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A detailed three-dimensional thermal and fluid analysis of a vertical dry storage cask with a canister con-
taining 32 high-burnup pressurized water reactor (PWR) spent fuel assemblies for a storage of 50 years
was carried out using a CFD simulation. The input decay heat value was calculated based on a
Westinghouse 17 � 17 PWR fuel assembly using the well validated package ORIGAMI imbedded in
SCALE, with a total heat load of 38.44 kW for year 5 and 10.67 kW for year 55. The temperature-
dependent and anisotropic thermal properties of the fuel assemblies, filling gas within the canister,
and air covering the canister were considered in order to preserve accuracy. A peak temperature of
621.4 K occurred in the upper part of the fuel assemblies for at year 5, deceasing to 423.0 K after 50-
year service. The simulation results shed light on the temperature and flow environment within the can-
ister for an operational time of 50 years.

Published by Elsevier Ltd.
1. Introduction

In the nuclear industry, nuclear fuel rods are first stored in pools
of water (wet storage) to remove heat from the assemblies and
shield from gamma and neutron radiation left over from the pro-
duction of radioactive nuclides in power generation. After 5 years
or so, this fuel is then separated and stored in dry storage canisters
for 30–60 years. After that, the fuel with low decay heat will be
transported to a final disposal site for long term storage (Ewing,
2015). In the U.S. alone, there were 1500 loaded dry casks in
2010, and the number has been increasing by 200 each year. Since
2011, the close of the permanent nuclear waste disposal site in the
Yucca Mountains, Nevada has brought dry storage and nuclear
waste to the forefront of consciousness in the USA. Dry cask stor-
age in the future may extend for up to one hundred years, which
will bring large changes to the design of existing canisters.

Because of their lengthy use, monitoring of conditions within
dry casks is of critical importance, as the temperature of the fuel
and humidity within the cask can play a key role in the health of
the system, and overall longevity of the storage containers. In fact,
thermal analysis of spent nuclear fuel has been identified as high
priority by the DOE Nuclear Energy Division (Adkins, 2012) since
potential failure mechanisms to the fuel and canisters are depen-
dent on temperature. This offers a unique problem however, as
monitoring the cask internals can be very difficult, or indeed
impossible due to a real potential for harm from radiation leakage,
(Bruno and Ewing, 2006; Hedin, 1997), and for containment rup-
ture. To address this issue, energy harvesting for wireless commu-
nication of conditions within canisters has been studied (Carstens,
2013; Carstens et al., 2013). Wireless communication of data from
inside the cask would remove the need for human inspection, and
energy harvesting could potentially allow for sensors to run indef-
initely. Such a system would be able to report, in a self-powered
way, information on the fuel and environment within the canister,
without the need for operators. To address this, a detailed thermal
environment analysis in the canister is necessary in order to guide
the placement of a thermoelectric energy harvester. This paper is
primarily concerned with a simulation of the thermal performance
of a vertical HI-STORM-100 dry storage cask with a MPC-32 canis-
ter containing 32 high-burnup (45 GWd/MTU) Pressurized Water
Reactor (PWR) spent fuel assemblies (Westinghouse PWR 17 �
17) for a storage of 50 years. This cask is further outlined in
Section 2.

Much of the past work studying the thermal environment in
canisters has been based on simulation, due to the dangerous nat-
ure of conducting in-situ experiments. The gamma radiation flux in
the canister is very high, extremely dangerous for human beings,
even after long periods of storage (Hedin, 1997). One of the reliable
reported in-situ experiments done is in a DOE report from 1992
(McKinnon et al., 1992) where a performance test was done on a
Pacific Sierra nuclear VSC-17 ventilated concrete storage dry cask

http://crossmark.crossref.org/dialog/?doi=10.1016/j.anucene.2017.10.013&domain=pdf
https://doi.org/10.1016/j.anucene.2017.10.013
mailto:leizuo@vt.edu
https://doi.org/10.1016/j.anucene.2017.10.013
http://www.sciencedirect.com/science/journal/03064549
http://www.elsevier.com/locate/anucene


Y. Wu et al. / Annals of Nuclear Energy 112 (2018) 132–142 133
configured for PWR fuel assemblies. The comprehensive report
described the details of the fuel assembly type and position, geom-
etry configuration of the cask system, material properties of indi-
vidual components, and filling gas within the canister. The
temperature profiles on the cask surface, concrete, air channel sur-
faces, and fuel canister guide tubes were described in detail, which
provided precious data for validation of simulation results. Other
experimental work has been done on both full scale and scaled
down cask systems with the fuel simulated by electrical heating
(Takeda et al., 2008; Wataru et al., 2008). This type of experiment
can accurately represent the real cask system, however due to the
complexity, simulation may be preferred.

Most thermal analyses of canisters have been done primarily for
the purpose of certification, many of which that can be found from
the NRC’s library (Creer et al., 1987; Holtec International, 2012).
Most of this work, since it was used in certification, was conserva-
tive because it was used to ensuring a large enough temperature
safety margin in the nuclear fuel. In the 80 s, a lot of thermal sim-
ulation work for the low burnup fuel can be found for various can-
isters using COBRA-SFS (Creer et al., 1987; McKinnon et al., 1992;
Rector et al., 1986), a CFD code based on the finite volume method.
However, the accuracy of the simulation results was undercut by
many uncertainties, such as oversimplified energy and momentum
equations, and grid systems which were very sparse.

