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ABSTRACT

Radioactive materials are transported in hollow steel casks filled with Lead. Lead in these casks can melt
in an accidental fire during transportation leading to an increase in its volume. This plastically deforms
the steel shell housing the Lead. When the cask subsequently cools after the fire is extinguished, voids
will be formed in the solidified Lead. The present work deals with the simulation of solidification with
void formation in these transportation casks. In these simulations one has to deal with a solid-liquid and
void-material interface. Solid-liquid movement during solidification is treated using a modified enthalpy
method. The void which is formed in the solidified Lead is assumed to be a vacuum. Consistent with this
assumption, the boundary conditions of zero pressure and zero-stress are imposed on the interface. The
growth of void is handled using volume of fluid method. The methodology is first benchmarked by
comparing the simulations with some experimental results available in literature. Simulations are then
performed for solidification in the transportation cask to study the effect of orientation on the void
formation. A methodology has been then developed to quantify the overall shielding effectiveness of the
cask in terms of the total amount of radiation leaked.
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1. INTRODUCTION

Solidification study is important in several areas such as casting, crystal growth, etc. The motivation for
the present work arose from a need to analyze the effectiveness of steel casks, such as the one shown in
Fig. 1(a) filled with Lead (which acts as shielding agent for the y-rays emitted) in transporting radioactive
materials. Such casks have to qualify in fire tests during which the cask is assumed to see a diesel fire for
30 minutes. While in fire, the Lead in the cask melts and the consequent volumetric expansion of Lead
plastically deforms the cask. Once the fire is extinguished, the solidification process sets in and at the end
of this process, shrinkage cavities are generated. A typical void formed in the cask is shown in Fig. 1(b).
These cavities result in the degeneration of the shielding protection given by the Lead. Hence the
prediction of the shape and location of shrinkage cavities is important. The present work is aimed in
predicting these cavities.
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Figure 1 (a). A typical sketch of the cask used for gamma rays shielding (b). Voids formed in the
plastically deformed cask.

Several models with varied level of complexity have been reported in the literature for the prediction of
these voids. Thermal models (such as Sutaria et al [1]) solve for the temperature fields in the casting.
Voids are assumed to be formed in the regions which solidify the last. Niyama et al [2] have proposed
criteria function based on geometrical parameters to determine the regions which solidify the last, thus
further simplifying the thermal models. These models can predict the probable locations of voids in the
casting; however they cannot predict their final shape after solidification.

Trovant and Argyropoulos [3] and Pequet et al [4] have predicted the shrinkage cavity in castings using a
volume shrinkage model. In this model, the liquid-void interface is assumed to be horizontal. The fraction
of material which has solidified and hence the associated volume shrinkage is estimated at each time step
by solving the energy equation. The level of the liquid in the control volumes which are at the top most
portions (with respect to the gravity) of the casting are lowered to accommodate this volume shrinkage.
Several investigators have analyzed the void formation using fixed as well as deforming grid methods.
Kim and Ro [5], and Zhang et al. [6] have investigated pipe shrinkage using a deforming grid method. In
this model the air-liquid interface was assumed to be flat. The velocity of the interface was obtained by
applying a global mass balance for the entire system. This velocity is then used to move the interface.
The air-liquid interface was assumed to be adiabatic. Bellet at al [7] have added an Arbitrary-Lagrangian-
Eulerian module (ALE) to the commercial software THERCAST to simulate pipe formation in casting.
Finite element method was used and the air-liquid interface was treated as adiabatic. Ehlen et al [8] have
used an enthalpy method to simulate pipe formation in a binary alloy. The volume of fluid method of Hirt
and Nichols [9] was used to model the free surface. Recently Sun and Garimella [10] have simulated the
pipe formation in an explosive material both numerically and experimentally. Commercial software fluent
was used to simulate the pipe growth. A volume of fluid method was used to handle the free surface.

From the survey, it was seen that either the problem of void formation is over simplified by heuristic
approaches or when full simulation is carried out as done by Sun and Garimela [10], the mushy region is
resorted to apply no slip boundary conditions in the solid-liquid interface. Such a treatment needs
specification of arbitrary constants and the solutions are found to be sensitive to these constants [11]. In
the present work a modified enthalpy method [12] is used to simulate solidification. The modified
enthalpy method eliminates the mushy zone constants by first constructing a solid-liquid interface using
the liquid fraction field. This interface is used to split the control volumes into solid and liquid control
volumes. On the liquid split control volumes the no-slip boundary condition is directly imposed thus
eliminating the use of mushy zone constants. The void is treated as a vacuum i.e. the pressure, stress at
the interface is assumed to be zero. Justification for ignoring surface tension is provided in Section 4. The
void growth is tracked using the volume of fluid method.

