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ABSTRACT 

One of the most important demands for a fretting free nuclear fuel assembly design is to verify that the fuel 
assembly is able to resist any fretting damages during its lifetime. The reactor experience and laboratory 
investigations have made clear to distinguish between 2 types of flow induced excitation: Turbulent Excitation 
(TE) and Self Induced Excitation (SIE). The former is the “conventional” flow excitation which is traditionally 
verified through integral endurance test; the latter, for which the rod (or assembly) vibration influences 
significantly the flow excitation and which may lead to a resonance for given flow conditions, requires a specific 
test protocol which allows to identify this phenomenon safely. 

For this purpose, an improved experimental approach to investigate the behavior of a fuel assembly design 
towards SIE has been developed: an integral fuel assembly flow test is performed using an assembly “optimized” 
in terms of vibratory characteristics and a specially designed loop (PETER loop), able to simulate different flow 
boundary conditions, such as different inlet flow conditions, neighboring fuel assembly influence (different grid 
or bottom nozzle pressure loss coefficients, intermediate flow mixing grids), fuel assembly bow, baffle shaking 
or vibrations of neighboring fuel assembly. 

During this flow test, the resulting fuel rod and fuel assembly vibration behavior are measured under many 
parameterized flow conditions and the verifications of “non resonance” or instability are done. Moreover, the 
maximum rod vibration amplitudes are recorded for the conditions of a flow bounding those expected for the 
reactor. 

 
In a second step, the design can be verified towards TE through two different approaches which are 

considered as complementary or alternative: 
• The conventional approach which consists of introducing a fuel assembly prototype into a flow 

loop for 1000 hours under bounding flow conditions and then to inspect the fuel rods for potential 
wear marks. 

• The alternative approach consists of applying the maximum vibrations measured in PETER loop on 
a single test rod installed into a specially designed fretting test facility or “Autoclave”. The 
response of the fuel rod is monitored in respect of different aspects (vibration amplitudes, 
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excitation spectrum) and the result is evaluated in term of wear depth. Further, this approach makes 
it possible to perform comparative evaluations of different spacer designs under quantified and 
controlled conditions and to derive guidelines for the design of future products. 

Both approaches must use rod supporting conditions representative of what is expected in the reactor at 
EOL. 
 

1. INTRODUCTION 
Framatome ANP Fuel Assemblies are inserted worldwide into many different reactors. Usually they show a 

very good operational behavior over the total range of burnup. Inspections of the irradiated components did show 
mostly no or only insignificant wear marks on the fuel rods. Nevertheless we did also experience in a very small 
number of incidents, fretting events in certain reactors with the potential to lead finally to leaking rods. Detailed 
evaluations of these singular cases did indicate that the nature of these excitations could be of two different 
types: “self-induced” (SIE) or "pure turbulent" (TE) excitation. 

In conventional test procedures, usually one or several Fuel Assemblies are inserted into a flow loop during 
a certain time (typically 1000h) in which the vibratory behavior and the possibly resulting fretting behavior is 
observed /1/. Provided representative flow conditions, this method is adequate for TE but is not fitted for SIE. 

 
Therefore from the analyses performed (inspection results of irradiated components, laboratory tests, 

theoretical simulations) we identified the necessity to develop an improved test method capable to detect the 
sensitivity of a fuel assembly design for a broad range of flow conditions which may lead to SIE. 

 
The concept and the leading ideas of this test approach to identify SIE are described in sect. 2. This 

approach is illustrated by a number of flow test results. 
 
In sect. 3 two different approaches to verify the fretting robustness of a Fuel Assembly against TE are 

described. Although these methods are considered as complementary or alternative, the presentation will focus 
on the single rod test which is less common. The result of some parametric studies with this single rod test will 
be presented. 

 

2. SELF-INDUCED EXCITATION VERIFICATION 

2.1 REQUESTS ON TEST APPROACH 
The development of the improved test approach has been affected essentially by observations made with 

irradiated fuel assemblies. Indeed, based on measurements of the damping of irradiated fuel rods, we assume for 
fuel assemblies in the reactor usually a much more sensitive behavior towards SIE than for test assemblies in the 
laboratory built in a conventional way. It could be shown that irradiated fuel assemblies or fuel rods may have an 
extremely small damping, much smaller than of conventional unirradiated test components. The damping of 
irradiated fuel rods has been measured partly with small values of about 0.1% (small vibration amplitude). We 
assume that this small damping is likely due to pellet-cladding interaction in irradiated fuel rods. 
Macroscopically this raised sensitivity appears in a reduced damping of the fuel assembly or the fuel rod 
compared to the manufacturing status. 

