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INTRODUCTION

In the absence of a permanent disposition pathway, the
service lifetimes of spent fuel dry cask storage systems (DCS)
will likely be longer than originally intended [1]. Due to the
still-radioactive nature of the spent fuel, a breach of contain-
ment, and the subsequent environmental remediation, would
pose a serious hazard to public health. As most canister degra-
dation mechanisms are temperature-dependent, it is essential
to develop tools and methods to identify canisters at risk of
breach due to prolonged thermal exposure [1].There is cur-
rently no expedient method to physically monitor the ther-
mal environment within the DCS. Consequently, a number
of studies have modeled temperature profiles of a given DCS
configuration with a unique fuel loading exposed to a singular
environmental condition using commercially available com-
putational fluid dynamics (CFD) software [2, 3, 4]. Given
the large number of individual storage modules, each with a
unique fuel activity, the need to predict realistic temperature
profiles as a function of time cannot be met through use of
CFD modeling due to the computational expense. The purpose
of this study is to demonstrate that a low-fidelity, yet robust
analytic model can accurately determine these temperate dis-
tributions.

METHODOLOGY

To analytically model the temperature distribution within
a DCS system, a two-dimensional linear thermal resistance
network (TRN) was developed. The model was based upon the
NUHOMS HSM-1 storage module at Calvert Cliffs Nuclear
Power Station Independent Spent Fuel Storage Installation [2].
For brevity, a schematic of the northeast quarter of the DCS
is shown in Fig. 1. The TRN was governed by the following
relation

q =
∆T
Rth

(1)

where q is the heat generation rate of each fuel assembly as
reported in [2], ∆T is temperature difference between nodes,
and Rth is the thermal resistance associated with each compo-
nent, with component-wise values reported in Tab. I. These
inputs then allowed for the resolution of nodal temperature,
T . The solution to the systems of equations constructed via
applying Eqn. 1 to each node of the DCS system is presented
in the following.

Mathematical Model

There are five unique temperatures describing each fuel
assembly: a center, north, south, east and west, denoted Ti,C,
Ti,N, Ti,S, Ti,E, and Ti,W, respectively, where i is the number of
the assembly, ranging from 1 to 24. This is illustrated for the

fifth fuel assembly, as denoted in Fig. 1. Each assembly has a
corresponding thermal resistance denoted Rasm,i, which is the
same in each principal direction, and is shown for the first fuel
assembly in Fig. 1. The heat generation term qi is applied at
each assembly center temperature node, as shown for the sixth
assembly in Fig. 1.
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Fig. 1. Schematic of spent fuel assemblies, as indicated by hash-
marks, within DCS, with overlaid thermal resistances and nodal
temperatures comprising the TRN. Temperatures are denoted by a
dot and text in blue coloration. Heat generation is denoted by a dot
and text in red coloration. Each assembly number is listed in the top
right corner. Inset depicts parallel thermal resistance of He and CS.
Interfacial temperatures between cells are of equal value.

The canister is back-filled with helium (He), and the fuel
assemblies are supported by carbon steel (CS) spacer discs.
Thus, heat is able to flow from the assemblies to the canister
via convection and conduction. Due to the complexity of mod-
eling natural convection between planar and non-planar faces
within an enclosure, the present TRN model presents data for
a conduction-only heat transfer through the helium domain.
The exterior temperature nodes of the third, fifth and sixth
assemblies are connected to the interior temperature nodes of
the stainless steel (SS) canister, denoted by TSS,in,i, via parallel
resistances, RP,i, with the last subscript indicating direction
from the fuel assembly i. The parallel resistance is based upon
the thermal resistance of the helium, RHe and carbon steel



spacer disc RCS,i, with the last subscript indicating direction.
The carbon steel spacer disc is in series with a thermal contact
resistance, Rcon,i that varies as a function of angular position,
and with the last subscript indicating direction from the fuel
assembly. The contact resistance is modeled as,

Rcon,i =
Lgap

kCSAc
(2)

where Lgap is the spacer gap width, given in [2] and Ac is the
area normal to the direction of heat flow.

TABLE I. Thermal Resistance Correlations
Material ke f f Expression

Fuel Assembly See [5] Rasm =
R2

o

4keffVasm

Helium See [6] RHe =
Lc

kHeAc

Carbon Steel 63 [W/m2K] RCS =
Lc

kCSAc
+ Rcon,i

Steel/Helium N/A Reff =
RCSRHe

RCS + RHe

Stainless Steel 15.1 [W/m2K] RSS,r =

ln
( ro

rin

)
2πLasmkSS

Stainless Steela 15.1 [W/m2K] RSS,c =
α

kSSAc

Air See [7] R∞ =
1

hAc

a α is the arc length between surface temperature nodes.

