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a b s t r a c t

Quantitative numerical simulations and qualitative evaluations are conducted to elucidate thermo-
mechanical behaviour during pouring and solidification of molten glass into a stainless-steel cylindri-
cal container. Residual stress and structural integrity in this casting/vitrification process is important
because it can be used for long-term storage of high-level nuclear wastes. The predicted temperature and
stress distributions in the glass and container agree well with previous measurements of the tempera-
ture histories and residual stresses. Three different thermal-stress models are developed using the finite-
element method and compared. Two simple slice models were developed based on the generalized plane
strain assumption as well as a detailed two-dimensional axi-symmetric model that adds elements ac-
cording to the stages of pouring glass into the stainless steel container. The results reveal that mechanical
interaction between the glass and the wall of the stainless steel container generates residual tensile
stresses that approach the yield strength of the steel. Together, these results reveal important insights
into the mechanism of stress generation in the process, the structural integrity of the product, and ac-
curacy of the modelling-tool predictions.

© 2016 Published by Elsevier Ltd.
1. Introduction

High-level radioactive wastes from the spent fuel of nuclear
power plants must be stored safely for long time periods, in con-
tainers with completely-reliable structural integrity. High-level
waste (HLW) retains 95% of its radioactivity, and can be reproc-
essed in the form of radioactive nitric acid solutions. This can be
vitrified into a glass matrix, such as borosilicate glass, to provide a
solid, stable and durable material for easier storage, transport or
surveillance. HLW is stored at temporary sites, such as a solidifi-
cation processing plant near the nuclear power plant, until the heat
generated by the decaying fission products decreases sufficiently.
Although long-term plans are yet to be decided in most countries,
permanent storage of HLWas glass in containers in an underground
repository is a likely strategy [1e6]. Therefore, the structural
integrity of the HLW-filled containers is of critical importance to
safety in both temporary and permanent storage locations.

During the casting process to pour and solidify the HLW-laden
chi).
glass into stainless steel containers, residual stresses develop in
the glass due to the viscoplastic flow generated by differences in
cooling and temperature gradients between the center and surface
of the glass. Residual stresses also arise in the steel container, due to
plastic yielding caused by mismatch in shrinkage of the container
walls relative to the glass. The residual stresses in the container
wall are tri-axial tensile [7,8], and must not exceed the corrosion
cracking threshold. In the glass, residual tensile stresses could cause
cracking leading to increased leaching rate of radioactivity into the
environment [9,10]. In fact, stressing and cracking of the glass is a
very complex phenomenon that depends on thermal stresses as
well as interaction with the container wall. Thus, to quantify the
long-term structural integrity of the system, it is important to
develop mathematical models to predict the temperature, defor-
mation, strain and stress distribution in both the glass and the
stainless steel container. Furthermore, the models should be vali-
dated with relevant experimental measurements.

Only a few previous models have studied thermal-mechanical
behaviour of glass encapsulated in cylindrical containers [7,11].
These models are simple, one-dimensional models of a slice
through the center of the process. The predicted residual stress in
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Nomenclature

cp specific heat
D tensor of elasticity
dgap gap length
E Young’s modulus
h film coefficient
k thermal conductivity
keff effective thermal conductivity
q heat flux
R radius of the container
R0 radius of the container at 20 �C
T temperature
T0 glass solidification temperature
Tref reference temperature
u displacement

Greek letters
a thermal expansion coefficient
_εel elastic strain rate
_εin inelastic strain rate

εr(h) relaxed residual strain at the depth h
_εth thermal strain rate
_εtotal total strain rate
r density
h viscosity
n Poisson’s ratio
s stress
_s stress rate
d displacement

Subscripts
air related to air
ext exterior
g glass
q, c circumferential (hoop) direction
int interior
s steel wall
t temperature
th thermal
r, x1 radial direction
z, x2 axial direction
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the glass is approximately parabolic with tension in the middle of
the cross section and compression at the edges [7,11], which agrees
with previous work using simple elastic models [12,13]. The pre-
heatedwalls of the stainless steel container shrink around the glass,
which causes tension to arise in the steel, and lowers all of the
stresses in the glass.

