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Bi = Biot number, hd/k 
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GrL = Grashof number, gβL3(Tw – ∞T )/ ν2 
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Pr = Prandtl number, µCp/k  

q’’ = heat flux (W/m2) 
q’’’ = heat generation source per unit volume (W/m3) 
r = radial distance from the center of CST column (m) 
R = CST column radius (m) or energy residual defined by Eq. (13) (W) 

Ra = Rayleigh number, ( ) ( )αµ−ρβ
∞

/LTTg w
3  

Re = Reynolds number, dρu/µ 

t = time (second) 
T = temperature (oC) 
V = volume (m3) 
x = local position along the x-direction under Cartesian coordinate system 
y = local position along the y-direction under Cartesian coordinate system 
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α = thermal diffusivity (m2/sec) 

β = thermal expension coefficient (K-1) 
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θ = non-dimensional temperature 
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eff = effective 
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Abstract 
In support of a small column ion exchange (SCIX) process for the Savannah River Site 
waste processing program, a transient two-dimensional heat transfer model that includes 
the conduction process neglecting the convection cooling mechanism inside the 
crystalline silicotitanate (CST) column has been constructed and heat transfer 
calculations made for the present design configurations.  For this situation, a no process 
flow condition through the column was assumed as one of the reference conditions for 
the simulation of a loss-of-flow accident.  A series of the modeling calculations has been 
performed using a computational heat transfer approach.   
Results for the baseline model indicate that transit times to reach 130oC maximum 
temperature of the CST-salt solution column are about 96 hours when the 20-in CST 
column with 300 Ci/liter heat generation source and 25oC initial column temperature is 
cooled by natural convection of external air as a primary heat transfer mechanism.  The 
modeling results for the 28-in column equipped with water jacket systems on the 
external wall surface of the column and water coolant pipe at the center of the CST 
column demonstrate that the column loaded with 300 Ci/liter heat source can be 
maintained non-boiling indefinitely.   
Sensitivity calculations for several alternate column sizes, heat loads of the packed 
column, engineered cooling systems, and various ambient conditions at the exterior wall 
of the column have been performed under the reference conditions of the CST-salt 
solution to assess the impact of those parameters on the peak temperatures of the 
packed column for a given transient time.  The results indicate that a water-coolant pipe 
at the center of the CST column filled with salt solution is the most effective one among 
the potential design parameters related to the thermal energy dissipation of decay heat 
load.  It is noted that the cooling mechanism at the wall boundary of the column has 
significant impact on maximum and wall temperatures of the column.  In addition, the 
results computed by the present model were verified by the theoretical results. 
The analysis results will provide quantitative information associated with the process 
heat control and management of the CST base design.  For example, transient 
responses of the CST system under a loss-of-flow accident condition will provide safety 
design information for an emergency cooling system of the column.   
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1 Introduction 
The small column ion exchange (SCIX) process treats low curie salt (LCS) 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 the CST bed.   
A CST column loaded with radioactive cesium will generate significant heat from 
radiolytic decay.  If engineering designs of the CST sorption column can not handle this 
thermal load, hot spots may develop locally within the column and degrade the 
performance of the ion-exchange process.  The CST starts to degrade at about 80 to 
85oC, and the CST completely changes to another material above 120oC.  In addition, 
the process solution will boil around 130oC.  If the column boiled dry, the sorbent could 
plug the column and require replacement of the column module.   
The objective of the present work is to compute temperature distributions across the 
column as a function of transit time after the initiation of accidents when there is loss of 
the salt solution flow in the CST column under abnormal conditions of the process 
operations.  In this situation, the customer requested that the calculations should be 
conservative in that the model results would show the maximum centerline temperatures 
achievable by the CST design configurations.   
The thermal analysis results will be used to evaluate the fluid temperature distributions 
and the process component temperatures within the ion exchange system.  This 
information will also assist in the system design and maintenance.   

2 Approach for the Heat Transfer Analysis of 
the CST Bed Column 

For the SCIX process, the design process rate requires a column bed with dimensions of 
15 ft long and 20 to 36 in diameter.  A fully-loaded column may contain as much as 630 
Ci/liter of Cs-137.  This highly concentrated radioactive source will generate a significant 
amount of heat in the column, which corresponds to about 12 W/gallon of volumetric 
heat source.  Typical loadings are expected to be less than 300 Ci/liter, which would 
generate about 6 W/gallon.  Under normal operating conditions, process fluid flow 
through the column can provide adequate heat removal from the column through the 
conduction and convection coupled heat transfer mechanism.  However, in the case of a 
loss of flow accident in the CST column, there are safety concerns about how fast the 
transient thermal response of the fully-loaded column is and how effectively the column 
is cooled down under the various design configurations.   
For computational modeling purposes, a conservative approach is taken by assuming 
that the primary cooling mechanisms inside and outside of the column are conduction 
and natural convection, and axial heat removal from the column is negligible compared 
to that in the radial direction.  A two-dimensional transient heat conduction model has 
been developed to assess the thermal performance of the CST column with loss of flow 
using the prototypic geometry.  Figure 1 illustrates the heat transfer mechanism for the 
CST system configurations analyzed in this report.  The model was created using the 
body-fitted coordinate system and structured multi-block grids in the Computational Fluid 
Dynamics (CFD) preprocessing environment.   
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Figure 1.  Typical temperature profiles of CST packed bed column in energy transport 

process under natural/mixed convection cooling mode.   
 
The model considers four basic cases with no process flow as shown Fig. 2.  All the 
cases consider heat transfer by conduction for the bed column filled with salt solution.  
Heat transfer analysis of the CST column for the basic design cases is performed for a 
given boundary condition by using a computational heat transfer approach on a 
Cartesian x-y grid under commercial CFD code, FluentTM, environment.  The present 
modeling boundaries for heat transfer analyses of two CST column designs are shown in 
Fig. 3 and Fig. 4.  One is a naturally-cooled CST column with passive cooling system 
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such as the Case-I design (Fig. 3), and the other in the figure is the Case-III design 
equipped with forced convective cooling system (Fig. 4).   
For heat transfer analysis, the reference design conditions were assumed as shown in 
Table 1.  Spherical CST particles are packed inside a stainless steel cylinder that is 28 
in diameter with 5/16 inch thick wall as one of the reference conditions.  Oak Ridge 
National Laboratory (ORNL) estimated the porosity of the CST packed bed is about 43.2 
% [2].  The void volume fraction of the packed bed has a substantial impact on 
estimations of the thermal properties of a composite mixture.  In the ORNL work, the 
bulk density of the CST column filled with salt solution was estimated to be about 1710 
kg/m3 considering that density of CST solid is 2,060 kg/m3.   
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Figure 2.  Basic designs considered for the present heat transfer analysis of the CST 

column 
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Figure 3.  CST bed containing 100 to 500 Ci/liter heat source and cooled by natural 

convection (Case-I design condition) 
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Figure 4.  Modeling conditions and computational domain boundary for the present 