Heat can conduct radially through the canister, as well
as circumferentially. The respective thermal resistances are
denoted RSS,r,i, and RSS,θ,i. The last number(s) in the subscript
indicate between which temperature nodes the heat can con-
duct. The temperature on the exterior of the canister is denoted
TSS,o,i. The free-stream temperature is denoted as T∞ and is
held at invariant at 298 [K]. The thermal resistance associ-
ated with convection is denoted as R∞,i. Convection from the
surface of the canister to the ambient air was modeled using
Newtons Law of Cooling, expressed as

q = hAs(TSS,o,i − T∞), (3)

where As is one-sixteenth of the canister’s surface area and h
is the convective heat transfer coefficient, expressed as,

h =
Nueffkair

D
. (4)

Nueff is the effective Nusselt number, kair is the thermal
conductivity of air, and D is the diameter of the canister. In
order to represent the variation in the convective heat transfer
coefficient as a function of angular position around the canister

surface, both average, NuD, and local, Nulocal, values for the
Nusselt number were obtained. The effective Nusselt number
at each surface temperature node was found as [7],

Nueff =
[
Nu3

D + Nu3
local

]1/3
, (5)

where Nulocal was calculated based on data presented in [8].
Different correlations have been proposed for the average

NuD for free convection on a horizontal cylinder by McAdams
[9], Morgan [6] and Churchill [10]. A sensitivity analysis was
performed considering all three correlations. It was found
that the relation proposed by McAdams performed the best in
comparison to published numeric data [2], and the correlation
proposed by McAdams is expressed as,

NuD =

0.53Ra0.25
D 104 ≤ RaD ≤ 109

0.13Ra0.33
D RaD > 109 (6)

where RaD is the Rayleigh number. The expression for RaD is

RaD =
gβ(TSS,o,i − T∞)D3

να
(7)

where g is the gravitational constant, β is the expansion co-
efficient, which for an ideal gas is unity over the absolute
temperature, ν is the kinematic viscosity and α is the thermal
diffusivity. For simplicity, radiation heat transfer has been
neglected within the model.

All aforementioned thermophysical properties are consid-
ered temperature-dependent, with the exception of stainless
steel and carbon steel, which were taken from [2]. The effec-
tive thermal conductivity of the fuel assemblies was modeled
using methods typical of spent fuel thermal evaluations [5]
and expressed as

keff = 0.3940 + 1.334 · 10−3Tm + 2.849 · 10−6T 2
m + ...

+ 8.359 · 10−10T 3
m (8)

where Tm is the mean temperature within an assembly. Ther-
mal Conductivity of the helium back-fill gas, kHe, is interpo-
lated linearly at each iteration as a function of temperature
based on values presented in [6]. The thermal conductivity,
thermal diffusivity and kinematic viscosity of air were inter-
polated linearly at each iteration as a function of temperature
based on values presented in [7].

Since temperature dependent material properties were
considered, an iterative process was employed to simultane-
ously solve the system of equations. The residual for each
nodal temperature value and heat through each thermal resis-
tance segment was set to 1e-10.

RESULTS AND DISCUSSION

The resulting internal and surface temperature distribu-
tions generated through the TRN were compared to those ob-
tained numerically through the use of the finite volume method
implemented in STAR-CCM [2]. Table II provides measured,
numerically- and analytically-predicted surface temperature
values, as well as the percent differences between measured



TABLE II. Temperatures and Model Comparisons. All temperatures are reported in Kelvin.

Helium Free-Convection Conduction-Only

Location Measured [2] [2] % Diff. TRN % Diff. [2] % Diff. TRN % Diff.

North (90◦) 321 345 9.8 - - 346 7.5 335 4.3
East (0◦) 315 331 5.0 - - 336 6.5 332 5.4
Southeast (330◦) 314 316 0.6 - - 330 5.0 340 8.0
West (180◦) 315 331 5.0 - - 334 5.9 329 4.3
Southwest (270◦) 315 316 0.3 - - 329 4.3 338 7.0

and model values. The numeric models obtained in [2] con-
sider both free convection within the helium back-fill as well
as conduction-only cases. Figure 2 shows the predicted inter-
nal temperature distribution within the fuel assemblies, helium
back-fill, and within and along the stainless steel canister pre-
dicted by the TRN. Within the previously published study,
surface temperature measurements were collected at five loca-
tions on the DCS.

The surface temperature values predicted by the TRN are
in good agreement with both the experimentally measured
values and those predicted by a full-fledged three-dimensional
finite-volume model. Additionally, the TRN model predicts a
maximum fuel temperature of 421 [K], whereas [2] obtained a
maximum internal temperature of 407 [K]; a 3.4% difference.

As predicted by Suffield [2], the inclusion of free con-
vection within the helium domain serves primarily to migrate
more of the thermal mass toward the top of the canister; it does
not have a dramatic effect on the maximum fuel temperature.
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Fig. 2. Predicted internal temperatures within NUHOMS
HSM-1 DCS.

CONCLUSIONS

This study clearly shows that an analytic solution algo-
rithm can be used to accurately predict temperature distribu-
tions within the DCS that are in agreement with previously
published numeric data. Due to the low computational cost,

large numbers of individual spent nuclear fuel modules can
now be rapidly analyzed, giving accurate predictions of spatial
temperature distributions at various instances in time.
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