Lathccf R_G. Anthony
Texas A&M University, College Station, TX, 77843-3122
Department of Chemical Engineering
Kinetics, Catalysis, and Reaction Engineering Group

Scptember 11, 1998

Introduction

Ton Exchangc using the CST labeled IONSIV IES11 is one of four technologies being evaluated
for removing Cesium from the aqueous tank wastes at the Savannah River Sife. This report

addresses the design of 2 two-column ion exchange carousel 1o utilize the CST for SRS waste
treatment.

The report is divided into three parts and appenchm In part 1, the details of the specific design
cases required by the project task list are presented. Part2 Jusnﬁm and then demonstrates the
usc of space velocity as the design variable for the ion exchange carousel. Part 3 reports on a

medeling cffort using data from experiments at ORNL, PNNL, Hanford, and Sandia. Addmonal
data and comments arc presented in the appendices of the report.
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Part 1: Evaluation of the Design Cases Presented by SRS

The two design cases presented by SRS are as follows

Casc 1) With the column diameter fixed at four feet recommend the necessary column length for
a two column carousel system. Parallel trains of columns can be used if necessary.

Case 2) With individual column lengths fixed at 16 feet, what column diameter is required

(maximum diameter is eight feet) for a two column carouse] system. Paralle] trains of columns
can be used if necessary.

A third column is actually present in the proposed carousel system, but SRS prefers that this
columnn be operated strictly as a guard column. Therefore it is not considered in the design. The
design specifications are that the Cs* concentration in the effluent from the first column be 90% -
of the feed concentration when the effiuent from the second column reaches 1.3 ppb. The design
cases are evaluated for the three waste compositions labeled Avg, HiQH, and HiNO, as well as
for two flow rates, 15 gpm and 25 gpm. ’

Metod

The design oases were evaluated vsing the Texas A&M column carousel model. This model
simulates ion exchange column performance in 2 carouse! process like that proposed by SRS."
The model accounts for axial dispersion, film resistance to diffusion, and intraparticle resistance
to diffusion, and can accommodate both linear and non-linear isotherms. Furthermore, the model
accounts for the process changes associated with column switching.

The film mass transfer coefficient is estimated using Equation 16-71 from Perry's Handbook for
Chemical Engincers. The axial dispersion coefficient is estimated from the correlation proposed
by Suzuki and Smith. An effective diffusivity of 0.2 x 10™° m?/s was used. In experiments
performed at Texas A&M in 2 simulant similar to SRS waste the effective diffusivity of cesium

was estimated es 0.5 x 107° m%/s. The smaller value used for this study yields a2 more
conservative design. .

Column experiments are currently underway at SRS to measure breakthrough curves using
solutions representative of SRS waste. These experimental data can, and should, be used to fine-
tune the estimate for the cffective diffusivity. In general, we have observed that the effective
diffusivity decreases as the sodium concentration increases. We currently believe that this effect
is not due to sodium, per se, but results because sodium is driving the overall fluid propertics,
particulérly viscosity.

The ion exchange isotherms were constructed from the information provided by Roy Jacobs in
an August 20, 1998 E~-mail. This E-mail contained equilibrium data generated by the Texas
A&M powder equilibrium model for nominal and bounding compositions of the wastes labeled
Avg, HiOH, and HiNO. In addition there were equilibrium data for 2 waste labeled MVST-29.
The model predicted solid loadings were multiplied by 0.7 to correct for the dilution of the

© Texas A&M University - Deparanent of Chemical Enginecring




WSRC-TR-98-00343 Rev.0
Page 40 of 69

APPENDIX B (continued)

powder in the engineered granules. (This technique was requested by SRS.) This adjusted data
was then fit using a Langmuir isotherm. The isotherm parameters for all the wastes are shown in
.Table 1.1. The design cases are only evaluated for the nominal compositions of Avg, HiOH and
HiNO, although the remaining wastes are further examined in part 2 and in appendix D. Itis
worth noting here that the nominal compositions resulted in the most conservative column design
(i.e. the largest ion exchange bed volume in the carousel)

Table 1.1. Isotherm parameters for the seven waste compositions provided by Roy Jacobs.
Only the nominal compositions of Avg, HiOH, and HiINO were evaluated for the design cases.

