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Abstract 

 

Spent nuclear fuel (SNF) may need to be stored in dry storage systems (DSS) for longer times 

than the systems were originally licensed for. Therefore, it is important to monitor the internal 

conditions of these canisters to ensure that their components and contents remain safe. The overall 

objective of the current research is to develop a wireless self-powered platform for monitoring the 

internal conditions of a wide variety of canister designs. The sensors and wireless data transmission 

systems will be powered using Thermoelectric Generators (TEGs) that harvest thermal energy from 

the decay heat of the SNF assemblies and convert it into electric power. The amount of harvested 

power by the TEGs depends on their dimensions and location.  

In this work, three-dimensional computational fluid dynamics (CFD) simulations are 

conducted to optimize the location of the TEGs within a NUHOMS 61-BT canister placed inside 

an HSM storage overpack. Two thicknesses of the TEGs are investigated to determine the optimal 

configuration that will maximize the amount of harvested power.  The conversion efficiency of the 

TEGs is assumed to be temperature-dependent, and two different TEG figures of merit are 

considered. The electric power output of the TEGs and the frequency between measurements are 

determined for 50 years of storage. The results show that for a canister total heat generation of 18.3 

kW and TEG surface area of 0.32 m2, TEGs with a 𝑍𝑇 value of 1 generate up to 66.10 mW of 

electric power, with an efficiency of 0.0760% at 0 years of storage and 8.85 mW (0.0290%) at 50 

years of storage for a canister total heat generation of 7.2 kW. Assuming an energy consumption of 

10.12 J for the wireless monitoring platform, a surface area of 0.1 m2 is required to achieve a time 

between measurements of 8 minutes at 0 years of storage and 60 minutes at 50 years of storage.  
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1. Introduction 

Spent nuclear fuel (SNF) assemblies from a light water reactor are initially stored in a water 

pool for a few years and then transferred to a dry storage canister (DSC). During the transfer 

operation, the DSC is lowered into the pool and SNF assemblies are loaded into the DSC. The DSC 

is then sealed, lifted out of the pool, drained, dried, and backfilled with helium or another non-

oxidizing gas. It is then transported to an interim storage facility and placed within a concrete 

overpack [1]. SNF is expected to be stored in DSCs for extended periods, beyond their original 

licensed period because of the absence of disposal solutions [2].  The U.S. Nuclear Regulatory 

Commission (NRC) requires DSCs to maintain fuel retrievability, confine materials, minimize 

external radiation, sustain subcritical configurations, and limit component temperatures [3].  

DSC internals may undergo degradation mechanisms during long-term storage operations, 

most of which are temperature-dependent. These degradation mechanisms include internal 

component corrosion, helium leakage and replacement by air, formation of combustible gases by 

radiolysis, and hydride reorientation [3]. Hydride reorientations can make the fuel cladding brittle 

if the cladding temperature reaches the limit of roughly 400°C. Currently, DSC design engineers 

use computational methods to predict internal conditions within DSCs and the likelihood of internal 

component degradations. However, these methods are often conservative and require validation in 

full-scale models to be used with confidence [4]. Direct or indirect measurement of the internal 

conditions of DSCs during storage or transportation can provide better assurance that the 

degradation mechanisms are well monitored. Indirect measurements involve placing sensors on the 

outer surfaces of the canister to monitor the internal conditions. This technique is non-invasive, 

relatively inexpensive, and easy to implement as it does not require significant modifications to the 

canisters. However, it is limited in scope and may not be accurate enough to detect small changes 

in internal conditions. The direct technique requires placing measurement platforms (sensors and 

electronics) inside the DSCs and transmitting data wirelessly through the DSC steel shell as 
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boundary penetration is prohibited [5]. Furthermore, it requires powering the platform from a 

reliable external or internal power source since batteries or capacitors have limited power.  

Power can be transmitted from an external source using a wireless method such as piezoelectric 

ultrasound or electromagnetic resonance [6, 7], or harvested internally from the heat generated by 

the SNF assemblies using thermoelectric generators (TEGs) [8]. TEGs use the Seebeck effect to 

convert the decay heat of the SNF assemblies into electrical power. The Seebeck effect is a 

phenomenon in which a temperature difference between two distinct electrical conductors or 

semiconductors can generate a potential (electrical power) between them [9, 10]. The power 

harvested by the TEGs depends on their conversion efficiency, which is a function of the hot side 

and cold side temperatures of the TEG, 𝑇𝐻 and 𝑇𝐶 , respectively, and TEG’s dimensionless figure 

of merit 𝑍𝑇 as  

𝜂 =  
𝑇𝐻 − 𝑇𝐶

𝑇𝐻
 

√1 + 𝑍𝑇 − 1

√1 + 𝑍𝑇 + 
𝑇𝐶

𝑇𝐻

. (1) 

The TEG efficiency in Eq. 1 represents the maximum theoretical TEG efficiency, defined as a 

combination of the Carnot efficiency (first term) and the second-order efficiency (second term). 

Eq. 1 does not account for the electrical and thermal resistances of the TEG, the Thomson effect 

(referred to as Joule heating), heat leakage from the ends of the TEG, and any contact resistances 

with the heater and heat sink [11]. Furthermore, this equation assumes that the TEG’s figure of 

merit is independent of temperature. This assumption is only valid when the temperature difference 

between the two sides of a TEG is sufficiently small [11], which is the case in the current study.  