NURETH-16, Chicago, IL, August 30-September 4, 2015 3149



2. THE GOVERNING EQUATIONS

For simulating solidification with void growth, in addition to the solid-liquid interface, there exists a void-
material interface. In control volumes which contain the void, interface boundary conditions will have to
be imposed on them. These conditions can be derived by assuming the void to be vacuum. Consistent
with the assumption that the void is vacuum, the stresses and the heat fluxes at the interface are assumed
to be zero. The equations which govern the shrinkage defects are the continuity, momentum and the
energy equations. These equations are derived in the following section. Consider a sample control volume
shown in Fig. 2. In deriving these equations, the following nomenclature is followed. The surface area
and the volume bound by the vertices ABCD in Fig. 2 are denoted as A and V respectively. The volume
bound by the vertices JCDI is denoted as V'*, while the surface areas JC, CD and DI together is termed as
A*. The interface 1/ is denoted as 4.
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Figure 2. Control volume used in the derivation of the void growth equations
2.1 Mass Conservation equation

Consider a control volume shown in Fig. 2. The integral form of the mass conservation equation can be
written as

iijdV-kijVﬁdA:O (1
dt ;. -

Here p; is the density of the liquid and V is the velocity vector. Since the density of the void is assumed to
be zero. The above equation can be written as

a [P (1=a,)av+[p,(1-a,)V.Add=0 2
dts %
Where o ,and o, are the volume and the area averaged (on the control surface) void fractions
respectively.
2.2 Conservation of momentum
Integral form of the conservation of momentum equation for the liquid part of the control volume in Fig.

2 1s

4 [ pLVAV + [ p,VVida=— [ PidA~ [ PidA+ [cidd+ [chdA+ [ p,gdV )
dr ;. e a 4 e 4 y
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The interface is a region of zero pressure and zero stress, and thus the interface pressure and the stress
terms in the above equation become zero. Incorporating the above simplifications, the momentum
equation becomes

% [ p.VaV +[ p,VV.ida =~ Pida + [zidA+ [ p, gdV @)
A 1 1 . A

By using the Stokes constitutive equations in simplifying the stress terms, the momentum equation can be
written as

% [ pli=a, Var+[ pli-a,VVida==[ Pl-a, )idd+ [ (1-a, )V Vida+ [ (1=, )p,gdV ©)
Vv A A A Vv

2.3 Conservation of energy

Conservation of energy can be derived in a manner similar to the momentum equation. The heat flux
across the void interface is assumed to be zero. The final enthalpy form of the energy equation is

% [ (1=, )av +[ ph(1-a )V idd = [ (1-a, KV T jidA (6)

Here % and T are the enthalpy and the temperature of the material respectively.
2.4 Numerical Solution Methodology

In solving these governing equations, the finite volume methodology is employed. SIMPLE method of
Patankar [13] is used with minor modifications. In control volumes not containing the void, the mass
conservation (Eq. (2)) is used to derive the pressure correction equation, which helps in retrieving the
pressure. In control volumes containing the void, the pressure correction is set to zero and mass
conservation equation (Eq. (2)) is used to obtain the void fraction. In control volumes containing the
interface, if the convective terms of the void growth in Eq. (2) are discretized using convectional
convection schemes, such as upwind, central, second order upwind etc., the void fraction ap becomes
diffuse. To avoid this, the mass conservation equation has to be solved by using geometric advection
algorithm [14-15], which is commonly used in two phase flow simulations.

3. RESULTS AND DISCUSSIONS

Before attempting the solution to the solidification of the casks, a few benchmark problems were
attempted. The first problem involves solidification of Tin without accounting for the volume contraction.
This is followed by simulation of solidification of Octadecane and TNT with void formation. These are
described in the following section.

