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INTRODUCTION

Spent fuel assemblies of Advanced Gas-cooled Reactors (AGR's) are
temporarily stored in long vertical tubes denominated decay store
pressurised tubes. A conceiwable, although most unlikely, accident would
be the drop of a fuel assembly from the highest lifting point (27m) during
the opetation of placement into the store tube. Under these circumstances
it is important to ascertain that, the ensuding impact of the assembly
against the support stool at the bottom of the store tube will not result
in failure of the pressure tube, f

The present paper deals with the numericel idealisation of the impact
of a dropped assembly onto the bottom of the store tube. The computations
are used as a means of validating the design of the store tube vis—a-vis
the postulated accident. '

DESCRIPTION OF THE PROBLEM

For the purpose of the present study, the AGR fuel assembly (Figure 1)
can be considered to be composed of two parts. The lower one (the fuel
stringer, shown in Figure 2) is of special significance here, as will be
discussed later. The complete assembly has a total length of 22.739m, of
which the stringer represents 9.302m. Their respective masses amount to
2458kg and 789kg. The shape of the fuel assembly is roughly cylindrical
with an approximate radius of 0.25m.

The fuel stringer is a column of independent elements simply supported
on the nose unit, which is fixed to the end of a hanging tie-bar. The
stringer is composed, apart from the tie-bar and nose unit, of the
following elements resting on the latter: bottom reflector, eight fuel
elements and top reflector. FEach of these ten units has an outer graphite
sleeve and some intermals. Until the graphite sleeves fail, contact
between adjacent sleeves constitutes the only means of transferring loads
between units in the stringer column.



The graphite sleeves can be expected to fail during the impact
resulting from drop heights much smaller than the 27m contemplated in the
present work. Following this failure, the transfer of load at the impact
point will be largely determined by the ability of crushed graphite to
continue transmitting stresses. The influence of the units of the fuel
assembly above the stringer is therefore negligible for the initial part of
the impact history., This part will be shown later to be the only one of
significance.

Although the structural integrity of the fuel stringer relies on the
graphite sleeves, the greatest proportion of its mass is constituted by the
nuclear fuel, Pellets of uranium dioxide are arranged in fuel pins,
thirty-six in each fuel element. The fuel pins are fixed by means of a
supporting grid at the bottom of each fuel element and their spacing is
maintained by two braces along the element,

During an impact, following crushing of the sleeve, it is expected
that the bottom of the fuel pins of an element will eventually establish
contact with the top of the next set of fuel pins (or, depending on their
alignment, with their upper brace). In this analysis it is assumed that
the bottom of a set of fuel pins will encounter the top of the next set
after a relative displacement of 4.7cmn. Hence, given sufficient
displacement, a second load transmission path appears besides that afforded
by the crushed graphite sleeves: 1loads can be transmitted along connected
sets of fuel pins. This assumption corresponds to perfect alignment
between fuel pins of adjacent fuel elements and is likely to result in
greater impact effects than any assumption of misalignment. The buckling
load of the pins constitutes the maximum load that this second loading
mechanism can impose.

The nose unit of the fuel stringer is an important element of the
column, as it is the one impacting the tube and hence will determine at
least the initial peak stresses during the impact history. It is made of
18/8 NiCr austenitic steel. Its geometry is shown in Figure 3.

The decay store tube is composed of two coaxial tubes, as shown in
Figure 4. The space between the two tubes is filled with water. The inner
tube is made of BS3602/410 steel and contains the fuel assembly in an
atnmosphere of pressurised gas at 4.56x10 N/mz. This pressure cannot be
neglected as it contributes significantly to longitudinal and hoop stresses
in the tube,

The water and outer containment tube are of minor importance to the
impact analysis. This fact can be quickly ascertained by hand calculations
based on the relative impedances of water and steel.

The internal shape of the inner tube provides both for a support of
the assembly under normal operation and for a possibility of dissipating
impact energy by plastic deformation.

The store tube is suspended from a section 21.036m above the top of
the support stool. The inner tube is made of welded tube sections; the
positions of the welds are indicated in Figure 4. As the tube decreases in
thickness from 16.0 to 14.5mm at those locations, the welds acquire a
potential significance as waves travel along the tube away from the impact
point. The higher stresses resulting from a smaller cross—sectional area



make these regions the most likely ones for concentration of plastic
strains in the cylindrical part of the inner tube,

The fuel assembly is assumed to fall freely from the full 27m height.
This results in an impact velocity at the bottom support of 23.24m/sec.