The other compositions are further examined in part 2.
Waste Qt(mg/g) K (m*/mol)
Avg—nominal 540 4.11 .
Avg —bounding 54.0 2.63
HiOH -~ nominal 53.9 5.00
HiOH -bownding 539 3.36
HiNO - nominal 540 349
HiNO-bounding 539 222
MVST-29 49.6 1.59

Case 1 Results

For each of the three compositions, the Texas A&M column carousel model was used to simulate
a two columns in seties carousel system with e column diameter of 4 feet (the two columns are
identical). The lengths of the columns were increased until the design effluent concentration
criterion was satisficd after the system reached steady state operation. This procedure was
repeated for both flow rates. The results are summarized in Table 1.2
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Table 1.2. Summary of Case 1 design excrcise results. The column diameter is fixed at four
feet. The desiga is for two-column carousel system with no parallcl trains. The lengths are for
individual columns. The space velocities (S.V.) is based on the carousel volume.

Waste Flow Rate Length Carous. Ky S.V.  AP/column  Sup. Vel
(1col) Volume (PSI)

Avg 15gpm 163 R 412f 1060 029%h" 5.8 4.9 co/min

Avg  25gpm  272ft  636f° 1060 029h" 16.5 8.1 cm/min

HiOH 1Sgom 741f 1878 713 0.65h° 26 4.9 cnmin

HiOH 25gpm  123£ft 3128 7137 065k 74 &1 cm/min
HINO 15gpm 18.6QL 468f 953 026h" 66 = 4.9cm/min
HINO 25gpm 3108 780f% 953 0.26h" 18.8 8.1 cm/min

Figure 1.1 shows an example output from the Texas A&M column carousel model. The output
is from the worst oasc of the three compositions considered in this section, HINO. In a two-
column carousel system, when the Cs* concentration in the effluent from the second column
reaches the maximum allowablc value of 1.3 ppb, 4 column switch occurs. After a column
switch, the second column becomes the first, or lead coluron and a fresh column is introduced as
the second column. Figure 1.1 illustrates how the effluent concentration from the lead column of
the system behaves as the carousel progresses through a senies of switches. During the initial
cycle the lead colurn becomes highly loaded. However, the lcad column loading decreases with
successive cycles and eventually reaches a steady state. There are two reasons for this behavior.
First, as the concentration front moves through the ion exchange bed it will continue to spread
for some time. Second, each column switch introduces a jump in the feed concentration to the
new first column. In other words, before a column switch, the second column inlet is at 90%,

after the switch the second column becomes the lead column and the inlct concentration jumps to
100%.
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Figure 1.1. Example illustration of lead column effluent behavior as the carousel system
progresses through a series of column switches. This example is the design simulation for HINO
waste, at 25 gpm, with a column diamcter of four fect.

In this analysis, only one train of columns is considered. While the number of trains issue is
addressed here, some of the conclusions from part 2 are needed to fully appreciate the reasoning
behind this response. With that in mind, additional trains can be added to the carousel and the
carousel performance will not change, provided that the total volume of the jon exchange
carousel (sum of the volumes in all the columns) remains constant and the flow is split evenly
between the trains. In other words, as long as the space velocity is held constant, the
performance of the carousel does not change.

The pressure drop per column was calculated from the figure that was presented on page 32 of
ORNL report TM-13503. The pressure drop was found by subtracting the data for the empry
column from that for the packed column with the simulant as the working fluid, Thus the
numbers in the pressure drop column only represent the pressure drop due to the packing.

The length of the mass transfer zone can be easily found as follows. Once the carouscl reaches
steady state, the front of the mass transfer zone is located at the outlet of the last column and the
back of the mass transfer zone is located at the outlet of the first column. This method of
identifying the length of the mass transfer zoune is valid regardless of the number of columns in
the carousel, provided that the carousel is meeting the design specifications. Note that the design
specifications cffectively define the mass transfer zone. Figure 1.2 illustrates this point by
plotting the carousel concentration profile as a function of dimensionless carouscl length. Tna
two column carousel, the first column outlet is at 0.5 and the figure shows that the concentration
at that point is 90%.
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Figare 1.2. The caxousel concentration profile plotted as a function of dimensionless carousel
length. The first column outlet is located at 0.5 and the concentration here is 30%. For this two-
column case, the mass transfer zone extends from 0.5 to 1.0. Taken from the design sxmulanon
for HINO waste, with a flow rate 0f 25 gpm, and a ¢column diameter of four feet.

Case 2 Results.

A procedure similar to that used for design case 1 was used to evaluate design case 2. However,
for this design case, the length of the individual columns was held constant at 16 feet and the
diameter was increased until the effluent concentration criteria was satisfied at steady state. The
results are shown in Table 1.3. The combinations of composition and flow rate are the same as
in case 1. The pressure drop per column was calculated in the same mammer as was done for case
1.