Different constitutive models have been used to predict residual
stresses in glass. Below the glass transition temperature, glass has
an amorphous crystal structure that is solid and brittle and hardly
deforms permanently, exhibiting entirely elastic behaviour [14].
The simple “instant freezing” model assumes liquid glass converts
to solid instantly, and behaves elastically, ignoring stresses gener-
ated above the glass transition temperature [15]. Viscoelastic
behaviour for glass was an improvement, requiring transient
analysis [13,16]. Elastic e viscoplastic behaviour is a better model
for glass at high temperature, in order to incorporate the strong
variations in viscous flow with temperature. Example applications
include glass sheet forming and deforming while cooling under its
own weight [17e19] and glass molding [20]. A material model of
the latter type was employed for glass in both the previous work by
the current authors [11,21], and in the current research.

Relatively few previous experimental studies have measured
residual stress in high level waste containers [8,11]. Pennick [8] at
British Nuclear Fuels Limited (BNFL) (a predecessor company to the
current UK National Nuclear Laboratory (NNL)) reported strain
measurements in a full-scale container during filling operations
using high temperature weldable strain gauges and laser spackle
photography. Residual stresses were then determined using strain
gauges via an air abrasive technique. The strain gauges showed
great fluctuations during the filling and stresses increased during
the cooling process. Previous measurements by the current authors
are summarized in Section 3.
2. Objectives

The objective of the current research which supports ongoing
studies of the damage formation in graphite [30,31] and glass [32]
is to build on previous work [7,11] to better quantify and under-
stand thermo-mechanical behaviour during the HLW-glass casting
process using improved computational models. Full-scale experi-
mental measurements were conducted previously during pouring
of glass into a stainless-steel container, measuring temperatures
during the process, and later determining residual stresses in the
container wall [7,11]. In the current work, three different thermo-
mechanical finite-element models are developed to predict tem-
perature and stress distributions in the glass and stainless steel
container and their results are compared. The results are evaluated
to better understand the process, the structural integrity of the
product, and the accuracy of the modelling-tool predictions.
3. Experiments

Temperature measurements were performed at the UK NNL,
during the pouring of glass, used to simulate high level waste, into a
309 stainless steel container [7,11]. Fig. 1a) shows the dimensions of
the container and the locations of the three thermocouples
embedded into the container wall. The first step was to preheat the
container to 600 �C. Then, molten glass with an initial temperature
of 1050 �C was poured into the warm container in two steps. The
recorded temperature histories are shown in Fig. 2a).

Residual stress measurement were performed at the University
of Bristol, after it was completely cooled to ambient temperature,
residual stresses were measured at 3 positions in the middle sec-
tion of the wall of the stainless steel container, using the Incre-
mental Center Hole Drilling (ICHD) technique [22,23]. The positions
were spaced equally around the circumference of the container, as
shown in the cross section (top view) given in Fig. 1b). Strain gauge
rosettes corresponding to type 062UL were used to measure the
released surface strains after each step of drilling. A RS-200 preci-
sion milling guide was combined with a 1.6 mm diameter specific
purpose drill provided by Vishay Measurement Group to drill the
hole. The hole was drilled in several incremental steps, starting
0.016 mm beneath the surface. Larger increments were chosen
later. Residual stresses were then calculated from the measured
surface strains using the integral method, as explained in detail
elsewhere [7,11].

The average of the residual stresses in the hoop and axial di-
rections were also determined and are given in Fig. 2b). Tensile



Fig. 1. a) Geometry of the steel container and location of the 3 thermocouples on the
steel outer wall b) Cross section of the steel container including the residual stress
measurement positions, dimensions are in mm.
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Fig. 2. Experimental measurements in steel container showing a) time-temperature
histories during filling b) average residual stress [7,11].
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hoop stresses varied up to approximately 350 MPa at 0.7 mm
below the surface. Similarly, axial stresses were tensile throughout
the wall thickness, and increase from zero at the surface to
400 MPa at 0.7 mm below the surface.