The nose unit is assumed to impact coaxially the bottom support. The
average coefficient of dynamic friction between steel and stainless steel
at the contact interface is estimated to be 0.6,

Various ambient temperatures are conceivable within the store tube at
the time of the impact. The assumption here is 2 uniform temperature of
200°C, a conservative value from the viewpoint of the strength of the store
tube.

NUMERICAL METHODOLOGY

Impact problems are characterised by a short duration and strong non-
linear behaviour, The latter arise from the geometrical non-linearities
associated with the establishment of contact between bodies and, very
often, also from the levels of deformation induced in the materials under
the impact stresses. For problems of these characteristics, explicit time-
marching procedures become specially adeguate. They treat easily the non-
linearities in exchange for & drastic limitation in the size of the
timestep used for integration of the equations of motion (the Courant
condition). But this limitation is of lesser importance in a short
duration problem.

The calculations reported here were conducted with PR3D (PML, 1983), a
three-dimensional program for analysis of interacting bodies. It is a
finite-difference Legrangian co”e whbich works on a mixed space
discretisation: deviatoric strains/stresses are referred to constant-strain
tetrahedrons, while their isotropic counterparts are based on larger
constant-strain elements spanning three tetrahedrons (Marti and Cundall,
1982). This discretisation avoids both 'locking’ and 'hourglassing'
problems. The constitutive laws are formulated incrementally based on the
Jaumann rate of Cauchy stress.,

The characteristics of the impact are such that the large strain
regions will be confined to the weak materials (e.g. graphite sleeves,
buckling configurations, etc.) or to the local area of impact in the case
of strong materials (steel or stainless steel)., The version of PR3D
selected offers the possibility of idealising bodies either with continuun
solid elements or with structural elements. This enables a detailed
modelling of the deformations of materials at the reguired locations
without penalising the economy of the run by imposing too detailed a
definition where it is not warranted.

The presence of a substantial internal pressure in the inner tube
complicates the analysis to a certain extent. This pressure cannot be
applied suddenly at the same time that the impact takes place, as it will
induce its own oscillations thus introducing errors in the results. The
procedure followed consisted of applying the internal pressure and letting
viscous damping remove the resulting dynamic oscillations. Once the mesh
was in static equilibrium under the internal pressure, the viscous damping



was removed and the impact was allowed to take place.
MATERIAL MODELLING OF THE PRESSURE TUBE

The pressure tube is made of BS3602/410 steel. The region of the tube
which might develop non-linear behaviour has been modelled as solid
elements and provided with a strain-rate dependent non-ideally
elastoplastic behaviour governed by equations 1 and 2 given below:
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where Gy is the stress tensor
€53 is the strain tensor

A, p are the Lamé constants
6,: is the Eronecker delta
The ‘elastic relationship eq. 1 is bounded by & strain-rate dependent

hardening law:
T = a1+ blel® vaik2)

where T is the effective stress
t is the effective strain
a, n, b, m are material properties
dots indicate time derivatives
As can be noticed, the rate dependence is introducecd through the
multiplicative factor (1+ble|™), This is an empirical curve-fit of the
data. It degenerates to unity for slow strain-rates and increases as a
power—law of the strain-rate,
The following values were adopted for temperatures of 200°¢:

A = 108GPa
p = 7T2.3GPa
a = 5.22MPa
n = 0.160
b = 0.375
m = 0.163

The elastic properties are consistent with a Poisson's ratio of 0.3
and a Young's modulus of 188GPa.

The strain-rate dependence was taken from data at roon temperature
reported by Peterson et al (1982) for the equivalent SA-106 Carbon steel.

The pressure tube thimble head is made from BS1503/430E steel. The
yield stress and the Young's modulus at 200°C are the same as those for the
pressure tube material. [Hence, although the ultimate tensile strength of
the thimble head material is about 5% greater than that of the pressure
tube steel, the same material model, based on the lower strength, was used
for both.