The figure of merit 𝑍𝑇 in Eq. 1 is proportional to the Seebeck coefficient and inversely 

proportional to the thermal conductivity and electrical resistivity of the TEG material [11]. Typical 

TEG materials include Bismuth telluride (Bi2Te3), Skutterudite (CoSb3), and Lead telluride (PbTe) 

[10]. Commercial 𝑍𝑇 values range between 0.7 and 1.1 for Bi2Te3 TEGs in an operating temperature 
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range of 30 to 130°C [10]. CoSB3 and PbTe TEGs typically achieve a peak 𝑍𝑇 value of 0.9 and 0.8 

at relatively high temperatures, respectively [10]. The efficiency of TEGs can vary significantly 

depending on material selection, operating temperatures, and the temperature difference across the 

TEG. Kiziroglou et al. [12] reported conversion efficiencies of approximately 1% for a cold side 

temperature of 27°C with a temperature difference of 20°C and assuming a constant 𝑍𝑇 value of 

0.8. Typical commercial TEGs for waste heat recovery offer conversion efficiencies ranging 

between 5% to 6% [12]. Prior research has indicated that the conversion efficiency can be improved 

beyond these margins. Nozariasbmarz et al. [13] have studied the development of high-

performance Bi2Te3 TEG modules to increase the power conversion efficiency of commercial TEG 

modules to 8%. Tian et al. [14] approximated power conversion efficiencies in a typical automobile 

exhaust waste heat recovery application by varying the hot side temperature. Conversion 

efficiencies between 5-8% for a TEG ZT value of 1 were achieved. The authors stated that the 

approximation is to be used as a rough estimation for material selection because it is dependent on 

the operating temperature. Further works, conducted by Bu et al. [15], studied the module 

efficiency of non-Bi2Te3 TEGs and found efficiencies of 10% at temperatures below 325°C.  

Recent studies have investigated the use of TEGs to harvest energy in power plants and DSCs. 

Chen et al. [16] presented an experimental study of a wireless temperature and pressure monitoring 

system powered by TEGs for nuclear power plant operations in which two TEGs were installed on 

the coolant pipe system. The researchers determined that a power output of 2.25 ± 0.13 W could be 

achieved at a source temperature of 246℃. Carstens et al. [8] conducted numerical simulations to 

examine the energy harvesting performance of a 6.27×6.27×0.528 cm3 HZ-14 TEG placed along 

the outer surface of a DSC. The harvested power ranged between 110 mW and 10 mW, 

corresponding to the time of loading and a storage period of 55 years, respectively. The placement 

of the TEGs within the interior of a DSC was investigated by Sun et al. [17] who conducted a 

bench-scale experiment to examine the energy harvested from two stacked 3×3×0.4 cm 3 TEG1-
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1263-4.3 modules. These modules harvested 94 mW of electrical power for a DSC total heat 

generation of 38.44 kW, corresponding to the time of loading, and 46 mW with a heat generation 

of 10.67 kW, corresponding to 55 years of storage.   

Implementing TEGs inside actual DSCs for power harvesting may be challenging due to the 

high temperatures experienced during early storage periods and the limited available open spaces 

within DSCs. Chung et al. [18] stated that the maximum operating temperature of Bi2Te3 is 

typically limited to 200°C due to the low melting point of the lead-free solders used during 

fabrication. However, they also reported that the application of copper nanoparticle pastes for 

bonding allowed for TEG operating temperatures to reach 400°C, which makes them suitable for 

implementation in DSCs. Space availability for the placement of TEGs in DSCs may be limited 

depending on DSC design. It is expected that the TEGs are to be attached to the inner surfaces of 

the open spaces within the peripheral support rails. These locations are preferable because they are 

the only available open space and offer relatively the lowest temperatures and highest heat fluxes. 

However, high burnup DSC designs may have even more limited open spaces within the peripheral 

support rails due to increased rail thicknesses, which may require modifications of the rails to 

accommodate the TEGs.  

Another challenge is related to the effect of radiation on the performance of TEGs and 

associated electronics within DSCs. Kempf et al. [19] studied the effect of a high-radiation 

environment on TEGs. They reported that, for low operating temperatures below 200°C, 

degradation occurred to the thermoelectric properties due to radiation. Nominal TEG properties 

were observed at higher temperatures (>350 °C), and the authors claimed that in-situ thermally 

activated irradiation damage healing had taken place. Additional work by Chen et al. [16] 

determined that gamma radiation caused minimal interference to the performance of the materials 

(Bi2TE3) used in TEG construction. More studies are needed to evaluate the effect of radiation on 
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the performance of TEGs. However, this effect can be reduced by using radiation-shielding 

materials. 

The overall objective of the current research is to develop a wireless self-powered platform for 

monitoring the internal conditions of a wide variety of DSC designs. The measurement platform 

and wireless data transmission systems will be powered using TEGs attached to the inner surfaces 

of the support rails located along the periphery of the canister. The specific objective of this paper 

is to conduct numerical simulations to optimize the placement, thickness, and other properties of 

the TEGs to maximize the harvested electrical power. The dry storage system (DSS) considered in 

this study is the NUHOMS 61-BT canister placed inside an HSM storage overpack. Three-

dimensional (3D) models of this DSS were constructed in ANSYS and computational fluid 

dynamics (CFD) simulations were conducted in FLUENT [20]. An initial total heat generation of 

the SNF assemblies of 18.3 kW, corresponding to the maximum heat load of the 61-BT canister, is 

employed. Different azimuthal and axial placements of TEGs within the support rails are 

investigated. The effect of TEG’s figure of merit, surface emissivity, and thickness on harvested 

electrical power is explored. Results for the harvested electrical power as a function of the SNF 

decay heat and the minimum required area of the TEGs as a function of time between measurements 

are presented.  

2. Model Description 

Figure 1 shows the numerical model of the NUHOMS 61-BT canister considered for the 

simulations and developed in the ANSYS package. Fig. 1a shows a color-coded exploded isometric 

view of the canister’s internal components and Fig. 1b shows the axial cross-section view that 

highlights the fuel regions, basket, and support rails. All the components within the canister are 

explicitly modeled except for the fuel regions, which are modeled as homogenous heat-generating 

porous blocks. Additionally, model components such as the grapple rings, vent blocks, ports, and 
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any fixtures have been neglected as they are not expected to significantly affect the results. The 

basket and support rails are assumed to be concentric within the canister shell. A fluid gap of 

consistent thickness is modeled between the outer surface of the rails and the inner surface of the 

canister. Any gaps within the model smaller than four millimeters are implicitly modeled as thermal 

contact resistances. 

 

Fig. 1 – (a) Isometric and (b) cross-sectional views of the 61BT canister model components. The 
detailed regions display the meshes applied to the 61BT canister model.  