It is instructive to notice that for a given flow rate, the volumes required for casc 1 and case 2 ure
identical. Also, for any given waste composition, the space velocity is identical regardless of the
flow rate, or the diameter of the column. This observation hints at two conclusions. The first is
that the performance of the carousel is determined by space velocity and is not affected by the
superficial velocity. The second is less obvious, but is as follows. When the carousel
concentration profiles are plotted versus volume, instead of versus actual length, the profiles are
identical regardless of the column diameter. This is made morc clear by choosing a composition
and flow rate and then comparing the results for case | and case 2. The front and back of the
mass transfer zone are located 2t the first and second column outlets which have different fengths
for the two design cases, but represent identical volumes. Thus, if these conclusions prove
accurate, Figures 1.1 and 1.2 apply equally well to both cases.
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t

Table 1.3. Summary of Case 2 design exercise results. The column lengths are fixed at sixteen

feet. The design is for two-column carousel system with no parallel trains. The space velocities
are based on the carousel volume.

. Carous. AP/column
Waste FlowRate Diem. Volume X4 s.v. ®SD Sup. Vel.
Avg  15gpm  405f 412 1060 0291 5.5 4.8 cm/min
Avg  25gpm  S22ft 6868 1060 029h! 5.5 4.8 cm/min
HIOH 1Sgpm 273K 187 £ 713 065h™ 12.7 10.5 cm/min

HiOH 25gpm 3521t k3R o 713 065hT 127 10.5 cx/min

HINO 15gpm  432ft 468§ 953 026h% 48 4.2 coo/min

HNO 25gpm  557ft 780 £ 953 0264 48 4.2 cm/min

Case 2, 2s originally posed by SRS included the question “how many columns are necessary 7"
The design criteria can be met using 2 carousel with any number of columns greater than one.

However, the required carousel volume will change depending on the number of columns in the
carousel. This question is further addressed in part 2.

The maximum allowable column diameter was 8 feet. The largest required diameter was 5.6 feet.

Thus, only one trzin of columns was considered. Again, additional trains can be added if desired
as mentioned under case 1.
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Part 2: Some General Observation Regarding the lon Exchange
Column Design

This section communicates some additional observations regarding the design of an ion
exchange column carousel system for treating SRS waste. In particular, this section shows that
the superficial velocity does not affect the spread of the column concentration profile in the
range of operating conditions being considered by SRS, provided that the space velocity is held
constant. Thus space velocity, or residence time, is the natural design variable. Also, by using
space velocity, e large amount of design information is displayed in a simple format and
comments are included regarding possible design optionsfproblems.

To determine the effect of the superficial velocity on the column breakthrough curve, 10 cases
were evaluated. The cases are for a constant feed rate of 25 gpm and a constant column volume
of 276 £, Ten different column diameters were used ranging from one to cight feet. The cases
arc summarized in Table 2.1. Notice that the space velocity is held constant while the superficial
velocity varies by a factor of 64. The predicted breakthrough curves were for 2 single fon
exchange column, and the isotherm was assumed to be linear with 2 distribution coefficient of
1570 ml/g.

‘When considering changes in superficial velocity, the film mass transfer coeflicient and the axial
dispersion ooefficicnt are the two parameters affected. The effective diffusivity and the isotherm
refnain unchanged. Thus, though it is the superficial velocity that is being varied, what is
actually being evaluated is the effect of changes in the film resistance o mass transfer and the
axial dispersion on the column perforraance. ’
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Table 2.1. Ten cases used to evaluate the cffect of superficial velocity on the column

breakthrough curves and concentration profiles. The space velocity is held constant while the
superficial velocity is varied by changing the column diameter.

Superficial
Diameter () Length () S.V.@h) Velocity Volume ()
(cm/min)
Case 1 8 5.5 0.725 2.03 276
Case2 6 9.8 0.725 3.61 276
Case 3 5 14.1 0.725 5.19 276
Case 4 4 2 0.725 8.11 - 276
CascS 3.5 28.7 0.725 106 276
Casc 6 3.0 39.1 0.725 144 - 276
Cuse 7 25 56.3 0.725 20.8 276
Case 8 2.0 88 0.725 324 276
Casc 9 1.5 156.4 0.725 57.7 276
Case 10 1.0 352 0.725 130 276

Figure 2.1 shows that the model predicted breakthrough curves are identical. Thus, over a large
tange of superficial velocitics, the breakthrough curve is determined only by the space velocity.
The deeper conclusion is that over this range of superficial velocifies, the corresponding changes
in the film resistance to diffusion and the 2xial dispersion do not change the shape of the column
breakthrough curve. It is important to point out that when cohumn breakthrough curve does not

change, this necessarly implies that the column concentration profile does not change, provided
it is plotted versus volume and not actual length.
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Figure 2.1. Onc column breakthrough curves for the ten cases described in Table 2.1. The
breakthrough curves are indistinguisheble indicating that superficial velocity does not affect
column performance, provided that space velocity is held constant.