analysis of the 28-in OD CST column with 6-in sch. 40 pipe imbedded at its 
center (Case-III design condition) 
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The temperature distributions inside a fixed CST bed with no process flow are computed 
for a conservative estimation of heat load in the column.  For this work, a transient two-
dimensional heat conduction equation is applied to the modeling domain to examine 
heat control and management for various alternate column designs.  Typical natural 
convection conditions available in the literature and the previous analysis are used at the 
boundary of the modeling domain.  For the purpose of the analysis, the column is 
assumed to be an infinite cylinder (the ratio of the length to diameter is larger than 3) 
and the heat transfer effect along the axial direction is also assumed to be negligible 
compared to that of radial direction as discussed earlier.  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 bed 
composite properties such as density and specific heat are not available, they are 
estimated in terms of bed porosity assuming that they are homogeneously distributed. 
For reference design conditions of the column, quasi-steady state temperature 
distributions are 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 enclosure.  Specifically, this investigation includes how long it takes to 
reach steady state or to reach the degradation temperature of the CST material when 
the Case-I column is cooled only by the natural convection mechanism without any 
forced convection cooling system or when the other alternate columns such as the 
Case-II to Case-IV designs are cooled by the mixed convection with engineered cooling 
system.  Basic designs considered for the analysis are illustrated in Fig. 2.  This 
information may be important to assess the performance of the operation and 
instrumentation for the CST ion exchange facility.   
 

2.1 General Governing Equations and Solution Method 
The CST column system contains a thin layer of stainless steel wall material surrounding 
the CST particles inside the column container.  Void space of the column packed with 
CST beads will be filled with salt solution under no process flow situation during 
abnormal operating conditions.  Schematic of the column system is shown in Fig. 1 [Ref. 
1].  The column designs considered for the present work are shown in Fig. 2.  Thermal 
and material properties for the CST and the column wall were obtained from the 
literature [Refs. 2, 5, and 10].  
The heat generated by the system will be transferred by conduction through a two-
layered medium and eventually will be transported to the ambient room through the 
physical processes of conduction and convection heat transport. 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.    
When cooled by natural convection, the fluid temperature gradient depends on the 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 containing the CST under actual energy 
transport process, including buoyancy-driven natural convection due to the fluid 
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temperature gradient, were illustrated in the previous reports [5, 10].  Figure 1 illustrates 
buoyancy-driven natural convection caused by the fluid temperature gradient.  
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, ambient temperature and 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 CST column system, 

0=−








−






−

∂
∂ '''q

y
Tk

yx
Tk

xt
h

∂
∂

∂
∂

∂
∂

∂
∂ρ        (1) 

where h is enthalpy, and q''' heat generation source term per unit volume.  Heat source 
term is included in the present model since significant amount of decay heat is 
generated from the ion exchange process through the CST bed column.    

In eq. (1), energy terms within a control volume of a solid medium in the column include 
conduction (k T∇ ) and energy storage due to transients ( tTCth p ∂∂ρ∂∂ρ = ).  In this 
situation, radiation and convection terms in the energy balance equation were neglected 
since solid phase in the column is continuously contacted each other and fluid phase 
temperature is primarily maintained below boiling temperature.  k in equation (1) is 
thermal conductivity of the medium in the computational domain.  This property value will 
be provided by the constitutive relation later.  The CST column with volumetric heat 
source q’’’ will be cooled down by natural convection process through its wall surface as 
shown in Fig. 1.  In this case, when wall boundary and initial conditions are provided, the 
governing equations are complete.  They are 

( ) ( )wallwwall TThTk ∞−=∇−         (2) 
and 

( ) iTtT == 0           (3)
 

In eq. (2), wh  and ∞T  are wall heat transfer coefficient and ambient temperature, 
respectively.  Ti in eq. (3) is initial temperature of the computational domain.   

Heat transfer coefficient at the outside wall of the CST column ( wh ) is obtained by using 
the empirical correlation available in the literature.  As reference condition for the 
present work, the column is assumed to be cooled by the natural convection.  In this 
situation, natural convection flow regime for the air-cooled design should be estimated 
based on the non-dimensional Grashof number (GrL), which is the parameter describing 
the ratio of buoyancy to viscous forces for vertically-oriented cylinder with height L.  The 
Grashof number performs much the same function for natural convection flow as the 
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Reynolds (Re) number does for forced convection.  Under normal conditions one may 
expect that the laminar-to-turbulent transition will take place at about 910≈LGr .   

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

( )
2

3

f

w
L

TTLg
Gr

ν

β ∞−
=   (4) 

where L = characteristic length parameter (= 4.8768 m), 

β = thermal expansion coefficient (= 3.34 x 10
-3
 K

-1
), 






=

f
f

f ρ
µν  = kinematic fluid viscosity (=3.80 x 10

-5
 m

2
/sec).  

In eq. (4), Grashof number was estimated as about 109 for about 20oC temperature 
difference at wall to examine the boundary layer flow regime of natural convection.  This 
corresponds to the turbulent flow according to the literature information [7].   
For the present analysis, natural convection regime around the CST column is assumed 
to be turbulent.  As shown in Fig. 1, geometrical configurations for the present analysis 
are vertically-oriented cylindrical column.  However, literature results [8] show that when 
geometrical ratio of diameter (D) to height (L) are greater than or equal to 35(GrL)-0.25, 
natural convection correlation for vertical flat-plate can be applied to vertical cylinder 
equally.  For the present configurations of the 28-in column, 

( ) 0560351560 250 .Gr.
L
D .

L ≈>=





 −  (5) 

Warner and Arpaci (1968) 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 1012: 

( ) 3
1

100 Lf
f

w
L GrPr.

k
Lh

Nu =







=          (6) 

where fPr  is Prandtl number and  

f

ff
f k

Cp
Pr

µ
= .            (7) 

In eq. (6) all material properties should be evaluated at the mean fluid temperature of 
)TT(.T wf ∞+= 50 , and wh is natural convection heat transfer coefficient at the heated solid 

wall.  fk is thermal conductivity of fluid at the fluid temperature fT .   

These governing equations are applied to the two-dimensional computation domain 
depending on the physical model for the heat transfer analysis of the CST column 
assuming that the axial heat transfer of the column is negligible.  There is heat source 
information (q’’’ in eq. (1)) for the CST column region.  For conservative heat transfer 
calculations, the heat source was estimated for fully-loaded and uniformly-distributed 
CST bed.  The current calculations used a range of heat loads (100 to 500 Ci/liter), 
corresponding to 495 to 2475 W/m3, as volumetric heat source q’’’ in the energy 
equation as shown in Table 1 [1].  In addition, this region was included as a conduction 
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zone and was assumed as constant thermal conductivity instead of temperature-
dependent thermal property to the energy equation of the CST-salt solution column 
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 [2].   

 

Table 1.  Ranges of the operating and design conditions considered for the present heat 
transfer analysis of the CST column. 

