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ABSTRACT

shock wave loads induced on the walls of an irradiated fuel storage
water pool concrete structure due to accidental drop of a shipping
cask are investigated by experimental and analytical studies. From
these an empirical and a mathematical modelling method are
developed. Importance of various high temperature effects on the
analysis of water pool concrete structure are highlighted.

1 INTRODUCTION

The fresh irradiated fuel from nuclear reactors is invariably stored
underwater in massive storage pool concrete structures. These pools
are classified as safety related nuclear structures and have to
satisfy stringent design criteria, quite similar to the containment
structures. In addition to the conventional loads considered in the
design namely, dead load, live load, hydrostatic pressure and
seismic loads, the storage pools have to be designed for accidental
and unexpected loads. Some special loads which are found to be
significant arise due to:

(a) the shock waves developed by accidental drop on the water

surface of a loaded shipping cask;
(b) high temperature gradients induced on the walls due to operating
and accident conditions.

At Ontario Hydro, extensive studies have been carried out on the
significance of the above loads and methods have been developed to
properly account for these loads in the design. This paper gives
the highlights of the developments made in this regard.

2 SHOCK WAVES DUE TO ACCIDENTAL CASK DROP

The handling and transportation of stored fuels from storage bays
are generally carried out using fuel handling casks. While these
casks are handled by overhead cranes, possibility of an accidental
drop of the cask has to be considered. Such accidents would create
shock pressure waves in the water which induce significant dynamic
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forces on the bay walls. Reliable methods of predicting the nature
and magnitude of such loads are developed using experimental and
analytical studies.

2.1 Experimental Work

The objective of the experimental program was to determine the
pressure characteristics on the bay walls and the cask. The test
results provided input for the development of empirical and
mathematical modelling methods. The experiments were carried out in
two phases.(l) In the first phase, a 1:10 scale model study was
conducted in which a range of existing and contemplated future cask
and bay geometries were tested. The casks tested had rectangular or
circular cross sections and were dropped from various heights to
cover practical cask drop heights at Ontario Hydro stations.
Specially constructed cask drop arrangements were made to control
tilting of the casks. Based on the conclusions of a Dimensional
Analysis, scaling ratios for the relevant parameters were determined
for a given model scale.

vVariables considered in the study and their range of values
investigated are identified in terms of dimensionless parameters
shown in Table 1 (also see Figure 1). This range covers most of the
practical situations at our stations. Of all the parameters in this
range, the only one significantly affecting the impact forces on the
bay walls was found to be the drop height, H.

In the second phase of the test program, models of 1l:4 and
1:10 scale were used to verify the scaling criteria and provide
additional data on the distribution of impact pressures on the bay
wall and cask bottom.

In all the tests, the measured values were the pressure
distributions on the bay wall nearest to the drop and pressure at
the cask bottom. The impulse is evaluated from the measured
pressure distribution by integrating the pressure-time curve. Some
typical results of the tests are given in Figure 2 and also
summarized in the empirical method discussed below.

2.2 Empirical Method

In this method, empirical relationships are used to describe the
horizontal and vertical pressure distributions on the wall closest
to the drop, within the range of parameters tested. An
investigation of the natural frequency of a typical bay structure
(8-50 Hz) and the frequency of the shock waves (100-200 Hz) show
that because of the relatively low resonant frequency of the
structure, the accumulated impulse on the wall rather than the peak
pressure is more important in structural investigation. Hence, the
impulse values were evaluated by approximating the measured pressure
pulses as triangles of height P (pressure) and area I (impulse).
The base of the triangle provides the pulse duration, T = 2 I/P.

On the wall closest to the cask drop, the pressure distribution in
the horizontal direction is approximated by a linear distribution,
the pressure dropping from a maximum at the cask drop centre line to
zero at a distance D, (cask diameter) away from it. 1In the
vertical direction, the maximum pressure occurs at a distance
0.2 D, below water surface. At levels below this point, the
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experimental values have been approximated by an elliptic
distribution and above this point by a linear distribution. A
schematic view of the pressure distribution on the wall and the

empirical equations derived are shown in Figure 3. The
corresponding impulse distributions can be derived using the
triangular pressure pulse approximation.

It should be noted that the maximum pressure on the bay wall and
cask bottom occurred when the cask tilt was between 0.5 and
1.0 degrees., However, the impulse values were greatest when the
cask was dropped flat on the water surface. Since impulse values
are more important for structural analysis as noted earlier, the
flat drop results are used in deriving the empirical method. Also,
the empirical method represents the upper envelopes of the
experimental points.