4. Thermo-mechanical finite element models

Thermal-mechanical finite-element analysis was performed to
provide a quantitative description of transient temperature evolu-
tion and the generation of stresses in the solidifying glass and the
stainless steel container. Three different finite-element models
were developed and compared. The first two models consider a
slice domain at the middle height section across the container, with
an elastic-viscoplastic constitutive relation for the glass. The first
slice model considers only the cooling process, and was used in
previous work [11]. The second slice model includes the entire
multi-step pouring and cooling process described in section 1. The
third model considers a 2-D axisymmetric domain of the entire
container, with a simple elastic constitutive relation. The pouring
stage in this model is simulated by adding new elements of glass
during each pouring step. All three models simulate the thermal
and physical interaction between the glass and the container wall.
The heat transfer and stress models are sequentially coupled, by
first solving the transient heat conduction equation, and then
reading the resulting temperatures as a predefined field into the
mechanical model.
4.1. Heat transfer model

The heat transfer models all solve the transient heat conduction
equation,

rCp
vT
vt

¼ v

vxi

�
keff

� vT
vxi

(1)

wherer is density, Cp is specific heat, and keff is effective isotropic
temperature dependant conductivity. The 1-D slice models
consider only radial (x1-direction) heat conduction (i ¼ 1), Fig. 3a),
whereas the 2-D heat transfer model, considers both radial and
axial conduction (i ¼ 1,2), Fig. 3b).



Fig. 3. Finite element domain in a) slice model b) 2-D model c) thermal resistor diagram in the slice model.

S. Nakhodchi et al. / International Journal of Pressure Vessels and Piping 146 (2016) 203e215206
Thermal boundary conditions for the slice models are shown as
a series of thermal resistors in Fig. 3, with parameter values listed in
Table 1. A natural-convection boundary condition is applied at the
wall exterior:

�ks
vT
vx

����
ext

¼ hairðTS � TaÞ (2)

To roughly incorporate the two stages of pouring into the
complete slice model 2, the ambient temperature was made to
evolve from 600 �C to 500 �C to 720 �C to 570 �C, with an ambient
film coefficient of 10 W/m2 ºC. This was found to produce tem-
perature histories in the stainless steel that matched well with the
thermocouple measurement at that height. Symmetry boundary
conditions were imposed at the top and bottom surfaces by
assigning q ¼ 0 at the glass central axis and by neglecting the small
temperature gradient in the axial direction, z, as illustrated in
Table 1
Heat Transfer model parameters.

Glass initial temperature, Tglass (�C) 1050
Glass conductivity, kg, (Wm�1 K�1) 1.1e1.3
Gap conductivity, kgap (Wm�1 K�1) 0.032e0.068
Gap thickness, Lgap (m) 0.01
Steel conductivity, ks, (Wm�1 K�1) 15e19
Specific heat of glass (J/kg�C) (<100 �C) 830
Specific heat of glass (J/kg�C) (>500 �C) 1300
Steel initial temperature, Tsteel (�C) 600
Steel thickness, Lsteel (m) 0.005
Air heat transfer coefficient, hambient (Wm�2 K�1) 10
Fig. 3a). During cooling, the ambient temperature was dropped to
25 �C keeping the film coefficient 10 W/m2 ºC. Heat flux across the
interface between the glass exterior and steel-wall interior is:

q ¼ �kg
vT
vx

����
ext

¼ ks
vT
vx

����
int

¼ kair
dgap

�
Ts � Tg

�
(3)

After filling is completed, heat leaves the exterior surface of the
glass, conducts across the glass-wall interface, and conducts
through the steel wall. Some of this heat flux causes the steel wall to
heat up, and the rest of the heat conducts through the wall to be
lost from the wall exterior surface by convection and radiationwith
the ambient air. Heat transfer across the interfacial gap is controlled
by a contact resistance, according to the microscopic (roughness)
and macroscopic (waviness) features of the surfaces, and the con-
ductivity of the material (air) in the gap [24]. Consequently, there is
a temperature drop across the gap. The contact resistance depends
on temperature and pressure [25]. In addition to the gap thickness,
a temperature-dependant contact resistance was adopted in this
model based on air at the average temperature of the two surfaces.
Specifically, the gap in this work, dgap, is 0.1 mm thick with con-
ductivity varying from 0.032 W/m2 ºC (at 200 �C) to 0.068 W/m2 ºC
(at 1400 ºC) [25].

Similar thermal boundary conditions have been previously
implemented in simulations of static-cast steel ingots [26]. The
sensitivity of the model to the thermal contact conductance is
investigated and discussed in section 5. During the pouring stage,
some heat may be radiated from the rising top surface of the glass
pool to the unexposed upper interior container wall, but this effect
was considered small and neglected.
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The temperature Tg in Eq. (3) changes with time from 1050 �C to
30 �C according to when the glass level passes any given height up
the container.