3.1 Solidification of Tin

To benchmark the methodology used for solving solidification, a benchmark problem of solidification of
Tin without accounting for volume contraction is attempted. Experimental results of Wolff and Viskanta
[16] are available for such a situation. Although there are volume contractions in the actual experiment,
this has negligible influence on the location of the solid-liquid front. Molten Tin initially at a temperature
higher than its melting temperature is placed in a rectangular container. The right wall is subjected to a
temperature lower than the melting temperature while the left wall is placed at the initial temperature
itself. A solid-liquid interface forms at the right wall and moves to the left as the time progresses. A
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Cartesian mesh consisting of 80x80 control volumes was found adequate to get grid insensitive results.
Solid-liquid interface at various times are compared with the experimental results of Wolff and Viskanta
[16] and numerical results of Li et al [17] in Fig.3. It is seen that there is comparable agreement between
the present numerical results and the numerical results of Li et al [17]. The discrepancy between the
numerical results the experimental results of Wolff and Viskanta [16] can be attributed to the technique
employed to determine the solid-liquid interface. The solid-liquid interface was determined by Wolff and
Viskanta [16] using a probe to poke the Tin to physically feel the solid-liquid interface. Since Tin at its
melting temperature is soft and the molten liquid tin is viscous, there is uncertainty in the measurement of
the solid-liquid interface.

Present Simu lation

sk o [-=-=-=" Numerical Li et al
- o Expt 0.077 hrs
o a Expt. 0.529 hrs
- oAk < Expt. 1462 hrs
P o Expt. 1896 hrs
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X
Figure 3. Comparison of Solid-liquid fronts at various times between the present simulation with

numerical results of Li et al [17] and experimental results of Wolff and Viskanta [16].

0

3.3 Solidification of Octadecane

Simulation of solidification of n-Octadecane with the formation of voids is then carried out. Ho and
Viskanta [18] have performed these experiments in a rectangular cavity. Octadecane initially at a
temperature slightly higher than its melting temperature is placed in a square cavity with an open top.
Solidification was initiated by lowering the temperature of the side and the bottom wall to a temperature
lower than the melting temperature. Solid-liquid and void-material interface were recorded. Fig. 4 shows
the comparison of the solid-liquid and the void-material interface at various times between the
experimental results of Ho and Viskanta [18] and the present numerical results. There is fair agreement
between the two results.
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Figure 4. Comparisons of Solid-liquid and void-material interfaces during the solidification of
n-Octadecane between the present results and the experimental results of Ho and
Viskanta [18].
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3.4 Solidification of TNT

Simulation is also performed for predicting the pipe shrinkage during solidification of TNT
(trinitrotoulene). Sun and Garimella [10] have performed both numerical simulations and experiments to
study the void growth during solidification of TNT. TNT has a sharp melting point of 354 K and thus
behaves as a pure material. In the experiments performed by Sun and Garimella [10], TNT was placed in
a cylindrical mould whose aspect ratio (diameter to eight) was 1/5.65. TNT was initially at a temperature
slightly higher than the melting point. The TNT was allowed to solidify by controlling the temperature of
the steam heaters placed along the sides and the bottom of the cylindrical mould. The measured
temperature on the top, bottom and side surfaces were taken as the boundary conditions for the
simulation. Simulations were performed in the present study, by considering air as a void, which implies
that air-TNT interface is assumed to be insulated. While Fig. 5(a) shows the present numerical results
compared with the numerical results of Sun and Garimella [10], Fig. 5(b) shows their experimental and
numerical results. It can be seen that while the present numerical results compare favorably with the
numerical results of Sun and Garimella [10], there is some discrepancy between the experimental results
and the numerical results. Particularly the smaller voids have not been captured. Sun and Garimella [10]
explain this discrepancy as being due to the presence of dissolved gases in the material and the presence
of thermocouple rakes inside the mould which could cause multiple nucleations of voids during

solidification.
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Figure S. Comparisons between (a) the present numerical results and the numerical results of Sun
and Garimella [10]; (b) their numerical and the experimental results.