Due to an increase in computational power, from the beginning
of this century, more studies have been performed using CFD to
ensure spent fuel is maintained below its critical temperature in
various cask systems. This trend is driven by the need to design
better performing casks which can host more fuel assemblies and
high burnout fuels. Early work includes Xie et al. (2002) who sim-
ulated a horizontal 2D dry storage system using the PHOENICS
package and Greiner et al. (2007) who conducted 2D numerical
studies of multipurpose canisters with 21 PWR assemblies and
analyzed how nitrogen and helium cover gas, and different fuel
cladding emissivity effected the thermal performance for different
fuel decay heat generation rates. Wataru et al. (2008) conducted a
3D thermal analysis for the concrete cask using the FIT-3D thermal
hydraulics code and the commercial PHOENICS package. Their
computed temperature values and air flow velocities were vali-
dated by comparing with experimental data presented by Takeda
et al. (2008). Results showed that the CFD approach can provide
reasonable temperature estimates for the canisters. Lee et al.
(2009) presented a thermal-fluid flow analysis of a vertical dry
cask storage system under normal and off-normal conditions using
the commercial CFD code, FLUENT. An effective thermal conductiv-
ity approach and a porous media approximation was used to model
the fuel rods. The temperature and flow velocity profiles in the can-
ister were compared and verified by the thermal test results col-
lected from a half scaled-down model. A lot of CFD work (Das
et al., 2010; Li and Liu, 2016; Walavalkar and Schowalter, 2004;
Zigh and Solis., 2012) was done to analyze the VSC–17 cask system
because the experimental result for this canister was well docu-
mented in the 1992 DOE report (McKinnon et al., 1992) mentioned
earlier. Walavalkar and Schowalter (Walavalkar and Schowalter,
2004) performed a 3D CFD analysis for a 90-degree section of
VSC–17 spent fuel dry storage system using the FLUENT software.
They found the CFD simulation result can accurately predict the
thermal environment in the VSC–17 spent fuel dry storage system.
Work done by Zigh and Solis. (2012) and Das et al. (2010) further
demonstrated that the excellent performance of CFD in calculating
the temperature and flow velocity in the dry cask. In all of these
studies, however, approximations were often used for the condi-
tions inside and outside of the cask, largely due to missing, and dif-
ficult to acquire experimental data. Estimations were generally
made on: the decay heat generated by the fuel, the distribution
of the heat in the fuel assemblies, the thermal properties of both
the backfilled helium and steel basket in the MPC, and the thermal
properties of the fuel assembly itself.

These unnecessary assumptions and estimations undercut the
accuracy of the CFD work. It is evident upon study of these previ-
ous works that the heat load applied to the inside of the dry cask in
order to simulate the decay heat generated by the spent fuel was
somewhat arbitrary and are generally only given as one set value,
typically estimated from other work or experimental analysis from
many years ago. Recently, Li and Liu (2016) established a 3D model
of a vertical dry cask to simulate a vertical storage cask containing
a welded canister with 32 Pressurized Water Reactor (PWR) used-
fuel assemblies, with a total decay heat load of 34 kW by using the
ANSYS/FLUENT code. Their work was performed in order to study
the effects in changes of the thermal conductivity of the basket,
and of the pressure and makeup of the gas backfilling the MPC can-
ister. Herranz et al. (2015) took data from the Holtec International
manual (Holtec International, 2004, 2010) for design of MPC-32,
and placed a total heat power of 30 kW in the fuel assemblies, in
order to study the sensitivity of maximum fuel temperature to heat
load distribution within the canister, cask design (inlet/outlet ori-
entation) and local environmental temperatures.

Much work, however, has been done previously characterizing
the distribution of heat along the fuel assemblies (McKinnon
et al., 1992; Turner, 1989; Zigh and Solis., 2012), as well as the
effective conductivity of the fuel assemblies as a function of tem-
perature within the cask (Bahney and Lotz, 1996; Mittal et al.,
2014). Yoo et al. (2010) simulated thermal behaviors of the
TN24P cask without a concrete wall. With a geometrical model res-
olution down to each individual fuel pin level, the simulation did
not need to introduce effective thermal conductivity for the fuel
assemblies. The heat load applied to their work was the same as
estimated by the experiment (Creer et al., 1987), at 20.6 kW in
the total cask. Their work was found to agree very well with the
reported experimental results. Brewster et al. (2012) demonstrated
a simulation on a TN-24P cask with geometry resolution down to
each individual fuel and its cladding level. The calculation was car-
ried out on a half-cask scaled model with a grid number up to 42.9
million using a STAR-CCM+ CFD code. This model was found to be
more accurate in predicting the peak cladding temperatures (PCTs)
when compared with the traditional porous media/effective ther-
mal conductivity approach.