' - . « An elastic non-
ideally plastic law wWith power-law isotropic hardening was implemented to

represent the material behaviour. Strain-rate effects for this material

were neglected. The elastic part corresponds to eq. 1, while the absence
of strain-rate effects simplifies the Plastic law:

T = g3 gt eswi(3)

The following material properties were used:

A = 108GPa
B = T71.9GPa
a = 624MPa
n = 0,188

The axial symmetry of the nose unit is broken by its webs. In order
to allow axisymmetric treatment, the webs were represented as if they were
a continuous solid material. The properties of this material (stiffness,
density, etc.) were modified to account for the fact that, in a toroid,
only its intersection with the webs is actually occupied by steel. Since
the webs have uniform thickness, the properties of steel assigned to this
region are a function of their distance from the axis. In order to
simulate the Poisson’s ratio effect, the elements representing the webs
were free to move in the hoop direction,

The rest of the fuel stringer comprises the tie-rod, bottom reflector,
eight fuel elements and top reflector. The representation could be highly
complex due to the intricate geometry and the fact that various material
and geometrical instabilities are known to take place during the postulated
impact, e.g. crushing of graphite sleeves, buckling of fuel pins, buckling
of the tie-bar, etc. These various problems have been handled here by
structural representations which utilise equivalent material models.

In an equivalent model the constitutive law represents the behaviour
of an element of the structure, rather than that of an element of material.
It therefore tries to account for geometrical or other effects. For
example, consider a bar compressed between its two extremes. The equivalent
model will not study the development of buckling, but will provide a
constitutive law for the behaviour of each element of the bar such that,
when compressed, the force-displacement relation observed at the bar
extremes will coincide with that of the buckling bar. An elastoplastic
model with piecewise linear hardening, was used as a general equivalent
Structural law. Such an empirical model allows introduction of work
softening behaviour, as required for representing buckling, fracturing,
etc., by suitable selection of its constants.

The tie-bar yield stress was obtained as an Euler buckling load for a
simply supported beam held between two adjacent braces in a fuel element.



This load is smaller than that for plastifying the tie bar in compression.
The residual load was obtained assuming that the maximum transversal
displacement of the buckled tie-bar is limited by the radius of tke
graphite sleeves.

The behaviour of irradiated graphite sleeves and the two reflector
assenblies prior to failure was obtained from compression tests, Post-
failure behaviour, as reflected by the residual compression strength of
graphite, was based on crushing tests on non-irradiated graphite sleeves,
A residual strength of 5MPa was assumed to be a reasomable value based on
‘these experiments. This value was multiplied by the ratio of the yield
stresses of irradiated and non-irradiated graphites to give a residual
strength of 6.8!/iPa for the irradiated material.

The initial tangent modulus of graphite was used to describe its
elastic behaviour. Its peak stress was taken to mark the yield point,
Because the stress—-strain law used is piece-wise linear and the actual
behaviour is non-linear, this procedure underestimates the strain at
failure. DBut since very large strains are procduced in the large height
drop, the procedure is considered sufficient for the application at hand.

The grid and fuel pin element properties were also obtained from an
assessment of tests in the laboratory. Gap elements have been provided in
order to allow possible separation between the various elements (e.g. fuel
elements) and eventual contact betweern fuel pins, A gap element transmits
a2 force only when closed.

Finally, the upper part of the fuel assembly (above the fuel stringer)
2as also been nodelled. Lowever, this part is of relatively little
irportance. Muly the first 8msec of the impact history needed to be
studied, as tests and calculations had shown that contact stresses decrease
very rapidly, controlled only by the crushing and buckling and the weaker
stringer units, Decause of this only a crude representation of units above
the stringer was deemed necessary. These units are made of 18/8 stainless
steel between the neutron scatter plug and the biological shield. The rest
are made of BES3602/360 steel. The properties given earlier for 18/8 stecl
at 200°C have been used for all of those units.

GEOMETRICAL IDEALISATION

The pressure tube was modelled with a mesh of 867 solid tetrahedrons
up to and including the first weld region. At the upper, fixed enc, the
pressure tube was modelled with 132 solid tetrahedrons. This covers all
the volume of the pressure tube likely to undergo non-linear behaviour. Imn
betweern these two regions modelled with solid elements, the pressure tube
was idealised with 92 structural elements.

The sizes of the elements were selected simply with the goal of
providing adequate definition of the spatial variation of the stress and
other fields. No additional constraints on size are imposed by the
frequency transmission. The higher frequencies of interest in the problem
are known experimentally to be on the order of 1 or 2kHz. In steel,
element dimensions on the order of 1m would be sufficient to transmit these
frequencies accurately.



The fuel assembly was also modelled with a combination of solid and
structural elements. The nose unit was discretised with 555 solid
tetrahedrons with sizes selected with the same criterion used in the case
of the pressure tube. The geometry of the webs was respected so that the
properties of the elements in that region could account for the inter-web
voids. Notice that each cuboid in the mesh is decomposed into six
tetrahedrons and each triangular prism into three.

