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Abstract

Currently, concrete canisters are in use for an interim storage of spent fuels of pressurized heavy water reactors. A
major factor in spent fuel dry storage design and key thermal safety issue is the dissipation of the residual heat
generated by the spent fuel. Also the spent fuel temperature, in a dry storage canister, must be kept below
160 <T to avoid fuel oxidation. In this research, CFD modeling has been done to evaluate the temperature
distribution in radial and vertical directions of the spent fuel cask. The temperature distribution inside the fuel basket
is obtained using ANSYS and FLUENT for CFD analysis. The results suggest that when the effects of conduction
and convection are combined and the ambient temperature is taken as 40<C then the maximum temperature of the
fuel bundle is found out to bel53<C which is below the temperature limit of 160<C. Therefore, the proposed
indigenous design of the spent fuel storage cask is safe enough to keep the temperatures of the spent fuel well within
the limits.
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1. Introduction

The pools that were designed initially for short-term storage have become quasi-permanent storages. Wet
storage needs special care to maintain good water chemistry pH-values, chloride and sulphate impurity
concentrations and conductivity. Furthermore it has been found that specified pool water temperature control is
essential for long term spent fuel integrity and to avoid structural damage to the facility. Several sites have
documented degradation/corrosion of the spent fuel assemblies in wet storage resulting mainly from poor water
chemistry control. This degradation of the spent nuclear fuel, in turn, produces several problems that ultimately
result in an increased cost for continued storage and management. Also, wet storing of spent nuclear fuel was
never intended to be permanent.

Therefore, dry storage of spent fuel becomes a viable option after it has cooled to the point where passive heat
transfer from encapsulated fuel to its environment is efficient enough to insure that the fuel element
temperatures are well below values which would lead to significant degradation over the long-term.

A major factor in spent fuel dry storage design and one of the key thermal safety issues for licensing a spent
fuel dry storage system is dissipation of the residual heat generated by the spent fuel. That is, the spent fuel
temperature in a dry storage canister must be kept below 160 <T to avoid fuel oxidation, Igbal, M.,et.al, 2006.
The CANDU spent fuel cask is a cylindrical reinforced concrete shell with a capacity to store 9 sealed fuel
baskets, each containing 54 CANDU 19-element spent fuel bundles. The orthographic views and isometric
views of the spent fuel basket are shown in Figure 1 and Figure 2.

In this design, the atmosphere in the storage basket is air. Fuel bundles are stored in staggered arrangement in

the fuel basket. The fuel bundles are to be kept in position by two fixed perforated plates (Figure 3). The basket
is perfectly sealed to prevent any releases of radioactive material.
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Spent Fuel

Type:19-element fuel bundle
Material: UO, (natural U)
Height: 495 mm
Diameter: 81.5 mm

Fuel Basket

Material: Stainless steel (SS-304L)
Height: 546 mm

Diameter: 813 mm

Plate dia: 787 mm

Hole dia: 82.5 mm.

Also, the minimum cooling time in the spent fuel bay is 10 years. The decay heat power of 10-year cooled
spent fuel bundle is 5W at the design burnup of 9,000 MWT/MTU. In order to evaluate the maximum fuel rod
temperature in the CANDU dry storage canister under design conditions, one may need to solve a
multi-dimensional heat transfer problem with an extremely complicated geometry where three modes of heat

transfer are superimposed, Armijo, J.S., et.al,2006

There are three modes of heat transfer that are to be considered in a spent fuel storage cask: conduction,
convection and radiation. Conduction and Convection are the dominant modes of heat transfer in a cask.

Radiation heat transfer becomes significant when the temperature of the fuel is very high.

In this analysis, only convective heat transfer is taken into account. Since the fuel basket is completely sealed
therefore there is no entrance of air into the fuel basket and forced convection cannot take place inside the

basket, therefore heat is convicted out of the basket only by natural convection.
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Figure 1: Isometric view of the CANDU spent fuel
cask for storing 54 bundles.

Figure 2: Orthographic views of spent fuel basket

2. Methodology

2.1 Defining the Modeling Goals

Natural convection heat transfer inside the fuel basket is to be modeled incorporating the effects of buoyancy. The
boundary conditions are: constant heat flux on every fuel bundle’s surface and constant temperatures on top, side and
bottom surfaces. Boussinesq model is used for density variations and temperature dependency of thermal properties
is also taken into account.

2.2  Creating the Model Geometry and Grid

This step of the solution process requires a geometry modeler and grid generator. For this purpose, Pro-Engineer and
GAMBIT are used for geometry modeling and grid generation respectively.

Using Pro-Engineer, model geometry of the fuel basket is developed, which is then imported to GAMBIT as IGES
file where it’s meshing is done.

In GAMBIT, the top and bottom surfaces are meshed using Quadrilateral type element and the whole volume is then
meshed using Hexahedral elements of Cooper type.

Finally, following five zones are defined for applying boundary conditions:
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Fuel Bundles side surfaces named “const heat flux”.
Fuel Bundles top surfaces named “fuel rods top”.
Basket side wall named “const temp side”.

Basket top surface named “const temp top”.

g ~ w b

Basket bottom surface named “const temp

These meshed drawings are saved as mesh (*.msh) files. These mesh files are then imported into FLUENT where
the CFD analysis is done.

3. Solid Modeling CFD details
3.1 Importing and Scaling the grid

In FLUENT, the mesh file generated by GAMBIT is imported and its grid is scaled.