Though the CFD models listed above used for canister simula-
tion have progressed a lot in the past decade, there are still some
gaps that need to be filled before this technology can be used to
accurately predict the temperature and guide the design of new
canisters. While these studies take into consideration many
aspects of the dry storage canister, they do not consider precise
calculations of the state of the spent fuel upon entering the dry
cask canister, nor do they take into account the varying heat load
of the spent fuel during its lifetime. Considering the fact that decay
heat of the fuel will change throughout the lifetime of the cask due
to decreasing activity (or decay) of isotopes present, thermal anal-
ysis of the dry cask storage system should reflect this. Precise cal-
culation of both the decay heat present, and its variability with
time is generally left out of the literature, and thus it is evident that
more work is needed in the area of thermal simulation for dry cask
storage. In this work, ORIGAMI (Williams et al., 2015) is used in
order to model the decay heat present in the canister at the time
of storage, and throughout 50 years of life within the canister. This
was done to provide a very accurate approximation of the actual
heat load in the canister for a common Westinghouse 17 � 17 fuel
assembly with an initial enrichment of 4.5% and a burnup of 45
GWd/MTU.

To better improve the accuracy of the simulation result and
guide the future canister design, the present paper introduces an
improved model for thermal-fluid dynamic simulations of an
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MPC-32 dry cask. Built on approaches well validated in previous
3D CFD studies, some new approximations are adopted to improve
the accuracy of the simulation, making it closer to real dry cask
systems. First, temperature-dependent and anisotropic thermal
properties of the fuel assemblies, filling gas, and air are introduced
in order to preserve accuracy while overcoming drawbacks associ-
ated to traditional estimations. Second, in some of the previous lit-
erature, the filling gas was assumed to be steady and only
conduction was considered (Das et al., 2010), which might cause
the overestimation of the overall temperature within the canister.
In this work, both the convective flows inside and outside the MPC
were considered, which can significantly accelerate the heat trans-
fer process. In addition to this, after examining the Reynolds num-
ber within the air gap, it was found to be in the transitional, thus
turbulence modeling is also considered in this work. Last but not
the least, the input decay heat value is not taken as randomly
assigned value, as has been done extensively in the CFD analyses
in the literature, but calculated based on a Westinghouse 17 � 17
fuel assembly using the well validated package ORIGAMI imbed-
ded in SCALE. The thermal analysis made in this work will be used
to guide the design a self-powered ultrasonic wireless monitoring
system for the canister which can sense and monitor temperature,
pressure, and moisture for the first 50-years life of this cask, and
thus analysis is given on the potential for energy harvesting within
the dry cask. Ultimately, this work addresses some issues in the
CFD modeling of canister, and provides comprehensive and accept-
able thermal-fluid dynamic data to guide both future canister
designs and thermal energy harvesting for wireless sensors within
MPCs.
Table 1
Decay heat, gamma intensity, and neutron intensity from the 15 MTUs of spent fuel
for 50 years of dry cask storage.

Year (Since
removal)

Decay Heat
(kW)

Gamma Intensity
(#/s)

Neutron Intensity
(#/s)

5 38.44 2.64 � 1017 1.02 � 1010

10 24.52 1.47 � 1017 8.4 � 109

15 21.07 1.20 � 1017 7.0 � 109

20 19.00 1.04 � 1017 5.9 � 109

25 17.31 9.2 � 1016 4.9 � 109

30 15.85 8.2 � 1016 4.1 � 109

35 14.56 7.3 � 1016 3.4 � 109

40 13.42 6.5 � 1016 2.9 � 109

45 12.40 5.8 � 1016 2.4 � 109

50 11.49 5.1 � 1016 2.0 � 109

55 10.67 4.6 � 1016 1.7 � 109
2. Dry cask mathematical model

2.1. SCALE decay heat calculation

ORIGAMI, a part of the SCALE Code System from ORNL, is widely
used in the nuclear industry in order to calculate the isotopes pre-
sent after various conditions are applied to a type of nuclear fuel.
The software can accurately perform isotopic depletion and decay
heat calculations for a wide range of fuel assemblies. In this work,
the software was used to calculate the decay heat and nuclide
makeup for the fuel under consideration from the time it left the
reactor, to 50 years in dry cask storage (55 years since removal).
In this way the decay heat in the CFD analysis can be tailored to
the specific fuel and time frame desired for simulation.

The fuel employed for the simulation here was a Westinghouse
17 � 17 assembly, with a total cask MTU of 15 spread over the 32
assemblies, an enrichment weight percentage of U235 of 4%, a bur-
nup of 45 GWd/MTU, 3 runs per fuel assembly, and an average
power of 40 MW/MTU. This fuel configuration approximates an
average assembly being removed from a reactor, as typical fuel
now has a U235 enrichment between 3 and 5%, and is used up
to, and in the future past, 45 GWd/MTU (Bruno and Ewing,
2006). Using this average fuel allows one to get a typical decay heat
magnitude and trend. A more accurate representation of an actual
fuel assembly can be made by inputting the data taken from a reac-
tor history if desired, however as this data is highly specific to the
reactor and fuel assembly, a general route was taken by the
authors in order to show the process, and to show the characteris-
tics of an average set of fuel.

ORIGAMI offers an ‘‘Express form” (Williams et al., 2015) which
was used by the authors, and can be used to quickly perform decay
calculations on typical assembly types given limited knowledge of
the fuel and reactor. A more rigorous analysis can be done if actual
data from a reactor is retrieved, and the results are desired. The cal-
culations for decay heat were taken using this express form, and
the parameters listed above. It is assumed the power reactor con-
tained 90 MTU and the fuel is evenly distributed among 193 fuel
assemblies. Based on this, the watts per assembly can be deter-
mined (Carstens, 2013). The total power of the MPC-32 along with
the associated gamma and neutron intensities at various years
throughout the lifetime of the cask, starting from 5 years after
removal from the reactor, at the start of dry storage, and finishing
with 55 years, at the 50-years mark for dry storage, are illustrated
in Table. 1.