More realistic boundary conditions were implemented into the
2-D model. Using the element-birth technique and “model change”
option in ABAQUS software, glass elements were added in two
steps, representing the two pouring steps during the experimental
procedure, as explained in section 3. The first pouring step lasted
3600 s and was simulated by incrementally adding the ambient
temperature of 650 �C and ambient film coefficient of 90 W/m2 ºC.
The second pouring step was simulated similarly by adding five
additional increments of 720 s. During this period and between the
two pouring steps, the ambient temperature was 600 �C and the
film coefficient to 50W/m2 ºC. After removal from the furnace, final
cooling was modelled by dropping the ambient temperature to
25 �C and the film coefficient to 15 W/m2 ºC. With this Lagrangian
formulation, temperatures, mechanical strains and stresses
continually evolve during all of these stages.
4.2. Stress model

The domains for the slice and 2-D axisymmetric stress models
are shown in Fig. 3a and b respectively. In each time step, the
temperature field calculated from the heat transfer analysis is input
as a predefined field into the corresponding stress model.

The mechanical analysis step involves solving the equilibrium
equations, constitutive equations and compatibility equations,
which relate force to stress, stress to strain and strain to displace-
ment respectively. In the Lagrangian frame appropriate for this
work, the force equilibrium balance given below is the general
governing equation for the static-mechanics problem,

V$sij þ rgh ¼ 0 (4)

Where sij is the stress tensor, the second term represents the body
force from the hydrostatic pressure due to gravity of g and the
height of molten glass, h, above the simulated slice. As shown in the
Appendix, the hydrostatic pressure is negligible compared to the
measured stresses. Thus, the difference between slices at different
heights is negligible mechanically and so the assumption of a state
of generalized plane-strain in a single slice is reasonable. The
compatibility equations to relate strains and displacements are
given by:

_ε¼ d
dt

�
1
2

�
Vuþ ðVuÞT

��
(5)

where u is the displacement vector.
For the constitutive equation for the grade 309 stainless steel

container, elastic perfectly-plastic behaviour was assumed. The
temperature-dependant Young’s modulus used in this model was
fitted to the experimental data provided by NNL [29] and is shown
in Fig. 4b) along with temperature dependent yield stress of
stainless steel. A constant Poisson ratio of 0.3 was assumed.

In the glass, the strain-rate dependent constitutive behaviour
was treated as a transient solidification process, dividing the total
strain rate into three components of elastic strain rate, _εel, thermal
strain rate, _εth, and inelastic strain rate:

_εtotal ¼ _εel þ _εth þ _εin (6)

Elastic strain is directly responsible for stress, which is defined
as follows for a linear material with negligible large rotations.
_s ¼ D : ð_εtoal � _εth � _εinÞ (7)

where D is the 4th-order tensor of elastic constants, characterized
here for an isotropicmaterial by the temperature-dependent elastic
modulus, given in Table 2 and shown in Fig 4b), and a constant
Poisson ratio for glass, 0.2.

4.2.1. Thermal strain
Thermal strains are found from the temperature field calculated

by the heat transfer model. They arise due to volume changes
caused by temperature differences.

εth ¼
ZT

Tref

aðTÞdT (8)

where a is the average coefficient of thermal expansion between
the reference temperature, Tref, and temperature, T, and is given in
Table 2 for the glass and in Table 3 as a function of temperature for
the 309 steel, based on a reference temperature of 20 �C.

4.2.2. Visco-plastic strain
Inelastic or “viscoplastic” strain includes indistinguishable parts

of strain-rate independent plasticity and time-dependant creep.
The constitutive equation for glass is obtained from Newtonian
incompressible behaviour, relating inelastic strain to stress in the
glass as follows:

s ¼ 3hðΤÞ _εin (9)

where s is stress, h is the temperature-dependant viscosity and _εin
is the inelastic strain rate.

Viscosity data for borosilicate glass [27] were fitted to the
following equation [28].

log h ¼ Aþ B
T � T0

(10)

where A ¼ 0.5, B ¼ 2593 and T0 ¼ 374.8 are empirical fitting
constants.

In Eqs. (9) and (10), as temperature decreases, viscosity in-
creases until it reaches the solidification temperature, T0. Simple
elastic behaviour with an initial strain was applied at temperatures
below the solidification temperature, where the inelastic strain rate
dropped to zero.