3.2 Setting the numerical solver

First, the numerical solver is set to the following specifications:
e Solver type: Pressure based

e Formulation: Implicit

e Space: 3D

e Time: steady

e \elocity formulation: Absolute

e Gradient option: Green-Gauss cell based

3.3 Selecting the physical model
The Energy model is selected as the physical model.

3.4 Defining material properties

The working fluid inside the fuel basket is air. Its thermal properties like viscosity, thermal conductivity and specific
heat are taken temperature dependent. The variations of these properties with temperature are modeled by using
appropriate polynomials. The coefficients of those polynomials are then entered into FLUENT. For density variations,
Boussinesq model is used, Heng, X.,et, al. 2006.

3.5 Prescribing operating conditions

The operating pressure is set to normal atmospheric pressure (i.e.101325 Pa). The effect of gravity is incorporated
in the model by setting the gravity value equal to -9.8 along y-axis. The Boussinesq operating temperature is set to
393 K.

3.6 Applying boundary conditions

Following boundary conditions are applied to the above-defined five zones:
e Set “const heat flux”: Heat Flux = 37.853 W/m®

e Set “const heat flux”: Heat Flux = 37.853 W/m?

e Set “fuel rods top™: Heat Flux = 37.853 W/m?

e Set “const temp side”: Temperature = 393 K
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e Set “consttemp top”: Temperature =400 K
e Set “consttemp bottom”: Temperature = 393 K

3.7 Setting up solver controls

The solver controls are set to the following settings:
e Equations: Flow and Energy
e  Pressure-velocity coupling: SIMPLE
e Under-Relaxation factors:
Pressure = 0.3
Density =1
Body Forces =1
Momentum = 0.7
e Discretization:
- Pressure = PRESTO!
- Momentum = Second Order Upwind
- Energy = Second Order Upwind

3.8 Setting up convergence monitors

The convergence monitors are set appropriately and the plotting of residuals (continuity, x-velocity, y-velocity,
z-velocity, energy) during the calculations has been enabled.
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Figure 3: Convergence pattern of the residuals
3.9 Initializing the flow field
The calculations are stared by giving the number of iterations with all velocities = 0 and temperature = 395K.
3.10 Computing and Monitoring the Solution

The discretized conservation equations are solved iteratively. A number of iterations are usually required to reach a
converged solution.
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Convergence is reached when:
1. Changes in solution variables from one iteration to the next are negligible. Residuals provide a mechanism to

help monitor this trend.
2. Overall property conservation is achieved.

The convergence pattern of the residuals for the given problem is shown in Figure 3.
4. Results and Discussion

After the convergence of monitored variables, the data can be displayed in the form of contours and vectors of
temperature and velocity to view the temperature distribution and flow patterns.

For the given problem, three additional planes are defined for the display of data: xy-plane, yz-plane and xz-plane.
These planes pass through the point of origin.

Figure 4 is a temperature contour diagram showing that the temperature is increasing from the bottom to the top of
the fuel bundles. This is due to the fact that, as the air is heated, it moves upward and cold air comes down, thus the
temperature at the bottom (120°C) is lower than that at the top (180°C).
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Figure 4: Side view of temperature contour diagram of fuel bundles

Figure 5 and 6 shows the top view of the temperature contour diagram which reveals that temperature is very high in
those regions where the fuel bundles are more clustered. This is due to the fact that heat is highly accumulated in
those regions, thus the temperature goes very high in those regions (i.e. 180°C).

Figure 7 shows the velocity vectors at the top surface of fuel bundles while Figure 8 shows contours of y-velocity at
Xy, yz and xz-planes. These figures clearly demonstrate the movement of air inside the fuel basket. Air is coming
upward with maximum velocity (i.e. 0.238m/s) from within the annular spaces of fuel bundles while it is going down
along the basket wall as well as along the central rod.
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Figure 5: Top view of the temperature contour diagram of fuel bundles
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Figure 6: Temperature contours at xz-plane
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Figure 7:  Velocity vector diagram at the top of fuel bundles

Also, it can be seen that the air above the fuel bundles is mostly static. The boundary layer formation can be
visualized from these diagrams. The xy-plane view shows the boundary layer formation at the basket wall while the
yz-plane view shows the boundary layer formation at the central portion of the fuel basket. The xz-plane view shows
that the air above the fuel bundles is static but it is coming up from the annular spaces of the fuel bundles (as shown
by red-colored portions) and going down along the basket wall (as shown by blue-colored portions).

Table 1 gives the summary of CFD analysis, as reported by FLUENT. Some quantities of major concern like heat
transfer rate, heat transfer area, flow area and fluid volume are given in the table. The maximum, minimum and
mass-weighted average values of certain major parameters are also incorporated in the same table.

5. Conclusion

The maximum fuel rod temperature at some points is about 1800C which is beyond the limit (1600C). However, in
this CFD analysis the conduction and radiation heat transfer were not given due consideration in some sections of the
dry fuel storage geometry which could have resulted in lower fuel rod temperatures. It is expected that if
conduction and radiation effects are incorporated in the analysis of all the sections of dry fuel, then heat transfer will
improve and temperature will certainly reduce because these modes also play a major role in the dissipation of heat
from the fuel bundles. However, the current CFD analysis has given an insight into the heat transfer that has given
confidence in designing such cask.
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Figure 8: Contours of Y-velocity at xy, yz and xz-planes
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Table 1: Summary of CFD analysis

FLUENT Reported Data
Heat Transfer Rate (W) 269.24
Heat Transfer Area (m?) 7.113
Total Flow Area (m?) 0.2368
Total Fluid Volume (m®) 0.1434

Maximum Minimum Mass-weighted average
Static Temperature (K) 453 393 420
X — velocity (m/s) 0.120 0.0000434 -
Y- velocity (m/s) 0.116 0.00746 -
Z — velocity (m/s) 0.119 0.00363 -
Total Velocity (m/s) 0.2376 0.000386 0.056
Prandtl Number 2.926 2.265 2.566
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