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Abstract

In support of a small column ion exchange (SCIX) process for the Savannah River Site
waste processing program, transient and steady state two-dimensional heat transfer
models have been constructed for columns loaded with cesium-saturated crystalline
silicotitanate (CST) or spherical Resorcinol-Formaldehyde (RF) beads and 6 molar
sodium tank waste supernate. Radiolytic decay of sorbed cesium results in heat
generation within the columns. The models consider conductive heat transfer only with
no convective cooling and no process flow within the columns (assumed column
geometry: 27.375 in ID with a 6.625 in OD center-line cooling pipe). Heat transfer at the
column walls was assumed to occur by natural convection cooling with 35°C air. A
number of modeling calculations were performed using this computational heat transfer
approach. Minimal additional calculations were also conducted to predict temperature
increases expected for salt solution processed through columns of various heights at the
slowest expected operational flow rate of 5 gpm. Results for the bounding model with no
process flow and no active cooling indicate that the time required to reach the boiling
point of ~130°C for a CST-salt solution mixture containing 257 Ci/liter of Cs-137 heat
source (maximum expected loading for SCIX applications) at 35°C initial temperature is
about 6 days. Modeling results for a column actively cooled with external wall jackets
and the internal coolant pipe (inlet coolant water temperature: 25°C) indicate that the
CST column can be maintained non-boiling under these conditions indefinitely. The
results also show that the maximum temperature of an RF-salt solution column
containing 133 Ci/liter of Cs-137 (maximum expected loading) will never reach boiling
under any conditions (maximum predicted temperature without cooling: 88°C). The
results indicate that a 6-in cooling pipe at the center of the column provides the most
effective cooling mechanism for reducing the maximum temperature with either ion
exchange material. Sensitivity calculations for the RF resin porosity, the ambient
external column temperature, and the cooling system configuration were performed
under the baseline conditions to assess the impact of these parameters on the maximum
temperatures. It is noted that the cooling mechanism at the column boundary (forced
versus natural convection) and the cooling system configuration significantly impact the
maximum temperatures. The analysis results provide quantitative information
associated with process temperature control requirements and management of the SCIX
column.
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1 Introduction

High Level Waste (HLW) at the Savannah River Site is stored in three forms: sludge,
saltcake, and supernate. A small column ion exchange (SCIX) process is being
designed to treat dissolved saltcake waste before feeding it to the saltstone facility to be
made into grout. Through this process, radioactive cesium from the salt solution is
absorbed into ion exchange media (either CST or RF) which is packed within a flow-
through column. A packed column loaded with radioactive cesium generates significant
heat from radiolytic decay. If engineering designs cannot handle this thermal load, hot
spots may develop locally which could degrade the performance of the ion-exchange
media. Performance degradation with regard to cesium removal has been observed
between 50 and 80°C for CST [5,6] and at 65°C for RF resin [7]. In addition, the waste
supernate solution will boil around 130°C. If the columns boiled dry, the sorbent material
could plug the column and lead to replacement of the entire column module.
Alternatively, for organic resins such as RF there is risk of fire at elevated temperatures.
The objective of the present work is to compute temperature distributions across CST-
and RF-packed columns immersed in waste supernate under accident scenarios
involving loss of salt solution flow through the beds and, in some cases, loss of coolant
system flow. For some cases, temperature distributions were determined as a function
of time after the initiation of a given accident scenario and in other cases only the final
steady-state temperature distributions were calculated. In general, calculations were
conducted to ensure conservative and bounding results for the maximum temperatures
achievable using the current baseline column design. This information will assist in
SCIX design and facility maintenance.

2 Approach for the Heat Transfer Analysis of
the lon Exchange Column

For the SCIX process, the baseline design involves a column bed with dimensions of 10
to 25 ft tall and 28 in outside diameter. A fully-loaded column may contain as much as
257 Cilliter of Cs-137 (maximum expected loading with CST, ref. 8) based on the
equilibrium cesium loading anticipated for the projected waste feed streams. This highly
concentrated radioactive source will generate a significant amount of heat in the column,
which corresponds to about 5 watts/gallon of volumetric heat source. Typical loadings
are expected to be less than 200 Ci/liter, which would generate about 4 watts/gallon.
Under normal operating conditions, process fluid flow through the column can provide
adequate heat removal from the column through a coupled conduction and convection
heat transfer mechanism. However, in the case of a loss of flow accident, there are
concerns about the transient thermal response rates and the maximum steady-state
temperatures reached for fully-loaded columns containing each ion exchange media.
Fast thermal response and high peak temperature can lead to unacceptable
consequences such as media degradation and solution boiling. For computational
modeling purposes, a conservative approach was taken by assuming that the primary
cooling mechanisms inside and outside of the column were conduction and natural
convection, respectively, and that axial heat removal from the column was negligible
relative to radial heat transfer. Figure 1 illustrates the heat transfer mechanisms for the
SCIX column system configurations analyzed in this report. The model was created
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using a body-fitted coordinate system and structured multi-block grids in the
Computational Fluid Dynamics (CFD) preprocessing environment. A two-dimensional
transient heat conduction model was developed to assess the thermal performance of
the packed column with loss of flow using the prototypic geometry as shown in Fig. 2.

Packed bed column region
(o

Toai I
I v(r) = Local gas velocity induced
‘ by temp. gradient near the wall

external to the column
| ig
|
|

' Toey Veo=0

(heat source region
q"

g cond, r + qconv, r

T
!
Boundary layer region , Core region
/

/

/

Gas flow due to buoyancy

Column height: 10 - 25 ft
28in OD column

5/16-in thick
ss wall

6 in sch. 40 pipe with 1.5-in
Too= 35 °C coolant supply pipe at center

Air-cooled by

nat. convection

gWa’(er jacket
(water-cooled forced
convection to 25 oC water)
(Cross-sectional plane along the line A-A’)

(Note: Actual wall thickness is 3/8 in rather than 5/16 in. This difference has a negligible

impact on the results.)

Figure 1. Typical temperature profiles of packed columns under mixed convection
cooling modes and no flow conditions.



Report: WSRC-STI-2007-00345 WASHINGTON SAVANNAH RIVER COMPANY
HEAT TRANSFER ANALYSIS FOR FIXED CST AND RF COLUMNS

Page: 4 of 45

Present modeling boundary

3.5in sch. 40

4 M=35C
7 Air-cooled by
nat.‘convection

N
Column wall surface
Tw \\
h,.(nat. convectlo.n)

0=350°C //
\ Air-cooled by
. nat. convectior’

~ -
~_ -

(Heat convection transferred into water jacket) (Natural convection into ambient air)

Figure 2. Basic modeling conditions and two-dimensional computational domain
boundary for the present analysis of the 28-in OD column with a 6-in sch. 40
pipe imbedded at its center (annular packed bed dimensions: 27.375” OD,
6.625" ID).