3.5 Effect of radiation on the void formation

The benchmark simulations for void formation presented in the previous section involved solidification of
low melting point substances. In these situations, the radiation heat loss from the void-material interface
is negligible. Lead has a relatively higher melting temperature of 327°C and hence one has to determine if
radiation heat transfer is significant. In real casks due to the presence of a thick outer steel shell, the void
interacts radiatively to the shell. Due to the conjugate heat transfer in the steel shell, the shell is relatively
hot. Thus the radiation effect may be negligible. To understand the effect of radiation, a simulation was
performed on the solidification of Lead in a circular cylinder of 0.5m inner height and 0.25m inner
diameter and a uniform thickness of 0.01m. Lead was initially at a superheat of 100°C and the outer walls
radiated to the atmosphere at 30°C. This results in a void such as that shown in Fig. 6(a). Radiation
transfer from the void surface of area dA (refer Fig. 6(a)) to the steel top plate of area A4, will be
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Here o &y, and &p are the Stefan Boltzmann’s constant, emissivity of the void and emissitivity of plate
respectively. Ty is the local temperature of the void-liquid interface and 7pis the average temperature of
the plate respectively. In Eq.7 d4/A4, is small and thus the first term in the denominator of Eq.7 is
neglected. Eq. 7 involves calculation of Fyp which is view-factor from the void to the top plate.
Calculation of Fyp is complex. In the present simulation Fyp is set to be unity. By doing so the radiation
heat transfer from the void to the top plate is over estimated. Fig.6 (b) and (c) show the void formed in
Lead with and without accounting for the radiation heat transfer, it is found to be nearly identical. Since
this simulation was performed by over estimating the radiation transfer from void to plate and yet the
voids seem to be insensitive to radiation. Thus it may be concluded that radiation heat transfer between
the cask and the void can be neglected. Further analysis has been carried out with this assumption.

Top Plate
¥

dd

() (b) (©

Figure 6. (a) Schematic of the radiation interaction between the Void-Lead interface and top
surface of the cask; (b) Void-Lead interface with radiation; (c) Void-Lead interface
without radiation

4. SIMULATIONS OF SOLDIFICATION IN TRANSPORTATION CASKS

Having benchmarked the methodology for simulating solidification with void formation, simulations
were then performed on actual transportation cask. The sketch of the cask with the dimensions employed
in the present study is shown in Fig. 7(a). As described in the Section 1 of this paper, the cask when
subjected to fire will undergo a plastic deformation. To accurately quantify the effectiveness of the cask
for gamma ray shielding it is realistic to predict the voids distribution in the deformed cask. To predict the
shape of the cask after it has undergone plastic deformation, a commercial code, Ansys, has been
employed. When the solid Lead melts it undergoes 5.99% increase in its volume. To determine the shape
of the cask after it has undergone plastic deformation the pressure inside the cask was iteratively adjusted
such that it expanded to 5.99% of its initial volume. The pressure inside the cask was then lowered to zero
to relax the cask. This final shape of the cask is employed for subsequent solidification analysis. The
rationale behind relaxing the cask is explained as follows. As the Lead solidifies the pressure in the liquid
becomes zero before the initiation of the void. This lowering of pressure will relax the deformed cask due
to the elastic component of the deformation. The final shape of the cask is shown in Fig. 7(b).
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Figure 7. Sketch of the cask (a) before deformation (b) after deformation due to melting and
subsequent relaxation.

In a diesel fire scenario after the diesel driven transportation vehicle meets with an accident, the cask may
take an arbitrary orientation with respect to gravity The aim of this paper is to study the effect of
orientation (refer Fig. 7(a) for the definition of the angle of orientation) on the void formation. The Lead
in the cask was assumed to be initially at a superheat of 100° C. The outer surface of the cask was
assumed to radiate to atmosphere at a temperature of 30° C. When the cask starts to solidify, a void is
initiated in the cask where there is minimum pressure. Since the pressure variation due to natural
convection current in the liquid metal is small, the pressure distribution is nearly hydrostatic. Thus the
voids are initiated in the top portions (relative to gravity) of the cask. Simulations were performed in
mesh consisting of 100x100x200 grid points (200 points along the axis of the cask). Each simulation took
about 150 hrs of computation time on an Intel Xeon E31230 machine. The final shape of the void for
different angles of orientation is shown in Fig. 9. The voids formed in the cask have a complex three
dimensional structure. The voids shown in Fig. 9 correspond to the plane which has the maximum depth
of the void. This plane has its normal perpendicular to the gravity. Fig. 8 shows a 3d isometric view of the
cask and the plane where the voids are depicted. It can be seen in Fig. 9 that the voids are formed in the
top portions of cask as expected.