 

The canister geometry consists of a 1.27 cm-thick outer stainless-steel containment shell sealed 

on both ends by outer and inner stainless-steel lids and carbon steel shield plugs. A basket, 

consisting of 2×2 and 3×3 fuel compartments and neutron shielding plates,  is centered within the 

canister cavity, and fixed to the bottom shield plug. The basket can accommodate up to 61 boiling 

▪ Canister and Outer Lid (SS-304) 

▪ Support Rails (SS-304) 

▪ 2x2 Fuel Compartment (SS-304) 

▪ 3x3 Fuel Compartment (SS-304) 

▪ Steel Hold-Down Ring (SS-304) 

▪ Neutron Shielding (Boral) 

▪ Inner Lid (SS-304) 

▪ Shield Plug (A-36) 

▪ Homogenous Fuel Regions 

(a) 

(b) 

Mesh #2 Mesh #1 Mesh #3 

Type 1 

Type 2 

X 

Y 

Z 
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water reactor (BWR) SNF assemblies. Between the canister and the basket are support rails that 

accommodate the circular shape of the canister and provide support to the basket and heat 

conduction path to dissipate the heat generated by the SNF.  The support rails consist of eight Type-

1 and four Type-2 stainless-steel rails. Type-1 support rails are larger and contain the largest open 

space.  

Figure 2 displays the numerical model developed for the NUHOMS HSM storage overpack.  It 

consists mostly of a steel-reinforced concrete body of 6.0×4.6×2.9 m3 in dimensions, a stainless-

steel outer door, and steel support rails [21]. It also features inlet and outlet vents for passive cooling 

of the canister’s outer surface by natural convection. The overpack model in Fig. 2 is made slightly 

transparent to show the placement of the 61-BT canister on the support rails.  All components within 

the HSM model are explicitly modeled except for the support rail geometry, which has been 

simplified, and the neutron shielding materials, which have been neglected. Also, exterior features 

such as chamfers, bezels, and small holes have been neglected as they are not expected to 

significantly affect the results. The concrete pad and subsequent soil layer underneath the HSM are 

implicitly modeled with shell conductions.  

3. Simulation and Boundary Conditions  

Steady-state CFD simulations of the 61-BT canister and the HSM overpack during storage 

operations were performed using the ANSYS/FLUENT commercial software. These simulations 

included conduction, natural convection, and radiation heat transfer mechanisms. A total heat decay 

of 18.3 kW is applied to the SNF assemblies, corresponding to the maximum heat load for the 61-

BT canister. The fuel regions are modeled as porous heat-generating blocks with effective 

properties discussed in the next section. Figure 3a shows the heat generation in watts for each of 

the SNF assemblies, while Fig. 3b displays the normalized axial heat generation applied to all the 

SNF assemblies with a peaking factor of 1.2.  
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Fig. 2 – Isometric view of the NUHOMS HSM model with slight transparency to view the 61BT 
canister placement. The detailed regions show the different meshes applied to the HSM model.  

 

 

Fig. 3 – (a) Heat distribution map for the 61 BWR SNF assemblies and (b) plot of normalized 
power as a function of active fuel assembly length. 

In the simulations, the HSM is assumed to be filled with air at a pressure of 1 atm, while the 

61-BT canister is backfilled with helium at the same pressure. The Safety and Analysis Report 
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(SAR) for the 61-BT canister specifies a nominal operating pressure of 1.48 atm [22]. Previous 

work showed that reducing the pressure in the canister from 1.48 atm to 1 atm has a negligible 

effect on the canister temperatures [24]. Also, implementing different pressures for the canister and 

HSM required the use of transient simulations, which are computationally expensive and time-

prohibitive. Consequently, a canister operating pressure of 1 atm is used in all simulations.  

The flow within the air region of the HSM and helium regions of the canister is driven by 

natural convection. The airflow within the HSM is assumed to be turbulent (Re > 100,000) and is 

modeled using the standard k-ε turbulence model. The helium flow within the canister is modeled 

using a laminar assumption (Re < 2300). Calculations for the Reynolds numbers in the helium 

regions are further discussed in Appendix A. Radiation heat transfer between the solid surfaces 

separated by a fluid region is modeled using the discrete ordinates method with constant emissivity 

values applied to the solid surfaces. 

Temperature-dependent properties are used for the solid and fluid regions. These properties 

were obtained from the SARs of the 61-BT canister and HSM overpack [22, 23]. The heat from the 

SNF assemblies is assumed to dissipate to an ambient temperature of 25°C by natural convection 

and thermal radiation through the top and front surfaces of the HSM. A temperature-dependent 

convective heat transfer coefficient [25] is applied to these surfaces and reads 

ℎ =  {
1.31(𝑇𝑊 − 𝑇∞)

1
3                             for vertical surfaces

1.52(𝑇𝑊 − 𝑇∞)
1
3                       for horizontal surfaces

(2) 

where 𝑇𝑊 and 𝑇∞ are the wall and ambient temperatures, respectively. Heat also dissipates by 

conduction through 0.9 m of concrete and 2.1 m of soil modeled as shell conductions at the bottom 

surface of the HSM [23]. The bottom of the soil is assumed to be at a constant temperature of 25°C. 
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Symmetry boundary conditions are used on the side and back surfaces of the HSM to simulate 

multiple storage overpacks placed in proximity to each other.  

3.1 Fuel Regions Effective Properties 

As mentioned before, the fuel regions (SNF assemblies) are simplified as heat-generating 

porous blocks to reduce the computational effort. This method has been widely used in nuclear 

packaging research and industry [26]. To recreate the heat transfer and flow characteristics of 

detailed SNF assemblies, effective thermal conductivities and flow resistances are developed and 

applied to the simplified porous regions. The models for effective thermal conductivity and flow 

resistance are presented, and discussed further, in Appendix B. In this work, the 61-BT canister is 

assumed to be loaded with 61 GE14 10×10 BWR SNF assemblies. 

Effective Radial Thermal Conductivity: To determine the radial effective thermal 

conductivity for the porous fuel regions of the 61-BT canister model, the method and assumptions 

in Ref [27] were followed. A cross-sectional detailed two-dimensional (2D) half model of the GE-

14 10×10 SNF assembly that includes the uranium dioxide fuel pellets, the zircaloy claddings and 

channel, and backfill gas (i.e., helium) was developed. Steady-state simulations were conducted 

over a range of fuel assembly heat generation rates and isothermal boundary temperatures. 