 
The crucial point now is, as we will see later, that latent possible sensitivity of a fuel assembly towards 

self-induced excitation can be activated in principle in such small damping conditions, leading to large fuel 
assembly vibrations and fretting. Indeed, it seems that the sensitivity of different fuel assemblies is controlled by 
very small damping differences.  

 
From this it follows for the experimental verifications of a given fuel assembly design against SIE on the 

one hand, that the test fuel assembly should be built with extremely high vibratory sensitivity corresponding to 
that what we expect in the reactor, on the other hand, that the flow test facility should be able to examine a large 
range of possible flow conditions which appear with a certain probability in the reactor in a “continuous, 
parameterized way” (see below). 
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The effect of reduced damping can be simulated by appropriate mechanical stabilization of the test pellets in 
the cladding (artificial clamping of the pellets without significant influencing of the stiffness). By this measure, a 
reduction of the test rod damping can be achieved by approx. 0.3%. This reduction looks small, but, indeed, it 
will be seen that this measure of “damping optimization” is necessary to disclose a certain class of inherent 
sensitivities of the fuel assembly with regard to fluid induced excitation in case of general SIE. 

 
The other demand to the concept of the experiments is derived from the fact that the experiments should be 

able to investigate the flow-induced vibration behavior of a fuel assembly design under different flow situations 
covering also flow situations which may occur with very low probability in the reactor. Therefore the new test 
flow loop should be able to examine the fuel assembly not only at different axial flow velocities, but also, 
particularly, for different cross flow situations (spacers of different type with neighboring fuel assembly, 
different inlet flow situations …). Further, the possibility to examine flow distributions as they are expected with 
non-ideal geometry (e.g. fuel assembly bow), should be given. 

 
Decisive is also, that the described variations of the flow situations must be examined not only for one 

single, discrete realization, but in principle for a continuous parameter range which covers different axial flow, 
different cross flows as well as different non-ideal geometry conditions „by constant variation“ of the flow 
characteristics. 

 
The latter demand arises from the fact that particularly the critical excitations based on fluid structure 

interactions of the fuel assembly appear, as a rule, only for certain, discrete parameter combinations („singular 
values from a continuous manifold“). The resulting demand on the flow loop, in which the fuel assembly should 
be examined, reads: „the possibility of identification of a critical possible flow condition in the reactor by means 
of systematical, continuous variation of possible flow conditions in the flow loop, should be given from the Loop 
concept“. 

 

2.2 CONCEPT OF TEST APPROACH 
Two demands for an optimized test approach were derived in 2.1. They have been realized in the PETER 

test loop in respect of the variability of flow conditions which can be simulated and in respect of the test 
components (low damping fuel assemblies). 

 
In the PETER loop, different flow situations can be simulated parametrically, among others: 
 

• neighboring fuel assembly with different pressure loss 
• Intermediate mixing grids  
• Flow redistributions by bow of neighboring fuel assembly 
• Inlet flow conditions (different core position, different bottom nozzle designs, and so on) 
• Movements of the RPV components or of neighboring fuel assembly 
• Pressure waves by main pumps 

 
Figure 2 shows a schematic representation of the Loop. Further details are given in/1/. 
 
The PETER loop is driven at temperatures up to 120°C. Usually BOL and EOL Fuel Assemblies with the 

appropriate rod support conditions are examined successively. In any case, the fuel rods used are damping 
optimized as explained in 2.1. This leads, in case of BOL or MOL rod support condition (sufficiently high rod 
support force), to a very low overall damping of the Fuel Assembly. In case of EOL support condition we draw a 
considerable amount of energy out from the system by impacts and sliding phenomena rod/spacer. 
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Fig: 1: different modifications of the Loop (geometry continuously adjustable from outside) 

 
 

2.3 RESULTS  
The improved test methodology presented has been validated partly a posteriori by reproduction of fretting 

events occurred in the reactor, partly also a priori by predicting a robust non-fretting behavior in the scope of the 
insertion of new designs (fuel assemblies, dampers), which was later fully confirmed by reactor experience. 

The new test methodology disposes of a high potential to reveal details about the mechanics of 
fluid-structure coupled vibrations and is of special importance in respect of the development of future fuel 
assembly designs. From the examinations performed, we could identify special characteristics controlling a wide 
class of flow-induced excitation problems. Indeed, it turned out that the parameter “inner damping of the fuel 
assembly structure/ fuel rods” defines implicitly a design goal for a designer, in so far as an optimization of this 
parameter is very promising in terms of a good operational behavior also in extreme cases. The corresponding 
relationships are illustrated in the following by the results of a number of experiments performed. 
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Fig. 2: Self-Induced Vibration in a Fuel Assembly (BOL; Optimized Rods) 

 
 
 
In Figure 2, the vibration behavior of a fuel assembly with an inherent sensitivity with regard to SIE is 

shown. The sensitivity arises, hereby, from the special design of the mixing vanes. Those lead to a development 
of cross flow downstream of the spacer, which causes, in presence of a certain axial flow velocity, a self-induced 
vibration of the whole fuel assembly. It appeared hereby that the whole fuel assembly (rod + skeleton) did 
vibrate in a highly synchronized way in the 6th bundle mode with approx. 25 Hz. 

