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Summary

The COVA (COde VAlidation) programme undertaken by UKAEA and JRC-Ispra [1] consists of a series of scale
model explosive experiments performed to provide data for the validation of dynamic fluid/structure codes to be
used eventually for fast reactor containment studies. In the test series loop and pool type reactor designs are
simulated by two length-to-diameter ratios represented by long and short tanks, respectively. The programme has
been completed and the analysis of the results reveals that containment codes generally give sufficiently accurate
predictions of the main phenomena involved such as pressure wave propagation and fluid motion. Nevertheless,
there are two areas, namely roof loadings and structural deformations, where all the codes used consistently give
not negligible discrepancies with the experimental results. In particular the trend observed is a general under-
prediction of hoop strains and an overprediction of roof impulses for tests using long tanks.
This paper deals with the roof loading overpredictions, the problem of the strain underpredictions being
treated in a complementary paper [4]. It has to be noted that the measured pressure records on the roof for long
and short tanks are generally quite different in character. Long tank records tend to be smooth and it is thought
that, due to the cover gas, little or no contact of the fluid with the roof occurs, this observation is confirmed by
the computed results. In contrast, the short tank records change rapidly and the fluid contact with the roof takes
place except for the extreme outer region of the roof. In order to reduce the complexity of the reasons for the
overpredicted roof loadings, results from calculations of simple COVA tests such as IT6, a thick overstrong bare
cylindrical vessel, are mainly considered in this paper. Use is made of SEURBNUK [5] and other ancillary codes
to investigate different aspects of the problem. Taking note that the impulses on the base and walls are well
predicted and that results obtained by different codes are in close agreement, the number of possible reasons for
the roof impulse overpredictions is reduced. Particular attention is focused on the following aspects which could
account for some of the inadequacies observed:
oversimplified cover gas treatment which neglects the wave propagation phenomena within the gas;
oversimplified assumption that the roof is perfectly rigid;
unrealistic behaviour of the LDE charge equation of state when the expansion ratios are outside the range fore-
seen by the charge calibration experiments.

According to the results of this analysis possible improvements in the modelling are discussed.
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1. Introduction

The COVA (COde VAlidation) programme [1,2] undertaken by UKAEA and JRC-Ispra consists of a series of
small scale, well instrumented model experiments to provide data for the validation of hydrodynamics/structural
mechanics codes which will subsequently be used for HCDA analysis. The test series progress from simple bare
vessel assemblies to more complex geometries incorporating the main axisymmetric features of loop and pool reac-
tor designs. The vessels are partly filled with water, simulating the sodium coolant, leaving an air gap above the
water surface. The energy source is provided by an ad hoc developed, well characterized, low density explosive
charge (LDE) [3] positioned on the axis of symmetry.

The aim of the COVA programme is to investigate to what extent the containment codes can be used with
confidence to predict the important phenomena following an energy release. These phenomena include: pressure
wave propagation, fluid motion around and through the structures, loadings on the structures and the primary
vessel, together with the consequent deformations and finally the impact of coolant on the roof.

The original COVA programme has already been completed, however, in view of the results obtained and sub-
sequent analysis, further complementary tests have also been executed by JRC and UKAEA and future tests are
planned. The analysis of the results reveals that containment codes generally give sufficiently accurate predictions
of the main phenomena involved such as wave propagation and fluid motion. Nevertheless, there are two areas,
namely roof loading and structural deformations, where all the codes used often give not negligible discrepancies
with experimental results. In particular, the trend observed is a general underprediction of hoop strains and an
overprediction of roof impulses in tests involving long tanks. This paper deals with roof loading overprediction in
long tanks, the problem of the strain underprediction being treated in a complementary paper [4].

The pressure records on the roof for long and short tanks are generally quite different in character, see Fig. 1.
Long tank records tend to be smooth and it is thought that, due to the large cover gas volume, little or no contact
of the fluid with the roof occurs, this observation is confirmed by the computed results. In contrast, the short
tank records change rapidly and fluid contact takes place except for the extreme outer region of the roof. Although
the agreement for impulses at most gauges on the roof in short tank geometries is generally good, it is not so for
gauges which are positioned for substantial periods of time in small pockets of air trapped at the roof.

