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ABSTRACT
Before being back-filled with an inert gas and as preparation for shipment, a spent-nuclear-fuel
shipping cask must usually be vacuum-dried. This process results in an increase in the spent fuel
temperature, due to the degradation of heat transport by the cover gas. The aim of this paper is to
present a method to assess this temperature increase.
The only area impacted by the drying process appeared to be the mechanical gap between the fuel
basket and the shielding materials. During the drying process, the Knudsen number is actually
large enough within the gap to consider the gas as a non-continuous medium. Results and methods
coming from the microfluidics area were therefore used to develop a modelling, which is based on
a double approach.
First, an analytical approach was used. This approach consists in adding to the Fourier equation a
new equation accounting for the thermodynamical non-equilibrium within the gap (MaxwellSmoluchowski temperature jump). A thermal model, suitable to calculate heat transfers at
pressures as low as 1 mbar, was developed.
A second model, based on a statistical approach, was then developed. This model involves the
Direct Simulation Monte Carlo method, a reference method used for microfluidics calculations.
Computer simulations were performed and led to a good agreement with the results obtained by
the analytical approach.
Using the results of both approaches, an effective thermal conductivity of the gap gas could be
inferred and used in a 3-D thermomechanical model of the shipping cask.
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1. INTRODUCTION
Before being back-filled with an inert gas and as preparation for shipment, a spent-nuclear-fuel
(SNF) shipping cask must usually be vacuum-dried. This operation is required to prevent
aqueous corrosion of the cladding and cask materials. It is also necessary to avoid radiolytic
formation of hydrogen.
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The vacuum drying process involves lowering the cover gas pressure below the vapor pressure of
the water at the drying temperature. The cask is considered to be satisfactorily dry when the
system pressure (around 6 mbar) remains constant for a specific time period (usually, around 30
minutes). However, large amounts of residual water may require a much longer drying time.
This process results in an increase in the spent fuel temperature, due to the degradation of heat
transport by the cover gas. In order to assess the consequences of the cladding creep during
transportation, a good knowledge of this temperature increase is necessary. The drying process is
usually modelled by a thermal conduction set to zero in all the shipping-cask free spaces.
However, this approach does not take into account heat transfers that occur in a rarefied medium
and, therefore, may be extremely conservative.
This paper presents a new method to better assess the cladding temperatures induced by the
drying process.
2. PHYSICAL PHENOMENA OCCURRING IN THE DRYING PROCESS
During the drying process, the inner-cask air at a near-atmospheric pressure is replaced by an
air/water-vapor mixture at ~6 mbar. In other words, a radiation-transparent, continuous medium
is replaced by a translucent medium, which may not behave as a continuous medium any more.
Therefore, two issues have to be addressed here. The first one concerns the radiative properties
of the air/water-vapor mixture at a 6-mbar pressure. This is not a critical issue and it can easily
be shown that, for these conditions, the mixture can still be considered as a transparent medium.
The second one concerns the conductive properties of the gas mixture, especially in the smallest
cavities of the shipping cask, where the hypothesis of a continuous medium may not be valid any
more. This is a real critical issue, and is the main focus of this paper.
3. CONDUCTIVE PROPERTIES OF THE GAP GAS – ANALYTICAL APPROACH
A key parameter in characterizing the degree of rarefaction of the gas and the validity of the
continuum hypothesis in the Navier-Stokes equations is the Knudsen number (Kn). Kn is the
ratio of the mean free path of the gas molecules, λ, to the characteristic dimension of the flow
geometry, Lc:

Kn =

λ
Lc

(1)

For an ideal gas, λ can be related to the temperature, T, and pressure, p, by means of the
following equation, where k is Boltzmann’s constant and d is the diameter of the molecules:

λ=

kT
2πpd 2
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A classification of the various stages of rarefaction has been proposed by Schaaf and Chambré
[1], based upon the magnitude of the local Knudsen number:
Kn ≤ 10 −2
10−2 ≤ Kn ≤ 10−1
10−1 ≤ Kn ≤ 10
Kn > 10

:
:
:
:

continuum flow,
slip flow,
transition flow,
free-molecular flow.