4.2.3. Boundary conditions
Mechanically, the slice models are subjected to the generalized

plane strain condition in the axial direction, in order to properly
account for axial stress the vertical displacement, z direction in
Fig. 3a), at the top of the slice models was coupled.

5. Comparison of finite-element models with experiments

5.1. Temperature

The temperature histories predicted by the slice models are
compared with those measured at the exterior surface of the
stainless steel container in Fig. 5. Fig. 5b) compares the original slice
model 1 cooling stage results only. Fig. 5c) compares the slicemodel
2 which includes the pouring stage as well. The difference between
internal and external temperatures across the steel container wall
was very small, owing to its high thermal conductivity and small
thickness. Thus, only the exterior temperature is shown. The
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Fig. 4. Temperature dependant a) thermal and b) mechanical properties of stainless steel and glass.

Table 2
Mechanical properties of glass.

Parameter Value

Eglass (GPa) in solid state (<525 �C) 62
Eglass (GPa) in liquid state (>850 �C) 1
Density, r (kg/m3), in solid state 2400
Density, r (kg/m3), in liquid state 2200
Thermal expansion coefficient of glass (m/m) 3.2 � 10�6

Table 3
Temperature-dependant thermal expansion coefficient of steel.

Thermal expansion coefficient of steel (m/m) Temperature, ºC

1.6 � 10�5 200
1.7 � 10�5 400
1.8 � 10�5 600
1.85 � 10�5 800
1.95 � 10�5 1000
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temperature history predicted in the steel container agrees with
the thermocouple measurements.

The temperature predictions of the 2-D model are shown in
contour plots at different times during pouring in Fig. 6. Fig. 7
shows temperature histories at the 3 locations of the thermocou-
ples in the steel wall, which agree well with the measurements. Of
particular interest is the temperature evolution at the exterior
surface of the glass. The model and measurements in these figures
produce the same insights into the process, which are discussed in
detail in the discussion section.

The steel wall temperature depends mainly on the resistances
from the gap and from convection to ambient, according to the
resistor model in Fig. 3c). The gap resistance changes greatly with
ambient temperature and convection coefficient, h and t, which can
change the direction of the heat flux. For example, a sudden
decrease in gap resistance may cause an increase of temperature of
the steel wall. On the other hand, having a fixed gap resistance,
ambient resistant, h and t, controls the temperature of the steel. The
latter is used to simulate the pouring process.
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5.2. Stress

The stress distributions obtained from the all three models are
compared with the residual stress measurements in the wall of the
stainless steel container in Figs. 8 and 9 in both the hoop and axial
directions. The final hoop residual stress distribution in the glass is
also zoomed-in and shown in Fig. 8. All three models predict hoop
residual stresses that are tensile in the center of the glass,
compressive near the glass and steel interface, and tensile in the
container wall.

There is good agreement between the residual stress predictions
and the measurements. The slice model with cooling un-
derestimates the final residual hoop stress measurements by ~15%.
The slice model with both pouring and cooling is slightly better,
underestimating the measurements by only ~10%. None of the slice
models predict the high axial residual stresses in the container. The
full 2-D model over-predicts the hoop stress by 5%, as shown in
Fig. 9. This model correctly predicts that the axial stress is less than
the hoop stress. However, the predicted axial stress is much less
than the measurement.

Stress profiles during the transient cooling process are pre-
sented in Fig. 10, for the slice model with cooling only. To quantify
the importance of the mechanical interaction between the glass
and the container, a simulation was conducted with no constraint/
contact between the glass and steel in the same slice model. The
results are included in Fig. 10 for comparison.

During the initial cooling process, the surface region of the glass
cools faster than its center. As shown in Fig.10a) for the non-contact
case, the resulting surface contraction causes very slight
compression stress at the center, balanced by slight tension near



Fig. 6. Temperature distributions in glass calculated by 2-D model at different times, a) 720 s, b) 3600 s c) 26700 s d) 32100 s e) 86100 s f) 172100 s.
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the surface. A similar balanced stress profile develops in the steel
wall. This situation might happen if the steel cylinder were not
preheated, and the expansion of the steel wall caused by heating
during the pouring stage results in gap formation between the steel
and glass. Including mechanical contact for the real process, how-
ever, the cooling contraction of the steel wall is much greater than
that of the glass. Thus, the steel wall squeezes the entire glass
volume into compression, which is balanced by high tension stress
throughout the steel wall.