The model considers three basic cases as shown Fig. 3. The first two cases are
assumed to have no salt solution process flow through the bed and involve internal heat
transfer by conduction only for columns filled with salt solution. Heat transfer at the walls
involves natural convection from the external wall boundary to the ambient air, with the
assumption that the air serves as an infinite heat sink at constant temperature. Cases 1
and 2 shown in Figure 3 are naturally-cooled stagnant columns with passive and active
(convective) cooling systems, respectively. The last case, Case 3, considers the
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minimum expected salt solution flow (5 gpm) through the bed during normal operations
for a bed containing the same heat source. In this case, it is assumed there is no heat
loss at the column wall boundary (adiabatic boundary) and all heat transfer is through
the mobile liquid phase (forced convection). Heat transfer analysis of the packed
column for the basic cases is performed for a given boundary condition by using a
computational heat transfer approach on a Cartesian x-y grid with a commercial CFD
code, Fluent™, environment.

For heat transfer analysis, the baseline modeling conditions were assumed as shown in
Table 1. CST or RF resin particles were assumed to be packed inside a stainless steel
cylinder that was 28 in outside diameter with a 5/16 inch thick wall. The actual baseline
column design involves a 3/8 in wall thickness, resulting in a 1/8 in diameter difference
between the model and design conditions. This difference is believed to have a
negligible impact on the modeling results. The column design is annular due to the
presence of a center cooling pipe with an outside diameter of 6.625 in. Oak Ridge
National Laboratory estimated the porosity of the CST packed beds to be 43.2 % [4,5],
and this porosity was used for both the CST and RF packed beds in this report. It is
noted that discrepancies between the porosities used in this report and those used by
Smith exist [8]. For CST the value of 43.2% gives more conservative results with regard
to the maximum temperature than the value of 50% used by Smith. The value of 43.2%
porosity for RF used in the current report is not significantly different from the value of
42% used by Smith. The void volume fraction of the packed bed impacts the material
property estimations of the composite beds containing ion exchange beads and salt
solution. For instance, the effective bulk density of the CST column filled with salt
solution was estimated to be about 1588 kg/m?® considering that the density of CST solid
is 2,056 kg/m*® and the total CST packed bed porosity is 57% based on fluid-solid
homogenous mixture [4]. The density of the mixture was calculated as a simple
weighted average of the CST and salt solution densities based on the void fraction. The
bulk density for the RF-salt solution column is 1306_kg/m® based on the RF material
density of 1232 kg/m® and the total packed bed porosity of 80%.

The temperature distributions inside a fixed CST bed with no process flow were
computed for a conservative estimation of heat load in the column. Typical natural
convection conditions available in the literature and the previous analysis [4,10] were
used at the boundary of the modeling domain. For the modeling analysis, the column
was assumed to be an infinite cylinder (the ratio of the length to diameter is larger than
4) and the heat transfer effect along the axial direction was assumed to be negligible
compared to that in the radial direction. Effective composite thermal and material
properties of the CST columns are obtained by using experimental values or empirical
correlations available in the literature. When bulk properties of the composite bed such
as density and specific heat were not available, they were estimated assuming a
homogeneous distribution within the bed. For the baseline modeling conditions of the
column, quasi-steady state temperature distributions were determined by taking a
sequence of time steps from transient governing equations in an effort to understand
how effectively the column heat is dissipated throughout the cylindrical enclosure.
Specifically, this investigation includes how long it takes to reach steady state for the
bounding case scenario. This information is important for operational performance
assessments and for equipment designs within the ion exchange column facility.
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28 in OD column

5/16-in thick
3 ss wall

\2

3.5in Sch40

Teo= 35 °C
Air-cooled by
nat. convection

Coolant jacket filled with stagnant water
(4 water jackets)

Heat generated by CST or RF will be cooled
by natural convection of 35 oC ambient air.

(Case 1 Model)

Insulated wall
boundary

28in OD column

5/16-in thick
< ss wall

3.5in Sch40

Teo=35°C
Air-cooled by
nat. convection

Coolant jacket operated by 6.25 gpm
flowrate of 25 oC water
(4 water jackets)

Heat generated by CST or RF will be cooled by 6.25 gpm
coolant jacket flow, 12.5 gpm center pipe flow, and natural
convection of 35 °C ambient air.

(Case 2 Model)

28in OD column

5/16-in thick
ss wall

\2

3.5in Sch40

Insulated wall boundary of coolant
jacket system (4 water jackets)

Heat generated by CST or RF will be cooled
by convection energy transport of 5 gpm solution flow.

(Case 3 Model)

Figure 3. Modeling geometry and basic conditions used for the heat transfer analysis.
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Table 1. Baseline modeling conditions used for the present heat transfer analysis of the
SCIX column.

Models Conditions for the baseline model
CST-loaded 257.22 Cilliter (1273.24 W/m®) [8]
Heat load in column
SCIX
column RF-loaded 133.49 Cilliter (660.78 W/m?®) [8]
column
i [)
Resin CST resin 24.0% [8]
porosity RF resin 65.79% [8] (52.63%*, 0%*)
Column hydraulic conditions no flow (Cases 1 and 2), or 5 gpm flow (Case 3)
Granular bed conditions fixed bed
Initial temperature 35 °C for the entire computational domain
Ambient temperature 35°C (55 °C)*
wall, hy(W/m?sec) wall surface attached to the water jacket),1.5 W/m°sec
(typical natural convection) [10]**
Coolant water flowrate in 6.25 gpm each side jacket, 12.5 for annular central
cooling jackets coolant pipe
Coolant water temperature | no forced circulation or 25 °C* fixed by forced circulation
Bed porosity 43.2% [4,5]

Note: “all Curies assumed converted to heat load wattage
*Conditions to be evaluated by sensitivity analysis
** Heat transfer coefficient at the exterior wall of the CST column

2.1 General Governing Equations and Solution Method

The CST column system contains a thin layer of stainless steel wall material surrounding
the CST or RF resin particles packed inside the column container with The void space
filled with salt solution. Potential cooling mechanisms of the column system are shown
in Fig. 1 [3]. The column designs considered for the present work are shown in Fig. 3.
Thermal and material properties for the packed materials and the column wall were
obtained from the literature [4-7,10,11].
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The heat generated by the packed column with no process flow will be transferred by
conduction through a multi-layered medium and eventually will be transported to the
ambient room through the physical processes of conduction and convection heat
transport. In order to ensure conservatism, natural convection heat transfer within the
packed beds is neglected. The heat transfer rate at the solid-fluid interface boundary is
computed using the fluid temperature gradient and heat transfer coefficient at the solid
wall boundary with given ambient temperature. For the present work, the heat transfer
coefficient will be estimated by the literature correlation [14,16].

When cooled by natural convection, the fluid temperature gradient in the column
depends on the external gas flow field that is driven by the density gradient at the wall
boundary layer and is dependent on the rate at which the gas fluid convects the heat
away. Typical air flow and temperature profiles within the system under actual energy
transport processes, including buoyancy-driven natural convection due to the fluid
temperature gradient, are illustrated in Fig. 1. Temperature decreases rapidly due to the
convective cooling effect within a boundary layer region. The boundary layer flow is a
buoyancy-induced motion, resulting from body forces acting on masses, which arise
from temperature gradients in the fluid. It is virtually impossible to observe pure heat
conduction in a gas medium because as soon as a temperature difference is imposed on
a fluid, natural convection currents will occur as a result of force imbalances caused by
density differences. Thus energy transport is coupled to the momentum transport
through the wall interface of the solid and fluid regions, but in this case, the ambient
temperature and the heat transfer coefficient at the solid wall will be assumed to be
constant. This will lead to the reduction of computational time. In the previous work [4],
sensitivity runs were performed to estimate conservatism imbedded in the assumptions.