The Texas A&M column carouse] model was used to construct design curves with space velocity
as the design variable. . These curves are shown in Figure 2.2. The curves plot the space velocity
required to meet the column effiuent specifications at steady state versus the number of columus
in the carousel for six of the waste compositions (MVST-29 is addressed in appendix D). The
space velocity is based on the fotal volume of the carousel. Figure 2.3 contains similar
information, but the space velocity is used to calculate a total carousel volume based on a flow
rate of 25 gpra. Figure 2.4 plots the interval between columa switches.

Figures 2.2 and 2.4 remain unchanged if the flow rate changes. Figure 2.3, however, can be

casily recalculated by converting the space velocities to a total carousel volume based on tho new
flow rate, for example 15 gpm.

From either Figure 2.2 or 2.3 one can ¢asily visualize the difference in the carousel performance
for different waste compositions. The waste composition labeled HiNO requires the smallest
space velocity, hence, the largest carousel volurae for a given flow rate. The other extreme is the
waste labcled HiOH-b (bounding) which allows for the largest space velocity, hence, the
smallest carousel volume for a given flow rate. These figures indicate the importance of clearly
defining the range of possible column feed compositions. They also show that the bounding
compositions do not yield the most conservative design cases.

Because the bounding compositions do not identify the worst design cases, we strongly

recommend that an effort be undertaken to identify worst case compositions. While some
additional work would be required before we could provide firm guidance for identifying worst
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case compositif)ns, we have found that, in general, the wastes with the highest Ky and the Jowest
Cs” concentrations require the smallest space velocities, hence are the worst design cases.

Once the worst case compositions are identified, the carousel doesn’t have to be designed to treat
them. Instead, a well-managed blending program upstream of the carousel can keep the carousel
feed composition inside appropriate limits. In this manner, a smaller carousel can be used to
treat 2 variety of waste compositions. However, it remains necessary to better understand how
waste composition affects carousel requirements to properly manage upstream blending.

Figures 2.2 and 2.3 also illustrate how the total carousel volume required to treat a given waste
decreases as the number of working columus in the system increases. The decrease is substantial
moving from two columns to three columns or even from three columns to four columns. For
example, the total carousel volume required to treat HINO decreases by almost 30% when the
number of working colurnns increases from two to three, The decrease becomes more modest as
the number of columns incregses. The change interval, shown in Figure 2.4, can become an
issue as the number of columns increases because it is reduced to matter of days for several of
the compositions. However, we recommend that the number of columns in the carousel be
considered a design variable.

Figure 2.4 can be used to find the rate of CST consumption by dividing the volume of an
individual column by the switch interval. It is important to note that as the distribution
cocfficient of a given waste decreases, the amount of CST required to treat that waste increases.
Thus, for a given flow rate of waste, 2 small distribution coefficient implies a large rate of CST
usage. However, a large rate of CST usage does not imply that a large ion exchange column is
requircd. In fact, for the waste compositions considered here, those resulting in the lowest
distribution coefficients generally require the smallest colurnn sizes.

The relationship between the distribution cocfficient, the rate of CST usage, and the required size
of ion exchange bed can be summarized as follows. The amount of CST required to treat a given
volume of waste is detenmined solely by the distibution coefficient and the percent saturation of
the lead column (which is a design specification). However, the size of the ion exchange column
needed to perform that operation is a complicated function of several vaniables such as the feed
concentration, the distribution coefficient, and the shape of the isotherm.
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Figure 2.2. Required space velocity (based on the total carousel volume) versus the number of

colurnus in the system for six waste compositions. The worst design case composition is HINO
which has the lowest space velocity.
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Figure 2.3. Required total carousel volume (based on a flow rate of 25 gpm and calculated from
Figure 2.2) versus the number of colurnns in the system for six waste compositions. The waste
labeled HINO, which required the smallest space velocity, here requires the largest total bed
volume.
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Figure 2.4. Interval between column switches versus the number of columns in the system for
'six wastc compositions. The rate of CST usage is calculated by dividing an individual column
volume by the switch interval.
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Part 3: Modeling Previous Column Experiments

The Texas A&M ion exchange column model was used to simulate four experiments provided
by Scot Beck and Roy Jacobs. Because the Texas A&M model is very different from the model
developed by SRS, it is not possible to directly compare parameter values between models.
Thus, the primary objective of this exercise was to examine the consistency of the parameters. If
the modeling parameters are found to be consistent, this implies that the model is a fairly
accurate representation of the process.