Conduction and radiation heat transfers are modeled, but natural convection is excluded because it 

cannot be modeled using the 2D assumption [27]. Temperature-dependent properties in both the 

solid and fluid regions are employed. For each assembly heat generation rate, 𝑄, and wall 

temperature, 𝑇𝑊, combination, the peak cladding temperature, 𝑇𝑃𝐶 , is obtained and the radial 

effective thermal conductivity for that combination is calculated as   

𝜅𝑒𝑓𝑓,𝑟(𝑄, 𝑇𝑊) = 0.2947
𝑄

4𝐿𝐴𝐹(𝑇𝑃𝐶 − 𝑇𝑊)
(3) 
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where 𝐿𝐴𝐹  is the length of the active fuel region in meters. The constant 0.2947 represents a shape 

factor for the square cross-section of the fuel assembly. For each wall temperature, the radial 

effective thermal conductivity is then averaged over the range of assembly heat generations. Figure 

4a shows the plot of the average radial thermal conductivity as a function of the wall temperature. 

The dotted line is a polynomial curve fit used in the simulations.  

Fig. 4 – (a) Average radial and (b) axial effective thermal conductivities as a function of 

temperature. 

Effective Axial Thermal Conductivity: The axial thermal conductivity for the GE-14 10×10 

SNF assembly was calculated analytically by employing a 1D parallel resistance model. It is 

calculated as the cross-sectional area-weighted average of the temperature-dependent thermal 

conductivities of the uranium dioxide pellets, cladding, helium, and channel, 𝜅𝑈𝑂2
, 𝜅𝑐𝑙𝑎𝑑, 𝜅𝐻𝑒, and 

𝜅𝑐ℎ, respectively as 

𝜅𝑒𝑓𝑓,𝑎(𝑇) =
𝜅𝑈𝑂2

(𝑇)𝐴𝑈𝑂2
+ 𝜅𝑐𝑙𝑎𝑑(𝑇)𝐴𝑐𝑙𝑎𝑑 + 𝜅𝐻𝑒(𝑇)𝐴𝐻𝑒 + 𝜅𝑐ℎ(𝑇)𝐴𝑐ℎ

𝐴𝑡𝑜𝑡

(4) 

where 𝐴𝑈𝑂2
, 𝐴𝑐𝑙𝑎𝑑, 𝐴𝐻𝑒, and 𝐴𝑐ℎ are, respectively, the cross-sectional areas of the uranium dioxide 

pellets, cladding, helium, and channel. 𝐴𝑡𝑜𝑡  is the total cross-sectional area. Figure 4b shows the 
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effective axial thermal conductivity as a function of temperature. Similar to the radial thermal 

conductivity, the dotted line is the polynomial fit curve applied in the simulations. 

Effective Flow Resistances: Radial and axial effective flow resistances for the homogenous 

porous fuel regions were developed following the procedures and assumptions outlined in Fort et 

al. [28]. A 3D detailed full model of the GE14 10×10 BWR fuel assembly was developed. For this 

model, the fuel channel was not modeled. Helium was assumed to flow axially through the 

assembly. Flow simulations were conducted for different inlet velocities and a constant outlet gauge 

pressure of zero. The inner surfaces of the assembly were assumed to be smooth with no roughness 

applied. The overall axial and radial pressure drop per length across the fuel assembly is determined 

as a function of the inlet velocity,  𝑉𝑖𝑛, and shown in Fig. 5.  

 

Fig. 5 – Fuel assembly axial and radial pressure drop per length plotted as a function of inlet 
velocity. 

The dotted lines in Fig. 5 are the second-order polynomial curve fits with the intercept set to 

zero. The fit equations for both axial and radial directions are compared to the analytical equation 

[29],  
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∆𝑃

𝐿
= −(𝛼𝑉𝑖𝑛 + 𝛽)𝑉𝑖𝑛, (5) 

to obtain the inertial and viscous resistance coefficients, 𝛼 and 𝛽, respectively.  The inertial, 𝐶2, 

and viscous, 1/𝐾, resistances are then calculated as a function of the gas density, 𝜌, and viscosity, 

𝜇, as follows  

𝐶2 =
2𝛼

𝜌
     and       

1

𝐾
=

𝜇

𝛽
. (6) 

Table 1 lists the values for the inertial and viscous resistances in both axial and radial directions. 

These values are applied to the homogenous porous fuel regions in the full canister model 

simulations.  

 

Table 1 – Inertial and viscous resistances for the 10×10 GE14 BWR fuel assembly in the axial 
and radial directions. 

Direction 

Inertial 
Resistance  

[1/m] 

Viscous 
Resistance  

[1/m2] 

Axial 2.9 104490 

Radial 7.3 1201 

 

4. Mesh Sensitivity 

The detailed regions in Figs. 1b and 2 show the three meshes generated for the 61-BT and HSM 

models with a total number of elements ranging from 10 million to 34 million (see Table 2). The 

canister meshes consist of mostly structured cells with a few unstructured cells located in the 

triangular regions of the support rails. The HSM overpack meshes consist of unstructured 

polyhedral cells. Inflation layers were applied on the outer surface of the canister and all overpack 

inner surfaces to resolve the turbulent flow at these locations. No inflation layers were implemented 

in the inner surfaces of the canister because the flow is laminar in those regions. Table 2 provides 
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the mesh quality metrics for the three meshes. A minimum orthogonal quality of 0.1 and a 

maximum skewness of 0.9 were achieved for the coarsest mesh. The other two meshes are of better 

quality.  

Table 2 - Summary of the mesh element count and computational time for the mesh sensitivity 
study. 

Mesh ID 

Minimum 

Orthogonal 

Quality 

Maximum 

Skewness 
Total Elements 

CPU time per 1000 

iterations [hours] 

 
1 0.091 0.90 10,757,652 12.0  

2 0.20 0.80 19,175,781 16.7  

3 0.13 0.87 33,960,277 26.7  

 

A CFD mesh sensitivity analysis was conducted using the three meshes to assess the effect of 

varying the mesh density on the results and determine the minimum required mesh cell count to 

achieve acceptable accuracy while reducing the computational cost. Figure 6 shows the inlet mass 

flow rate and average canister temperature plotted as a function of the normalized grid spacing 

(NGS). The NGS is defined as the total number of cells in a mesh divided by the total number of 

cells in the coarsest mesh.  The solid lines in Fig. 6 are the Richardson extrapolation values that 

provide a higher-order estimation of the converged solution based on discrete data from the meshes. 