In order to reduce the complexity of the reasons for overpredicted roof loading, results from calculations of
the simple COVA test IT6, a thick overstrong bare vessel, are mainly considered in this paper. Use is made of
SEURBNUK [5], a 2-D axisymmetric, Eulerian, coupled structure code and SIMLA [6], a 1-D Lagrangian code, to
investigate different aspects of the problem.

Taking note that the impulses on the base and walls are well predicted and that results obtained by different
codes are in close agreement, the number of possible reasons for roof impulse overpredictions is reduced. The
following sections of this paper focus attention on some of the aspects which could account for some of the
inadequacies observed.

2. Wave propagation in the cover gas

It has been noted in several long tank COV A experiments that there are signs of wave propagation in the cover
gas revealed by pressure histories at gauges positioned on the roof, particularly close to the axis, where a double
peak is observed. In the COVA series of calculations it has been customary to model the cover gas as a region
containing air with the same uniform pressure everywhere, however, this model inhibits the possibility of wave
propagation and only a single pressure peak is obtained. Theoretically it is possible to model the cover gas as a
continuum in the Lagrangian codes, but practically it is inadvisable to do so due to the excessive computing costs,
the stability time-step decreases rapidly when the meshes are highly compressed. The use of an Eulerian code can
overcome the problem of the time-step limitation, unfortunately SEURBNUK, the Eulerian code available at JRC-
Ispra, is only designed to allow one continuum fluid. However, by combining the results of two separate SEURBNUK
computations it is possible to demonstrate the existence of wave propagations in air, the technique used is now
described.

The experiment chosen for the investigation was COVA shot IT6, see Fig. 2, where the roof, base and cylin-
drical wall of the vessel are all thick steel components. The water level is 0.95 m above the base, the cover gas
gap is 0.17 m and a 2 oz LDE charge is placed on the axis of symmetry at height 0.49 m. Shortly after the
detonation of the charge, the water is accelerated towards the roof and compresses the cover gas to a pressure
which is sufficiently high to reverse the motion of the fluid before impact of fluid on the roof takes place.

In the SEURBNUK calculation of this configuration the cover gas pressure is assumed to be uniform through-
out the cover gas region. During the sequence of events, as described above, the motion of the cover gas/fluid free
surface is recorded. In a second SEURBNUK calculation the problem solved is that of a compressible fluid flow
limited to the cover gas region where the initial position and subsequent motion of all the boundaries being taken
directly from records established in the first calculation. Fig. 3 indicates the initial configuration, the pressure in
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the cover gas is 1 MPa. By necessity, the meshes are much larger radially than axially, otherwise the compution
would be too long. During the computation important wave propagation phenomena were detected in the radial
direction. The distances involved are sufficiently large to delay the establishment of equilibrium conditions which
occur rapidly in the axial direction. As the cover gas/fluid boundary approaches the roof, the cells close to the
axis of symmetry are the first to experience a high compression, a pressure front is formed which emanates radially
outwards. This pressure wave being reflected from the walls of the outer cylindrical vessel, propagates radially in-
wards towards the axis of symmetry and is identified as the second pressure peak.

In Fig. 4 one is able to compare the predicted results obtained using the simple uniform pressure model and
the more complex 2-stage SEURBNUK computation with the experimental values. Unfortunately the second cal-
culation had to be aborted due to convergence problems in calculating the pressure field. Despite these numerical
difficulties the existence of a second pressure peak is established, however, the actual magnitudes of the two peaks
may not be precise. As the gaseous zone decreases in size the accuracy of the solution is greatly impaired due to
the lack of detail, the number of boundary cells is large in comparison with the number of internal fluid cells.

Note that in this exercise the two SEURBNUK calculations are completely decoupled. It is obvious that in
order to have a better simulation, it is necessary to have a code with an adequate two-fluid capability to achieve
a more accurate description.

3. Analysis of roof loading and response using a 1-D Lagrangian code

In order to gain a better understanding of roof loading and response during the impact of a slug of coolant
on a roof in a 2-D axisymmetric situation, it is often expedient to examine certain facets of the problem using a
simple 1-D analysis. Potter et al. [7] used an analytical approach to have a deeper insight into the mechanisms
involved. The purpose of this section is to describe yet another approach, that is, the use of a Lagrangian code,
SIMLA [6], to compute the motions in a 1-D simulation of a 2-D configuration. SIMLA was developed to solve
problems of 1-D unsteady inviscid compressible flow, therefore, it is possible to follow bulk motions and wave
propagations.