Later during cooling, Fig. 10b) shows results at 31500s, when the
glass center is 900 �C and exterior is 730 �C, and Fig. 10c) shows
results at 45900s, when the glass center is 800 �C and the exterior is
650 �C. Evenwith no contact, the natural cooling and contraction of
the soft center of the glass within the strong, cold, solidified surface
shell of glass causes the stress profile to reverse. The hoop stresses
towards the center rise to zero and later become tensile. This is
balanced by compressive stress developing within the exterior. This
trend continues until in Fig. 10d) where the glass is cooled to the
room temperature and hoop residual stresses reach 10 MPa tension
at the center of the glass and 20 MPa compression at the exterior.
The residual stress in the steel wall ultimately drops to zero, for this
case without contact.

With mechanical contact included, Fig. 10 also shows that the
wall of the stainless steel container shrinks to push on the glass
during all times of the cooling process. This generates the high
stresses in the steel wall. The tensile hoop stresses in the stainless
steel wall container develop solely as a result of mechanical inter-
action with the glass. Specifically, the mechanical interaction
generated about 150MPa hoop stresses in Fig.10a) that increased to
about 220 MPa, 240 MPa and 305 MPa in Fig. 10a,b and c)
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respectively. Compressive stress in the glass is higher towards the
surface because the region is colder and stronger.

Finally, Fig. 10d) shows that the residual hoop stresses in the
glass are always tensile at the center and compressive at the sur-
face. With mechanical interaction, however, the residual tensile
stress in the glass center rises to only ~4 MPa by. Thus, as discussed
in further detail later, the process of preheating the steel cylinder
ultimately lowers the internal tensile stress inside the glass, at the
expense of residual tensile stress in wall itself.

Results obtained from the more realistic geometry of the 2-D
model are shown in Fig. 11. Fig. 11 shows the displacement his-
tories of the outer surface of the glass and inner surface of the
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container wall for this case. During the pouring stage, the first 10 h,
radial displacement of steel experienced a sharp increase followed
by a decrease to its initial value at the start of the process.
Comparing the results presented in Fig. 11 with the temperature
histories presented in Fig. 7, pouring increased temperature and its
consequences on the radial displacement can be seen. Note that the
steel expand faster than the glass, owing to the larger thermal
expansion coefficient of the steel (relative to the glass). This causes
a separation between glass and steel during the first 10 h in Fig. 11.
This non-physical result demonstrates that in reality, the molten
glass follow the shape of the container until steel return to its initial
radius at the start of the process. Then, the container wall will
shrink until it contacts the glass. The initial radius of the container
(when pouring started at time ¼ 0) is larger than its final radius at
the ambient temperature, due to thermal contraction. Cooling the
container causes its radius to return to its original value at room
temperature until the wall hits the glass. In section 6.2, radial
displacement of the container correspond to the measured residual
stresses is calculated (see Fig. 12).

6. Discussion

Numerical models are efficient tools to elucidate thermal and
mechanical stress generation and cracking in complex engineering
processes. The simple models can produce realistic results if
formulated properly. The measurements and calculations in this
work together provide new insight into thermo-mechanical
behaviour during casting processes, such as the pouring, cooling
and storage of HLW-glass in a cylindrical steel container. This can
aid in the design and operation of these processes. Most of the
stresses in a static casting process are generated from volumetric
contraction and expansion associated with changing thermal gra-
dients within the mold [26,29]. In addition, the casting (glass) and
mold (stainless steel container) are in both thermal and physical
contact, which changes the cooling rates, and redistributes the
entre of cylinder, mm
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internal stresses, according to their relative contractions or ex-
pansions. Three FEmodels were developed in this research, the first
Fig. 10. Stress state in glass and steel in the “cooling only” slice model with and without p
exterior ¼ 850 �C b) time ¼ 31500 s, Tg-centre ¼ 900 �C, Tg-exterior ¼ 730 �C c) time ¼ 45900sec, T
two FE models were developed from a slice domain frommiddle of
the container through the glass and steel. These two simple but
efficient models simply reveal the process of stress development in
hysical interaction between glass and steel a) time ¼ 15300 s, Tg-centre ¼ 1010 �C, Tg-
g-centre ¼ 800 �C Tg-exterior ¼ 650 �C d) time ¼ 600000, Tg-centre ¼ 25 �C Tg-exterior ¼ 25 �C.
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the glass and the container. It is demonstrated that the measured
residual stresses in the container are caused by the thermo-
mechanical contact between glass and the steel container.
Comparing the residual stresses predicted by two slice models, the
simple slice model of cooling process only is shown to be very
efficient for predicting the residual hoop stress.