Figures 6a and 6b show that, respectively, as the NGS increases, the mass flow rate and the average 

canister temperature approach the asymptotic (Richardson extrapolate) values.  

The grid convergence index (GCI) quantifies the relative error of the calculated value from the 

asymptotic value. The GCI values of the inlet mass flow rate for the fine and medium meshes are 

0.2% and 0.04%, respectively. However, for the average canister temperature, these values are 1.6% 

and 2.1%, respectively. It is estimated that 340 million mesh cells may be required to significantly 

reduce the error on the average temperature, which would be computationally intensive and time 
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prohibitive. Although the study indicated that mesh #3 offered increased accuracy when compared 

to mesh #2, the increased computational time for the finer grid was too significant to justify the 

minor improvement in accuracy. Therefore, further simulations involving TEGs are conducted on 

mesh #2. 

 

Fig. 6 - (a) Inlet mass flow rate and (b) average canister outer surface temperature plotted as a 
function of normalized grid spacing. The solid lines indicate the Richardson extrapolation.  

 

5. Results and Discussion 

In this section, results from the nominal configuration model (without TEGs) at zero years of 

storage (maximum heat load of 18.3 kW) are first presented. These results are used to evaluate the 

model’s convergence and determine potential locations for TEG placement. The optimization 

process and results for the TEG placement, thickness, and emissivity are then discussed at zero 

years of storage. Finally, the harvested power results for various decay heats and two figures of 

merits are presented. The TEGs employed in the simulations are assumed to be made from Bi2TE3 

material and have a thermal conductivity of 0.8 W/m-K, a figure of merit of 1, and a surface 

emissivity of 0.90 unless stated otherwise. 
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5.1. Nominal Configuration and TEG Placement 

Figure 7 shows the average temperature of the canister plotted as a function of iterations for 

the nominal configuration. It is observed that the temperature varies with iterations, and these 

variations decrease as the number of iterations increases. The detailed region indicates that the 

temperature reaches a nearly steady state and oscillates within a small range over the last 3000 

iterations. Similar patterns were observed for all other parameters, including pressure, mass flow 

rate, and velocity. Heat and mass balance calculations were performed and found to be satisfactory 

with negligible errors. All the results presented below are averaged over the last 3000 iterations.  

 

 

Fig. 7 – Canister average surface temperature for mesh #2 plotted as a function of iterations with 
a detailed view displaying the sampling range for averaged values.  
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Figures 8a and 8b display the temperature contours for the nominal configuration in the cross-

sectional and transversal planes passing through the center of the canister, respectively. These 

contours show that a maximum temperature of 188°C occurs near the axial center of the canister 

within the fuel assembly directly above the central one. There is an observable decrease in 

temperature as the distance from the center of the canister increases, and a parabolic temperature 

profile is observed along the length of the fuel regions. These temperature contours suggest that the 

support rail regions may be suitable for TEG placement due to the substantial temperature gradient 

across them and their relatively low temperatures.  

Fig. 8 –Temperature contours of the 61BT/HSM model along the (a) cross-sectional and (b) 
transverse planes passing by the canister center. 

 

Figure 9 displays the velocity contours along the cross-sectional plane passing through the 

center of the canister. It shows that stable flow circulation forms within each of the fuel regions and 

significant flow velocity occurs within the large open regions of the support rails. These flow 

circulations are caused by natural convection and are expected to have a moderate effect on the 

 (a) (b) 
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overall canister temperatures due to low velocities. However, the relatively larger flow velocities 

of the open regions of the support rails indicate that they are the most suitable for TEG placement. 

Furthermore, because these regions are located at the periphery of the canister, the heat transfer 

through them is expected to be one of the highest. 

 

Fig. 9 – Velocity magnitude contour for the 61-BT canister along the cross-sectional plane 
passing through its center. 

 

Based on Figs. 8 and 9, and because of the limited available space within the 61-BT canister, 

the only feasible and optimal placement location for the TEGs is within the largest open spaces of 

the support rails. Furthermore, considering the technical implementations of the TEGs within the 

canister design only one peripheral support rail location may be selected even though a combination 

of locations could achieve higher amounts of harvested power. The distance between the open 

spaces within the support rails are quite large and it wouldn’t be practical to connect multiple TEGs 

over these distances. Figure 10a shows the four azimuthal locations for the placement of TEGs that 



19 

 

 

 

were selected for simulations. Given the canister symmetry, only half of the available spaces within 

the support rails are considered.  Figure 10b displays an example of the attachment of the TEGs to 

the long (base) and short (lateral) sides of the rail at azimuthal location 1. The TEGs are modeled 

as thin long plates with a length of 122 cm and a width of 13 cm. Two explicit thicknesses (2.54 

mm and 5.08 mm) were modeled for each plate. Figure 10c shows three axial placements of the 

TEGs along the active fuel region, indicated by the dashed lines and employed in the simulations. 

 

Fig. 10 – (a) Azimuthal placement positions for TEG devices, (b) detailed view of type 1 support 
rail showing TEG orientations, and (c) side view of 61BT canister detailing the three axial zones 

of the active fuel regions. 

 

5.2. TEG Placement Optimization 

The amount of electrical power harvested by the TEGs depends on the heat flow rate through 

its thickness and its conversion efficiency. To determine the power harvested by a TEG, a user 

define function (UDF) is developed and implemented in the simulations. The UDF calculates the 

heat flow rate through each cell using a one-dimensional Fourier’s law and the conversion 

1 
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efficiency of that cell using Eq. 7. The electrical power, 𝑃̇, harvested by the TEG is then calculated 

as

𝑃̇ = ∑ 𝜂𝑖𝜅𝐴𝑖
𝑑𝑇𝑖

𝑑𝑥𝑖

𝑁
𝑖=1 , (7) 

where 𝜅 and 𝐴 are the TEG’s thermal conductivity and cross-section area, and 𝑑𝑇/𝑑𝑥 is the 

temperature gradient across the thickness of the TEG. The subscript 𝑖 represents the individual cells 

of a TEG and 𝑁 is the total number of cells in the TEG.  The conversion efficiency of the entire 

TEG is considered as the average efficiency over all the cells. No contact thermal resistance 

between the TEGs and the rails is considered. 

