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INTRODUCTION

Seismic excitation of PWR internals may induce large motions of the fuel assemblies
(FA). This could result in impact between assemblies or between assemblies and
core shroud. Forces generated during these shocks are often the basis for the
maximum design loads of the spacer grids and fuel rods. An experimental program
has been conducted at the French Nuclear Reactor Directorate (CEA) to measure the
impact forces of a reduced scale FA on the test section under different environmental
conditions. Within the framework of the tests presented, the effect of the FA
environment (air, stagnant water, water under flow) on the maximum impact forces
measured at grid levels and on the energy dissipated during the shock is examined.
A" fluid cushioning "effect (dissipative) between the grids and the wall is sought.

EXPERIMENTAL DEVICE, MEASUREMENTS

The reduced-scale fuel assembly mockup consists of a 8x8 assembly (60 fuel rods
and 4 guide thimbles) 2.751 meter in height. It is equipped with five structural grids
(height : 33mm, side length : 100mm) made of external and internal scale one
Advanced Fuel Assembly structural grid straps. Despite its reduced size, the mockup
retains the overall structure of a PWR fuel assembly : the guide thimbles are welded
on the bottom, top nozzle and structural grids, the pitch diameter, the mechanical
properties of rods (Zircaloy-4 cladding with Pb pellets), the structural grids spacing
are close to full size FA ones. Therefore, the eigen frequencies of the structure
should be close to those of full scale FA and rods. Grid cells reproduce identical
restraining conditions as real grids. In fact only the number of rods (8x8 array instead
of 17x17 array) and their length differs from full size fuel.
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TEST SECTION AND HYDRAULIC LOOP
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Figure 1: Experimental device
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The test section, presented in figure 1, is composed of a U-shape stainless steel part
and of a Plexiglas front door to allow for optical measurements. It can accommodate
one or two reduced scale 8*8 FA mockups and a device to bend and release one
mockup to reproduce large amplitudes of motion induced by seismic excitation. The
hydraulic loop operates under ambient pressure and temperature (0.4 MPa, 25 °C).
The axial flow line provides axial flow velocity from 0 to 6 m/s per fuel assembly
mockup.

INSTRUMENTATION

Prior to the impact, the vibratory movement of the structure has to be followed. The
displacement of three structural grids are measured using single axis displacement
follower focusing through the Plexiglas front door. The velocity and acceleration of
the medium grid are measured using a laser vibrometer and a miniaturized
accelerometer stuck on a fuel rod close to the grid. During the impact, the forces are
measured on the test section to simulate the impact of a FA against the core baffles.

VIBRATION MEASUREMENTS

The position of the sensors dedicated to measure the vibrations is given figure 2. The
same sensors have been used to characterize the FA mockup mode shapes.
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Figure 2: ECHASSE test section : cross view and vibration measurement sensors

IMPACT FORCES MEASUREMENT

A detail of the force balances dedicated to measure the impact forces is given in
figure 3. The force balance is made of two piezoelectric force transducers placed in a
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rigid piece of stainless steel. Each balance is fixed to the test section and is heated
at each grid elevation (3 grids out of 5 are equipped).
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Figure 3 : detail of the force balance located on the test section at the structural grid
elevation

EXPERIMENTAL PROGRAM

Two test configurations will be considered. The first situation, studied in 1998, is the
situation of a fuel assembly impacting on the test section.

FA MOCK-UP IMPACTING ON THE TEST SECTION

The experiment has been carried out for different initial amplitudes of FA bending
(0.1 to 10 mm) and for different environmental conditions (air, still water, axial flow
from 50% to 120% VnOm with VnOm=4.7m/s, where VnOm is the nominal axial flow
velocity). Before measuring the impact forces on the test section, one has to know
the modal characteristics (frequency and damping) of the fuel assembly mockup. The
test set-up used to measure the impact forces has been modified to study the modal
behavior of the structure.

MODAL ANALYSIS

Three single axis displacement followers measured the instantaneous displacement
of the grids during the release. A logarithmic decrement method has been used to
determine the first mode natural frequency and reduced damping of the FA mockup
and their evolution with bending amplitude and environmental conditions. The results
are summarized in figures 4 and 5. One can observe the decrease of the first mode
natural frequency with amplitude. This fact reveals the non linear FA behavior.
Another important result is the increasing tendency of the reduced damping
(b=C/2Mwo,where C is the damping, M is the modal mass and w0 the pulsation) with
amplitude and axial flow velocity.
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Figure 4 : first mode frequency versus amplitude of initial bending for different
environmental conditions (axial flow velocity = 4.8 m/s)
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Figure 5 : reduced damping versus initial bending amplitude for different
environmental conditions (axial flow velocity = 4.8 m/s).