The maximum Cs" concentration in these experiments was less than 10 ppm and at these low
concentrations, the ion exchange isotherm is approximately lincar. Thus, the experiments were
modeled using a linear isotherm. The distribution coefficient (the slope of the isotherm) and the
effective diffusivity were varied by trial and error to fit the experimental data. The best fit
distribution coefficient was then compared to the distribution coefficient predicted by the Texas
A&M powder oquilibrium model to determine & dilution factor for predicting equilibrium on the
engineered granules. - —

The results of this exercise are summarized in Table 3.1. The dilution factor is very consistent
and varies between 0.61 and 0.66. Three of the experiments, MVST W.29, MVST W-27, 2nd
Sandia DSSFS, were modeled using an effective diffusivity of 0.8 x 10 m%s. The fourth
experiment, AW-101, was modeled using an effective diffusivity of 2.0 x 10"'® m%s. Figures 3.1
through 3.4 plot the available experimental data versus the best-fit model simulation for the four
experiments. ‘

Two important notes should be made regarding this exercise. First, the average particle diameter
was unknown for all of these experiments. Based on JONS1V IB-911 particle size distribution
information from Texas A&M laborafories, the average particle diameter was estimated to be
375 pm. However, the actual size of the particles in the column can be affected by a variety of
factors, including particle pretreatment, or the technique used to remove fines. Secondly, only
three data points were available for cach cxperiment, the 1%, 10% and 50% breakthrough points.
In general, we have observed that when one focuses on fitting the front portion of 2 column
breakthrough curve, one estimates a slightly larger effective diffusivity than if one fits the model
to an entire breakthrongh curve. Thus it is difficult to comment with certainty on the estimated
effective diffusivities, except to note thiat overall the values appear consistent.

While it is not possible to directly compare parameter vaiues with those previously estimated by
Beck & Jacobs, the differences between the models can be highlighted. The Beck & Jacobs
model assumed that film resistance to diffusion controlled the rate of mass transfer. Our results
indicate that film resistance is relatively unimportant, and that the rate of mass transfer is actually
controlled by intraparticle resistance to diffusion, which is quantified by the effective diffusivity.
Also, Beck & Jacobs varied the bed porosity to fit the experimental data. Data from our
laboratory indicates that the bed porosity is very nearly constant at 0.5.

© Texas A&M University — Department of Chemical Engincering
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¢ column experiments using the
Cs" concentrations for these experiments

were all less than 10ppm, the experiments were modeled using a linear isotherm.

Experiment BestfitKy Predicted Ky Dilution Factor Detroctive
Sandia DSSFS 575 910 0.63 0.8x 10
MVST W-29 575 950 0.61 0.8 x 10
f MVST W-27 375 600 0.63 0.8 x 10™°
Hanford AW-101 775 17 0.66 20x 107
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Figure 3.1. Available experimental data and Texas A&M ion exchange column model

simulation for the Sandia DSSF5 experiment. The best fit effective diffusivity and distribution

coefficient are shown in Table 3.1.
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Figure 3.2. Available experimental data and Texas A&M ion exchange column model
simulation for the MVST W-29 experiment. The best fit effective diffusivity and distribution
coefficient are shown in Table 3.1.
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Figure 3.3. Available experimental data and Tcxas A&M ion exchange column model
simulation for the MVST W-27 experiment. The best fit effective diffusivity and distribution
cocfficient are shown in Table 3.1.
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Figure 3.4. Available experimental data and Texas A&M jon exchange column mode!
simulation for the Hanford AW-101 expediment. The best fit effective diffusivity and
distribution cocficient are shown in Table 3.1.
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A-l

A . Analysis of Solid Loading in the lon Exchange Column for UOP
IONSIV™ [E-911

Ion exchange column experiments have been conducted at Texas A&M to investigate the Cs
solid loading profile along the length of the column. The data presented here are for two
experiments conducted in standard simulant (5.1 M NaNO;, 0.6 M NaOH) for the UOP IONSIV
IE-911-94 granules. The first experiment was stopped at 200 CVs, just before breakthrough, and
the solid was collected and analyzed for Cs. It should be noted that although Cs may be present
in the effluent at 200 CVs the limits of atomic absorption do not allow us to measure ’
concentrations below 1 ppm Cs accurately. The second run was continued to a C/Cr=0.88 at

1130 CVs as shown in Figure A_1. Again, the solid was collected and analyzed for Cs. The
solid profiles arc compared in Figure A2,

The column is completely saturated at approximately 37 mg Cs/g CST as indicated from the
front of the column loading profile shown in Figure A.2. The percent saturation can be
determined from the areas under each loading profile.