The decay heat generated within the dry cask storage is highly
dependent on the fuel makeup, and its operation within the reac-
tor. As shown in table 1, it also depends on how long the fuel
has been stored. This process of calculating the decay heat can be
used to get a very precise approximation of the heat generated
when placed into dry cask storage. The total decay heat is then
assigned to each fuel assembly according to a ratio of X
(X ¼ 9=11 in this paper) described below (Fig. 1).
2.2. Thermal-fluid modeling

2.2.1. Conceptual principles
As mentioned above, typical dry casks (Holtec International,

2010), as depicted in Fig. 2, are made up of a thick concrete over-
pack, and an internal MPC which can hold a variety of different
fuels and assemblies inside the metal basket, ranging from 24 to
62 assemblies. The carbon steel basket and wall of the MPC, and
the concrete overpack are meant to contain the radiation, while
removing heat from the fuel in order to ensure it does not reach
a criticality point. This work focuses on a specific canister, an
MPC-32 canister made by Holtec International (Holtec
International, 2010). The concrete overpack (HI-STORM 100) is
made to house the MPC and has inner channels to allow air to flow
between the concrete and MPC, cooling the canister by taking
advantage of the buoyancy force. Inside the MPC, a steel basket
is used to hold the assemblies. The canister is also backfilled with
helium to 3.3 atm in order to aid in the conduction and convection
of heat away from assemblies, and give an inert gas environment.
Decay heat generated by the spent fuel is transferred through the
containment wall of the MPC to a cooling air flow. Natural circula-
tion drives the cooling air flow through an annular path between
the MPC and the concrete overpack and carries the heat to the
environment. The dimension of the canister and overpack are
shown in Table 2. To simplify the simulation, the support struc-
tures and some small components are neglected.
2.2.2. Mathematical model
Reynolds and Grashof numbers are widely used to judge the

flow regime for buoyancy force driven flow. According to the liter-
ature (Bejan, 2013), the approximated fully developed velocity pro-



Fig. 1. Depiction of dry cask storage where (a) nuclear waste storage at the at sites where it is generated (U.S. Government Accountability Office, 2017) is shown along with
(b) a cutaway of the dry storage canister (United States Nuclear Regulatory Commission, 2017).

Fig. 2. Model of the Holtec International dry cask canister.

Table 2
The main dimensions of the Holtec HI-STORM 100 overpack and MPC-32 canister.

HI-STORM 100 overpack (m)
Concrete Height 6.09

Radius outer 1.68
Radius inner 0.98

Inlet vent Height 0.25
Width 0.38

Outlet vent Height 0.15
Width 0.64

Pedestal Height 0.64
Radius 0.89

MPC-32 canister (m)
Shell Height outer 4.85

Height inner 4.50
Radius outer 0.89
Thickness 0.013

Basket Thickness 0.0096
Basket Cell inner 0.224 � 0.224 � 3.66

Lid Thickness 0.29

Westinghouse 17 � 17 fuel assembly (m)
Fuel Fuel Cell 0.214 � 0.214

Active length 0.366

Table 3
Thermal properties of the helium and air.

Helium
Thermal conductivity (W/m�K) 0.0383 + 4.1713e�4�T �1.0193e�7�T2
Density (kg/m3) 0.4875
Viscosity (kg/(s�m) 1.84e�5
Expansion coefficient (1/K) 0.002

Air
Thermal conductivity (W/m�K) �5.22e-5 + 9.78e�5�T-3.39e�8�T2
Density (kg/m3) 1.00
Viscosity (kg/(s�m) 1.79e-05
Expansion coefficient (1/K) 0.00283
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file in the air channel between the MPC and the concrete overpack
can be described as

v ¼ gbD2ðT0 � T1Þ
8m

1� x
D=2

� �2
" #

ð2Þ

where b is the expansion coefficient, D is the characteristic length
(width of the air channel), T0 is the wall temperature, and T1 is
the environmental temperature. A rough calculation of the Rey-
nolds number shows that, in this region around the MPC, the Rey-
nolds number is higher than 3000 based on the channel hydraulic
diameter and maximum air velocity in the annulus, which is clearly
above the critical Reynolds number of 2300 for internal flows. Thus
we judge that the air flow is in a transitional range between the
laminar and turbulent regimes. This is different from Zigh and
Solis. (2012) who mentioned that the air flow can be a laminar flow
based on Grashof number, another criterion proposed by Sparrow
and Azevedo (1985).
On the other hand, the helium flow inside the canister is pre-
dicted to be in the laminar regime based on the Reynolds and Gra-
shof numbers. Here, the temperature increase of the air flow is less
than 70 K, thus bðT � T0Þ � 1, so Boussinesq approximation can be
used to calculate the buoyancy force without significant derivation.