For Kn ≤ 10−2 , the continuum hypothesis is appropriate and the flow can be described by the
Navier-Stokes equations using conventional no-slip boundary conditions. In other words, in such
conditions, for a gas restricted by a solid surface, the surface temperature and the temperature of
the gas near the surface are equal.
For 10 −2 ≤ Kn ≤ 10 −1 , the Navier-Stokes equations are still considered to offer a reasonable
description of the flow, provided a temperature-jump boundary condition is implemented
between the gas and the solid. This boundary condition (also referred to as the MaxwellSmoluchowski temperature-jump) accounts for the thermodynamic non-equilibrium near the
solid surface, in a zone called the Knudsen layer.
For 10−1 ≤ Kn ≤ 10 , the continuum assumption in the Navier-Stokes equations begins to break
down and alternative methods of analysis are required. The gas-kinetic equations derived by
Boltzmann provide a good way to describe the flow, although these equations may be extremely
complicated to solve. Another convenient way is to use the particle-based Direct Simulation
Monte Carlo (DSMC) statistical approach, developed by Bird [2].
For Kn > 10 , the continuum approach breaks down completely. In such conditions, molecules
reflected from a solid surface travel many length scales before colliding with other molecules. In
this case, the DSMC method still provides a good tool to analyse such flows.

3.1. Knudsen Numbers of the Inner-Cask Flows
Equation (2) establishes that, during the drying process, λ cannot exceed a value of 5.10-5 m for a
gas pressure of 5 mbar. In other words, all the inner-cask spaces will still experience a
continuum-flow regime, unless their characteristic dimension is less than 5 millimeters (i.e.,
Kn > 0.01).
The shipping casks come in different designs. However, they typically consist of a basket loaded
with SNF, and a neutron and gamma shielding. For operational flexibility, the basket is often
removable. Therefore, a mechanical gap takes place between the basket and the shielding innershell, whose thickness may be significantly less than 5 millimeters. Because the Knudsen
number is in this case greater than 0.01, a slip-flow regime must be considered.
For a mechanical gap thickness less than 0.5 mm (i.e., Kn > 0.1), multiple points of contact are
here assumed to appear between the basket and the shielding shell, leading to a significant
conductive heat transfer and making it unnecessary to deal with the transition-flow regime.
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Besides the continuum-flow regime, the slip-flow regime is therefore the only regime that is
considered in the present analysis.

3.2. Development of a Simplified Steady-State Model
For a gas temperature, TG, and a solid temperature, TW, the temperature-jump boundary condition
reads [3]:

µ  2kTW 

1/ 2

TG − TW = ζ T



P m 

⋅

q' '
kG

(3)

where µ is the dynamic viscosity, P the local pressure, kG the thermal conductivity, and m the
molecular mass of the gas; k is Boltzmann’s constant, and q’’ the heat flux transferred from the
basket to the gap.
The dimensionless constant ζT is called the temperature-jump coefficient, whose value is
obtained by solving the Boltzmann equation in the Knudsen layer. Many papers were written on
this topic, reporting values of ζT close to each other [3, 4], and, because the computation of this
coefficient is not the primary focus of this paper, the value used in the calculations is just stated
here:
ζ T = 2 .0

(4)

A 1-D model of the shipping cask is then developed. It includes the basket, the mechanical gap,
and the shielding, as represented in Figure 1.
This simplified problem has five unknowns:
• the shielding outer-surface temperature (Ts),
• the shielding inner-surface temperature (TgW),
• the gas temperature near the shielding (TgG),
• the gas temperature near the basket (TbG),
• the basket temperature (TbW).
The outside air and the surroundings are assumed to be at temperature Text.
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Figure 1. Simplified Thermal Model of the Shipping Cask

The unknown temperatures can be easily calculated by the following heat balances:
4
4
TbG − TgG
(TbW
− TgW
)
Q = 2πk mix L.
+ 2πrb Lσ .
r
1 rb 1
+ ( − 1)
ln( g )
ε b rg ε g
rb
T − Ts
Q = 2πk s L. gW
r
ln( s )
rg

(5)

(6)

Q = 2πrs Lhext .(Ts − Text ) + 2πrs Lσε s .(Ts4 − Text4 )
TbW − TbG

Q = 2πkmix rb L.

1/ 2

ζT

µ mix  2kTbW 


Pmix  mmix 

(7)
TgG − TgW

= 2πk mix rg L.

1/ 2

ζT

µ mix  2kTgW 

(8)



Pmix  mmix 

where Q is the total heat flux transferred from the SNF through the basket; kmix is the thermal
conductivity of the air/water-vapor mixture and ks the thermal conductivity of the shielding
material; εb, εg, εs are the emissivities of the basket, the shielding inner-surface, and the shielding
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outer-surface respectively; hext is the convective heat transfer coefficient between the shielding
outer-surface and the exterior air; σ is Stefan’s constant.