For the 200 CV solid loading profile the arca under the curve snggests that 42% of the solid was
saturated just before breakthrough. For the 1130 CV profile, the area under the curve was 87%
of the total area indicating 87% of the solid was saturated with Cs. Thus, at C/Ce= 0.88 the solid
1s 87% saturated with Cs. These data should not suggest that when the effluent concentration
reaches some X % then the solid is X % saturated and this point is clear when noting the ~

saturation level just before Cs breakthrough (i.c., at 200 CVs with C/Cr= 0 the percent saturation
was 42%). :
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Figure A.1. Cs breakthrough profilc for UOP IE-911-94 granules (400 micron diameter) in
standard simulant at 3.6 CV/h (4 cm/min) with Cg.4 = 50 ppm Cs. Column dimensions were 1.1
cm diameter and 31.75 cm length for a bed volume of 30 cm’. The bed porosity was 0.5.

i i o
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Figure A.2. Cs solid loading profile for ion exchange column cxperiments for UOP IE911-94
granules in standard simulant with Crca = 50 ppm Cs. The first experiment was stopped at 200
CVs and the second run was continued until C/Ce=0.88.
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B-1

B. Analysis of Anion Composition on Cs Distribution Coefficient

The cffect of the anton composition was examined by studying the relation between anion
composition and Cs distribution coefficient for a standard simulant (5.1 M NaNO;, 0.6 M
NaOX) solution. For this study, the NO;” and NO,” compositions were adjusted by adding
NaNOZ to the standard simulant while adjusting the NaNO; to maintain a constant ionic strength
and Na* concentration of 5.7 M for the solution. The Texas A&M powder equilibrium model
was used to generate Cs Kq's for the various simulants listed in Table B.1.

Table B.1. Waste compositions used to determine anion effect on Cs K.
Component | SimulantA | SimulantB | Simaolant C'| SimulantD

NaNO; 51 M 34M 1.7M -
NaNO, - 1.7M 34M S1M
NaQOH 0.6 M 0.6 M 0.6 M 0.6 M

CsNOs 70ESM 70E-5M T0ESM 70E5M

Table B.2 shows the model predicted Cs distribution coefficients for the simulants listed in Table
B.1 along with the calculated Cs activity coefficients. These data indicate that as NO;y™ is
replaced with NO;” the Cs Ky and activity coefficient increases. The activity coefficients are
calculated from Bromley's model with parameters of -0.0174 for NalNO; and 0.015 for NaNOz
Figure B.1 shows the results from Table B.2 in graphical form.

Table B.2. Cs K4 and Activity Coefficients for Various Simulants

Simulant | Cs Kq(ml/g) | 2Ac
A 908 0.333
B 1326 0.425
C 1856 0.543
D 2462 0.694

© Texas A&M University- Department of Chemical Engineering.
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Figure B.1. The effect of NO; and NO;- anions on the Cs distribution coefficient with the total
ionic strength held constant. Also shown are the Cs activity coefficients for each simulant,
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C-1

C. Analysis of Competitive Exchange on Gs Breakthrough Profiles

for UOP IONSIV™ ]E-911 in SRS Waste.

A primary concern in the treatment of the complex DOR radwastes is the competitive exchange
between Cs and other componcats in the waste stream. The SRS wastes presented (ie., Avg,
HiOH, and HiNO) contain K*, which competes with Cs" for ion exchange sites on the IE-911
solid. Previous equilibrium experiments have shown that the equilibrium capacity of IE-911 for

Cs decreases in the presence of 0.5 M RNO; for the standard simoutant (5.1 M NaNO; and 0.6 M
N4OH).

Jon exchange column experiments were conducted in both standard and standard with 0.5 M
KNO; simulants to compare the effect of K on Cs breakthrough. The feed concentration was 50
ppm Cs and flow rates were 3.6-3.8 CV/h. The decrease in equilibrivm capacity translated into
an earlier breakthrough s shown in Figure C.1. However, when studying the Cs and X
breakthrough profiles in the standard simulant with 0.5 M KNO;, it should be noted that the K
front moves through the column nearly instantancously and reaches equilibrium as shown in
Figure C.2. Thus, Cs enters a column, which is at equilibrium with K. Figure C.2 shows no roll-
up of Cs, which would indicate the displacement of Cs for K. Thus, although the presence of K.
teduces the amount of Cs loaded on the solid, K does not displace Cs from the solid.

e
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&0 oéP MAAAAAAA A
70 000 A&A |
g ® S A
:\S $0 S A
© 40 4 ° A
2] o A
204 o &A ocsansrmo.suxl l
10 ° b  ACsSTD l
0 4M‘§MMMA- r s + :
Q 200 400 600 800 1000 1200 g
Column Volumes i