The Reynolds time-averaged k-e turbulence model with stan-
dard wall functions and transitional SST k-x are used to model tur-
bulence in the air channel and canister. The k-e turbulence model
with standard wall functions can predict the fluid behavior of fully
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developed turbulence flows with fairly high accuracy, as has been
well validated by the industrial community in the past 30 years. On
the other hand, the transitional SST k-x is the most general turbu-
lence model. The transitional SST k-x model initially attracted
attention because it does not require wall-damping functions for
low Reynolds number applications. By introducing blending func-
tions, this model combines the good near-wall behavior of the k–
x model with the robustness of the k–e model in the far field in
a numerically stable way. The governing equations (Versteeg and
Malalasekera, 2007) of the transitional SST k-x model are pre-
scribed by

Continuity equation

@ðqÞ
@t

þ @ðqujÞ
@xj

¼ 0 ð3Þ

Momentum equations

@ðquiÞ
@t

þ @ðquiujÞ
@xj

¼ qgbðT � T1Þ � @p
@xi

þ @sij
@xj

þ @

@xj
g
@ui

@xj

� �
ð4Þ

where sij ¼ �qu0
iu

0
j ¼ 2ltSij, Sij is the mean rate of strain tensor.

Energy equation

@ðqcpTÞ
@t

þ @ðqcpujTÞ
@xj

¼ @

@xj
k
@T
@xj

� �
� sij

@ui

@xj
þ bT

@p
@xj

þ uj
@p
@xj

� �
þ Si

ð5Þ
The k equation

@ðqkÞ
@t

þ @ðqkujÞ
@xj

¼
@ lþ lt

rk

� �
@k
@xi

� �
@xj

þ sij � Sij � 2
3
qk

@ui

@xj
dij

� �
� b�qkx

ð6Þ
The x equation

@ðqxÞ
@t

þ @ðqxujÞ
@xj

¼
@ lþ lt

rx

� �
@x
@xi

� �
@xj

þ c2 2qSij � Sij � 2
3
qx

@ui

@xj
dij

� �
� b2qx2

þ 2
q

rx;2x
@k
@xk

@x
@xk

ð7Þ

where the rk, b�, rx;2, c2 and b2 are revised constants, with the cor-
responding values 2.0, 0.009, 1.17, 0.44, and 0.083, respectively. lt

and rx are related to the blending functions to make the equations
suitable for both the low and high Reynolds numbers flow regions.

The Discrete Ordinates (DO) Radiation Model is used to model
the thermal radiation in the cask. This model is selected because
it spans the entire range of optical thicknesses, and allows for
problems to be solved with surface-to-surface radiation. Four
angular discretization steps are used in each direction of the spher-
ical coordinates system to insure reasonable accuracy.

The CFD analysis of the cask storage system is carried out using
the ANSYS/FLUENT 14.0 package. A 90-degree section of the MPC–
32 spent fuel dry storage system, shown in Fig. 3, is employed for
the simulation. Two grid systems with 1,814,658 and 4,442,080
hexahedral grids are used. The dimensionless distance (y+)
between the wall and the cell center of the near wall grid for the
first mesh is around 20. To better improve the performance of
the transitional k-x SST model at the near wall viscosity-affected
region, the grids near the canister wall is refined in order to let y
+�1(with grids number increases to 4,482,080). The grid quality
is well checked to ensure better convergence. The simulation on
the year 5 case finds no significant difference on the outlet air vol-
ume flow rate for these two grid system. Thus, the grid system
with 4,442,080/4,482,080 hexahedral nodes is used to do the case
by case calculations. The SIMPLE algorithm is used to solve the
Navier–Stokes equations in a segregated manner. A body-force-
weighted scheme is used for the pressure discretization, as the
buoyancy force acts as the driving force. The discretization method
used for all the other parameters is the second-order upwind
method. The iteration continues until the residuals are less than
10�3 for the mass, momentum, and turbulence equations, and
10�6 for the k, x and e energy equations. A second criterion to
check the convergence of the iteration is to monitor the volumetric
flow rate of the air flow at the vent outlet. When the fluctuation is
less than 1.0%, the iteration can be regarded as converged.

2.2.3. Decay heat in the fuel assembly
In some previous literature, the heat load was assumed to be

uniformly distributed in the fuel assembly. In the real case, the
heat load varies in both the radial and axial directions. The heat
load distribution in the fuel assembly is known to be a key element
in determining the real temperature profiles within the canister
(Herranz et al., 2015; Holtec International, 2010). Generally, the
fuel assembly positions in the MPC basket honeycomb (Fig.4a)
can be grouped in two regions: the inner one (orange), with a num-
ber of 16 cells, and the outer one (yellow), with a total of 16 cells.
The fuel assemblies in the same region are assumed to have the
same load heat. To better simulate the real system, a more precise
heat load function can be fit. The relation between the actual heat
load (Q) and the designed one (Qdes) is a function of X (Herranz
et al., 2015),

QðXÞ ¼ 2
Qdes

1þ X0:23=X0:1 ð8Þ

where X is the ratio between inner and outer heat loads of fuel
assemblies. For our case, the total heat load between the outer
and inner fuel assembly are set to be 9/11.

According to Turner (Turner, 1989) the load heat for in a single
fuel assembly is non-uniform shown in Fig.4b. The cross-section
edge is very much smaller than the length of the fuel assembly,
thus it is reasonable to assume a uniform heat generation rate on
the cross-section. However, a peaking factor profile for the heat
generation rate along the axial length of the fuel assembly is
adopted to improve the simulation accuracy.

qload ¼ 1:1A � ð0:0237 � Z5 � 0:3287 � Z4 þ 1:5058 � Z3

� 2:9965 � Z2 þ 2:6204 � Z þ 0:3927Þ ð9Þ

where the A is adapted according to each case to ensure the total
load heat is equal to the total assigned heat load calculated from
ORIGAMI. Numerical implementation of the distributed load heat
is achieved by using the User Defined Functions (UDFs) embedded
in FLUENT.