 
Parameters Ranges of parameter values 

Initial temperature 25 to 35oC for the entire computational domain 

Ambient temperature 25 to 35 oC  

Heat transfer coefficient at wall 1.5 W/m2sec (typical natural convection) to mixed 
convection (for high heat loaded column) 

Column diameter 20 to 36 in OD (5/16 in thick) 

Heat load 100 to 500 Ci/liter (0.495 to 2.475 watts/liter) [1] 

Fluid inside the CST column Salt solution 

Granular bed conditions Fixed bed 

Bed hydraulic conditions  No flow condition 

Bed porosity 43.2% 

 
The material and thermal properties for the components of the CST packed column 
system are provided in Table 2.  Using these thermal properties, a two-dimensional 
transient conduction model was performed to find transient thermal response of the CST 
fixed bed region in case of the loss of the CST process flow.  For computational 
efficiency, effective thermal conductivity for the composite column region was used.  
Effective thermal conductivity of the CST bed region was estimated by the literature 
correlation [12].  That is, effective thermal conductivity of the bed (kb,eff) was developed 
as function of the bed porosity ε in SI unit (W/mK) using the literature experimental data.   









+









=

f

p

k
k

logBA

f

p
feff,b k

k
kk         (8) 

where  

A = 0.280 – 0.757logε and B = -0.057.       (9) 
In eq. (8), kp and kf are thermal conductivities of CST particle and fluid inside the bed 
column, respectively.  Coefficient A is a function of the bed porosity.  The thermal 
conductivity of the CST particle (kp) is assumed to be constant for conservative 
estimation and computational efficiency.    
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Effective material properties of the CST column filled with salt solution or air are 
computed in terms of the column porosity ε.  Effective density ρb,eff and specific heat 
Cpb,eff  of the bed column are based on homogeneous assumption.  That is, 

CSTfeff,b )( ρεερρ −+= 1         (10) 

CSTfeff,b Cp)(CpCp εε −+= 1         (11) 

In eqs. (10) and (11), subscripts f and CST are referred to as fluid and CST materials, 
respectively.  Thus, computational time can be reduced by modeling a single-material 
region with the effective thermal conductivity instead of modeling multi-material region 
composed of two different materials.  This leads to the reduction of the computational 
time and effort.    
The two-dimensional geometry file was created using the multi-block preprocessor of the 
FluentTM code [3] under the body-fitted coordinate system, which allows the treatment of 
non-orthogonal geometry.  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 Case-I and Case-III designs are shown in Fig. 3 and 
Fig. 4, respectively.  Numerical solution technique to solve the governing equations was 
described in Reference [4, 6].   
The overall energy balance should be checked to demonstrate the adequacy of the grid 
fineness used.  This was done by using eq. (12). 

∫ +−=
WA Fw VqdAqR      '''''    (12) 

Volumetric heat source term, q''', in eq. (12) is given by the code input.  For all the cases 
considered here, energy residual (R) is less than about 1 watt.  For instance, the 
residual results for the case of the CST-salt solution bed are shown as function of grid 
number in Fig. 5.  For the present analysis, an optimum grid of about 16660 cells for the 
Case-I design has been established from the grid sensitivity analysis under IBM 
workstation environment.  Nonuniform two-dimensional meshes used for the 
computational analysis of the Case-I and Case-III columns are shown in Fig. 6.   
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Table 2.  Material and thermal properties for the CST column heat transfer 
calculations. 

 

Material Thermal conductivity 
(W/mK) 

Density 
(kg/m3) 

Specific heat 
(J/kgK) 

CST-Salt Solution 0.2836# 1710.3** 2165.9** 

Salt Solution [13] 0.68 1255.4 3630.0 

 Stainless steel [14] 17.30 7800.0 486.0 

Note: * T in oC 
# based on non-linear empirical correlation of Krupiczka (1967) at 25oC 

temperature [12] 
** based on the condition that volume fraction of fluid or air in packed bed 

is 0.432 at 25oC temperature  
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Figure 5.  Adequacy of the grid fineness for the present analysis (Energy residual is 

defined by eq. (12)).   

 
 (Base model: Case-I)           (Model for Case-III design) 

 
Figure 6.  Two-dimensional computational meshes used for the present analysis.   
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2.2 Modeling Assumptions and Design Parameters 
The present analyses are made for the heat transfer calculations of a CST ion exchange 
column.  The computational modeling domain is shown in Fig. 2.  A conservative 
approach was taken to estimate transient temperature profiles of a fully-loaded CST 
column 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.  
The present computations used the following main assumptions: 

• Column is filled with a fixed bed of CST particles and salt solution. 

• Cell ambient temperature is constant (25 oC or 35 oC). 

• 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 CST and air (CST-air).  Both of them have 25oC initial temperatures for the 
purpose of transient system evaluations.   

• Outside 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.   

• The heat source (137Cs and 137mBa decay) is uniformly distributed throughout the 
entire bed of the CST column and produces 1.485 W/liter assuming that the column 
is loaded to 300 Ci/liter.   

A typical natural convective heat transfer coefficient (hw) of 1.5 W/m2K was used as an 
external wall boundary condition for the present analysis.  The present value of the heat 
transfer coefficient can be justified on the following basis:   
For a conservative calculation, low temperature gradient at the wall boundary layer was 
used to estimate natural convection capability for the present geometrical configurations.  
Heat transfer coefficient (hw) for natural convective cooling under turbulent flow regime 
(Raf = GrLPrf > 109) is given in terms of non-dimensional numbers empirically. 

( )m
fL

w

w
L PrGrC

k
Lh

Nu ==   for 1210<fL PrGr     (13) 

where C and m are the coefficients determined by the literature data.  L is characteristic 
length of the CST column. 
For the present geometrical configuration, C=0.10 and m=0.333 are given by Warner 
and Arpaci (1968) using the experimental data [10].  From eq. (13), heat transfer 
coefficient (hw) is about 1.5 W/m2K corresponding to ≈LNu 260 conservatively under the 
present conditions.  Figure 7 shows the quantified results for the literature correlation 
based on turbulent natural convection, which was developed by Warner and Aparci 
(1968).  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 source.  In the previous work [11], wall heat transfer driven by 
natural convection was also evaluated by using boundary layer theory.   
Heat transfer coefficient (hwf) for forced convective heat transfer mechanisms through 
the column wall attached to the water jackets and through the inner surface of the 
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coolant pipe at the column center were estimated by Dittus-Boelter’s correlation [14].  
That is, 

( ) ( )a
wf

.
d

wf

hwf
d PrRe.

k
dh

Nu 800230==  for 2000>dRe      (14) 

Equation (14) is applicable to turbulent flow when Reynolds number is larger than 2,000 
in terms of hydraulic diameter, and the parameter a in eq. (14) is 0.4 when the fluid is 
heated as modeled in the present work.  Reynolds number for the present study is about 
30,000 when 16 gpm flowrate of water flows in 2-in half-moon type of coolant tube 
corresponding to 1 m/sec flow velocity.  In the present work, three basic cases including 
forced convection case are considered to perform the heat transfer analysis for key 
design parameters of the CST column as shown in Table 3.  Forced convection heat 
transfer coefficients at the water jackets (hwf) attached to the exterior of the column wall 
and at the inner surface of 6-in water pipe were estimated by eq. (14).  From the CST 
reference design, wall heat transfer coefficient governed by forced convection 
mechanism was estimated as hwf = 268 (W/m2K) for the wall surface of 6-in coolant pipe 
and hwf = 3790 (W/m2K) for the wall of 2-in water jacket.  Figure 8 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 CST column 
under no flow conditions are as follows: 

• Ambient cell temperature around the CST column system 

• Heat load of the CST column 

• External and internal heat removal conditions of the CST column such as coolant 
pipe size and flow conditions   

Table 4 presents modeling boundary conditions for the base cases and sensitivity 
ranges of the present CST column designs under no flow condition.  Table 5 shows a 
range of the potential heat loads due to the Cs absorption into the CST material during 
normal operation.   
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Table 3. Model conditions considered for the present coolability analysis of potential 
CST column designs under no flow condition. 