3.3. Results
The methodology described above was applied to the following data, which can be considered as
representative of a SNF shipping-cask loaded with twelve SNF assemblies:
ks = 39 W.m-1.°C-1,

εb = 0.3, εg = 0.5, εs = 0.8,
hext = 45 W.m-2.°C-1, Text = 30°C,
L = 3.66 m, rb = 0.608 m, rg = 0.610 m, rs = 1.06 m.
In addition to these data, the pressure of the air/water-vapor mixture, Pmix, was taken equal to
1 mbar. It should be noted, however, that so low a value for Pmix is not recommended for the
drying process. The French nuclear safety authority requires indeed that this pressure be above
6 mbar to prevent any formation of ice. Lower values have nevertheless been experienced in the
past and may still be experienced in incidental conditions, and this is why a value of 1 mbar was
considered in the present paper.
Table I presents the calculated increase in temperature at various locations within the cask
resulting from the drying process, where ∆Tmax is the calculated increase in the fuel rod
temperature. Tmax was computed by use of a specific SNF model, which was proposed by
Manteufel and Todreas [5].
The results show that the drying process induces an increase in the maximum fuel rod
temperature of about 20°C for a heat generation rate of 3,000 W per fuel assembly. This increase
is about 25°C for a heat generation rate of 5,000 W per fuel assembly. Note that, for both cases,
the shielding inner-surface temperature, TgW, is lowered during the process, since the
temperature-jump boundary condition is equivalent to a thermal resistance that isolates the
shielding from the hottest parts of the cask.

Table I. Impact of the Drying Process - Temperature Increases Within the Cask (°C)
QSNF

∆Tmax
∆TbW
∆TbG
∆TgG
∆TgW
∆Ts

3000 W
20.4
34.0

5000 W
24.7
40.8

15.2

6.6

3.6

6.0

-6.6

-11.1

0.0

0.0
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4. CONDUCTIVE PROPERTIES OF THE GAP GAS – STATISTICAL APPROACH
4.1. Method
The DSMC method, developed by Bird [2] as previously discussed, was used by means of a
computer code to simulate the heat transfers by conduction in steady state within the gap.
This method accounts for the gas dynamics by solving the Boltzmann equation. It consists in
tracking simultaneously millions of particles, and calculating collisions using a probabilistic
technique. This method can be applied to problems with complex molecular models, including
internal energy relaxations or chemical reactions. Because of the prohibitive computational time
required when dealing with large gas densities, the DSMC method is generally used for rarefied
gas. Nevertheless, the recent implementation of the method by the French Atomic Energy
Commission (CEA) on massively parallel machines allows to deal with continuum flows.
In the simulations, the molecules were submitted to diffuse reflections at the gap walls. They
were then reemitted with a Maxwellian function calculated at the wall temperature. The balance
between the fluxes of incident and reflected total energies due to particle impacts finally
provided the wall heat fluxes.
The method was applied to a gap first filled with pure air, and then filled with an air/water-vapor
mixture. A preliminary step consisted for each case in choosing the most appropriate molecule
collision-model. This step is presented in more details in the next paragraphs.
4.1.1.

Gap filled with pure air

The Variable Soft Sphere [6, 7] model was used here for both nitrogen and oxygen. The aim of
this model was to reproduce the phenomenological transport coefficients under the hypothesis of
inverse-power-law or Lennard-Jones potential in a collision between two molecules. The
rotational energy of the molecules and a relaxation by a collision process was considered as well
[2]. DSMC simulations of the heat conduction in the continuous regime (i.e., for small Kn
values) were performed, in order to infer the thermal conductivity of the gap gas. The calculated
values were then found consistent with the experimental ones.
4.1.2. Gap filled with an air/water-vapor mixture

The problem is more complex with water, and generally with polar molecules. The simple
Lennard-Jones potential, with a repulsive force at small distances and an attractive force at large
distances, is indeed not appropriate to deal with such molecules. A Stockmayer potential
including a polarization term due to an electrostatic contribution is then necessary. This was done
by considering a Generalized Soft-Sphere model [8], which was implemented in the DSMC code.
With this model, water vapour and air/water-vapor mixtures could be analysed as well. As above,
calculated values of thermal conductivities in the continuous regime were found consistent with
experimental ones.
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4.2. Strategy for the Simulation

The parameters of the problem, for a given gas mixture, are the shielding inner-surface
temperature, TgW, the basket temperature, TbW, the gap size δ = rg – rb (where rb is assumed
fixed), and the gas pressure P within the gap.
The different relations that were used here are the following ones:
Kn =

λmix
δ

(9)

xp

s

nλ mix = ∑
p =1

s

∑x σ
q =1

q

pq

(1 +

mp
mq

(10)
)

1/ 2

n = P / kT

(11)