The two-dimensional governing equations for the present analysis in the Cartesian
coordinate system are shown below. For a general energy balance equation on a

control segment of the column system with volumetric heat source q'”,

oh o | or 2|, ar
on_ 2l g 2 1
= % } {k } q =0 (1)

where h is enthalpy. The heat source term is included in the present model since a
significant amount of decay heat is generated from the ion exchange process through
the column packed with CST or RF resin.

In eqg. (1), energy terms within a control volume of a solid medium in the column include
conduction (kVT) and energy storage due to transients (pch/a=pC,oT/&). In this
situation, radiation and convection terms in the energy balance equation were neglected.
k in eq. (1) is thermal conductivity of the medium in the computational domain. This
property value will be provided by the constitutive relation later. The packed column with
volumetric heat source g™’ will be cooled down by a natural convection process through
its wall surface as shown in Fig. 2. In this case, when wall boundary and initial
conditions are provided, the governing equations are complete. They are

- (kVT )Wall = h,, (T -Ty )wall (2)
and

TE=0)=T, 3)
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In eq. (2), h, and T, are wall heat transfer coefficient and ambient temperature,
respectively. T;in eq. (3) is initial temperature of the computational domain.

The heat transfer coefficient at the outside wall of the column (h,, ) is obtained by using
the empirical correlation available in the literature. As the baseline modeling conditions
of Case 1 and 2, the column is assumed to be cooled by the natural convection. In this
situation, the natural convection flow regime for the air-cooled design should be
estimated based on the non-dimensional Grashof number (Gr ), which is the parameter
describing the ratio of buoyancy to viscous forces for a vertically-oriented cylinder with
height L. The Grashof number performs much the same function for natural convection
flow as the Reynolds (Re) number does for forced convection. Under normal conditions
one may expect that the laminar-to-turbulent transition will take place at about Gr, ~10°.

For a typical air-cooled system without forced air circulation,

3 a—
Gr, = MZM &)
Vi

where L = characteristic length parameter (= 3.048 m),

B = thermal expansion coefficient (= 3.34 x 10° K'l),
Vi :(”%f) = kinematic fluid viscosity (=1.60 x 10° mzlsec).

In eq. (4), the Grashof number was estimated as about 2 x 10'° for a 5°C temperature
difference at the wall in order to examine the boundary layer flow regime of natural
convection. This corresponds to the turbulent flow according to the literature [13].

For the present analysis, the natural convection regime around the column is assumed
to be turbulent. As shown in Fig. 1, geometrical configurations for the present analysis
involving a vertically-oriented cylindrical column. However, literature results [14] show
that when the geometrical ratio of the diameter (D) to the height (L) is greater than or
equal to 35(Gr) %%, the natural convection correlation for vertical flat-plates can be
applied to the vertical cylinder equally. For the present configurations of the 28-in
column,

(%j =0.093 > (356[0-25):0.09 (5)
Warner and Arpaci [16] performed an experimental investigation of turbulent natural
convection in air from a vertical heated plate. The results of this study showed good
agreement with the following correlation for Grashof number up to 10*%

Nu, = (%}zO.lO(Prf Gr, )% (6)

f

where Pr; is Prandtl number and

Pr, = #kapf . (7)
f
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In eq. (6) all material properties should be evaluated at the mean fluid temperature of
T, =0.5(T, +T.), and h, is natural convection heat transfer coefficient at the heated solid
wall. k; is thermal conductivity of fluid at the fluid temperatureT; .

These governing equations are applied to the two-dimensional computation domain
depending on the physical model for the heat transfer analysis of the CST (or RF)
column assuming that the axial heat transfer of the column is negligible. There is heat
source information (g’ in eq. (1)) for the column region. For conservative heat transfer
calculations, the heat source was estimated for a fully-loaded and uniformly-distributed
bed packed with CST or RF solid material. The current calculations used two heat
loads, 257.22 Ci/liter for CST and 133.49 for RF resin, corresponding to 1273 and 661
W/m?, respectively, as volumetric heat source g in the energy equation as shown in
Table 1. Total powers generated by the CST and RF columns were obtained by
multiplying the volumetric source by total column volume for each of the three different
column heights (10, 15, 25 ft). This information was based on the previous modeling
results [12]. In addition, this region was included as a conduction zone and was
assumed as constant thermal conductivity instead of considering temperature-
dependency for the energy equation since the thermal conductivity of the material
increases linearly with temperature. Effective thermal conductivity of the CST-salt
column was used from the experimental correlation developed by ORNL [5]. Thermal
properties of phenolic plastic material [20], which is similar to RF resin, were used for the
evaluation of effective thermal conductivity for the RF-salt column since no known
measurements of the thermal properties of spherical RF resin have been reported.
Phenolic plastic polymer is expected to have similar thermal properties to resorcinol
formaldehyde polymer due to similarities in chemical structure for these materials.
Organic polymers are not expected to exhibit large variabilities with regard to thermal
conductivity within a given chemical family.

The material and thermal properties for the components of the CST- or RF-packed
column system are provided in Table 2. Using these thermal properties, a two-
dimensional transient conduction model was performed to predict transient thermal
responses of the fixed bed region in case of the loss of the salt process flow. For
computational efficiency, effective thermal conductivity for the composite column region
was used. Effective thermal conductivity of the bed region was estimated by the
literature correlation [18]. That is, effective thermal conductivity of the bed (Kyer) Was
estimated by the previous work [4].

Effective material properties of the CST or RF column filled with salt solution are
computed in terms of the total porosity of the packed column bed & Effective density
mert and specific heat Cpper Of the bed column are based on a homogeneous
assumption. That is,

Pbeft =& + (1_5)pp (8)
CPyer =£CP; + (1-£)Cp, 9)

In egs. (8) and (9), subscripts f and p refer to the fluid and particle materials within the
packed bed, respectively. Thus, computational time can be reduced by modeling a
single-material region with the effective thermal conductivity instead of modeling a multi-
material region composed of two different materials. This leads to a reduction in the
computational time and effort with reasonable accuracy.
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The two-dimensional geometry file was created using the multi-block preprocessor of the
Fluent™ code [9] under the body-fitted coordinate system, which allows the treatment of
non-orthogonal geometries. The present model consists of 5 element blocks and 2
different material zones on the x-y computational plane. Non-uniform two-dimensional
structured meshes of the computational domain were used to capture the smooth
temperature gradient across the boundary zone of the two different material regions.
Typical modeling boundaries for the cases considered here are shown in Table 3.
Numerical solution techniques to solve the governing equations were described in
Reference [4,10].

The overall energy balance should be checked to demonstrate the adequacy of the grid
fineness used. This was done by using eq. (10).