 

CST-Salt Solution Column 

Parameters Case-I          
(Base case) Case-II Case-III  Case-IV 

Column-filled 
fluid Salt sol. Salt sol. Salt sol. Salt sol. 

Column 
diameter 

considered  

20 to 36 in OD 26 in ID 26 in ID and 28 in OD 
(mainly 28 in OD) 

28 in OD 

Cooling 
mechanism 

Nat. convection Mixed convection* Mixed convection* Mixed convection* 

Cooling 
system 

Passive system 
(naturally 
cooled) 

8 or 4 Water 
jackets at the 

external wall of 
column 

Water jacket at 
external column wall 
and coolant pipe at 

center (2 to 6 in 
diameter) 

No water jacket at 
external column 
wall and water-

cooled 6-in pipe at 
center 

Heat loads 
considered 

(Ci/liter) 

100 to 500 300 100 to 500           
(Nominal load = 300) 

300 

Ambient 
temperature 25 oC 25 oC to 45 oC 35 oC 35 oC 

Water 
coolant temp. 

None 20 oC 20 oC and 30 oC 20 oC 

Note: * Natural heat transfer coefficient at the exterior wall of the CST column, and 
forced convection (hwf) for water jacket wall and coolant pipe surface evaluated 
by Dittus-Boelter correlation, eq. (14)   
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Table 4. Modeling boundary conditions for the reference cases and sensitivity ranges of 

the present CST column designs under no flow condition. 
 

CST-Salt Solution Column 
Parameters 

Reference case (sensitivity range) 

Column size 20 in for Case-I (20 to 36 in), 26 in for Case-II,                     
28 in for Case-III and -IV 

Volumetric heat load 100 Ci/liter for Case-I (100 to 500 Ci/liter), 300 Ci/liter for other cases 

Column material CST and salt sol. 

Cooling mechanism Natural convection for Case-I, mixed convection for other cases 

Ambient 
temperature 

25 oC (25, 35, 45 oC) for Case-I, 35 oC  or other cases 

Porosity 43.2% 

Typical values for 
hw(W/m2sec) 

1.5 (for nat. convection)*, 268 (for 6-in water pipe wall), and 3790 (for 
the column wall surface attached to the water jacket) 

Non-boiling criterion Max. temperature of CST column can not exceed 130 oC in any case.  

Note: * heat transfer coefficient at the exterior wall of the CST column 

Table 5. Heat source terms used for the present study [1] 
 

Volumetric heat source 

Ci/liter watts/liter watts/gal watts/ft3 

100 0.495 1.87 14.02 

200 0.990 3.75 28.03 

300* 1.485* 5.62* 42.05* 

400 1.980 7.50 56.07 

500 2.475 9.36 70.08 

Note: * Reference case for the heat-loaded CST column 
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Figure 7.  Natural convection heat transfer correlation available in the literature showing 

the conservatism imbedded in the present analysis. 
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Figure 8.  Forced convection correlation available in the literature for the heat transfer 

through the water-coolant system of the CST column. 
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3 Results and Discussions 
Based on the approach methodology and the modeling assumptions, a two-dimensional 
analysis has been performed to compute temperature distributions within the modeling 
boundary shown in Figs. 3 and 4 and to investigate transient temperature response to 
decay heat load of the CST column with no process flow.  This column is assumed to be 
cooled primarily by natural convection under the basic design conditions defined by 
Table 3.  The thermal and material properties of the column components including the 
CST particle are shown in Table 2.   Detailed dimensions for the CST design 
configurations are shown in Fig. 2 as modeled in the present analysis.  The 
computational heat transfer approach has been taken by using a commercial finite 
volume code, FluentTM [3], as a tool to create prototypic geometry file under non-
orthogonal mesh environment in the body-fitted coordinate system and to solve the 
governing equations (eqs. (1) through (3)) by considering transient conduction cooling 
process with convection boundary conditions.  As shown in Fig. 5, optimum number of 
meshes was obtained by sensitivity analysis of grid fineness.  Figure 6 presents two-
dimensional computational meshes used for the present analysis.   
A theoretical approach for steady-state conduction heat transfer of the multi-layered 
cylinder with heat generation source in a natural convection was taken to verify the 
present computational model under the present geometrical and physical conditions as 
shown in Fig. 9.  The theoretical model was based on one-dimensional approach.  Under 
steady-state conditions, the energy equation (1) for the CST packed column with 
effective thermal conductivity eff,bk  becomes  

02 =+∇ '''qTk eff,b          (15) 

For the CST column region with uniform heat generation source q’’’ as shown in Fig. 8, 
eq. (15) becomes 

01
2

2
=++

eff,bk
'''q

dr
dT

rdr
Td         (16) 

As boundary conditions, the following relations at the center and wall of the CST column 
are applied to the above equation, eq. (16).   

0
0

=
=rdr

dT           (17) 

sT)Rr(T ==           (18) 

After integrating eq. (16) and applying the boundary conditions, radial temperature 
distribution for the CST column region with heat generation source q’’’ becomes 

( ) )Rr(rR
k

'''qT)r(T
eff,b

s ≤≤−+= 0
4

22       (19) 

Equations governing the stainless wall region ( ))dRrR( +≤≤  with no heat source (q’’’=0) 
are 

01
2

2
=+

dr
dT

rdr
Td          (20) 
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Boundary conditions at the wall of the column are 

( )( ) wTdRrT =+=          (21) 

and 

( )
( )∞

+=

−=−= TTh
dr
dTkq ww

dRr
w

''
w .       (22) 

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

In eq. (22) wall heat flux ( ''
wq ) can be obtained by the energy balance between heat 

source and heat sink when volumetric heat source q’’’ is spatially uniform in Region-I of 
Fig. 8.  The resulting equation for the wall heat flux is 
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Region-I: CST column region
with heat generation q'''
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(0 < r < R)

Region-II: stainless steel wall region
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hw (wall heat transfer coefficient)
T (ambient temperature)

Tw (wall temperature)
Ts (surface temperature of the CST column)

      q''w
(wall heat flux)

Region-III: thin wall boundary region

 
 

Figure 9.  Graphical illustration of the heat transfer model of the Case-I CST column 
under natural convection cooling. 