Simulations with single-thickness TEGs having a figure of merit, 𝑍𝑇 = 1 [10], a thermal 

conductivity of 0.8 W/mK [30], and a surface emissivity of 0.9 are conducted for zero years of 

storage conditions (a total canister heat generation of 18.3 kW). The solid lines (left axis) in Fig. 

11 display the harvested power from the lateral and base TEGs and the combined power (sum of 

the lateral and base TEGs power) at each azimuthal position, 𝑗𝐴, in the central axial position B. The 

lateral and base TEGs generate different amounts of power depending on their azimuthal position. 

The combined harvested power by the TEGs ranges between 26 mW to 34 mW where azimuthal 

position 1 achieves the highest power generation and position 4 has the second highest power 

generation. This is because position 1 has the largest gradient in temperature due to its proximity 

to the HSM rail that acts as a fin, and position 4 has a relatively significant flow circulation that 

reduces the temperature on the cold side of the TEG, therefore, increasing the temperature gradient. 

The dashed line (right axis) in Fig. 11 shows the maximum temperature of the TEGs at each 

azimuthal position.  The maximum temperature ranges between 137°C and 155°C with position 1 

having the lowest value.  
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Fig. 11 – Lateral, base, and combined TEG harvested power (left axis) and maximum temperature 
(right axis) plotted for each central azimuthal position. 

 

These results demonstrate that azimuthal position 1 is the optimal placement location because 

the TEGs in this location harvest the largest amount of electrical power and have the lowest 

maximum temperatures. Figures 12a and 12b are surface plots of the electrical power harvested per 

surface area and colored by the temperature for both base and lateral TEGs, respectively, at the 

azimuthal position 1 and axial position B (see Fig. 10). Here the z-coordinate is along the canister 

axial direction, which represents the length of the TEG. These plots indicate that power is harvested 

nearly uniformly along the length of both TEGs (in z-direction). However, along their widths, more 

power is harvested close to the canister center for the base TEG and far from the canister center for 

the lateral TEG. The base TEG experiences higher temperatures and more evenly distributed 

harvested power compared to the lateral TEG. The dip occurring in the based TEG at x ~ -0.4 (Fig. 

12a) is due to the end effect as it is in contact with the inner surface of the support rail (see Fig. 

10b). Figure 12b shows that the amount of harvested power by the lateral TEG increases as radial 
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distance from the center of the canister increases. This is due to the increased temperature 

differences occurring across the thickness of the TEG, which results in an increased conversion 

efficiency and subsequently a greater harvested power.  

 

 

Fig. 12 – TEG harvested power per surface area for (a) base and (b) lateral orientations at axial 
zone B. 

 

The two other axial positions (A and C, see Fig. 10c) are investigated at the optimal azimuthal 

position 1. Table 3 provides the combined TEG harvested power per surface area for all three axial 

positions (see Fig. 10c) at azimuthal position 1, along with their average efficiencies and maximum 

temperatures.  This table shows that the TEGs in central axial position B achieve the highest power 

generation, average efficiency, and maximum temperature. This is expected because the central 

axial region of the fuel assemblies generates more heat compared to the ends (see Fig. 3b) and more 

heat leaves through the radial direction than the axial. The other axial positions, A and C, have 

nearly the same values due to symmetricity. Even though the axial position B experiences higher 

maximum temperatures (by ~ 5°C to 6°C) compared to the other two positions, it is considered the 

most optimal location for the TEGs within the 61-BT canister because the power generation at this 

position is more than 68% larger than the other axial positions.  

(a) (b) 
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Table 3 - Total harvested power and average efficiency of TEGs in azimuthal position 1 for three 
different axial placements. 

Azimuthal 

Position 

Axial  

Position 

TEG Power 

Generation [mW] 

Average  

TEG Efficiency [%] 

Maximum  

TEG 

Temperature [℃] 

1 

A 19.8 0.028 130 

B 33.9 0.038 136 

C 20.1 0.027 131 

 

5.3. Effect of Surface Emissivity and Thickness on TEG Harvested Power 

In the above simulations, the surface emissivity of the TEG was set to 0.90, which is higher 

than the actual emissivity of Bi2TE3 of 0.66 [31]. This was done to increase heat transfer by 

radiation from the cold surface of the TEG and, therefore, increase the amount of harvested power. 

An emissivity of 0.90 for the TEGs can be achieved by surface treatment. An additional simulation 

was conducted at the optimal placement positions on a single-thickness TEG with a surface 

emissivity of 0.66 to evaluate the effect of variation of emissivity on the harvested power. The 

results of this simulation indicated a total harvested power of 30.6 mW, a maximum temperature of 

136 °C, and an average efficiency of 0.036%. The total harvested power for a surface emissivity of 

0.66 is approximately 10% less than the harvested power by a TEG with a surface emissivity of 

0.90. This shows that there is some sensitivity in TEG performance to thermal radiation and that 

the 0.90 surface emissivity is considered ideal. Further optimizations of the TEGs are performed 

with an emissivity value of 0.90. 

The effect of increasing the TEG thickness on harvested power is investigated. As mentioned 

before, two thicknesses of TEGs were explicitly modeled (see Fig. 8b). A simulation was conducted 

with a double thickness (5.08 mm) and compared to the single thickness (2.54 mm) results at the 

optimal placement. The double-thickness TEG harvested 66.1 mW (~48% higher than single-

thickness) with a conversion efficiency of 0.0760%. The increase in conversion efficiency is due 
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to a larger temperature difference across the TEG, which is a result of the TEG’s increased thermal 

resistance. To test further increased thicknesses beyond those explicitly modeled, the thermal 

conductivity of the TEGs was modified to simulate increased thicknesses. The thermal conductivity 

of 0.8 W/mK for the explicit single-thickness TEG was reduced to 0.4 W/mK, to emulate an implicit 

double-thickness TEG, and the harvested power results were compared to the explicit double-

thickness TEG. The harvested power using the implicit double-thickness TEG was about 5% lower 

than that of the explicitly modeled thickness. This suggested that simulating multiple thicknesses 

can be effectively achieved by reducing the thermal conductivity of the TEG.  