The basic configuration studied consists of a crude simulation of the conditions existing in the upper half of
the COV A vessel IT6 (see Fig. 2), at the time when the fluid begins to accelerate towards the roof, see Fig. 5.

A uniform pressure of 0.5 MPa is applied to the lower surface of a slug of water (length 35 cm) which moves
upwards with a velocity of 25 m/s and compresses the air gap (initial length 17 cm). Three calculations have been
executed using the following boundary conditions applied at the roof

run 1 - stationary boundary condition;

run 2 - the roof is allowed to move without constraint;

run 3 - a variable pressure directly proportional to the stress in the hold-down bolts is applied downwards on the

upper surface of the roof.
The pressure in the cover gas region is assumed to be uniform, the errors introduced by this assumption proved to
be negligible in a supplementary calculation. At the instant when wave propagation in air becomes important, the
cover gas gap is small, therefore, a state of equilibrium is quickly achieved. Note, however, that this is not a con-
clusion that can be applied directly to the 2-D situation unless both roof and free surfaces are horizontal during
roof impact.

In runs 2 and 3, the roof, thickness 15 cm, is assumed to be a continuum with no material strength and its
density is enhanced to take into account the mass of the upper clamp ring. In run 2 there is no constraint applied
on the roof to modify its motion, whereas in run 3 it is assumed that 12 hold-down bolts of length 130 cm
and radius 20 cm are attached to the circumference of the roof, radius 35 cm, to restrain its motion. The ratio of
the total cross-sectional area of the bolts to the area of the roof being 0.039. Supposing the roof displacement
is 8y cm at the end of a time step, then the strain in the hold-down bolts will be 8y/130, thus, assuming a value
of Youngs modulus 1.93 x 10'! Pa, the stress in the bolts can easily be calculated using Hooke’s law of elasticity.
This stress value, multiplied by the area factor (that is, 0.039), is the pressure which is applied downwards on the
upper free surface of the roof during the next time step.

Figure 6 compares the motions of the upper free surface of the water slug and the roof for the three calcula-
tions. In run 1, the fluid moves upwards and compresses the gas to a minimum thickness of about 3 mm. The gas
pressure which reaches a maximum value of about 26.2 MPa, see Fig. 7, is sufficient to reverse the direction of
motion in such a way that the magnitude of the downward velocity is similar to the upward fluid velocity just
before impact, thus complying with the stationary boundary condition. In run 2, the compressed gas is also able to
drive the massive roof upwards, but in doing so the work potential of the gas available to reverse the fluid motion
is reduced, in fact, the magnitude of the downward fluid velocity is about 73% of the value obtained in run 1.
The maximum cover gas pressure in run 2 is about 22.7 MPa, that is, 13.4% lower than the value for run 1. As
expected, the corresponding values for run 3 lie between the limits established in the other two calculations. The
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roof after reaching a final upward displacement of 3.8 mm, begins to return to its original position because the
pressure acting downwards via the hold-down bolts in tension is greater than the cover gas pressure acting upwards.
As the roof passes through its datum position, the calculation is terminated because at this point the boundary
condition at the roof should be modified to take into account the compression sustained by the external thick
tank, not considered in this anélysis.

Figure 8 shows how the pressure boundary condition applied downwards on the upper surface of the roof
varies with time. The maximum pressure loading on the roof is about 22.2 MPa, equivalent to a stress of 570 MPa in
the bolts.

In Fig. 9 can be seen the impulse histories for the three calculations, the impulse values at the roof for runs
2 and 3 are approximately 11% and 8% lower than those obtained for the rigid roof calculation, respectively.

Thus from this simple analysis it can be seen that the effect of the hold-down bolts can be important and that they
should be modelled in 2-D situations if more reliable estimates of the roof impulses are required.