The 3rd model considers a 2D axisymmetric domain of the
entire container. This model can predict both the measured axial
and hoop residual stresses. Like the hoop stresses, the axial stresses
are generated due to physical contact between the solidified glass
and the container. The underestimation of axial stresses by the FE
model may be associated with possible friction between the steel
and glass during the cooling process which has not been considered
in the FE model.

The section below attempt to explain further the process phe-
nomena based on the findings in the FE models. These thermal
stress models are powerful prediction tools for design and assess-
ment of structural integrity of HLW containers.

6.1. Explanation of process phenomena

The process can be split into the three stages of preheating,
pouring, cooling, and storage.

6.1.1. Preheating
Prior to filling it with molten glass, the empty stainless steel

container is exposed to a certain temperature, (600 �C in this work).
During this stage, the empty container is free to expand in all di-
rections, increasing in both diameter and height. Relatively little
stress is generated during preheating the container, due to its thin
walls and lack of temperature gradients or constraint. It is impor-
tant to achieve uniform preheating everywhere, including the
container bottom, in order to avoid local temperature variations
and the associated stresses, inelastic strains, and complications.
Although stress is small after this stage, the thermal strains and
displacements are very significant. The amount of thermal expan-
sion increases with increasing preheat temperature.

6.1.2. Pouring
During this stage, the container is filled with liquid. Molten glass

with a high initial temperature (1050 �C in this work) flows into the
container and takes on its internal shape. During the flow recir-
culation in the liquid pool, its internal heat is generally
homogenized. Some heat is conducted to the adjacent container
wall it contacts, and some heat from the rising free surface is
radiated to heat the upper regions of the container walls. This heat
increases the temperature of the container, (especially in the bot-
tom filled portion), causing the wall to further expand.

The changes in temperature measured by different thermo-
couples attached to the container walls can be explained by filling
and 2-D heat conduction in the walls, according to the two time
intervals of pouringmolten glass into the container. Each time glass
is poured into the container, the temperature of all thermocouples
increases, owing in part to heat conducting vertically up the wall.
The sharp temperature increase causes sudden expansion of the
container wall, which could allow a gap to form, while the glass
slowly expands to fill the gap. At the same time, the gap decreases
the heat flux, causing the wall to stop expanding, resulting in a
relatively slow cooling of the wall.

During the first pouring step, the temperature increase is
highest towards the bottom of the cylinder (TC1). After the first
pouring step of ~1hr, the glass and wall cool, so temperature drops
slowly for the next ~6 h. During this time, the furnace heater
maintains a high ambient temperature (~600 �C), which keeps the
upper part of the container warm until the start of the next filling
cycle at ~7hr. Then, during the second step of pouring, temperature
spikes again, but only in the upper half of the wall, (especially at
TC3). Again, this filling step lasted about 1hr, generating peak
temperatures at ~8hr, For the next ~2 h, cooling proceeds at about
the same rate as after the first pour. Then, at ~10hr, the heater was
switched off or the container was removed from the furnace. The
exposure to the cooler ambient temperature causes the cooling rate
to greatly increase, as indicated by the sharp drop in temperature of
all three thermocouples.

To contain the molten glass, a slight tensile hoop and axial stress
(half as much) is needed to balance the hydrostatic pressure.
However, this stress is negligible relative to the stresses caused by
the mechanical and thermal strains, as shown in the Appendix.
6.1.3. Cooling
At the end of pouring, the system cools down in a transient

manner. Inside the container, the glass is still soft, so it flows,
generating inelastic strain, to match the shape of the cylinder wall.
The latent heat released during glass solidification has a small effect
to delay cooling. More important is the increase in viscosity that
accompanies glass cooling, culminating in the prevention of flow
upon cooling below the glass transition temperature. This cooling
occurs first at the outer surface layer of the glass, strengthens this
outer layer enough to contain the inner pressure. After this time,
the rigid solid glass shell can shrink, so the glass no longer follows
the shape of the container.