IMPACT FORCES

displacement velocity

Figure 6 : time evolution of the mechanical parameters followed by during the impact
test.
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The impacts have been measured for several bending amplitudes and several axiaf
flow velocities. Figure 6 presents an example of the time evolution of all the
measurements (impact forces at grid 3 elevation, displacement, velocity and
acceleration) for an air test and for a 10 mm bending amplitude.

Figure 7 is a synthetic diagram of the impact forces magnitude evolution with bending
amplitude and axial velocity of the structure.
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Figure 7 : impact force on grid 3 versus maximum structure velocity

The axial flow has a great influence on the impact forces. The greater the axial flow
velocity is, the lower the impact forces are. A more detailed analysis of the
experimental results is presented in the following sections.

MEASUREMENTS ANALYSIS METHOD

Within the framework of the tests presented, the effect of the FA environment (air,
stagnant water, water under flow) on the maximum impact forces measured at grid
levels and on the energy dissipated during the shock is examined. A " fluid
cushioning " effect (dissipative) between the grids and the wall is sought. This " fluid
cushioning " effect results from a local overpressure induced by the forced expulsion
at a very strong velocity of the quasi-incompressible viscous fluid (water) located
between the FA grid and the wall right before the shock. The awaited result in water
is a decrease of the FA velocity right before the impact, inducing a decrease in the
maximum impact force. In addition, this physical phenomenon being strongly
dissipative (the main contribution of the " fluid cushioning " force being proportional to
the fluid viscosity), we also expect to observe an increase of the energy dissipated
during the shock, in water. To show a possible " fluid cushioning " effect, the tests
made in air and in water (without and with flow) will be compared. The comparison is
carried on the morphology of the impact forces measured by the force sensors
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located on the test section, on the maximum impact force measured for a given
impact velocity, and on the dissipation of energy measured during the shock for a
given energy of the system. For this analysis, the main difficulties are to determine
the impact velocity, and to calculate the energy of the mechanical system (assembly
+ fluid). A specifically developed non-linear model enables us to identify the studied
mechanical system (assembly + fluid) and to conclude the study.

IMPACT VELOCITY

One defines the impact velocity as the velocity that would have had the system
without impacting on the test section when the velocity of the impacting grid is zero
(moment of minimum displacement or of maximal impact force).

KINETICS OF REFERENCE

One calls "kinetics of reference" the kinetics which the assembly would have had
without the presence of the wall of impact (without shock) for an equivalent amplitude
of release. One uses for that, the kinetics measured for the same conditions without
the impact fixed wall : one obtains thus two ) directly comparable kinetics (with and
without shock. This treatment supposes of course, as the theory provides it, that the
presence of the wall of impact (inducing a reduction of the fluid channel opposed to
the crossbow to release in the axis of displacement) does not modify anything in
terms of damping and added mass of the fluid. The comparisons between kinetics
obtained with and without plate balances (before impact or when the assembly rather
far will not impact) make it possible to check this assumption (cf. figure 8).

ENERGY OF THE SYSTEM

One seeks to evaluate the total energy Et of the system (potential energy Ep +
kinetic energyEc) before and after the shock in order to calculate the quantity of
energy dissipated during the shock. To carry out this exercise, one uses the tool of
measurement and computation RAID. This tool enables us to identify the non-linear
terms of stiffness K, dissipation C and the modal mass M of the system assembly +
fluid and to model its behavior (monodimentional). One frees oneself by this method
of the release amplitude of the tests carried out. The model RAID is following the
form:

' <xslip=$M.x + C0.x + K0.x=0

> xslip => M.x + [CO + Cl(x)]x + [KO + Kl(x)]x = M.x + C.x + K.x=0

with x, displacement ; xslip, slip threshold ; COandKO, linear dissipation and
stiffness terms ; ClandKl, non-linear dissipation and stiffness terms. The terms
xslip,C0,K0,ClandKl are identified on the tests carried out. One can then write the
total energy of the system in the form :
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with Ep=JK(u)-\tJ[-du and Ec=--M-V2
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Figure 8: displacement and energy of the systems versus time with (red) and without
(blue) impact, release in Air 5 mm



oooo
As one can note it on figure 8, the measurement of the energy of the system is
relatively disturbed (in particular downstream from the shock because of non
monochromatic contents of displacement), which does not make it possible to
differentiate directly with an acceptable precision the energy of the system before and
after the shock. One thus measures the energy dissipated by differentiating at the
moment of the shock, the energy of the reference system and the energy of the
system with shock. This difference is calculated on the basis of an energy
interpolation function of the systems.