2.3 Mathematical Modelling

In order to obtain detailed information on the shock wave forces and
to apply the method for different bay and cask geometries, a
mathematical model has been developed and calibrated using the
experimental results. The model is programmed into a computer code
*SS3D". The computer code simulates the air and water flows under a
three dimensional free falling cask, using finite difference
approach (see Figure 4). The water is initially at rest within a
bay with rigid walls.

The air layer bounded by the water at the bottom and the falling
cask at the top is modelled as a two dimensional grid system, with a
thickness which is a function of time and cask location. The
calculation is initiated using an incompressible air flow model
which is found to give suitable initial conditions. The subsequent
air flow is simulated by a compressible air flow model. The water
is simulated by a three dimensional incompressible finite difference
model with a free surface capability.

The calculation of air and water flows and pressure and impulse
distributions on the wall are accomplished by the use of momentum,
energy and continuity eq{ual:ions.(2 In using this model, a number
of parameters require special attention. They are: time step for
integration, number of iterations, tilting of casks, air flow
friction factor, grid sizes and initial cask velocity. 1In
particular, the air flow friction factor is found to have
significant effect on the results. The value of this factor has
been calibrated using experimental results.

2.4 Example

In Table 2, the salient results of an analysis carried out using the
empirical and mathematical modelling methods are summarized. the
pressures evaluated by the empirical method are higher because this
method is based on the upper limit approach. The example assumes
the accidental drop of a 2,33 m diameter cask from a height of 1 m
above the water surface. The results pertain to the closest wall
which is assumed to be at a clear distance of 0.15 m from the edge
of the cask.
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The results show that significant amount of force/impulse is
generated by an accidental cask drop, requiring proper
considerations in structural analysis.,

3 HIGH TEMPERATURE EFFECTS

In the analysis of fuel storage bay structures, the effect of high
temperatures are to be considered under operating and accident
conditions. Under operating conditions, although the temperatures
are fairly low, they have significant effects due to long time
creep, cracking and moisture effects. Excursion of high
temperatures could occur under accident conditions due to possible
loss of circulation or cooling.

Methods of realistically evaluating high temperature gradient
effects on concrete structures have been developed(3). In
addition, sensitivity analysis approach considering different
failure criteria(4 can be used to obtain the range of
permissible-safe temperatures.

An additional factor requiring attention is the effect of high
temperature on creep of concrete structures. This thermal creep is
accelerated in the presence of moisture. Although increased creep
has the effect of reducing stresses at a section, it might result in
increased deformations. Experimental and analytical work to
evaluate thermal creep are currently being undertaken(5).

4 SUMMARY AND CONCLUSIONS

Two significant loads to be considered in the safety analysis of
irradiated fuel storage bays arise due to postulated shipping cask
drop accident and high temperature effects including thermal creep
of concrete.

Empirical and mathematical modelling methods have been developed
to evaluate the characteristics of the pressure generated on the bay
walls due to a cask drop accident. These methods were supported by
experimental studies.

Methods of evaluating high temperature effects have been
developed. They are being further improved to incorporate thermal
creep.
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TABLE 1: Part 1 Dimensionless Parameters (see Figure 1)

H: H= = = =
1 2 l-13 rI4 HS
Parameters

hc/Dc x2c/Dc zlc/Dc ZZc/D Abt/A
Range 0.48- 0.06- 0.03- 1.0- 6-
Tested 8.12 0.62 3.42 49,3 1610

TABLE 1: Part 2 Dimensionless Parameters (see Figure 1)

6 II7 8 9
Parameters
le/Dc Abla/Ac H/Dc pc/pw
Range 2.2~ 6.3~ 0.086- 5.3~
Tested 6.9 83.3 2.92 12.7
TABLE 2: Numerical Comparison
Item Empirical Method Computer Analysis

Maximum wall pressure 732 kpPa 514.1 kPa
Maximum wall impulse 2243 Pa.s 2089 Pa.s

Location of Maximum
impulse and pressure

below water surface 0.466 m 0.5 m
Maximum cask pressure 2136.6 kPa 1751.5 kPa
Notations:

App = total surface area of bay

Apla = loading area of bay

A, = cross sectional area of cask

Pe = density of cask

p, = density of water

Yy = specific weight of water = pyg
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