 
Using eqs. (21), (22), and (23), radial temperature distribution of the CST wall region 
with no heat source (q’’’=0) becomes    
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Surface temperature can be evaluated by eq. (24).  That is, 
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Wall surface temperature of the CST column ( wT ) can be obtained by eqs. (22) and (23) 
at r = (R+d) in terms of convection heat transfer coefficient (hw) at the wall surface of the 
column and ambient temperature ( ∞T ) of Region-III shown in Fig. 9.   
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        (26) 

From eqs. (19), (25), and (26), center temperature of the CST-fluid bed region can be 
obtained in terms of natural convection boundary condition and ambient temperature. 
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The temperature distribution for each region can be non-dimensionalized in terms of the 
column wall temperature difference ( ∞−TTw ) 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: 
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Temperature and length scales are non-dimensionalized in terms of the column 
temperature difference ( ∞−TTw ) and the column radius (R+d) as shown in eq. (28).  

For region-I ( )dR(
R

+≤≤ η0 ), non-dimensional temperature distribution can be obtained 

from eqs. (19), (25), (26), and (28).   
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Biot number (Bi) in eq. (29) is defined as the ratio of convection at wall surface to 
conduction through the column wall region.  That is  

w
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==
2          (30) 

Thus, the Biot number compares the relative magnitudes of surface convection and 
internal conduction resistance to heat transfer.  A very low value of the Biot number 
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.   
Non-dimensional temperature distribution for the region-II ( 1≤≤+ η)dR(R ) can be 
obtained from eqs. (24) and (28).   

ηηθ lnBi)(
2

1 −=           (31) 
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From eq. (29) maximum temperature of the CST column with thin wall thickness under 
steady-state condition becomes 











+≈

eff,b

w
max k

kBi
4

1θ          (32) 

Thus, 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 
transient governing equations with a sequence of time steps until steady-state solution is 
reached.  Eq. (32) shows that the maximum temperature gradient is closely related to 
the wall Biot number and the ratio of thermal conductivity of the column wall region to 
effective thermal conductivity of the composite CST column.  For a given geometry and 
wall cooling conditions, effective thermal conductivity is found to be the key parameter to 
control the maximum temperature difference between the column center and its wall.   
It took about 70 days for the CST-salt solution column to reach steady-state solutions 
starting with transient governing equations with 25 oC initial uniform temperature under 
the reference conditions.  Slow transient thermal response of the column to the heat load 
of 100 Ci/liter is mainly due to the large heat capacity of the back-filled fluid such as salt 
solution.  Comparisons of theoretical values with the present computational results are 
made for the verification of the present calculations as shown in Fig. 10.  In this case, 
the steady-state temperature differences for the CST-salt solution columns between the 
column center and wall are about 27 oC for the 20-in column, about 88 oC for the 36-in 
column, respectively, assuming that material and thermal properties of the column 
system remain constant and volumetric heat load is 100 Ci/liter.  It is shown that the 
present computational results are in good agreement with theoretical results within about 
0.01%.  
For the enhanced cooling capability of the fully-loaded column design, the case-III type 
column with the coolant pipe imbedded at its center was chosen.  Steady-state 
temperature distributions within the Case-III-type column containing uniform heat load 
q’’’ were obtained by using a theoretical approach.  When temperature boundary 
conditions are provided at the inner and outer wall boundaries of the 28-in column with 
volumetric heat source q’’’ under the same governing equation as the Case-I geometry, 
eq. (15).  The resulting equation of the temperature distribution T(r) at a radial position r 
from the column center becomes  
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In eq. (33) the parameters Ro and Ri the inner and outer radii, and Twi and Two are the 
inner and outer wall temperatures, respectively.   
The theoretical temperature distributions were compared with the modeling results for 
the 28-in Case-III-type column with 300 Ci/liter corresponding to 1.485 W/liter.  The 
validated results are shown in Fig. 10a.   
Table 8 shows transient temperature results for various heat loads at the center of the 
20-in CST column (base case of the Case-I column geometry) as function of transient 
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time under the reference conditions defined in Table 4.  The results show that maximum 
temperature of the 20-in CST-salt column loaded with 500 Ci/liter reaches boiling 
temperature in about 2 days.  Steady-state temperature distributions of the column are 
compared for five different heat loads in Fig. 11.  The results demonstrate that the 
naturally-cooled 20-in column of the Case-I type design can be loaded with at most 160 
Ci/liter decay source without any local boiling when ambient cell temperature is kept 25 
oC during no flow condition.  Table 7 shows sensitivity results for the column 
temperature due to the variation of ambient temperatures.  The results show that when 
ambient temperature varies from 25 oC to 45 oC, maximum temperature of the CST-salt 
column increases by about 20 oC as expected.   
Transient thermal responses of the 20-in column to different decay heat loads are 
compared in Fig. 12.  Temperature contour plot for the naturally-cooled column with 300 
Ci/liter heat load is shown in Fig. 13.  The results in the figure show that the 20-in 
column loaded with 300 Ci/liter can reach boiling condition in about 4 days from the 25 
oC of the initial CST temperature during no process flow when cooled by natural 
convection.   
As shown in Fig. 14, comparison of steady state results for two different sizes of the 
Case-I type CST columns are made under the reference conditions as defined in Table 
4.  When a column loaded with 100 Ci/liter source is cooled by natural convection, the 
column size can be designed to be at most 27 in to satisfy the allowable temperature 
limit.  That is, maximum temperature of the CST column can not exceed the boiling 
temperature of 130 oC under any operating conditions.  The results are shown in Fig. 15.  
When a Case-I type column is cooled by natural convection, maximum temperatures for 
two different column diameters 20 in and 28 in are presented as function of decay heat 
loads in Fig. 16.  Table 6 compares steady-state temperature responses with different 
heat loads between the two different column sizes of the Case-I design.  Maximum and 
wall temperatures for the 20-in Case-I column loaded with 100 Ci/liter are shown for 
different ambient temperatures in Table 7.   
It is noted that maximum temperature for a given column size increases linearly with the 
heat load increase when the column uses passive cooling mode with no engineered 
cooling system.  In this case, the column diameter can not exceed 27 in without boiling 
when it is loaded with 100 Ci/liter.  Figure 17 shows transient temperature responses of 
the largest CST column (36 in diameter) considered for the present study when it is 
loaded with 100 Ci/liter decay heat under the reference conditions as defined in Table 4.  
As mentioned earlier, the process solution will boil around 130 oC.  It takes about 12 
days for the CST-salt column (Case-I) to reach that boiling temperature under the same 
reference conditions.  The transient results are summarized in Table 8.   
All modeling results demonstrated that an engineered cooling system is required to 
preclude boiling (< 130 oC) of a 300 Ci/liter column for the current size range of the 
Case-I type column, 20 to 36 in diameter.  Thus, the Case-II column design with external 
cooling jacket, as shown in Fig. 2, is considered to avoid boiling condition during no 
process flow.  This design has 8 water jackets attached to the external wall surface of 
the Case-I type column with about 10-in separation distance between jackets for a 26-in 
column (Fig. 3).  Each water jacket consists of 2-in half-moon shaped tube along the 
vertical direction, and it is assumed to maintain a constant bulk fluid temperature by 
using a heat exchanger.   
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Table 6.  Comparison of the steady-state temperature responses with different heat 

loads between the two CST columns cooled by natural convection under the 
Case-I design defined by Fig. 2 (ambient temp. = 25 oC).   