R =—IAN awdA +q Ve (10)
The volumetric heat source term, g", in eq. (10) is given by the code input. For all the
cases considered here, energy residual (R) is less than about 0.5 watt. For instance,
the residual results for the Case 1 model of the CST-salt solution bed are shown as
function of grid number in Fig. 4. For the present analysis, an optimum grid of about
11,000 cells has been established from the grid sensitivity analysis under the Linux HP
DL585 platform. Nonuniform two-dimensional meshes used for the computational
analysis of the Case 1 and Case 2 columns are shown in Fig. 5.

Table 2. Material and thermal properties for heat transfer calculations of the CST and

RF columns
Material Thermal conductivity Density Specific heat

(W/mK) (kg/m3) (J/kgK)

lon CST 0.1617 2056.3** 1052.3

exchange

resin RF* 0.2770 1615.0** 1109.5
Salt Solution [8] 0.68 1232.0 3630.0
CST-Salt Solution 0.4125% 1587.8" 2517.3"
(from egn. 8) (from eqgn. 9)
RF-Salt Solution 0.5987% 1306.4" 3140.2%
(from egn. 8) (from eqgn. 9)

Stainless steel [20] 17.30 7800.0 486.0

Note: # based on non-linear empirical correlation of Krupiczka at 25 °C [18] considering particle
porosities (ecsr, partice = 24%, €rF, parice = 65.79%) and the volume fractions of air or fluid
in the packed beds (0.432 for both CST and RF), giving total bed porosities of 0.57 and
0.80 for CST and RF, respectively (total porosity evaluated considering bead and bed
porosity.)

* based on Phenolic plastic material similar to RF [22]

** hased on material density (not bulk density)
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Table 3. Modeling conditions considered for the present coolability analysis of SCIX
column under no-flow and flow conditions.

Modeling cases

Parameters : :
Bounding Model Nominal Model
Case 1 Case 2 Case 3
Max. heat loads (Ci/liter) CST: 257.22 RF: 133.49
Max. total 10 ft high 1387.2 watts for CST, 719.9 watts for RF
heat source
generated by | 15 ft high 2080.8 watts for CST, 1079.9 watts for RF
CST/RF resin
25 ft high 3468.0 watts for CST, 1799.8 watts for RF
Salt Solution Flow No flow No flow 5 gpm
through Bed (Cooling
mechanism) (Conduction) (Conduction) (Convection)
Operating conditions of No flow 6.25 gpm each side | No heat transfer
central coolant pipe and jacket, 12.5 gpm for through walls
four water jackets at the (conduction) annular central (insulation
coolant pipe boundary)

column wall boundary
(forced convection)

Natural convection | Mixed convection* Ct?gxsgg\r/tevafhat
cooled by air insulated boundary
at column wall

Basic cooling mechanism
at column boundary

Tank headspace
temperature

(no forced air circulation, 35°C 35°C 35°C

no column liquid

immersion)
Transient and
. steady-state
eRlig) (ioet (35 °C initial salt Steady-state Steady-state
solution and bed
temperature)

Note: * Natural heat transfer coefficient at the exterior wall of the SCIX column, and
forced convection (h,) for water jacket wall and central pipe surface evaluated by

Dittus-Boelter correlation, eq. (12)
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Figure 4. Sensitivity results associated with numerical energy residual showing that
about 11,000 meshes are established for the present analysis

Figure 5. Computational meshes for the modeling domain
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2.2 Modeling Assumptions and Design Parameters

The present analyses are made for the heat transfer calculations of CST and RF ion
exchange columns. The computational modeling domain is shown in Fig. 2. A
conservative approach was taken to estimate transient temperature profiles of fully-
loaded columns with no process fluid flow. In this situation, the column with heat source
was assumed to be cooled only by a typical natural convection mechanism at the
column wall, although convection within the bed was neglected.

The present computations used the following main assumptions:

e Column is filled with a fixed bed of CST or RF particles and salt solution (no
convective fluid flow in bed).

e Column ambient temperature is constant (35 °C or 55 °C).

e Columns are assumed to be filled with one of two no-flow scenarios. One column
consists of CST and salt solution (CST-salt solution), and the other is the column
filled with RF and salt solution (RF-salt solution). Both columns have 35°C initial
temperatures for the purpose of transient system evaluations.

e OQutside the column there is no forced convective airflow, so natural convection is the
primary heat transfer mechanism from the exterior of the CST column wall.
Radiative cooling contributions at the inner and outer wall surfaces of the column are
conservatively assumed to be negligible.

e The heat source (*Cs and *"™Ba decay) is uniformly distributed throughout the
entire packed column and produces 1.273 watts/liter assuming that the column is
loaded to 257 Ci/liter in the case of CST packing material. The RF column produces
0.66 watts/liter due to 133.5 Ci/liter decay source.

A typical natural convective heat transfer coefficient (h,) of 1.5 W/m?K was used as an
external wall boundary condition from the previous works [4,8,10,17]. The present value
of the heat transfer coefficient can be justified on the following basis:

For a conservative calculation, a low temperature gradient at the wall boundary layer
was used to estimate natural convection capability for the present geometrical
configurations. Heat transfer coefficient (h,) for natural convective cooling under a
turbulent flow regime (Ra; = Gr.Pr; > 10%) is given in terms of non-dimensional numbers
empirically.

h, L
NuL:kch(GrL Pr, )" for Gr_Pr; <10% (11)
w

where C and m are the coefficients determined from literature data and L is the
characteristic length of the CST column.

For the present geometrical configuration, C=0.10 and m=0.333 are given by Warner
and Arpaci using the experimental data [16]. From eq. (11), the heat transfer coefficient
(h,) is about 1.5 W/m?K corresponding to Nu, ~ 169 conservatively under the present

conditions. Figure 6 shows the quantified results for the literature correlation based on
turbulent natural convection, which was developed by Warner and Aparci. The figure
shows the conservatism imbedded in the present modeling conditions for the natural
convection through the wall surface of the CST column containing the decay heat
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source. In the previous work [17], wall heat transfer driven by natural convection was
evaluated using boundary layer theory.

Heat transfer coefficients (hy) for forced convective heat transfer mechanisms through
the column wall attached to the water jackets and through the inner surface of the
coolant pipe at the column center were estimated by Dittus-Boelter's correlation [21].
That is,

Nud:hvlfi = 0.023(Re, )**(Pr,, )* for Rey > 2000 (12)

wif

Equation (12) is applicable to turbulent flow when the Reynolds number is larger than
2,000 in terms of the hydraulic diameter, and the parameter a in eq. (12) is 0.4 when the
fluid is heated as modeled in the present work. The Reynolds number for the present
study is about 7,000 when 6.25 gpm flowrate of water flows through the 3.5-in half-moon
coolant tubes, which corresponds to 0.25 m/sec flow velocity. In the present work, one
of two bounding cases, Case 2, includes a forced convection mechanism as shown in
Table 3. Forced convection heat transfer coefficients at the water jackets (hys) attached
to the exterior of the column wall and at the inner surface of 6-in water pipe were
estimated by eq. (12). From the baseline modeling condition, the wall heat transfer
coefficient governed by a forced convection mechanism was estimated as h,; = 238
(W/m?K) for the wall surface of the 6-in central coolant pipe and hy; = 620 (W/m?K) for
the wall of 3.5-in water jacket. Figure 7 shows quantified results for the present
modeling conditions in terms of Reynolds number.