During the cooling stage, both the container and glass shrink.
However, as the thermal expansion of the steel is almost three
times bigger than that of the glass, the wall shrinks three times
more than the glass, so it contracts around the glass everywhere. As
the steel tries to shrinkmore, it pushes on the solid glass. If the solid
glass is cold enough, it will resist this attempt to deform it smaller,
and cause hoop stress: compression in the glass is balanced by hoop
tension in the container wall.

The model predicts that the hoop stress is about two times
bigger than the axial stress (Fig. 9). Although this agrees with the
Appendix equations for a thin wall cylinder subjected to internal
pressure, this is believed to be a coincidence. Furthermore, the
measured hoop and axial stresses are almost equal. The difference
may due to one or all the following reasons. 1-Friction between
glass and steel 2- Pressure from bottom and lid 3- Temperature
gradients in the wall.
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6.1.4. Practical implications of preheating
Based on the results presented here, preheating may be

beneficial in three ways: 1- Preheating will avoid high de-
formations due to thermal shock at the start of pouring. Without
preheating, the container that is at room temperature will sud-
denly be exposed to the glass at 1050 �C. The high thermal gra-
dients between the glass and the wall at the contact region could
generate a thermal shock for both materials. Surface tension and
cracks in the glass are the most probable. Moreover, touching a
cold stainless steel wall with a hot molten glass, the rapid ther-
mal expansion of the wall, causes a gap to be formed at the
interface between the glass and the wall. If the gap formed before
the glass surface layer was strong enough to withstand the in-
ternal pressure from the molten glass interior, then again surface
tension and surface cracks could form. By starting already partly
expanded, the steel wall does not expand as much when the
glass hits it. This lessens the chance for cracks in the glass due to
trying to follow that expansion. 2- Without preheating, the hot
glass might be frozen at the first instant when it is in contact
with the cold stainless steel container. Hence, glass would not be
able to follow the shape of the container anymore. Further
expansion of the container would cause gap formation, surface
tension in the glass, and perhaps cracks. Keeping the container
above the glass transition temperature ensures that the glass is
always able to flow to conform to the shape of the container
without cracking. 3- Finally, by expanding before the glass con-
tacts it, the glass takes on a larger diameter, and thus is com-
pressed when the wall later shrinks back to room temperature.
This general compression is beneficial, as it discourages the for-
mation of cracks in the glass.

To offset these 3 benefits, the preheating is ultimately
responsible for the residual tensile stress in the walls of the
container. This likely increases the chances of corrosion cracking
or other long-time failure of the steel vessel. Thus, steps should
be taken to alter the preheating or other aspects of the process in
order to decrease this residual tensile stress in the steel wall.
7. Conclusions

- Three different thermo-mechanical FE models are developed:
two simple but efficient slice models and one 2D axisymmetric
model created from the full geometry of the container. All FE
models include the glass and steel container along with their
thermo-physical contact.

- The two slice models benefit from simplicity in modelling and
provide basic knowledge of stress generation during the casting
of the glass into stainless steel container.

- Of the two slice models, the model that considers cooling only is
sufficiently accurate to predict the hoop stresses in the stainless
steel wall container.

- The full 2-D FE model of the axisymmetric geometry takes
advantage of advanced features in FE simulation and in-
troduces the details of the glass filling and casting process by
adding layers of glass and transient thermo-mechanical con-
tact. This model confirms the general findings of the two slice
models and demonstrates the axial residual stresses in the
steel container are developed as a result of physical contact
between the glass and the steel container in the axial direc-
tion. The presence of friction between the glass and the steel
containment may lead to higher than predicted axial residual
stresses. Without friction the predicted axial stresses are
lower than the measured stresses.
Appendix 1. Hoop stress due to hydrostatic pressure of the
molten glass

The effect of hydrostatic pressure from the molten glass to the
stainless steel container can be obtained as follows,

P ¼ rgh
2

(A1)

where r ¼ 2200 kg/m3 is the molten glass density, g ¼ 9.8 m/s2 is
gravity and h ¼ 1.3 m is the height of the container.

Considering the container as a thin wall cylinder, hoop stress
due to hydrostatic pressure, P, can be calculated as follows,

sq ¼
pr
t

(A2)

where p ¼ 0.014 MPa is calculated pressure using equation (A1),
r ¼ 215 mm is container radius and t ¼ 5 mm is the thickness. The
final hoop stresses is sq ¼ 0.6 MPa that is only 0.1% of total stress.
Thus, molten glass hydrostatic pressure can be neglected.
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