T = (TgW + TbW ) / 2

(12)

where λmix is the mean free path of the gas mixture including s species [2], xi and mi are the
molar fraction and mass of species i respectively, and σij is the total cross section between
species i and j. The total density is estimated using the mean value of the wall temperatures. P
varies from 1 to 6 mbar and δ from 0.015 mm to 2 mm. The wall temperatures vary from 340 K
to 700 K.
The strategy chosen here was to find the most simple way to present the results, knowing that
several parameters vary, as mentioned above.
4.3. Results

Let QD be the conductive heat flux issued from the DSMC simulations and QC the conductive
heat flux that would be observed for a continuous regime.
QC can here be expressed as:
QC = 2πLk mix (T )

TbW − TgW
r
ln( g )
rb

(13)

where kmix is the thermal conductivity of the gas mixture, computed at the mean temperature, T,
defined by Equation (12).
For a given gas mixture, representing the ratio QD/QC in terms of Kn is a convenient way to show
the degradation of heat transfers for large Knudsen numbers, as shown in Figure 2. It could be
proven that, in the range of temperatures considered, the limit of QD/QC is zero, when Kn tends
towards infinity. It is exactly what is shown in Figure 2.
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After fitting these curves, the system of Equations (5) through (8) was replaced by a new system,
where the first term of Equation (5) is replaced by QD and Equation (8) is cancelled. Then, the
new system was solved and led to the results presented in Table II. In order to compare the
results, the temperature increases obtained with the analytical approach were also recalled
therein.

Figure 2. Reduced Heat Flux QD/QC vs. Knudsen Number
A good agreement between the two approaches was noted for ∆Tmax, which is the relevant
quantity for analysing cladding creep. This agreement may therefore be considered as a
validation of both approaches to calculate the thermal impact of the drying process on the fuel
claddings.

Table II. Impact of the Drying Process - Temperature Increases Within the Cask (°C)
QSNF

∆Tmax
∆TbW
∆TgW
∆Ts

Drying Process – Analytical Approach
3000 W
5000 W
20.4
24.7
34.0
40.8

Drying Process – Statistical Approach
3000 W
5000 W
24.7
27.0
40.9
44.4

-6.6

-11.1

-0.1

-0.2

0.0

0.0

-0.2

-0.1
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5. 3-D THERMOMECHANICAL CALCULATIONS OF THE SHIPPING CASK
With the validation of the approaches described here above, the thermal analysis of the shippingcask drying process can be put a step further. Under a heat flux, a shipping cask is indeed not a
static system. The thermal expansion of the materials will lead to a progressive closing of the
mechanical gap, raising the Knudsen number, while creating thermal bridges between the basket
and the shielding.

5.1. Thermomechanical Model
Several 3-D thermomechanical transient calculations of the shipping cask were performed using
CAST3M, a finite-element code developed by the CEA [9]. The local values of the gap thickness
were calculated from the mechanical strains due to the thermal expansion of the basket and the
shielding by means of an iterative process, since the temperature field strongly depends on this
thickness. Unilateral contacts were imposed between the basket and the shielding, in order to
avoid their interpenetration. The minimum gap thickness was taken equal to the expected
roughness of the surfaces.
In the calculations, the gap gas was represented by an effective thermal conductivity, which was
inferred from the results presented in Figure 2. For a given gap thickness, the fit curves presented
in Figure 2 provide indeed the correction to apply to the gas thermal conductivity at atmospheric
pressure to account for rarefaction effects.

5.2. Results
Table III presents the calculated increase in the maximum fuel rod temperature, ∆Tmax, obtained
from the thermomechanical analysis. ∆Tmax was calculated here for heat generation rates of
3,000 W and of 5,000 W per fuel assembly and for a gap filled either with water vapor or with
pure air.
The results show that ∆Tmax is less than one half of what was predicted by steady-state
calculations, leading to better margins for any assessment of the cladding creep during
transportation.

Table III. Thermomechanical Calculations - Temperature Increases Within the Cask (°C)
QSNF

∆Tmax (Water Vapor)
∆Tmax (Air)

3000 W
8

5000 W
9

8

5
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6. CONCLUSIONS
A new method to better assess the cladding temperatures induced by the drying process within a
SNF shipping-cask was presented in this paper. Two kinds of steady-state models, including
analytical and statistical approaches, were developed and led to consistent results. This
consistency was considered as a validation of the analytical approach, which is convenient to use
in engineering calculations.
A 3-D thermomechanical model was developed, putting the analysis a step further. This model
simulated the progressive closing of the mechanical gap and evaluated the heat transfer within
the gap, based on a variable Knudsen number. The temperature increases calculated with this
model were much more realistic and smaller than the ones predicted by the steady-state
calculations.
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