4. Effects of the LDE charge modelling on roof loadings

The LDE charge used in the COVA programme is represented in the code calculations by a JWL equation of state
[3] having the form:

-o3V -V g
VE) =0, [1-25 ] +0,[1-Z5 1™ +% (E-E 1

p(V,E) il 03V] oy [ a,_,V] v ( 1) (€9)
where the notation used is:
p =  pressure
V = relative volume (P_o = L; where p, and p are the initial (reference) density and the current density,

respectively) p Vo

E = energy per unit volume at normal density

_ 1 1 —03 1 1 —0a _ o 3
E, = o f———]e +o [———]e "= 1.0288x10° J/m
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po = 2.7x10% kg/m3, g, = 1.7039x 10'° Pa, o, = 1.1595x10° Pa
o; = 90 o, = 24 os = 0.1

The energy input into undetonated (V=1) LDE is:
E; = E; + 06 ' 2)

where og is the explosive energy per initial volume equivalent to the work done by the explosive in expanding to infi-
nite volume:

0 = 6.0x 10% J/m?
Assuming an adiabatic expansion:

dE = — pdV 3)
and a constant volume burn process, it is possible to calculate the function E(V), energy per unit volume, which also
gives the work done during the expansion.
The energy released by the charge W is given by:

W(V) = E; + 06 — E(V) 4)

that after substitution of the expression calculated for E(V) gives:
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For each value of V the energy released can be considered as a function of the parameters og K=1.2,.,6):

W = W(o,, 03, ..., 0¢) 6)
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The parameters og (K=1, ..., 6) have been determined [3] experimentally and via numerical fittings. As they are
affected by uncertainty, the following questions must be answered:
what is the effect on the energy released by the charge and on the roof impulses of prescribed variations 60K of
the parameters og?
which are the parameters playing a dominant role during the expansion of the charge?

The starting point of a standard non-linear sensitivity analysis is the Taylor series expansion (truncated to third order
terms) around the nominal” point 01,09, ..., 0g:

o 6 oW 1§ 32w
W(o, +80,, ..., 06 + 805) = W(o,, ..., o)+ X —— BoK +t3 2 ——— §0p80: (7)
k=1 30y 2 kg=1 dogdo; “OKY
. s oW 32w " ey - . .
The partial derivatives ——, - are known as ”sensitivity” coefficients (first and second order, respectively) be-
UK O'K o;

cause they give a measure of the magnitude of the contribution to 8W due to the single variation 5UK of the para-
meter o or due to the simultaneous variations Sog and Boj of the parameters oy and 0j

In Fig. 10, the terms of the expansion [7] have been plotted (normalizing factor = W) versus V assuming
30K =0.1 ok Only the terms

oW oW oW oW *W 2w

90, © 3o, ~ dos’  dog aa:’ Boz

are significant. This means that high accuracy is needed in the definition of the parameters 04, 0s, 06 and o,.
The influence of the parameters 04 and 0, is dominant at the beginning of the expansion whereas the parameters
05 and 0 have a major role at the end of the expansion with o4 being the most important.

In order to explain the roof impulse overprediction observed in many COV A tests with long vessels, it was
suggested that uncertainties in the parameters oy appearing in the LDE equation of state could be a possible
reason for the discrepancies. Particular attention has been focused on the parameter 04, the most important
quantity to influence the final stages of the bubble expansion. An arbitrarily chosen uncertainty band of + 10%
around the nominal value has been taken into account and a calculation of the test IT6 has been repeated with the
lower band value of gg.

The effects of a variation of —10% of this parameter on the radial distribution of the roof impulses at time
11 ms in COVA test IT6 are shown in Fig. 11(a). A better agreement with experimental results is observed, but
in this case the radial distribution of the floor impulses at time 2 ms is underpredicted (see Fig. 11(b)), whereas
in the calculation with a nominal value of 0¢ the agreement with experiment was almost perfect. The conclusion is
obvious: the overprediction of roof impulses in IT6 cannot be explained considering the uncertainties associated
to the LDE equation of state parameters.

5. Conclusions

For many long tank geometry computations in the COVA test series, a significant loading overprediction on
the roof has been observed. The analysis of the possible reasons for the discrepancies has been focused on three
aspects: cover gas modelling, elastic response of the bolts with associated roof motion, and finally, uncertainties
in the LDE equation of state parameters.

Radial wave propagation phenomena in the cover gas have been found to modify the shape of the pressure
histories. Consequently, the modelling of the cover gas as a continuum is essential if more accurate roof loading
predictions are required.

A model to take into account the motion of the roof and the hold-down system is also found to be important.
Several SEURBNUK calculations have now been performed and have given better agreement with experiment, an
example is presented in paper B9/1, at this conference [8].

In the case investigated here, the effects of the prescribed uncertainty in the LDE charge equation of state
parameters have been found inadequate to explain the observed discrepancies.
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