The tie-bar was represented with 26 structural elements. It is
connected by its lowest node to all the nodes of the nose unit in the area
where the bar is threaded in.

The rest of the fuel stringer was modelled by means of 80 structural
elements and 17 gap elements.

Finally, the rest of the assembly was also represented with structural
elements but, as mentioned earlier, its discretisation is of lesser
importance.

The main elements of the overall discretisation can be seen in Figures
5 and 6. Figure 5 includes the complete solid element mesh., Figure 6
displays the structural model used to represent the parts of the fuel
stringer not modelled with solid elements., For reasons of space, the
meshes used for structural modelling of parts of the store tube, the tie-
bar and the fuel assembly (above the stringer) are not shown. However,
their interest is only limited as they are simple stick models of masses
and springs.

RESULTS AND DISCUSSION

The nose unit has a high resonant frequency compared to those of
vibration of the various fuel masses located higher in the stringer. This
results in a temporary rebound of the nose unit before the greater mass of
the fuel imposes again a downward movement of the nose unit and a second
impact is produced. In fact, several such rebounds can be observed in the
plot displaying the history of the resultant of the contact forces (Fig.
7). Unpublished experiments have shown this to be the case, with several
distinct impacts of the nose unit onto the stool. This history of the
resultant of vertical contact forces has a peak on the order of 2.,2HMN,
This value is somewhat higher than the one measured experimentally but the
latter may have been slightly filtered by the experimental setups.

Subsequent peaks are notably lower than the first one. This is
consistent with existing experimental evidence. Both in experiments and
computations, the stresses reached during the first impact were
substantially greater than those reached in later rebounds. In particular,
the contact forces maintained during the deceleration of the stringer are
known to be several times smaller than the initial peak due to the
relatively low load sufficient to crush the graphite sleeves.

This has implications on the required duration of analysis. Had
graphite been stronger, the history of load transfer could have displayed a
shorter overall contact time together with a higher sustained contact load.
Conceivably this contact load could have been sufficient to maintain
yielding of a reduced weld section. In this case, a strain-based analysis



would have had to continue until such load had decreased below the value
inducing yield of the reduced section. However, due to the weakness of
graphite, the sustained load is much smaller than the first peak and unable
to induce yield. As a consequence, only the first 8msec had to be
analysed.

Figure 8 shows the contour plots of the effective stress 0.25msec
after impact, This time is not far from that at which the maximum effects
take place in the nose unit and support stool.

With the exception of the point at the bottom of the nose unit (where
geometrical features impose an amplification) all other vertical point
velocities appear to be bound by the impact velocity. In the region of
impact, the impact velocities can be seen to decrease by about an order of
magnitude after the first O.5msec, when the nose unit is essentially
arrested. An example is presented in Figure 9,

Stresses are generally maintained within the elastic limit in all
places of the storage tube except very near the impact location and at the
support point of the storage tube.

At the latter the vertical restraint imposes a local doubling of the
stress amplitude. Due to this reason there is some plastification of the
tkin weld section which is very close to the point of fixity. However, the
strains produced appear to be very limited as the high stress levels are
very short lived. Figure 10 shows the history of total vertical strains at
this location; elastic and plastic strains can be easily inferred.

It is important to mention that stresses developed at the lower weld
location do not reach the yield point. This could be expected from the
experimental knowledge of the peak impact loads. A quick calculation shows
that such peak loads divided by the cross—~sectional area of the tube (even
at the thinner weld regions) is not sufficient to induce yield in spite of
the superimposed internal pressure effects.

CONCLUSIONS

An analysis has been carried out with PR3D of the impact of a fuel
assembly after a full height drop inside a decay store tube. The
calculations were continued for 8msec following impact of the assembly orn
an internally pressurised store tube. The analysis attempted to reproduce
the numerous constitutive and geometrical complexities of the problem.

The conclusions reached on the basis of this analysis can be
sumrarised by stating that the containment will not be breached as a result
of the postulated impact. Moderate plastification of the local area of
impact will take place but it remains well within acceptable limits with no
risk of it leading to rupture of the tube, The material at the tube
support and top weld points is also observed to suffer some plastification
due to the stress amplification associated with the fixed-end comditioas,
but the effects are small and localised. Yielding at these points is very
short lived, with peak strains barely reaching a fraction of ome percent.
In contrast to the integrity that the pressure tube is expected to
maintain, large scale failure and crushing is expected on the fuel
stringer.
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