Column designs for Case-I 20 in column 28 in column 

Wall temp. 64.9 81.5 
100 Ci/liter 

Center temp. 91.5 134.5 

Wall temp. 104.7 138.1 
200 Ci/liter 

Center temp. 158.0 243.9 

Wall temp. 144.5 194.6 
300 Ci/liter 

Center temp. 224.5 353.4 

 

Table 7.  Comparison of the steady state temperatures for three different ambient 
temperatures. 

 

Ambient temperature 
Cases* 

25 oC 35 oC 45 oC 

Effective thermal conductivity (W/mK) 0.2836  

Thermal diffusivity (cm2/sec) 7.66 x 10-4  

Heat load (Ci/liter) [W/liter] 100 [0.495] 

Wall heat transfer coeff. (hw) 1.5 W/m2K (natural convection) 

Max. Temperature 92 oC 102 oC 112 oC 

Column wall temperature 65 oC 75 oC 85 oC 

Note: * the cases considered for 20 in column 
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Table 8.  Transient max. temperature results for the Case-I design under 20-in column 

with several different heat loads cooled by natural convection boundary. 
CST-Salt solution Column (oC) 

Transient time   
(hours) 100 Ci/liter 200 Ci/liter 300 Ci/liter 500 Ci/liter 

Initial condition 25.0 25.0 25.0 25.0 

0.5 25.3 25.5 25.7 26.2 

1 25.5 26.0 26.5 27.4 

4 26.9 28.9 30.8 34.6 

8 28.9 32.7 36.6 44.2 

10 29.8 34.6 39.4 49.0 

16 32.6 40.3 47.9 63.3 

32 39.8 54.4 68.8 99.5 

48 45.6 66.7 88.7 131.5 

 
The nominal operating conditions of the water jacket system for the present study 
include fluid flowrate in each jacket and coolant temperature of about 16 gpm 
corresponding to 1 m/sec and coolant temperature of 20 oC, respectively.  The detailed 
modeling conditions for the Case-II model are provided in Table 4.  The temperature 
contour plot for this case is shown in Fig. 18 for a 26-in column with 300 Ci/liter heat 
load and 35 oC ambient temperature.  It is noted that maximum temperature is about 40 
oC higher than the boiling temperature.  The calculation results show that the water 
jacket system is very effective in reducing maximum temperature of the CST column by 
about 150 oC over the naturally-cooled column, but the center temperature of the column 
still exceeds the boiling temperature.  The results for the two case designs, Case-I and 
Case-II, are compared in Fig. 19.  Sensitivity results for the number of water jackets 
show that when the number of water jackets is increased to 16 instead of 8, the column 
temperature is reduced by about 5 oC (Fig. 20).  Figure 21 shows maximum center 
temperature and minimum wall temperature of the column when it is loaded with 300 
Ci/liter using the reference conditions as defined in Table 4.  It is evident that peak 
temperature of the CST column exceeds boiling temperature when the Case-II column 
size is larger than 23 inches in diameter.   
As alternative design, the Case-III design (Fig. 4) was considered as a viable option.  In 
this case a water or air coolant pipe is penetrated through the center of the column in 
addition to the water jacket system at the column wall to enhance heat removal of the 
heat-loaded column during no process flow.  Temperature distributions for the 26-in 
column imbedded with 2 in and 3 in empty pipe at the column center are shown in Fig. 
22 and Fig. 23, respectively, when ambient temperatures for the central air region and 



WESTINGHOUSE SAVANNAH RIVER COMPANY Report:WSRC-TR-2003-00416 
 Date: 12/8/2003 
HEAT TRANSFER ANALYSIS FOR A FIXED CST COLUMN 
 Page: 25 of 52 
 
the column cell are assumed to be 35 oC.  Figure 24 shows maximum column 
temperature as a function of the air-filled pipe size penetrated through the center of the 
column (Case-III column as shown in Fig. 2) when the CST volume maintains the same 
as that of the 26-in Case-I column with 300 Ci/liter decay heat and ambient air 
temperature is 35 oC.  In this case an air-filled pipe at least 3.5 in diameter is required at 
the center of the column to keep the maximum column temperature below 130 oC.  The 
modeling results for different sizes of the empty pipe are quantitatively compared in 
Table 9.   
When the pipe has 16 gpm water flowrate instead of natural convection, maximum 
temperature of the 26-in column loaded with 300 Ci/liter heat source is 72 oC, which is 
about 42 oC lower than the air-filled case.  The results are compared in Table 9.  From 
the Case-I and Case-III results, as shown in Fig. 16 and Table 10, the final column 
design shown in Fig. 4 has been established in terms of the column coolability and the 
waste process requirement.  The present heat transfer analysis indicates that the 28-in 
column design with water jackets at the wall boundary and 6-in water pipe at the column 
center prevents boiling of the liquid phase during an extended no-flow accident.  In this 
analysis water coolant temperature was assumed to be constant, but the actual heating-
up of water was found to be small (about less than 1 oC).   
 

Table 9.  Steady-state maximum temperatures with the 300 Ci/liter column cooled by 
mixed convection under the Case-III design with the 26-in ID column volume 
(ambient temp. = 35 oC and water jacket temperature = 20 oC).   

CST and salt solution

0.25-in thick ss wall

Too = 35 oC

Air-cooled by
nat. convection

q''' = 300 Ci/liter (1.485 W/liter)

0.25-in thick ss wall

 = 35 oCToo

Air-cooled by
nat. convection

Water jacket

2 in

10 in

(water-cooled
forced convection
 to 20 oC water)

26-in ID column
Center pipe

 
(300 Ci/liter heat load) 

Center pipe diameter 
Parameter 

0 in 2 in 3 in 6 in 

Max. temperature 168 oC 143 oC 134 oC 114 oC 
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Table 10.  Steady-state maximum temperatures with the 300 Ci/liter column cooled by 

mixed convection under the Case-III design with the 26-in ID column volume 
(ambient temp. = 35 oC and water jacket temperature = 20 oC).   

CST and salt solution

0.25-in thick ss wall

Too = 35 oC

Air-cooled by
nat. convection

q''' = 300 Ci/liter (1.485 W/liter)

0.25-in thick ss wall

 = 35 oCToo

Air-cooled by
nat. convection

Water jacket

2 in

10 in

(water-cooled
forced convection
 to 20 oC water)

26-in ID column
Center pipe

CST and salt solution

0.25-in thick ss wall

Too = 20 oC

water-cooled,
forced convection

q''' = 300 Ci/liter (1.485 W/liter)

0.25-in thick ss wall

 = 35 oCToo

Air-cooled by
nat. convection

Water jacket

2 in

10 in

(water-cooled
forced convection
 to 20 oC water)

26-in ID column
Center pipe

 
(Case-IIIa)                                               (Case-IIIb) 

 

6-in OD pipe imbedded at the center of Case-III column 
Parameter 

Air-filled empty pipe (Case-IIIa) Water-filled pipe (Case-IIIb) 