Such vibrations involve the potential for substantial fretting when relative motions rod / spacer do appear. 
It is important to know that this experiment has been executed with damping-optimized rods (low damping), 

whereas the rod support condition was corresponding to BOL (low overall assembly damping). 
 
Then the same experiment was repeated with non damping-optimized rods („normal test rods“) whose 

damping was approximately 0.2% higher than those of the damping-optimized rods. 
Figure 3 shows the comparison of the vibration behavior for both sets of test rods. 
 
 

 
 
 
 
 
For the test specimen disposing of test rods of increased damping only small random, turbulent rod motions 

were recorded. In Figure 4, the analogous result to Figure 2 is shown, now, however, with EOL-(small rod 
support force / small gaps) instead of BOL rod support condition. 

Fuel rod/Fuel Assembly  damping about 0.5%

Fuel rod/Fuel Assembly  damping about 0.3%
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Fig. 3: Vibration behavior with optimized and non-optimized rods 
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What are the main conclusions from these results? 
 
Comparing first the results in Figure 2 and 4, it obviously follows that, from a cage point of view, the 

EOL-condition with regard to self-induced vibration is less sensitive than the BOL-condition.  
From this we conclude that the fuel assembly tested at EOL condition dissipates essentially more energy 

(impact, friction) than at BOL condition, so that the development of a critical self-induced vibration is impeded. 
The importance of the parameter “dissipation” will become still clearer in a moment from the comparison of the 
results in Figure 2 and 3. 

Before, however, we should still identify that a fuel assembly would be more robust against SIE based 
fretting if it would “always be in EOL condition” (Fig. 4). This means that the widespread dogma 
“EOL-condition is the critical state with regard to fretting” is certainly wrong, at least in its generality. 

 
If we compare now the results in Figure 2 and 3, it appears that the small damping increase of the fuel rods 

(in air) of 0,2% is able to stabilize the total assembly against self-induced vibrations caused by fluid-structure 
interaction. At first hand, this is unexpected. However, from this observation, a design goal for fuel assemblies 
arises immediately: „Build the fuel assembly in a way so that it disposes of a sufficient inner damping at each 
state of burn-up“. The practical fulfillment of this request is difficult, however, possible, as we will see later.  

 
The second conclusion reads that the damping induced by the water may be in the case of self-induced 

excitation at small amplitudes, at least for some mode, negligible. This is completely different from a situation in 
which large vibration amplitudes under turbulent or even forced excitation prevail (accidents) in which case we 
have high damping caused by the flowing water. This indicates that the concept "water damping" can show many 
different facets. In particular, for self-induced excitation it is even questionable whether the concept “water 
damping” is still well defined. 

 
An important question connected with the results in Figures 2 and 3 is: “Why does the instability shown 

appear just with the identified flow velocity and just for the 6th mode?” 
We cannot answer the 1st partial question yet completely. Certainly the full answer is linked to parameters 

like the distances between neighboring spacers, the amount of the axial flow velocity and the pattern and incline 
angle of the mixing flags, and hereby the amount of the induced cross flows. More investigations are on the way. 

 
The answer to the second partial question arises from the fact that the fuel assembly examined here is 

weakly damped particularly in the 6th mode. This can be seen from Figure 5. Here the fuel assembly damping 
values measured in air at very small vibration amplitudes are shown. We identify a damping of 0.12% for the 6th 
mode with amplitude of 13 microns. 

Indeed, one can generally show that in a fuel assembly with N spacers, the Modes N-2 and N-3 are always 
damped very weakly. This is linked to the fact that in these modes the spacer motion fits well to the 

Fig. 4: Vibration behavior of a fuel assembly (EOL, optimized rods) 



 

 351 Copyright © 2005 by SMiRT18 
 

corresponding "natural" rod bending vibration. Therefore only very small relative twists of rod/spacer do appear 
and consequently only little energy is dissipated from the system by friction effect between rod/spacer. 