The main design parameters involved for the heat transfer in a fixed bed SCIX column
are as follows:

o Ambient air temperature around the column system
e Heat load of the CST or RF resin column

o External and internal heat removal capability of the column such as coolant pipe size
and flow conditions

Table 3 presents the modeling boundary conditions for the base cases of the present
column loaded with CST or RF resin. Table 4 shows a range of total heat loads
generated by the Cs absorption from salt solution into the CST and RF resin materials
during normal operation of the SCIX column. These heat loads will be used as heat
source term g’ in eq. (1) for the modeling calculations.
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Table 4. Heat source terms used for the present study

Total maximum heat sources

Column Deca;z(gﬁ?[';_:)ource Total column generated by column loading
height volume (watts)*

(ft) (liters)

CST RF CST RF

10 257.22 133.49 1089.5 1387.20 719.92

15 257.22 133.49 1634.3 2080.80 1079.88

25 257.22 133.49 2723.8 3468.00 1799.79

Note:*Conversion factor for Cs-137 decay heat is 0.00495 watts/Ci.

3 Results and Discussions

A two-dimensional modeling approach has been taken to compute temperature
distributions within the modeling domain shown in Fig. 2 and to investigate transient
temperature responses to decay heat loads for CST- and RF-packed columns with no
process flow. For modeling Cases 1 and 2, these columns are assumed to be cooled
primarily by natural and forced convection at the walls, respectively. For Case 3,
process flow through the column at 5 gpm under adiabatic wall boundary conditions was
considered to quantify nominal convective cooling effects. The three cases are
illustrated in Fig. 3 and their modeling conditions are summarized in Table 3.

3.1 Benchmarking Results

A theoretical approach for steady-state conduction heat transfer of a multi-layered
cylinder containing a heat generation source was taken to verify the present
computational model under the geometrical and physical conditions shown in Fig. 8 for a
CST-packed column without a central cooling tube. These evaluations were conducted
to benchmark and validate the heat transfer model. The theoretical model was based on
a one-dimensional approach. Under steady-state conditions, the energy equation (1) for
the CST packed column with effective thermal conductivity k, ., becomes
Kpeif VAT + "' =0 (13)
For the CST column region with a uniformly distributed heat generation source q’ as
shown in Fig. 8, eq. (13) becomes

2 o
T, 1dT g

dr?2 rdr =0 (14)

kbeﬁ
As boundary conditions, the following relations at the center and wall of the CST column
are applied to the above equation, eq. (14).

aml (15)
dr r=0
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T(r =R)=T, (16)

After integrating eq. (14) and applying the boundary conditions, the radial temperature
distribution for the CST column region with heat generation source q’ becomes

T() =T+ -3 [R2-r?) (0sr<R) (17)
4kb,eff

Equations governing the stainless wall region (R<r < (R +d)) with no heat source (q"'=0)
are

z:z #1500 (18)

Boundary conditions at the wall of the column are

T(r=(R+d))=T, (19)

and

a, =k, 3 —h, @, -T,). (20)
dr |, _(r.q)

where d is the stainless steel wall thickness of the CST column, and k, is thermal
conductivity of stainless steel wall.

In eq. (20) the wall heat flux (g, ) can be obtained by the energy balance between the

heat source and the heat sink when the volumetric heat source g’ is spatially uniform in
Region-I of Fig. 8. The resulting equation for the wall heat flux is

Gw =0 (XW—b) =q {—Z”Z:iLd )L}= q’ {2‘(:—;)} (21)

Using egs. (19), (20), and (21), the radial temperature distribution of the CST wall region
with no heat source (q"’=0) becomes

T(r)=T, + q;V(R+d)|n(R+dj
v k

w r

i R2 (22)
L

=T
W2k

|n(Rr+dj (R<r<(R+d))

w

The surface temperature can be evaluated by eqg. (22). That s,

T 2
T, =T, + q2kR |n(RF:dj (23)
w
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Figure 8. Graphical illustration of the heat transfer model of the Case-l CST column
under natural convection cooling.

The wall surface temperature of the CST column (T,, ) can be obtained by egs. (20) and

(21) at r = (R+d) in terms of the convection heat transfer coefficient (h,) at the column
wall surface and the ambient temperature (T, ) of Region-lll shown in Fig. 9.

(24)

From egs. (17), (23), and (24), the center temperature of the CST-fluid bed region can
be obtained in terms of the natural convection boundary condition and the ambient
temperature.

T 2 T
Tr=0y=T,+| LR L, LR, 9 ge (25)
2 hy,(R+d) ky R 4Ky e

The temperature distribution for each region can be non-dimensionalized in terms of the
column wall temperature difference (T, -T..) and the column radius (R+d) to examine

the impacts of the design parameters on the CST temperature distributions. Non-
dimensional parameters shown in Fig. 10 are defined as follows:

r T-T
=——and 0 =|—= 26
" (R+d)an (TW —TJ (26)

Temperature and length scales are non-dimensionalized in terms of the column
temperature difference (T,, -T,,) and the column radius (R+d) as shown in eq. (26).

For region-l (0< r]S'%R+d)), the non-dimensional temperature distribution can be

obtained from egs. (17), (23), (24), and (26).
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. Bi (R+d)  Bif ky R+d)* ,
wn4+7m[R]+Tth%—(Rjn} (27)

The Biot number (Bi) in eq. (27) is defined as the ratio of convection at the wall surface
to the conduction through the column wall region. That is
hy,D 2(R+d)h,

ky, =k

Bi =

(28)

w w

Thus, the Biot number compares the relative magnitudes of surface convection and
internal conduction resistance to heat transfer. A very low value for the Biot humber
means that internal conduction resistance is negligible in comparison with surface
convection resistance. This in turn implies that the temperature will be nearly uniform
throughout the conduction media.

The non-dimensional temperature distribution for the region-ll (R/(R+d) < <1) can be
obtained from egs. (22) and (26).

H(U):l—B?ilnry (29)

From eq. (27) the maximum temperature of the CST column with a thin wall thickness
under steady-state condition becomes

o ~1+ B_i( Ky J (30)

Thus, the non-dimensional temperature distributions inside the CST column and wall
regions can be computed, and they can be compared with the steady-state numerical
results to verify the model predictions. In this case, the numerical solution was obtained
by solving the transient governing equations with a sequence of time steps until a
steady-state solution is reached. Eqg. (30) shows that the maximum temperature
gradient is closely related to the wall Biot number and the ratio of thermal conductivity for
the column wall region to the effective thermal conductivity of the composite CST
column. For a given geometry and wall cooling conditions, the effective thermal
conductivity is found to be the key parameter to control the maximum temperature
difference between the column center and its wall.