1
Figure C.1. Cs breakthrough profiles in standard (STD) and standard + 0.5 M X simulants for
the UOP IE-911-94 granules (400 micron diameter). Feed concentration was S0 ppm Cs. For
the standard simulant run (IMLS8) the flow rate was 3.6 CV/h (3.9 cr/min). For the experiment
(ML) in standard with 0.5 M K the flow rate was 3.4 CV/h (3.6 cm/min). Both experiments
weze conducted in a 1.1 cm diameter and 31.75 cm long column (bed volume = 30 cm?).
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C-2
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F‘igure C.2. Cs and K breakthrough profiles for UOP [E-911-94 granules (400 micron diamcter)
in standard simulant with 0.5 M KNO; and 50 ppm Cs. The experiment mambey is IML11. The
flow rate was 3.8 CV/h (4.2 c;/min) and bed porosity was 0.5. Thc column dimensions were
1.1 cm diameter by 31.75 cm length for a total bed volume of 30 e’
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D-1
D. An Example of A Worst Case Design Composition

To illustrate how important it is to understand the range of possible column feed compositions
and their effect on the ion exchange carousel design, it is instructive to look at the waste labeled
MVST-29. The information below adds two waste compositions to those alceady considered in
the main body of this report. The first new composition is that of MVST-29 as provided by Roy
Jacobs and is labeled MVST. The second new waste follows the same isotherm as MVST-29,
but has a Cs* concentration of 19ppm and is labeled MVST-29-b.

As mentioned in the text of the report, we have identified three aspects of the isotherm which
seem. to affect the design. These factors are 1) the distribution cocfficient, 2) the Cs*
concentration, and 3) the shape of the isotherm or the non-linearity of the isotherm. The table
below quantifies the first two factors and qualifies the last for four representative wastes plus the

fwo new wastes. :

Waste Kd  Cs'conc. Non-lineaity
MVST-29 584 1.3 ppm | Medium
MVST-29-b 485 19 ppm Very little
INO 952 19 ppm Medivm

HINOb 353  93ppm High
HiOHb 407 - 93ppm High
Avg 1060  19ppm Medium

Table D.1. The waste composition factors which we have identified as playing 2 role in
determining the fon exchange carousel design are quantified/qualified in this table. This table
along with Figures 2.2, D.1, and D.2 illustrate that the distribution is 2 poor guide to identifying
the conservative design cases.

Figures D.1 and D.2 are the same as Figures 2.2 and 2.3 except that MVST and MVST-b arc
included. The figures show that MVST is a worst case composition requiring a space velocity
much slower than any of the other six wastes. However, the increased Cs* concentration for
MVST-b causes it fall between HINO and Avg. The graphs illustrate the importance of
identifying the worst case compositions. Wastes compositions such as MVST can be managed
in an upstream blending program so that the actual feed to the carosel falls within rcasonablc
limits.

© Texas A&M University- Department of Chemical Engineering.
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Figure D.1. Required space velocity (based on the total carousel volume) versus the number of
columns in the system for the original six waste compositions plus the two additional
compositions. MVST is by far the worst case, but MVST-b falls between HINO and Avg.
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Figure D.2. Required total carousel volume (based ;m 225 gpm flow rate and calculated from
Figure D.1) versus the number of columns in the system for six waste compositions. MVST is by
far the worst case, but MVST-b falls between HINO and Avg.
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E. lon Exchange Column Design Based on 80% Loading in the

Lead Column.

The Texas A&M carousel model was used to construct design curves with space velocity as the
design variable similar to those shown in Part 2 of this report. For these cases, the design criteria
was modified to require an effluent concentration of 80% of the feed concentration from the lead
column rather than the 90% requirement used for the design in Parts 1 and 2. Figure B.1 plots
the space velocity reqmrod to meet the column effluent specifications at steady state versus the
number of columns in series for the six wastc compositions. The space velocity is based on the
total volume of ion exchange bed in the carousel, Figure E.2 contains the same information, but
the space velocity is used to calculate 2 total required volume of the jon exchange bed based on a
flow rate of 25 gpm. Figure B.3 shows the time interval between column switches.
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Figure E.1. Required space velocity (based on the total carousel volume) versus the number of
columns in the system for six waste compositions. These curves arc based on a Cs*
concentration of 80% in the effluent from the first column when the last column reaches 1.3 ppb.
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Figure E2. Required total carousel volume (based on a flow rate of 25 gpm and calculated from
Figure E.1) versus the number of columns in the system for six waste compositions. These

curves arc based on a Cs* concentration of 80% in the effluent from the first column when the
last column reaches 1.3 ppb.
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Figure E.3. Interval between column switches versus the number of columas in the system for
six waste compositions. The rate of CST usage is calculated by dividing the individual column
volume by the switch interval. These curves are based on a Cs” concentration of 80% in the
cffluent from the first column when the last column reaches 1.3 ppb.
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F. SRS Waste Compositions Studied for Base Design Cases

The SRS wastc compositions used in the ion exchange column design for the base cases
presented in Part 1 of this report are shown here. The three waste compositions considered were
labeled Avg, HiOH, and HiNO. For each waste, a nominal and bounding composition were
provided resulting in six total waste compositions. Tables F.1 lists the nominal and bounding
compositions of these wastes as was described by R. Jacobs. '

Table F.1. SRS waste compositions in mol/L. The 'n' represents ‘nominal' composition and the
b indicates ‘bounding’ composition.