Figure 13 displays the harvested power and average efficiency of the TEGs as a function of the 

number of equivalent layers, where one layer corresponds to a 2.54 mm thickness, for both the 

explicit single and double thickness TEG models.  

 

Fig. 13 – TEG harvested power (left axis) and average efficiency (right axis) for various 
equivalent TEG layers. 

 

From the results, it appears that the amount of harvested power increases with thickness for 

both the single and double-thickness TEGs. The difference between the power harvested by the 
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single and double-thickness models increases with the number of equivalent layers. Furthermore, 

it seems that the critical thickness occurs between 16 and 32 equivalent layers, which corresponds 

to a thickness of approximately 40 to 80 mm. It is important to note that this is an initial exploratory 

investigation into the optimal thickness of the TEGs and that the results may not accurately 

represent the amount of power harvested by the TEGs. Further explicit modeling of these 

thicknesses is required.  Because of this, the explicit double-thickness TEG model is considered 

the optimal configuration.  

5.4. TEG Harvested Power Over 50 Years of Storage 

The electrical power harvested by the TEGs and the time interval between measurements over 

several decades of storage are determined for two figures of merit, 𝑍𝑇, of 1 and 2. The higher TEG 

figure of merit was examined because it was recently demonstrated that a 𝑍𝑇 value of 2 is 

achievable through specialized manufacturing processes and the doping of Bi2TE3 with Antimony 

(SB) [32]. The solid line in Fig. 14 (right axis) shows the normalized decay heat of the SNF 

assemblies calculated by assuming an initial burnup value of 40 MWd/kgU [33] and a total uranium 

weight per assembly of 275 kg [34]. This figure shows that after 50 years of storage, the canister 

generates 39.3% (7.2 kW) of the initial heat load of 18.3 kW. 

The simulations for decreasing heat loads are conducted for the optimal TEG configuration 

(azimuthal position 1, axial position B, double-thickness, and surface emissivity of 0.90). The 

dashed lines in Fig. 14 (left axis) show the power harvested by the TEGs for the two values of 𝑍𝑇. 

As expected, the amount of harvested power decreases over the years as the heat decay of the SNF 

decreases. The TEGs, with a 𝑍𝑇 value of 2, consistently harvested ~56% more power than those 

with a 𝑍𝑇 value of 1. Even though the canister heat load decreased by only 60.7% after 50 years, 

the power generation of the TEGs decreased by 86.7%. This is because the canister temperatures 
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decrease with heat load, which reduces the temperature gradient across the TEGs and their 

efficiency (see Eq. 1).  

 

Fig. 14 – TEG harvested power for two ZT values of 1 and 2 (left axis) and various SNF 
normalized decay heat (right axis) plotted as a function of storage time . 

 

The harvested power data presented here utilizes the theoretical maximum surface area 

available for the TEGs within one-third of the support rail at position 1 (see Fig. 10). However, it 

is not expected that all that area will be available to implement TEGs due to the presence of bolts, 

nuts, and holes within the rail plates. The required surface area for the TEGs depends on the power 

needs for the measurement and transmission systems and the desired time interval between 

measurements. It was estimated that the energy requirement for a monitoring system that measures 

temperature, pressure, and gas composition, and transmits the signal wirelessly through 5/8” of 

stainless steel is about 10.12 J. If a desired time interval between measurements is selected, the 

required TEG surface area can be calculated as 
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𝐴 =  
𝐸

𝑃𝑇𝐸𝐺
′′ Δ𝑡𝑚

(8) 

where Δ𝑡𝑚 is the time interval between measurements and 𝐸 is the energy requirement of the 

monitoring system. Figure 15 provides the minimum required surface area as a function of the time 

interval between measurements at 0 and 50 years of storage for two values of 𝑍𝑇 = 1 and 2. The 

horizontal dashed-dotted line indicates the theoretical maximum available surface area of 0.32 m2.  

 

Fig. 15 – Required TEG surface area for 0 and 50 years of storage and ZT values of 1 and 2 
plotted as a function of time between measurements. The dashed dotted line shows the maximum 

available area. 

 

 As the desired time interval between measurements increases, the required area decreases 

significantly. For example, if the desired time interval between measurements is 1 hour (3600 s) at 

50 years of storage, the minimum required TEG surface area is 0.1 m2 for a 𝑍𝑇 value of 1 and 0.064 

m2 for a 𝑍𝑇 value of 2. These areas result in a time interval between measurements of approximately 

8 minutes at 0 years of storage for both 𝑍𝑇 values. However, if the maximum area of 0.32 m2 is 

0

0.05

0.1

0.15

0.2

0.25

0.3

0.35

0 400 800 1200 1600 2000 2400 2800 3200 3600

M
in

im
u
m

 
T

E
G

 S
u
rf

a
c
e
 A

re
a
, A

T
E

G
[m

2
]

Time Interval between Measurements, Δtm [seconds]

ATEG, max= 0.32 m2

0 Years

50 Years

ZT = 1

ZT = 2



28 

 

 

 

used, then the time between measurements can be reduced to 3 min and 19 min at 0 and 50 years 

of storage, respectively, for a 𝑍𝑇 value of 1 or to 1.5 min and 12 min for a 𝑍𝑇 value of 2. 

6.  Conclusion 

In this work, a CFD study was conducted to optimize the placement, dimensions, and surface 

emissivity of TEGs for implementation in SNF canisters to harvest electrical power. Full 3D CFD 

models of the NUHOMS 61-BT canister and HSM storage overpack were developed and steady-

state simulations with conduction, convection, and thermal radiation, were conducted. The only 

viable placement for the TEGs is within the peripheral support rails of the canister. The amount of 

power harvested by the TEGs was calculated with a one-dimensional Fourier analysis with the 

conversion efficiency assumed to be temperature-dependent.  Placement results indicated that the 

peripheral rail in azimuthal position 1 at the central axial zone provided the optimal conditions for 

the TEGs. A total harvested power of 33.9 mW and a maximum temperature of 136°C were 

obtained at the zero years of storage. The effects of emissivity and thickness were investigated, and 

the results showed that an explicit double-thickness TEG with a surface emissivity of 0.9 achieved 

a power generation of 66.1 mW.  