Assuming that the material and thermal properties of the column system remain constant
and the volumetric heat load is 100 Ci/liter for the purpose of benchmarking, the steady-
state temperature differences for the CST-salt solution columns between the column
center and wall are about 27 °C for the 20-in column, about 88 °C for the 36-in column,
respectively. Figure 9 shows comparisons of theoretical values with the present
computational results for the verification of the present calculations. It is shown that the
present computational results are in good agreement with the theoretical results to within
about 0.01%.

For the enhanced cooling capability of the fully-loaded column design, the present SCIX
column with the coolant pipe imbedded at its center was chosen. Steady-state
temperature distributions within the present column containing a uniform heat load g
were obtained by using a theoretical approach. Temperature boundary conditions are
provided at the inner and outer wall boundaries of the 28-in column with a volumetric
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heat source g’ under the same governing equation as the cylindrical geometry, eq. (13).
The resulting equation for the temperature distribution T(r) at a radial position r from the
column center becomes

“l2_ R ) ) In Vi
)T, -9 (;kb,:l ), 4Eb’eﬁ (R - R?)-(T,, —TWO)} ﬁ (31)

In eq. (31) the parameters R; and R, the inner and outer radii, and T,; and T,, are the
inner and outer wall temperatures, respectively. In this case, the stainless steel wall
regions at the inner and outer edges of the column are not considered for the simplified
calculations.

The theoretical temperature distributions were compared with the modeling results for
the 28-in column with a 300 Ci/liter cesium loading, which corresponds to 1.485 W/liter.
The validated results are shown in Fig. 10, where the model predictions and theoretical
results show excellent agreement. Based on these evaluations, the benchmarking was
considered complete and the model was considered validated.

3.2 Modeling Results

The validated model was subsequently used for thermal performance analysis of the
SCIX column geometry loaded with CST or RF beads immersed in salt solution. Table 5
shows steady state maximum and minimum temperatures for the two ion exchange
materials for Cases 1 and 2. The results reveal that the maximum temperature of the
CST-salt solution column loaded to 257 Ci/liter exceeds the liquid phase boiling point of
~130°C under steady state conditions for Case 1 (maximum temperature: 156.0°C).
Figure 11 shows snapshots of the temperature distributions for the CST column under
the Case 1 conditions at various times beginning with the initial temperature of 35°C and
ending with the steady state temperature distribution.  Transient temperature
distributions across the packed CST bed between the inner and outer column walls are
provided for various times in Fig. 12. Under Case 1 conditions with no coolant flow it is
noted that the peak temperature location under steady state conditions is at the central
coolant pipe wall. The results demonstrate that long-transient and steady-state results
show a parabolic distribution along the center line of the column as predicted in eq. (27).
Maximum and minimum temperatures versus time for the naturally-cooled CST column
under Case 1 conditions are shown in Fig. 13. The results show that the maximum
temperature of the CST column reaches 95°C in ~3 days and reaches boiling in 6.4
days. Approximately 40 days is required for the CST-salt solution column to reach the
steady-state temperature of 156.0 °C, although this condition would never actually be
observed due to the aforementioned solution boiling. The relatively slow transient
thermal response of the column to the heat load is mainly due to the large heat capacity
of the salt solution. The results demonstrate that a naturally-cooled (ambient cell
temperature of 35°C with no forced ventilation), 28-in CST column under Case 1
conditions can sit stagnant without boiling for 6 days.

Figure 14 shows snapshots of the RF column temperature profiles at various times
under Case 1 modeling conditions. Maximum and minimum temperatures within the RF
column are provided for various times in Fig. 15. Replacement of CST media with RF
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resin, which involves a heat loading reduction from 257 to 134 Ci/liter (as well as
associated changes in effective thermal conductivity described earlier), reduces the
maximum column temperature significantly. Even under steady state conditions for this
bounding model case, the maximum temperature for the cesium loaded RF column is
only 87.5 °C. The maximium temperature observed after 3 days under Case 1
conditions is 31°C lower with RF versus CST. Transient temperature distributions
across the packed RF bed between the inner and outer column walls are provided for
various times in Fig. 16.

Figure 17 directly compares the transient results of maximum and minimum column
temperatures for the CST and RF columns under the Case 1 modeling conditions. Table
6 provides the maximum and minimum temperatures within the CST and RF columns at
various times. The results show that the maximum temperature of the CST column
increases 24°C in the first day, which is two times higher than the increase observed
with the RF column in the same period.

Table 7 shows sensitivity analysis results for the steady-state CST and RF column
temperatures associated with increasing the external ambient air temperature from 35 to
55°C. Transient sensitivity analysis results for the CST column are graphically
compared in Fig. 18. As expected, a higher ambient air temperature results in faster
temperature increases and a higher maximum temperature. For 55°C ambient air, the
SCIX column is initially heated rather than cooled by the ambient air since the Case 1
scenario involves an initial column temperature of 35°C. As a result of this heating
effect, the column temperature increases linearly during the first 48 hours and then is
governed by the internal heating source associated with cesium radiolytic decay. Figure
19 shows sensitivity analysis results for the thermal responses of the RF column at
ambient air temperatures of 35 and 55°C. The modeling results show that when the
ambient temperature changes from 35 to 55°C the maximum bed temperature increases
by 16-17°C for CST and RF columns in 10 days. For RF, the maximum steady-state
column temperature with 55°C ambient air of 105.1°C still does not exceed the liquid
phase boiling point. An ambient air temperature of 55°C decreases the time required for
the CST column to reach boiling from 6.4 days to just under 5 days. The results show
that increasing the ambient temperature from 35 to 55°C does not greatly impact the
maximum temperature or the heat rate.

The transient thermal response of a conduction medium containing a heat source to the
cooling environment at a lower temperature is closely related to its thermal diffusivity.
The thermal diffusivity, «, is defined as the ratio of thermal conductivity to the product of
density and specific heat. As shown in Table 8, the column media during no flow
situations have small « values of 1.03 x 10 cm?/sec for CST packed beds and 1.46 x
10° cm?/sec for RF beds. This parameter is a measure of temperature-wave
penetration depth for a given time. Detailed results for thermal transient durations
required to reach steady state conditions under the Case 1 modeling conditions are
guantitatively compared for the two ion exchange media in Table 8. The modeling
results are in good agreement with theoretical predictions in terms of the transient
response period. The time required to reach steady state thermal conditions is about 40
days for the CST column and about 28 days for the RF column. As shown in Figs. 18
and 19, the CST/RF-salt solution columns with no process flow have slow thermal
responses to heat loads due to the low effective thermal diffusivities for the packed
beds. Table 9 provides the maximum temperature results at various times for the Case |
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model for both column types cooled by natural convection at ambient temperatures of 35
and 55°C.