Component | Avg-n { Avg-b | HiOH-n | HIOH-b | HINO-n | HiNO-b
Na 56 S.A47 5.6 5.48 5.6 5.45
X 0.015 0.I5 0.030 0.15 0.0041 0.15
- Cs 0.00014 | 0.0007 1§ 0.00037 | 0.0007 | 0.00014 { 0.0007
AlOy 0.31 031 0.27 027 | 032_ 0.32
G085 0.008 0.008 0.008 0.008 0.008 0.008
COs~ 0.16 0.16 0.17 0.17 0.16 " 0.16
MoQy" 0.0002 0.0002 0.0002 0.0002 0.0002 0.0002
Sio;* 0.004 0.004 0.004 0.004 0.004 0.004
S04~ 0.15 0.15 . 0.030 0.030 022 - 0.22
PO 0.010 0.010 0.008 | 0.008 0.010 0.010
Cr 0.025 0.025 0.010 0.010 0.040 0.040
¥ 0.032 0.032 0.010 0.010 0.050 0.050
NOy 0.52 0.52 0.74 0.74 0.37 0.37
NO;5 2.14 2.14 1.10 1.10 2.34 2.84
O 1.91 1.91 3.05 3.05 1.17 1.17

© Texas A&M University- Department of Chemical Engineering.
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G . Model Equations

Column Material Balance

The differential material balance for component iin a column containing a flowing fluid at
constant density and operating in a region of dispersed flow is as follows:

2 F _
3 _pPCi_, % _(oa)dv @
ot ox ax g, ot

where

V, Vv, - :
P __ b - -
Vi =1 fepC dV +-‘—/1— { (1 —ep)q;dv = average particle phase concentration.  (2)
VP g 8o

Two boundary conditions are vequired, one at the column inlet and one at the coluran outlet.
Danckwerts boundary conditions are used and are written as

9,

v aC; ' .
™ —5—(0: -C, H), and —— =0. 3)

x=0 ox x=L

The axial dispersion coefficient is calculated from the correlation suggested by Suzuki and
Smith. This correlation has been validated by experimental dispersion studies on 2 Iaboratory
colwnn using JONSIV IE911 at Texas A&M. An energy balance is not included because the ion
exchange is considered isothermal.

Particle Material Balance

The particle is visualized as a two-phase porous particle containing a network of pores
throughout a solid structure with diffusion occurring through the liquid filled pores. The
resistance to diffusion of component i is assumed the same in all pores. Fick’s law is used as the
constitutive equation for diffusive flux. The differcntial material balance is written as

aC, . al . aé, '
Sfoteng]-52en 5]

r'or ‘o

The particle material balance is coupled to the column material balance by Equation 9, which
includes a film mass transfer cocfficient that quantifics the resistance 1o diffusion across &
stagnant liquid film surounding the particle. The mass transfer coefficient is estimated from
Equation 16.71 in Perry’s Handbook for Chemical Engineers,
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G-2
a‘{l. — _E_ a—c-l ___3_ S
_Et—-RPD° or r:R,_ Pk,(C, C‘) (5)

In addition, local equilibrium between the solid phase and the liquid phase within the pores is
assumed. Thus, at cach point in the particle,

qi = F[E,] = Solid / liquid equilibrium isotherm.

List of Symbols.

Ci  Bulk Liquid Concentration of Component i (molm®)

C?  Feed Concentration of Component i (mol/m®) - _
C;  Liquid Concentration of Component i at the particle surface (moVm®)
Ci

Pore Liquid Concentration of Component i (mol/m’)
D  Dispersion Coefficient (m¥s)

D,  Effective Diffusivity (m?s)

L Length of on Bxchange Bed (m)

9i  Solid Phase Conoentration of Component i (mol/m?)
r Particle Radial Coordinate

Particle Radius (m)
Vi Interstitial Velocity (m/s)
Ve Particle Volume ()
Column Axial Coordinate

€6 Bed Porosity
€p  Pparticle Porosity

Average Particle Conocatration of Component i (mol/m’)
K, film mass transfer coefficient (m/s)
time (s)
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