2.2.4. Material properties
The thermal properties of the materials, including the density,

thermal conductivity, heat capacity, viscosity, thermal expansion
coefficient, and surface emissivity, are obtained from literature
(Mittal et al., 2014; Zigh and Solis., 2012). Among all these proper-
ties, special attention should be paid to the thermal conductivity of
the air and the fuel assembly. As the air takes away more than 80%
of the total decay heat, a small change in the air properties will
introduce significant influence on the temperature profile in the
fuel assembly.

2.2.4.1. The fuel assembly. In these simulations, the thermal con-
ductivities were assumed to be constant for each of the solid com-
ponents, except the fuel assembly. The physical properties of
canister/cask components were obtained from the Safety Analysis



Fig. 3. Holtec International dry cask canister: (a) Internal structure of the dry cask system; (b) the grid system.

Fig. 4. The load heat distribution in the fuel assembly: (a) Load heat distribution in radial direction; (b) Load heat distribution in axial direction of the fuel assembly (World
Nuclear Association, 2017).

Fig. 5. The in-plane thermal conductivity and the axial conductivity of the fuel
region with a filling gas of helium.
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Report for the HI-STORM 100 Cask System (Holtec International,
2010).

The spent nuclear fuel generates heat as a result of continuing
isotope decay resulting in gamma and neutron generation. All heat
generated within the fuel rods will be rejected into the environ-
ment through the parallel heat transfer process combining the con-
ductivity and convective heat transfer of the filling gas (helium),
and thermal radiation. It is computationally cost expensive to
model the details of every fuel rod in the stored fuel assemblies.
In a fuel assembly, the fuel rods are arranged neatly, making it
accurate and economic to characterize the anisotropic conduction
media using an effective thermal conductivity method. A 2D model
of a Westinghouse 17 � 17 Standard PWR spent fuel assembly was
constructed to determine the planar effective thermal conductivity
(keff) of the spent fuel assembly by Mittal et al. (2014), following
the keff methodology described in the TRW report (Bahney and
Lotz, 1996) by Bahney and Lotz. The in-plane thermal conductivity
and the axial conductivity of the fuel region with a filling gas of
helium are illustrated by Fig. 5. It should be noted that this method
will be accurate enough to catch the main characterization of the
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thermal and flow information, but might lost some accuracy to
predict the peak temperature within the system.

2.2.4.2. The helium and air properties. The helium gas (Table 3) is
used to fill the MPC, enhancing the convective and conductive heat
transfer between the basket and the canister shell. In these simu-
lations, the pressure is set to be 3.3 atm with corresponding gas
properties taken from literature (Tallackson, 1976). The ambient
pressure outside the cask was assumed to be 1.0 atm. The thermal
conductivity of the air (Table 3) is temperature dependent in this
simulation, since the air flow plays a key role in the heat dissipa-
tion. With a temperature increase from 294.15 K to 364.15 K, the
thermal conductivity of the air increases nearly 20%, which might
significantly influence the final result.

2.2.5. Boundary conditions
The boundary conditions below in table 4 used in the CFD

model are the same as used in references (Zigh and Solis., 2012),
and (Li and Liu, 2016). These coefficients are calculated based on
free convection correlation in still air for vertical and horizontal
surfaces. At the bottom surface of the cask, equivalent resistance
of heat conduction to underlying soil is used to prescribe an equiv-
alent heat transfer coefficient. The emissivity of all the internal sur-
faces are set to be 1.0 for simplification.
3. Simulation results

The thermal-fluid dynamic performance of the HI-STORM 100
cask and MCP-32 canister system has been explored under steady
state conditions. The temperature and velocity profiles within the
system are of primary concern in the development of a TEG energy
harvester to power the wireless sensors, and thus are outlined
below.

3.1. Temperature profiles

Fig. 6 below shows the temperature contours for the vertical
storage cask with a helium-filled (3 atm) canister and a stainless
steel basket holding 32 spent fuel assemblies with a total heat load
of 38.44 kW for year 5 (beginning of dry cask storage), and 10.67
kW for year 55 (50 years of dry cask storage) in Fig. 7. A peak tem-
perature of 621.4 K occurs in the upper part of the fuel assemblies
for at year 5.

When comparing these results with other work which assumes
that the helium gas is steady and only conductive heat transfer is
considered, the peak temperature point in this work shifts signifi-
cantly to a higher position within the fuel assemblies. This can be
reasoned by a helium cycling phenomenon caused by the buoy-
ancy force generated within the canister. On one hand, the helium
filling the gap between the basket and the fuel assembly is heated
through the convective and conductive heat transfer process. On
the other hand, the helium outside the basket is cooled down by
Table 4
Boundary conditions for the CFD simulation.

Parameters Value

Ambient temperature (K) 294.15 K
Inlet pressure (atm) 1.0
Outlet pressure (atm) 1.0
Heat transfer coefficient on the top and at the side of the dry

cask (W/(m2�K))
5.0

Heat transfer coefficient on the bottom surface (W/(m2�K)) 0.17
Soil temperature 288.15 K
Pressure in the canister (atm) 3.0
Vertical cross-sections Symmetric
the relative cold MPC wall. The buoyancy force aroused by the vari-
ation of the helium density drives the natural circulation flow
within the canister, which enhanced the thermal performance of
the canister. This phenomenon is more obvious for the cases with
younger spent fuels, due to the more intensified helium circulation.
This cooling process is also reflected in the relative low tempera-
ture at the surface of the fuel assemblies. As expected, the overall
temperature of the dry cask system decreased gradually with time.
After 50-years operation, the peak temperature is about 436.0 K,
which is far below the temperature safety margin.