The present work assumed that each spherical Resorcinol-Formaldehyde (RF) resin
particle had about 66% pore volume, which was occupied by salt solution within the
SCIX column. This corresponds to a total porosity for the packed RF bed of 80%. The
impact of such a high porosity on the thermal response under Case 1 conditions was
evaluated as part of the model sensitivity analysis. Table 10 shows sensitivity results of
the steady state temperatures for different RF resin bead porosities under the Case 1
model. The results show that the maximum bed temperature increases about 12°C for
the steady-state naturally-cooled column when RF resin porosity changes from the
nominal value of 66% to 0%. The maximum steady-state column temperature with 0%
porosity of 100.1°C still does not exceed the liquid phase boiling point. Transient
temperature results for the naturally-cooled RF column with three different resin
porosities are presented during the first 10 days’ period following initiation of the Case 1
scenario in Fig. 20. Table 11 shows a summary of the maximum temperatures at
various times for the three different resin porosities during the first 2 days. The results
show that when the RF resin porosity changes from the nominal value of 66% to 0%
(nonporous), the maximum column temperature increases by only ~5°C in the first two
days. This analysis confirms that the high nominal value selected for the RF bead
porosity does not greatly impact the thermal analysis results.

The thermal response for the SCIX column design with an active engineered cooling
system was evaluated as Case 2. As shown in Figure 2, the cooling system consists of
one central cooling pipe and four half-pipe water jackets vertically attached to the
external wall surface at 90° circumferential separation. The cooling system was
assumed to maintain a constant bulk fluid temperature of 25°C during operations. Case
2 was considered to be less bounding and more representative of a realistic operations
scenario. Case 1 assumed simultaneous occurrence of the following events: maximum
cesium loading, loss of salt solution flow, and loss of coolant flow, whereas Case 2
involved the same bounding conditions as Case 1 but with the engineered cooling
system available. The modeling calculations assumed that the cooling system
maintained delivery of 25°C water at 6.25 gpm for each of the four side jackets and 12.5
gpm for the central cooling pipe. Figure 21 shows steady state temperature distributions
for the CST column under Case 2 conditions. The results show that maximum
temperature of the CST column under these conditions is 62.7°C. Steady state
temperature distributions for the fixed RF column are shown in Fig. 22, where the
maximum temperature is predicted to be 40.7°C. For the CST column the peak column
temperature is about 93°C lower for Case 2 than was observed for Case 1. Clearly, the
engineered coolant system greatly impacts and improves heat transfer from the column
under no process flow conditions. Furthermore, the coolant system maintains the
maximum temperatures of columns containing either ion exchange media near or below
the expected temperature limits required to maintain optimal cesium removal
performance (50-80°C for CST and 65°C for RF).

Case 3 was considered as a nominal operational case since it involved process flow of
salt solution through the SCIX column. However, the results of the Case 3 calculations
are considered conservative since no heat transfer to the system boundary was
assumed. Table 12 provides steady state predictions of the temperature differences
from the top to the bottom of the column for three potential bed heights under nominal
operating conditions during downflow. These values are also representative of the
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temperature increase of the mobile liquid phase during column processing. The results
indicate that when the salt process flowrate is 5 gpm through a 25 ft tall column, the bulk
temperature increase over the entire column (top to bottom) will be about 2.8°C for the
column loaded with CST material and about 1.4°C for the column loaded with RF resin
material. This means, for example, that salt solution which enters a 25 ft CST column at
35°C and a flowrate of 5 gpm will exit the column at 37.8°C. Smaller temperature
increases were predicted for shorter columns at 5 gpm since the liquid residence time in
the column was shorter. Smaller temperature increases would be predicted for faster
flow rates at each column length as well for the same reason (shorter residence time).

For stagnant column flow cases a forced convective cooling mechanism involving the
the engineered central cooling pipe has a significant impact on the peak column
temperature and results in a location change of the peak temperature from the interior
coolant pipe wall to near the midpoint of the ion exchange bed. Figure 23 compares
local nondimensionalized temperature profiles for a 100% naturally-cooled column with
no active cooling system (Case 1) and a partially naturally-cooled column with an active
engineered cooling system (Case 2) across the packed ion exchange bed from the
interior to the exterior walls. This observation raised the possibility of a column design
simplification involving removal of the external cooling jackets. Additional analysis was
conducted for CST columns where column heating from radiolysis was more significant
in order to determine the temperature profiles resulting from using only the central
cooling pipe. Figure 24 compares predicted temperature distributions along the radial
line A-A’ of a CST column for various cooling system designs. The results demonstrate
that the central cooling pipe provides the primary cooling mechanism in reducing the
peak column temperature. Table 14 shows a quantitative comparison of maximum
column temperatures under the various cooling system designs. Operating the cooling
system with only the central pipe results in an increase in the maximum temperature to
only 80°C, whereas external jacket cooling alone results in a maximum temperature
increase to 114°C. As discussed earlier, utilization of both the central cooling pipe and
the external jacket gives a steady state temperature of 63°C. The central cooling pipe is
clearly the most effective part of the cooling system, however, given the uncertainty in
the operating temperature limits for CST, it is unclear whether removal of the cooling
jackets is advisable.
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Figure 9. Comparison of steady state results between the numerical computations and
theoretical results for the cylindrical column with 100 Ci/liter heat load for
model benchmarking.
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Table 5. Summary of steady-state results for the nominal bounding models.

Column Models Min. bed temperature | Max. bed temperature
systems (°C) (°C)
Case 1l 83.8 156.0
CST column
Case 2 25.5 62.7
Case 1 61.8 87.5
RF column
Case 2 25.3 40.7
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Figure 11. Transient snapshots for CST column temperature distributions under the
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Figure 14. Transient snapshots for RF column temperature distributions under the Case
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Figure 15. Transient thermal response of the fixed RF column containing 133.5 Ci/liter
radioactive heat source under the Case 1 model
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Table 6. Transient and steady state results of maximum column temperatures for the
Case-l model of 28-in CST/RF columns cooled by natural convection boundary
with 35°C ambient temperature.

Ambient air temperature (35°C)
Transienttime | cgT-salt solution Column, °C | RF-Salt solution Column, °C
(hours)

Max. Min. Max. Min.
Initial condition 35.0 35.0 35.0 35.0
0.5 35.6 35.2 35.3 35.0
1 36.2 35.5 35.6 35.3
4 39.6 375 37.3 36.4
8 44.0 40.2 39.5 37.8
10 46.1 41.5 40.5 384
16 521 44.8 434 40.3
24 (1 day) 59.4 48.8 47.0 42.6
32 66.3 524 50.3 44.5
48 (2 days) 78.9 58.0 56.4 47.7
144 (6 days) 127.6 75.3 77.6 57.5
Steady state 156.0 83.8 87.5 61.8
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Table 7. Comparison of the steady state temperatures for two different ambient
temperatures under the Case 1 model.