 
 

 
 
 
 
The results shown explain that a crucial parameter for "stabilization" of a fuel assembly against self-induced 

vibrations is given by the integral inner damping. Damping differences of 0.2% – 0.3% (in air) can, hereby, 
already be expected to be essential for operating behavior with regard to fluid-induced fretting. This defines an 
implicit goal for the designer. Can this goal be principally reached by existing/future designs? 

 
Indeed, we think that this is the case. Figure 6 compares the damping behavior of two fuel assembly designs 

for the critical “BOL” status (better: “low damping status”) and mode N-2 (N=Number of the spacers). The 
type 1 shown is corresponding to the type shown in Fig. 2. According to our experimental results, the higher 
damping identified for type 2 has a clear potential to stabilize this type of fuel assembly against self-induced 
vibrations (in full agreement to operational behavior). 

 

 
 
 
 
 

Fig. 5: Measured fuel assembly damping in air for different modes at small 
amplitudes 

Fig. 6: Damping of Type 1/Type 2 Fuel Assembly designs in the Mode (N-2) for 
small amplitudes 
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3. TURBULENT EXCITATION VERIFICATION  
The verification towards TE is done by two different methods applied alternatively or complementarily: a 

conventional approach based on testing of an integral Fuel Assembly and an alternative approach in which the 
fretting sensitivity of a representative, single rod towards excitations measured in integral flow tests, is 
determined. 

3.1 CONVENTIONAL APPROACH  
In this test one or several Fuel Assemblies are inserted into a test loop (high pressure or medium pressure). In all 
spacer positions, EOL rod support conditions are installed either by mechanical calibration (bimetallic spacers) 
or by thermal calibration (monometallic spacers). Then a flow condition, given by a superposition of an axial and 
a cross flow, which is assumed to be bounding for that what we expect in the reactor is applied during typically 
1000h. After end of the test, all of the rods at all positions are inspected in terms of the occurrence of any fretting.  
Usually, the great number of information coming from the inspection of all the rods is analyzed through a 
statistical approach. It is also of a great interest to have a reference test on a design whose in reactor experience is 
known. 

 

3.2 ALTERNATIVE OR COMPLEMENTARY APPROACH  
In that approach the fluid excitation determined before in a PETER loop flow test is used as representative 

excitation in order to study long-term wear behavior of the fuel assembly / fuel rod. 
Hereby the determined fluid excitation is impressed on a single fuel rod so that the rod to be examined 

experiences the "same" movement as measured before within the framework of the integral flow test performed 
in the PETER loop.  

Crucial point of this test step is that all relevant mechanical boundary conditions (rod straightness, rod 
damping, rod support condition…) may be installed with very high precision which is important for 
representativeness and repeatability of individual test results. 

Figure 7 shows two pictures concerning the test setup. Further detailed information is given in /2/. 
 

 
 
 
 
 
 
 
 
 

Fig. 7: Fretting Test Facility “Autoclave” 
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This test setup can be used for examinations of the rod vibratory behavior (short time tests) but also of the 
fretting behavior (endurance tests ~100- 1000h). In the latter case inspections of possible fretting behavior may 
be performed at any intermediate time. 
This test methodology has a special importance in case of the development of new designs. A typical application 
is related to the aspect optimization of “contact geometry fuel rod/ spacer” which highly determines fretting 
resistance of a design. This is illustrated in Figure 8. Investigated is there the fretting behavior of two designs 
under turbulent excitation, i.e. the usual flow excitation always present in the reactor. 

 
 

 
 
 
 
 
Shown is the maximum fretting depth measured in the test rods over time. Crucial with the results is less the 

absolute result than rather the relative behavior of different rod support designs (different contact geometry fuel 
rod/spacer) and the high degree of reproducibility. 

 
A further result is shown in Fig. 9. Shown is for a spacer of Type 1 the fretting behavior as a function of the 

rod support condition (high spring force…small spring force…small gap…larger gap). We identify a drastic 
increase in wear sensitivity from a certain gap rod/spacer onwards. 

 
 

 
 
 
 
 
 
 
 
 
 

Fig. 8: Fretting Behavior of the Spacers of Type 1 and Type 2 (high turbulent 
excitations, gap between rod and spacer about 0.1 mm) 
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4. CONCLUSIONS  
Mainly based on inspection results of irradiated fuel assembly components, an improved experimental 

approach has been developed to verify the fretting resistance of a fuel assembly design against self-induced 
excitations. This approach has been validated in the scope of various occurrences of fretting observed in the 
practice. It is used as a supplement to conventional method or to single rod wear test which aim at verifying 
fretting free rod support behavior for Turbulent Excitation. 

 
Further we succeeded by means of this approach to identify several fuel assembly design parameters 

controlling the development of SIE. In that context, the fuel assembly inner damping (in air) and the rod support 
design play a special role. 
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