Max. temperature 114 oC 71 oC 

 
Figure 25 shows the temperature contour plot for the 28-in column cooled by free and 
forced convective cooling mechanisms through the inner and outer cooling surfaces 
when the column is loaded with 300 Ci/liter decay heat as shown in Fig. 4.  The figure 
shows that when ambient air temperature is 35 oC and water coolant is kept 20 oC, the 
peak temperature reaches about 71 oC during no process flow, which is well below the 
boiling temperature in case of the 300 Ci/liter column.   
When the 28-in column with 6-in water coolant pipe penetrated through the column 
center is cooled by natural convection without water jacket system at the wall surface, 
peak temperature of the column reaches about 133 oC as shown in Fig. 26.  This is 
based on the 35 oC ambient temperature and 20 oC water coolant of the 6-in pipe.  The 
6-in pipe has a 16 gpm water flowrate.   
Four different operating scenarios were simulated under steady-state conditions using 
the final reference geometry of the 28-in column as shown in Fig. 4 when the column is 
loaded with 300 Ci/liter decay heat corresponding to the thermal source of 1.485 W/liter.  
The simulation results are shown in Fig. 27.  It is noted that the naturally-cooled 28-in 
column exceeds the boiling temperature under the heat load condition of 300 Ci/liter.  
Figure 28 compares peak column temperatures between 4 and 8 water jackets under 
the same column and heat load.  It is shown that the peak temperature of the column 
with 4 water jackets is about 11 oC higher than the one with 8 jackets.  Steady state 
maximum temperatures are compared between the two design conditions of 4 and 8 
water jackets as function of heat load in Fig. 29.  Table 11 shows sensitivity results of 
the CST temperature responses to the number of water jackets and different coolant 
temperatures.  It is noted that with this design (6 in imbedded pipe and either 4 or 8 
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outer jackets), an increase in temperature of the cooling water directly increases the 
maximum temperature of the column.  If chilled (20 oC) water is not available, ambient 
(30 oC) water prevents the column from boiling.   
 

Table 11.  Steady-state maximum temperatures with the 300 Ci/liter column cooled by 
mixed convection under the Case-III design of the 28-in OD column defined by 
Fig. 2 (ambient temp. = 35 oC and water jacket temperature (Twf = 20 oC or 30 
oC).   

CST and salt solution

0.28-in thick ss wall

Twf

water-cooled,
forced convection

q''' = 300 Ci/liter (1.485 W/liter)

5/16-in thick ss wall

 = 35 oCToo

Air-cooled by
nat. convection

Water jacket

2 in

10 in

(water-cooled
forced convection
 to water,     )Twf

 

CST and salt solution

0.28-in thick ss wall

water-cooled,
forced convection

q''' = 300 Ci/liter (1.485 W/liter)

5/16-in thick ss wall

 = 35 oCToo

Air-cooled by
nat. convection

Water jacket

2 in20 in

(water-cooled
forced convection
 to water,     )

Twf

Twf

 
(8 water jackets)                                               (4 water jackets) 

 

6-in sch. 40 pipe imbedded at center of Case-III column 
Parameter 

8 water jackets 4 water jackets 

Water temperature (Twf) 20 oC water 30 oC water 20 oC water 30 oC water 

Max. temperature 71.1 oC 80.8 oC 82.1 oC 90.9 oC 

Min. temperature 20.14 oC 30.1 oC 20.2 oC 30.2 oC 

 
The peak temperatures for the columns cooled by mixed convection and natural 
convection mechanisms during no flow conditions are compared in Fig. 30.  It makes a 
large difference in terms of the coolability of the CST column when the water coolant is 
used in 6-in sch. 40 pipe at the center of the 28-in column.  As shown in Fig. 31, the 
transient results for the column cooled by mixed convection show that it takes about 10 
days for the system loaded with 300 Ci/liter decay heat to reach quasi-steady maximum 
temperature, which is close to boiling temperature.   
As one of the operational scenarios, the water jacket system at the external boundary of 
the column and the 6-in water coolant pipe imbedded at the column center are 
automatically activated via the engineered emergency cooling system when the 
maximum temperature of the 28-in CST column reaches 100 oC, close to the boiling 
temperature, during a no process flow accident.  Transient results for the 300 Ci/liter 
loaded column are shown in Fig. 32.  It is noted that the emergency cooling system is 
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activated about 56 hours after the initiation of the no process flow situation and the 
temperature trend reverses from increasing to decreasing about 12 hours after the 
activation of the emergency water cooling system.  The transient heat response of a 
conduction medium containing a heat source to the environment with lower temperature 
is closely related to its thermal diffusivity.  The thermal diffusivity α is defined as the ratio 
of thermal conductivity to the product of density and specific heat.  The CST column 
medium during no flow situation has a small value of α, that is, about 7.66 x 10-4 
cm2/sec.  This parameter is a measure of temperature-wave penetration depth for a 
given time.  As shown in Fig. 17, the CST-salt column with no process flow heats up 
slower because of higher thermal mass and lower thermal conductivity.   
The parameters studied in the previous work [4] were based on back-filled material of 
the CST column, porosity of the packed column, and cooling mechanism of the CST 
column with no process flow situation.  The present work was focussed on the studies 
on the column geometry and the cooling mechanisms equipped with engineered cooling 
system since the 28-in column with 300 Ci/liter heat load potentially exceeds boiling 
temperature under the passive natural convection system in case of no process flow 
situations, which is one of the undesirable operating conditions.   
Sensitivity runs of different convection cooling mechanisms such as natural convection 
and mixed natural and forced convection have been performed by the same heat 
transfer model (shown in Fig. 4) with the same thermal and material properties but 
different heat transfer coefficients at the boundary of the CST fixed bed.  In this case, the 
analysis of this parameter was made only for the CST-salt column during no flow 
process situation as expected.  Four different cases for the final 28-in CST column with 
6-in coolant pipe at its center were studied to estimate how effectively the cooling 
mechanisms affect the coolability and temperature profile of the column.  The first two 
cases (case-a and Case-a1) were for mixed convection cooling conditions including the 
water jacket system and 6-in water-cooled pipe, the third one (Case-b) was for the mixed 
convection cooled only by the water-cooled pipe at the column center, and the fourth 
one (Case-c) was for the passive cooling system controlled only by natural convection.  
The results indicated that cooling mechanism at the wall has significant impact on the 
wall surface temperature and radial temperature gradient of the column, and cooling 
mechanism at the center has significant impact on the peak temperature of the column 
resulting the location change of the column peak temperature.  The temperature results 
of the four cases are presented in Fig. 27.   
From the sensitivity study of the CST column design parameters, it was found that 6-in 
water-coolant pipe penetrated through the center of the packed CST bed effectively 
controlled the temperature distributions of the column associated with the heatup rate of 
the 300 Ci/liter CST column under loss-of-flow conditions.  Table 10 shows summary of 
the sensitivity analysis results.   