Plane

Direction of o

Figure 8. Figure showing the plane along which the void-solid interface is shown

In these simulations the surface tension forces were neglected. Since the voids formed during
solidification are large a void free-surface is formed under the action of the gravitation force. To quantify
this we compute the Bond number which is the ratio of body force to the surface tension force

2 8
BO:%L (8)
o
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Figure 9. The void material interface after complete solidification for various angle of orientation
(a) 90° (b)75° (c)60° (d)45° (e)30° (H)15° (g)0° (h) -30° (i) -45° (j) -60° (k) -75° (1) -90°.
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In Eq.8, o is the surface tension coefficient and L is a characteristic length scale. By choosing the length
scale as the cube-root of the void volume the Bond number in the body of the cask and the lid were found
to be 2775 and 866 respectively. These large numbers suggests that surface tension forces are negligible
in the present study. To quantify the shielding effectiveness of the cask, the flux of the photons leaving the
surface of the cask has to be determined. For better visual representation, a cylinder is circumscribed
over the deformed cask as shown in Fig. 10. The gamma ray photon flux on the lateral surface of this
cylinder as well as the top and bottom surfaces can then be represented as contour plots. To carry out this
analysis radioactive source is assumed to be a line source as shown in Fig.10.

. ———r——
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Figure 10 Cask with a linear source showing the linear element and the circumscribed
cylinder

In the presence of solid Lead the radiation emitted by this linear source gets attenuated as it reaches the
surface of the cylinder. The photon flux, ¢, at the area d4 on the circumscribed cylinder due to a small
element dx at a distance x from the base of the linear source is given by [19]

S'dx

S Bt eyl ) ?

dg=

Here L is the thickness of lead intercepted by the photons, r is the distance between the small linear
element and the area dA, u is the linear absorption coefficient of Lead and B is the buildup factor which
accounts for the scattering effects. The buildup factor is usually represented in the Taylor form [19] i.e.

BluL)= Aexp(—a,ul)+(1 - A)expl- a, L) (10)

The values of u, a;, a; and A depend on the energy of the gamma ray source. Shultis [20] reports that
nearly 65% of radioactive sources in a typical cask emit gamma ray in the range of 0.6-0.8 MeV.
Corresponding to an energy of 0.7 MeV the values of u, a;, a2 and 4 have been obtained as 1.29 /cm, -
0.030, 0.31 and 1.68 respectively from [19]. The total flux of photons incident on the area d4 can be
obtained by integrating the above equation over the entire length of the linear radioactive source

¢:*I’S'dx

04727‘2

[dexp(— (1+ e, )+ (1— A)exp(—(1+a, )L )] (11)

It may be noted that L and r depends on the direction of the path of the photons. Further, in the absence of
Lead the flux of the photons is
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$o can be used to non-dimensionless ¢ in Eqn. 11 as

4 (13)
T,

Higher values of # (Intensity ratio) would indicate decrease in effectiveness of shielding. The # field on
the surface of the circumscribed cylinder without pore is shown in Fig.11 while the # field for all the
angle of orientation (with void) is shown in Fig.12. The circular contours shown on the top and the
bottom of the cask are the photon fluxes on the top and the bottom circular plate of the circumscribed
cylinder. The lateral surface of the cylinder has been opened up and the flux contour on this surface is
shown to the side of the cask. To better appreciate the values of 7 observed in the Fig.12, the effectiveness
of the cask in the absence voids shown in Fig.11 can be compared. Peak # has significantly increased
(almost by two orders of magnitude) due to the voids. It can be seen in the contour plots of Fig. 12 that
the y-ray flux is maximum in the portions of the cask which has maximum depth of void as expected. The
peak intensity ratio in most the angles of orientation is reasonably high which suggests that the
effectiveness of cask to shield radiation has been compromised. An interesting feature observed in
contour plots of Fig.12 is that relatively less y-rays stream out of the lid portion of the cask. The lid and
the body of the cask are considered as two separate fluid-tight compartments (as the shell of the cask body
and the lid are made of stainless steel and the stress developed in the compartments is below the breaking
stress, thereby eliminating the formation of cracks). Thus after solidification, voids are formed separately
instead of a single large void. This distribution of voids tends to decrease the radiation leakage. This
observation suggests that a cask which can be made by assembling several fluid-tight compartments may
lead to distributed void formation and thus fare better in shielding against radiation in an accidental fire.
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Figure 11 The contours of Intensity ratios without pore
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5. CONCLUSIONS

In the present work a modified enthalpy method along with volume of fluid method is used to simulate
the solidification with void growth. Some benchmark results were presented to validate the methodology.
Simulations were then performed on solidification of plastically deformed casks and the effect of the
orientation on the void formation was studied. The effectiveness of the cask in shielding the radiation was
further quantified using a ray tracing method. It was observed that the effectiveness of cask to shield
radioactivity was compromised in several angle of orientation.
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Figure 12 The contours of Intensity ratios for various angle of orientation (a) 90° (b)75° (c)60°
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