The thermal environmental information is extracted from the
CFD simulation result to guide an energy harvester design. It
may be possible to install a TEG energy harvester above the fuel
assembly, or near the vertical wall of the canister. Fig. 8 below
gives the radial temperature profile at Z = 3.19 m at the center (axi-
ally) of the cask. It is found that both the k-e and transitional SST k-
x model can reasonably predict the temperature field, as the tem-
perature profiles obtained by these two models are similar to each
other. Actually, to power a 1.0 W sensing and data transmission for
3 s every 5 min, we only need 10 mW of continuous power from an
energy harvester. For the year 5 case, the temperature drop near to
the canister wall is as high as 70 K, which is more than enough for
high performance TEG to harvest enough energy for sensor net-
work powering. However, for year 55 case, the temperature drop
is only about 13 K. To generate enough energy, like 10 mWwe esti-
mate, the TEG energy harvester should be carefully designed to
meet the goal.

Another position may show promise for the TEG energy har-
vester installation is space somewhere above the fuel assembly.
Thus the thermal profile of the canister was also taken axially
along the MPC wall, as shown below in Fig. 9. Because of the ther-
mal radiation heat exchanged between the top surface of the fuel
assembly and the top wall of the canister, there is a temperature
jump at the canister surface, where the wall temperature was
slightly higher than the helium gas near the wall. At year 5, the
temperature difference near the canister wall is about 20 K, which
reduces to �5 K at year 55. Thus it would be challenging to install a
successful energy harvester at this location.

Because of the air channel and the thick concrete wall, the tem-
perature outside the canister is relatively low, as is presented
below in Fig. 10. A rough calculation finds that less than 20% of
the total heat is dissipated into the environment through the outer
wall of the dry cask. The concrete outer surface temperature
increases with the height, appropriately considering the heat dis-
tribution in the fuel and the air flow along the inner surface of
the overpack. At the top end of the concrete surface, somewhere
near the outlet of the air channel, the temperature reaches the
peak value. Considering the temperature difference between the
wall and ambient (295.15 K) is more than 20 K even for the year
55 case, it is possible to build an independent TEG energy harvester
to power smart sensors for concrete structural health monitoring.
3.2. Airflow profiles and properties

The flow regions within the dry cask system can be divided into
two regions, with their thermal boundary coupled at the canister
wall as shown below in Figs. 11 and 14. Inside the canister, there
is a flow circulation driven by the buoyancy forces caused by the
temperature difference between the core of the fuel assembly
and the canister wall. Outside the canister, another flow is aroused
by the stack effect cooling down the canister wall effectively. The
CFD analysis finds that the peak speed of the flow within the can-
ister occurs near the canister wall, with another sub-peak near the
basket wall. For the year 5 case, the flow speed is as high as 0.3 m/s
near the MCP wall. After 55-years storage, the flow speed is still as



Fig. 6. The temperature profiles in the canister at years 5 after the fuel removed from the reactor using the transitional SST k-x turbulence model.

Fig. 7. The temperature profiles in the canister at years 55 after the fuel removed from the reactor using the transitional SST k-x turbulence model.
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high as 0.15 m/s. A TEG energy harvester might take advantage of
the low speed flow to enhance its performance.

Outside the MPC within the air channels, we can identify two
buoyancy driven natural convections near to the walls character-
ized as the two relative maxima in Fig. 11. Importantly, the two
velocity profiles driven by these two natural convection sections
do not converge, which implies the flow here at a height of Z =
3.19 m, the center of the cask, is still not fully developed. This
shows that the k-e model is less valid for turbulence modeling in
the dry cask system.

The average flow temperature and volumetric flow rate within
the air channel are illustrated in Fig. 12, and can be seen to
decrease gradually over time. The average temperature of the hot
air is about 352 K at the beginning of dry cask storage, and
decreases to 319 K after 50-years operation. At the same time,
the flow volume rate decreases from 0.102 (�4) m3/s to 0.065
(�4) m3/s. The thermal energy dissipated through the air channel
can be calculated by q ¼ _mcpDT. Thus, based on the simulation
result, more than 80% of the total decay heat is rejected into the
environment through the air convection process.

3.3. Validation

To validate the accuracy of the fluid model, the simulation
result is compared with the experimental data documented in ref-
erence (Waldrop and Kessler, 2014). In their report the total decay
heat is 25.2 KW, a value close to year 10 in this scenario, and the
ambient temperature is 293.15 K. The calculated temperatures
along the vertical wall of the MPC at the symmetric surface are
plotted in Fig. 13 along with the data measured by Waldrop and
Kessler (2014) at Diablo Canyon and the simulation results
obtained by Li and Liu (2016). Temperature measurements are per-
formed at Diablo Canyon with thermocouples inserted from one of
the air exit vents at the top of the cask. The simulation results



Fig. 8. The radial temperature profile at Z=3.19 m at the symmetry surface.