WESTINGHOUSE SAVANNAH RIVER COMPANY Report:WSRC-TR-2003-00416 
 Date: 12/8/2003 
HEAT TRANSFER ANALYSIS FOR A FIXED CST COLUMN 
 Page: 29 of 52 
 

 

        CST bed
(diameter: 20 or 28 in)

SS wall (5/16 inches)

Thwall

TwallTbed(r)
r

0

q''' = 100 Ci/liter

(Case-I type column)

(Twall= 25 oC)

 

Nondimensional radial distance

N
on

di
m

en
si

on
al

te
m

p
er

at
u

re

0 0.2 0.4 0.6 0.8 1
0.4

0.5

0.6

0.7

0.8

0.9

1

1.1

1.2
Present model predictions for 20 in column

Theoretical results for 20 in column

Wall boundary region
of CST bed

Center Wall

Present model predictions for 36 in column

Theoretical results for 36 in column

36 in column

20 in column

 

(nondimensional radial distance 
dR

r
+

=η ,  

nondimensional temperature ( ) ∞

∞

−=∞
−∞

=
→

→

Tr,tT
T)r,t(T

000θ ) 

Figure 10.  Comparison of steady state results between the numerical computations and 
theoretical results for the Case-I type column under the reference conditions 
as defined in Table 4 (100 Ci/liter). 
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Figure 10a.  Comparison of steady state results between the numerical computations 
and theoretical results for the Case-III type column under the reference 
conditions as defined in Table 4 (300 Ci/liter). 
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Figure 11.  Comparison of steady state results for various heat sources of the CST-salt 

solution under the reference conditions (20 in column) as defined in Table 1. 
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Figure 12.  Transient temperature responses of CST column for 20 in column with 

different heat load under the reference conditions as defined in Table 1. 
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Figure 13.  Temperature contour plot for naturally-cooled CST-salt solution bed column 
with 300 Ci/liter and 25oC ambient and initial temperatures at the transient 
time of 96 hours just as maximum temperature exceeds the boiling 
temperature (20-in column). 
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Figure 14.  Comparison of steady state results for two different sizes of the CST columns 

under the reference conditions as defined in Table 4. 
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Figure 15.  Comparison of steady state results for various sizes of the CST columns 

under the reference conditions as defined in Table 4. 
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Figure 16.  Maximum and wall temperatures of CST column as function of heat loads for 

20 in and 28 in columns under the reference conditions as defined in Table 4. 
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Figure 17.  Transient temperature responses of CST column for 36 in column with 100 

Ci/liter heat load under the reference conditions as defined in Table 4. 
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Figure 18.  Comparison of temperature distributions for 26-in column with 8 2-in water 
jackets with 300 Ci/liter heat load 
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Figure 19.  Comparison of temperature distributions for 26-in column with 300 Ci/liter 

heat load 
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Figure 20.  Comparison of temperature distributions for 26-in column with 300 Ci/liter 

heat load 
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Figure 21.  Maximum and wall temperatures as function of column diameter for 300 

Ci/liter heat load 
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Figure 22.  Temperature distributions for the annular column with 300 Ci/liter heat load 

maintaining the volume of 26-in cylindrical column (2-in void) (Tmax = 143 oC) 
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Figure 23.  Temperature distributions for the annular column with 300 Ci/liter heat load 

maintaining the volume of 26-in cylindrical column (3-in void) (Tmax = 133.5 
oC) 
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Figure 24.  Maximum temperatures for different sizes of center holes of the CST column 

maintaining the 26-in ID column volume (300 Ci/liter) 
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Figure 25.  Temperature distributions for the 28-in OD CST column with 6-in water-
coolant pipe at its center (300 Ci/liter heat load) (Tmax = 71 oC) 
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Figure 26.  Temperature distributions for the 28-in OD CST column with 6-in sch. 40 
water-coolant pipe imbedded at its center and no water jacket on the column 
wall (300 Ci/liter heat load) (Tmax = 133.4 oC) 
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Figure 27.  Temperature distributions for various operating cases of the 28-in CST 

columns of the Case-III and Case-IV designs loaded with 300 Ci/liter 
volumetric heat source 
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Figure 28.  Comparison of temperature distributions between the 4 and 8 water jacketed 

28-in CST columns imbedded with 6-in pipe at its center (300 Ci/liter heat 
load)  
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Figure 29.  Steady-state maximum temperature as function of heat load for 28-in column 

under the two design conditions of 4 and 8 water jackets 
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Figure 30.  Comparison of temperature distributions between two different designs of 28-

in CST columns imbedded with 6-in pipe at its center (300 Ci/liter heat load)  
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Figure 31.  Transient temperature responses for 28-in column with 300 Ci/liter heat load 

under the Case-b design conditions 
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Figure 32.  Transient temperatures for 28-in column loaded with 300 Ci/liter under the 
Case-a design condition assuming that emergency water-jacket system is 
activated when maximum temperature of the CST column exceeds 100 oC 
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4 Conclusions 
Transient two-dimensional heat conduction calculations with modeling assumptions have 
been performed to assess how fast a CST ion exchange column heats up on loss of flow 
under the potential operating conditions and design geometries.  In the present analysis, 
convection and radiation transport processes inside the CST column were assumed to 
be negligible compared to conduction heat transfer under no process flow conditions.  
The CST-salt solution column was assumed to be cooled by natural convection or mixed 
convection.  A computational heat transfer approach was taken using FluentTM, a 
commercial computational fluid dynamics (CFD) code.  In addition, the results computed 
by the present model were verified by the theoretical results.     
The Case-I and Case-II models investigated steady-state and transient temperature 
profiles of the CST-salt solution system due to natural convection cooling and mixed 
convection and quantified the CST temperatures inside the cylindrical packed column 
containing a decay heat source for the no process flow situation.  The Case-III and 
Case-IV models quantified the transient temperature responses of the system heatup for 
various design conditions and different cooling mechanisms of the CST-salt column 
system since the modeling results of the Case-I and Case-II designs show that peak 
temperature of the CST-salt solution system reaches undesirable boiling condition in 
case of no process flow.  The transient results for the column cooled by mixed 
convection showed that 130oC maximum temperature of the column was reached about 
10 days after the transient initiation of no flow conditions.   
When emergency coolant systems are available during loss of flow accident, the 
transient results show that 100 oC maximum temperature of the 300 Ci/liter loaded 
column was reached about 56 hours after the initiation of no flow conditions, and the 
temperature trend is reversed about 12 hours after the activation of the emergency water 
cooling system.  Sensitivity analysis for the CST column was made to find out how 
sensitive to each of these parameters is the coolability of the column and to quantify 
their impact on the system cooling capability.  The parameters studied here are the 
efficient column geometry, heat load, and cooling mechanism of the CST column with no 
process flow situation. 
From the present analysis results, the main conclusions are made as follows: 

• Under no process flow condition, the transient temperature response of the CST-salt 
column loaded with 300 Ci/liter decay heat is slow.  It takes about 4 days for a 20-in 
column to reach boiling condition under the Case-I reference conditions.   

• From the sensitivity study of the CST column parameters, it was found that water 
coolant system in the middle of the column is most effective in removing the column 
heat load under no flow conditions since an effective thermal boundary layer 
adjacent to the potential location of the peak temperature is formed by convective 
fluid motion.   

• The analysis results indicated that the cooling mechanism at the column center has 
significant impact on maximum column temperature for the present configurations, 
compared to the cooling mechanism at the column boundary.  Thus, the temperature 
difference between maximum and minimum temperatures of the column is reduced 
rapidly as cooling capability at the center of the column is enhanced.   
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