RESULTS OF THE ANALYSIS

IDENTIFICATION OF THE MECHANICAL SYSTEM

The mechanical system assembly+fluid is identified with the tool RAID of the
laboratory. The value of X threshold identified is 0,5 mm for the scale Vi FA. This
corresponds to the threshold of slip of the fuel pins in their grid cells. A reduction in
the non-linear terms and an increase in the linear terms are observed (in particular
CO) when the velocity retailer of water increases. The tool RAID also enables us to
consider the mass modal of the system. This data will be necessary for us to
calculate potential and kinetic energies of the system. Figure 9 presents the
measured and identified (RAID) behavior of the assembly in stagnant water for
releasing amplitude 10 mm. One observes the perfect adequacy between
measurement (red) and computation (blue).
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Figure 9: identification of the behavior (displacement versus time) of an assembly in
stagnant water
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MORPHOLOGY OF THE IMPACT FORCE

Figure 10 presents two forces of shocks measured in air and stagnant water for an
impact velocity of 0,12 m/s. The attack of the shock is slightly softer for the water-
tests : one observes a significant increase in the fluid force approximately 0,02
seconds before the "solid" impact, which corresponds to a covered distance of
approximately 0,5 mm. The " fluid cushioning " effect is thus highlighted but its
importance seems to be limited.
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Figure 10 : measured forces versus time in Air and stagnant water for an impact
velocity of 0,12 m/s

MAXIMUM IMPACT FORCE

Figure 11 represents the maximum impact force measured on the balances
according to the impact velocity. All the conditions / configurations of tests are
presented :

- tests in air with not shifted balances " Air"

- tests in stagnant water, balances not shifted " Eau 0 m/s "

- tests in water velocity retailer of 2,2 m/s, balances not shifted " Eau 2,2 m/s "

- tests in stagnant water, balances shifted of 2,5 mm " Eau 0 m/s 2,5 mm "

- tests in stagnant water, balances shifted of 3 mm " Eau 0 m/s 3 mm "

- tests in water velocity retailer of 2,2 m/s, balances shifted of 2,5 mm " Eau 2,2 m/s
2,5 mm"

- tests in water velocity retailer of 2,2 m/s, balances shifted of 3 mm " Eau 2,2 m/s 3
mm"

- tests in water velocity retailer of 4,7 m/s, balances shifted of 2,5 and 3 mm " Eau 4,7
m/s 2,5&3 mm"
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During the tests without shift of the plate balances, 6 measurements of impact are
recorded on the levels of the grids 1, 2 and 3 (upward) of the assembly. The
maximum force of impact is raising it of the six recorded. One observes on this figure
11 an excellent linearity between the impact velocity and the measured maximum
force. One does not observe a difference between the various
conditions/configurations of tests. In particular, the maximum forces recorded during
the water-tests and the tests in air are equivalent. For the particular case of the
water-tests at velocity retailer of 4,7 m/s, the measured maximum force is within the
low limit of the group of dots, but the tests carried out relate to not very significant
very low impact velocities (consequence of a very strong fluid damping) and whose
measurement by comparison with the kinetics of reference is not very precise into
relative.

If one plots the sums of the maximum forces of impact measured in water and air,
one finds a completely similar group of dots. This analysis of the forces of impact
does not show a significant" fluid cushioning " effect on these tests.
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Figure 11: maximum force measured versus impact velocity

DISSIPATED ENERGY

Figure 8 makes it possible to follow comparatively the evolution of the system without
and with shock (in term of kinematics and total energy). Figure 12 represents the total
energy dissipated at the time of the shock according to the incidental energy of the
system (assembly + fluid) for each condition of test. One does not observe a
significant difference between the tests made in air and water. For the important
shock (total energy higher at 0,2 Joules, or impact velocity higher than 0,05 m/s), 80
to 90% of incidental energy is dissipated during the shock. This proportion strongly
decreases for the shocks of weaker energy.
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Figure 12: energy dissipated in the shock according to incidental energy

In term of dissipation, these tests do not highlight any really significant " fluid
cushioning" effect.

CONCLUSION

Experimental results show that the axial flow has a great influence on the impact
forces. The greater the axial flow velocity is, the lower the impact forces are.

The tests of impact of an assembly on a wall were analyzed compared to the tests
carried out without impact. This analysis related on the measured forces of impact
and the variation of the measured/computed total energy of the system. The whole of
these tests in air and water shows that the " fluid cushioning " effect required exists
but is not significant. Thus the presence of water does not decrease the forces of
impact, and does not amplify the quantity of energy dissipated during the shock. The
fact that the " fluid cushioning " effect is weak compared to more analytical tests
probably comes from our "not perfect" or" realistic" conditions of tests which involve
an angle between the grid and the wall at the shock moment.