Ambient temperature
Case 1 model*
35°C 55 °C**
Effective thermal conductivity for the CST-loaded 0.4125
column (W/mK)
Effective thermal conductivity for the RF-loaded 0.5987
column (W/mK)
Thermal diffusivity (cm?/sec) 1.0320x10°®
CST Heat load (Ci/liter) [W/liter] 257.2 [1.273]
RF Heat load (Ci/liter) [W/liter] 133.5[0.661]
Wall heat transfer coeff. (hy) 1.5 W/m?K (natural convection)
CST column Max. Temperature 156.0 °C 171.6 °C
Column wall temperature 83.8 °C 99.5°C
RF column Max. Temperature 87.5°C 105.1 °C
Column wall temperature 61.8 °C 79.4°C

Note: * Model considered for the bounding case
**Used for sensitivity analysis
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Figure 18. Comparison of transient thermal responses of CST column containing 257
Cilliter radioactive heat source between two different ambient temperatures
under the Case 1 model
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Figure 19. Comparison of transient responses to the fixed RF column containing 133.5
Ci/liter radioactive heat source between two different ambient temperatures
under the Case 1 model
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Table 8. Comparison of transient durations required to reach steady state temperature
distributions under the Case 1 modeling conditions

Parameters CST column | RF column
Column cross-sectional area (m?) 0.3575 0.3575
Effective thermal conductivity (watts/m-K) 0.4125 0.5987
Thermal diffusivity (cm?/sec) 1.032x10° 1.459x10°
Theoretical thermal diffusion time (days) ~40 ~28
Transient duration to reach steady temp. dist. (days) About 40 About 28

Table 9. Transient max. temperature results for the Case-I model under 28-in CST/RF
columns cooled by natural convection boundary with two different ambient

temperatures.
CST-Salt solution Column RF-Salt solution Column  (°C)
(0]
C
Transient time (©)
(hours) Ambient Ambient Ambient Ambient
temperature temperature temperature temperature

(35.0) (55.0) (35.0) (55.0)
Initial condition 35.0 35.0 35.0 35.0
0.5 35.6 36.6 35.3 36.8
1 36.2 379 35.6 37.8
4 39.6 43.2 37.3 41.6
8 44.0 48.1 39.5 45.0
16 52.1 555 43.4 50.0
24 (1 day) 59.4 63.0 47.0 53.1
32 66.3 70.4 50.3 56.4
48 (2 days) 78.9 84.3 56.4 63.3
Steady state 156.0 171.6 87.6 105.1
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Table 10. Sensitivity results of the steady state temperatures for different RF resin
porosities under the Case 1 model.

RF resin porosity

Parameters
Nominal porosity | 20% reduced porosity | No porosity
(66%) (0.53%) (0%)
Effective thermal conductivity
for RF-column (watts/m-K) 0.5987 0.5646 0.4045
Max. temperature (°C) 87.6 89.2 100.1
Min. temperature (°C) 61.8 61.8 61.8
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Figure 20. Sensitivity results of different RF resin porosities under the Case 1 model
containing RF resin materials
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Table 11. Sensitivity results of the transient maximum temperatures for different RF
resin porosities under the Case 1 model.

Maximum RF column temperature (°C)
Transient time
(hours) Nominal porosity (66%) 53% porosity 0% porosity
0 35 35 35
6 38.4 38.6 39.4
12 41.5 41.7 43.4
24 47.0 47.4 50.2
36 51.9 525 56.2
48 56.4 57.1 61.5
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Figure 21. Steady-state temperature distributions for the CST column showing that
maximum column temperature is 62.7°C, and minimum temperature is 25.5°C
under the boundary conditions of the Case 2 model
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Figure 22. Steady-state temperature distributions for the fixed RF column showing that
maximum column temperature is 40.7°C, and minimum temperature is 25.3°C
under the boundary conditions of the Case 2 model

Table 12. Summary of steady-state results for the Case 3 model with 35 °C ambient

temperature.
Column Temperature increase between column
el Sl height inlet and exit through lead column* (°C)
flowrate through f?

column (ft) CST RF

10 1.1 0.56

5 gpm 15 1.65 0.83

25 2.75 1.39

Note:*Exit temperature of the salt solution is inlet temperature plus the values in this
table.
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Table 13. Summary of sensitivity results for the steady-state bounding models.

Ambient temperature 35°C | Ambient temperature 55 °C
ST Models Min. bed Max. bed Min. bed Max. bed
systems
temperature | temperature temperature temperature
(°C) (°C) (°C) (°C)
cST Case 1 83.8 156.0 99.5 171.6
EZLLN ey 25.5 62.7 25.6 66.7
RE column Case 1 61.8 87.5 79.4 105.1
Case 2 25.3 40.7 25.4 45.1
1.2
o | — — =— = Caselfor CST column
I | ———— Case 2 for CST column
9
8 1b--__ _m=
IS | T -a - =<,
- R - '~
= B ./ ~ N
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Figure 23. Comparison of the CST columns with and without active coolant systems
(Case 1 and Case 2)
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Figure 24. Comparison of steady-state temperature distributions along the radial line A-
A’ of the CST columns under combinations of active central and side jacket
cooling systems.

Table 14. Comparison of maximum column temperatures loaded with CST material
under various operating conditions of cooling system components

Total power per Cooling system components Max.
unit height of column
Cases . . .
CSTcolumn Center cooling | Side cooling Side drv wall temp.
(watts/m) pipe jackets y (°C)
Case 1l 455.0 Not active Not active Natura_ll 156
convection
Case 2 455.0 Active Active Natural 63
convection
. . Natural
Sensitivity 455.0 Active Not active convection 80
runs . .
455.0 Not active Active Natura_ll 114
convection
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4 Conclusions

Transient two-dimensional heat conduction calculations have been performed to assess
the thermal properties of cesium-saturated CST- and RF-packed ion exchange columns
immersed in 6 M Na* salt solution under the baseline SCIX design. For Case 1, steady-
state and transient temperature profiles within the cylindrical columns were determined
for natural convection cooling under no process flow situations. This is considered a
bounding conservative case. For Case 2 steady-state calculations were conducted to
determine the maximum column temperatures under no process flow conditions but with
active cooling (mixed natural/forced convection cooling). Case 3 quantified the steady
state temperature responses (system heatup) under nominal operating conditions with 5
gpm liquid flow.

From the present modeling results, the main conclusions are:

e Under no process flow conditions with an inactive cooling system (Case 1) and
columns suspended in unventilated ambient air, CST columns reach boiling
temperatures within approximately 5 and 6 days for 55 and 35°C air temperatures,
respectively. With 35°C ambient air under Case 1 conditions, the maximum
temperature of the CST column reaches 60°C within ~1 day and 80°C within ~2
days. The temperature limit for CST stability is believed to be in the temperature
range 50-80°C.

o Cesium-saturated RF-salt solution columns do not reach boiling temperatures under
any conditions. The maximum temperatures of RF columns under Case 1 and 2
conditions are 87.6°C and 40.1°C, respectively. The temperature limit for RF stability
is believed to be 65°C.

e Under no process flow conditions with a fully active cooling system (Case 2) and
columns suspended in unventilated ambient air at 35°C, CST columns reach a
maximum temperature of 63°C. Maximum steady-state temperatures predicted for
CST columns with partial cooling involving only the central cooling pipe and only the
water jackets are 80 and 114°C, respectively.

e The 6-in water cooling pipe located at the center of the column provides the most
effective cooling mechanism under stagnant column conditions (cooling capacity
~33% of total heat load).

e Salt solution flow through the columns (Case 3) provides the most effective overall
heat transfer mechanism. Maximum temperature differentials within the columns
were less than 5°C in all cases with a liquid phase flow rate of 5 gpm.
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