Fig. 9. The temperature profile along the outer surface of the canister.

Fig. 10. The temperature profile along the outer surface of the canister.

Fig. 11. The radial flow velocity profile at Z=3.19 m in the symmetry surface.
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agree well with each other, while both of them deviate from the
experimental result, especially at the top end of the MPC wall. This
may be caused by the turbulence model we selected over predict-
ing the convective heat transfer at the boundaries. Other minor
reasons may include the neglect of some details of the cask’s geom-
etry and deviation in the boundary conditions. Overall, the simula-
tion results are acceptable and provide some insights for a
thermoelectric energy harvester design.

4. Discussion and TEG design

Monitoring temperature, pressure, radiation, humidity, etc
inside these enclosed vessels is crucial to ensure the reactor safe
operation and fuel security. Wiring through holes in the vessel
walls is undesirable and largely unfeasible in nuclear environ-
ments. To aid in this process, the development of an independent
energy harvesting system to power a wireless communication sys-
tem is of critical importance. Inside the enclosed spent fuel canis-
ters, the energy source for local energy harvesting is limited,
however, thermoelectric energy harvesting provide a promising
solution.

To guide the design of energy harvesters for a dry cask canister,
the temperature and flow velocity within the canister should be
well analyzed over the lifetime of the cask. The strong convective
heat transfer process inside and outside the MPC creates a large
temperature drop near the canister wall, making it an ideal place
for thermoelectric energy harvesting. Shown below in Fig.14 are
the temperature and flow velocity profiles for years 5 and 55
(50-years dry cask storage) superimposed on each other. As can
be seen, there is: one, an enduring temperature gradient present
between the fuel, helium gap, and MPC wall, and two, an enduring
helium circulation flow along both the wall of the fuel basket, and
the wall of the MPC canister generated from convection in the
helium. Using these results as a guideline, a thermoelectric energy
harvester can be designed to take advantage of the existing tem-
perature gradient here. Considering there are strong gamma radia-
tion source within the canister, we can utilize gamma radiation by
converting its energy into material heating in tungsten. The tung-
sten plate can create a localized hot spot. This should help to
increase the temperature drop at the local site. A detailed design
of the thermoelectric energy harvester for the wireless sensing
and monitoring network for the canister or closed vessels will fur-
ther be illustrated in a future work.



Fig. 12. (a) The flow temperature at the outlet of the air channel; (b) The flow rate at the outlet of the air channel.

Fig. 13. The temperature profile along the outer surface of the canister.

Fig. 14. The temperature and flow profiles along the center of the cask for years 5
and 55 (50 years of storage).
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5. Conclusion

This paper studied the thermal-fluid behavior of a HI-STORM
100 spent fuel dry cask with a MCP-32 canister. The decay heat
of the fuel was calculated from the time it enters the dry cask (5
years since removal from reactor), to 50 years in dry cask storage
(55 years since removal) in intervals of 5 years using ORIGAMI.
The decay heat for each specific 5-year increment was used as
the input for the CFD analysis of the spent fuel cask. Some conclu-
sions can be drawn from the results presented above:

1) In this simulation, based on some old methods and condi-
tions well validated in previous research, several improve-
ments were made to improve accuracy of the final results.
Specifically, the decay heat was obtained from an ORIGAMI
simulation of a common fuel assembly. This heat load was
non-uniformly distributed in the fuel to better fit the real
situation. Temperature dependent thermal properties of
the air in the air channel and helium in nuclear canister were
adopted along with convective heat transfer laws. To sim-
plify the simulation, an effective thermal conductivity
method was employed to simulate the anisotropic thermal
conductivity of the fuel assembly.

2) The flow in the canister was in the laminar region while the
flow in the air channel was in the transitional regime. Thus,
the transitional SST k-x model was more valid than the k-e
model combined with wall functions to simulate the turbu-
lence within the air channel. Both models, however, agreed
well in comparing results for both the temperature and air
flow velocity at the outlet of the airflow gap in the overpack.

3) The peak temperature in each fuel assembly occurred higher
in the assembly than previously assumed due to a helium
gas convective cycle in the MPC driven by the buoyancy
force, and had a lower value than previous calculations. This
natural convection process of the helium enhanced the heat
transfer inside the fuel assemblies and lowers the peak tem-
perature within the system. The air flow through the air
channel appeared to take away more than 80% of the total
decay heat.

4) The heat convection and conduction outside the MPC wall
effectively reduced the wall temperature, creating an ideal
place for TEG placement. There was at least 30 K tempera-
ture difference available even for the worst cases, which
was more than enough for a TEG energy harvester to extract
tens of mW energy for the powering of a wireless sensor.
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There are still several ways to improve the accuracy of the sim-
ulation results including (1) All the thermal properties should have
temperature dependent values; (2) The natural convection coeffi-
cients of the concrete walls depend on the environmental temper-
ature, thus more accurate boundary conditions are desired; (3) The
grid number can be improved to get more details of the thermal-
flow information within the system, which of course requires a
higher computational cost; (4) The low Reynolds number k-e
model will be a better turbulence model to simulate the flow in
the air channel, especially for the case with relatively low decay
heat, while the laminar flow option is better to simulate the filling
gas flow within the canister; (5) The emissivity of the various walls
should be less than 1. Finally, an energy harvester should be
designed which can effectively use the environment to self-
power a wireless sensor node within the dry canister.
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