The performance of this TEG configuration over many storage years was then examined for 

two TEG figures of merit, 𝑍𝑇 = 1 and 2. The TEGs with a 𝑍𝑇 value of 2 harvested 56% more power 

than TEGs with a 𝑍𝑇 value of 1. As the canister heat load decreased by 60.7% after 50 years, the 

power generation of the TEGs decreased by 86.7%. At 50 years of storage, the TEGs with 𝑍𝑇 values 

of 1 and 2, respectively, harvested 8.8 mW and 13.8 mW of power. The minimum required surface 

area of the TEGs to execute one measurement one-hour at 50 years of storage was found to be 0.1 

m2 for 𝑍𝑇=1 and 0.064 m2 for 𝑍𝑇=2. Using these surface areas, the time interval between 

measurements at 0 years of storage was calculated to be 8 minutes for both 𝑍𝑇 values.  



29 

 

 

 

The results from this work indicated that the implementation of TEGs within SNF storage 

systems could provide a viable source of power for an internal measurement system. Furthermore, 

due to the similarities in horizontal DSC designs it is believed that these results, specifically those 

concerning the placement of the TEGs, can be generalized to other canister designs. 

5.6. Proposed Future Work 

Additional considerations proposed for this work involve investigating additional explicitly 

modeled TEG thicknesses. Increasing the thickness of the TEGs will influence the heat transfer and 

flow characteristics within the open spaces of the peripheral rails. Also, the end effect may become 

large due to the higher thickness-to-width ratio. It is expected that this may affect the cold side 

temperature of the TEGs, which will change the conversion efficiency and amount of harvested 

power. Furthermore, it should be noted that the initial investigations of thickness presented earlier 

were conducted assuming the maximum heat load of 18.3 kW. Large thickness may prove 

beneficial at early storage periods when the heat generation of the SNF is high but less beneficial 

at later storage periods. As a result, it is proposed that the effects of thickness be investigated at 

additional storage periods. Further proposed works consist of investigating the performance of the 

TEGs during transportation operations in which the 61-BT canister will be inserted into the MP-

197 transportation cask. It is expected that the differences in boundary conditions provided by the 

transportation cask will affect the temperature and the amount of power harvested by the TEGs.  
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Appendix A: Reynolds Number Calculations 
 

Figure A.1 shows the contours of velocity along the central cross-section plane of the canister. 

The global maximum velocity occurs towards front of the canister. The results indicate that the 

average velocity in the helium regions, excluding the fuel regions, is 0.058m/s. The Reynolds 

number is estimated as, 

𝑅𝑒 =  
𝑉𝑎𝑣𝑔𝐿𝑐

𝜈
, (𝐴1) 

where 𝑈𝑎𝑣𝑔 is the average fluid velocity, ν the kinematic viscosity, and 𝐿𝑐 is the characteristic 

length. The temperature was estimated to be 64°C which corresponded to a kinematic viscosity of 

2.2 × 10-5 Pa-s. Based on the characteristic length for different fluid regions in the canister, the 

maximum Reynolds number was found to be approximately 1,100.  

 

Fig. A.1 - Velocity contour along the axial center. 
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Appendix B: Effective Properties 
 

 

Fig. B.1 – 2D symmetrical half model of GE14 10x10 BWR fuel assembly. 

 

Figure B.1 displays the 2D symmetrical half model of the GE14 10x10 BWR fuel assembly 

that was created for the effective thermal conductivity simulations. It contains uranium dioxide fuel 

pellets, zircaloy cladding and channel, water rods, and helium skirt. The detailed section displays 

the mesh that was applied to the model. No gaps are assumed between the fuel pellets and cladding. 

A square cross section is assumed for the fuel assembly where length of the sides is 15.26 cm. The 

diameter of the fuel pellets is 2.81 cm, and the thickness of the cladding is 0.2 cm. The channel, 

located along the periphery of the outer fuel rods, has a thickness of 0.15 cm.  
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Fig. B.2 – Temperature contours of (a) geometrically accurate and (b) homogenous model using 
the effective thermal conductivity. 

Figure B.2 displays a comparison of temperature contours between the geometrically accurate 

(GA) and homogeneous models. A heat generation of 300 W and constant wall temperature of 

200℃ were assumed for both models. The results indicate that the maximum temperatures occur 

at the center of the fuel assemblies and decreases as the distance from the center increases.  Figure 

B.3 shows temperature plotted along the radial axis, r, where the geometrically accurate model is 

indicated by the blue line and the homogeneous model by the red line. The discrete changes seen 

in the temperature profile for the GA model are due to the changes in thermal conductivity between 

the different materials. The maximum values of temperature in the GA and homogenous models 

are 214℃ and 216℃, respectively. The higher maximum temperature achieved by the homogenous 

model is due to the overprediction in temperature associated with the effective thermal conductivity. 

The figure shows that the homogeneous model is capable of sufficiently reproducing the 

temperature distribution of the GA model. Therefore, suggesting that the effective thermal 

conductivity is suitable for the homogenous fuel assemblies within the 61-BT canister model. 

(a) (b) 
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Fig. B.3 – Temperature profile of geometrically accurate and homogenous models plotted along 
the radial axis. 

 

 

198

200

202

204

206

208

210

212

214

216

218

0 0.02 0.04 0.06 0.08 0.1 0.12 0.14

T
e
m

p
e
ra

tr
e
, T

[°
C

]

Radial Axis, r [m]

Geometrically Accurate Homogenous

r



37 

 

 

 

 

Fig. B.4 – Velocity (a-b) and pressure (c-d) contours at axial locations including partial rods (top) 
and excluding partial rods (bottom). 

 

Figure B.4 displays velocity (left) and pressure (right) contours of the full 3D GE14 10x10 

BWR fuel assembly that was used for the effective flow resistance simulations. For these results 

the inlet velocity is assigned as 0.1 m/s. The partial rods were explicitly model, assumed to stop 

approximately halfway along the length of the fuel assembly, because they are expected to affect 

the flow characteristics. The results indicate that the maximum velocities and pressures occur in 

the helium skirt located on the periphery of the fuel rods. Contours along the top are at an axial 

location including the partial rods. The contours along the bottom are at an axial location excluding 

the partial rods which is indicated by the developing flow within these regions. 
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