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Abstract:



Excessive vibration of nuclear reactor components, such as the heat exchanger or the fuel assembly should be avoided as these can compromise the lifetime of these components and potentially lead to safety hazards. This issue is particularly relevant to new reactor designs that use liquid metal coolants. However, identifying adequate sensors or techniques that can be successfully applied to record the vibrations of the components in a flow of liquid metal at elevated temperatures is very challenging. In this paper, we demonstrate the precise measurements of the vibrations of a very representative mock-up of a fuel assembly in a lead-bismuth eutectic cooled installation using quasi-distributed fibre Bragg grating (FBG) based sensors. The unique properties of these sensors, in combination with a dedicated integration and mounting approach, allows for accounting of the severe geometrical constraints and allows characterizing the vibration of the fuel assembly elements under nominal operation conditions. To that aim, we instrumented a single fuel pin within the fuel assembly with 84 FBGs, and conducted spectral measurements with an acquisition rate of up to 5000 measurements per second, enabling the monitoring of local strains of a few με. These measurements provide the information required to assess vibration-related safety hazards.
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1. Introduction


The ability to carry out vibration measurements has become crucial in the safety assessment of many types of engineering structures and components [1]. Damage caused by excessive vibration is well-known as a potential cause of structural failure. Actual vibration measurement results are often used to validate calculations and numerical models during the design phase, with the ultimate aim to verify that the expected lifetime of the as-built structure complies with the anticipated operational life, or useful lifetime of the designed structure [2].



In some situations, the structure or component under evaluation is difficult to reach or exposed to a harsh environment (such as high temperatures). In addition, the design can aim to limit the vibrations, and thus make them difficult to pick up. The rise of more intricate and more sensitive vibration sensors, such as optical fibre based sensors have contributed to the advancements in vibration measurements in such situations [3,4,5,6].



In this work we report on such a safety study that is part of extensive research activities conducted with the aim to develop and commission MYRRHA, which is a prototype nuclear reactor belonging to the so-called fourth generation [7,8], and which is currently being designed at the Belgian Nuclear Research Centre (SCK•CEN). MYRRHA will be an accelerator driven and spallation source based reactor, cooled with a molten lead-bismuth eutectic (LBE) alloy (Figure 1). As in any nuclear reactor, the vibration levels of reactor internals must be kept within certain limits. The research presented in this paper has been undertaken with the objective to provide valuable input for a safety study of the MYRRHA fuel assembly, specifically by studying the flow-induced vibration (Figure 1). In nuclear reactors, flow-induced vibrations are generally the result of the reactor coolant interacting with flexible reactor internals [9,10,11]. These internals are typically fuel pins, shielding plates, or heat exchanger tubes. In this paper, we focus on the fuel pins in the fuel assembly. Knowledge and understanding of the fuel pin vibrations is critical to assess the possibility of occurrence of failure modes corresponding to mechanical wear, such as fretting or fatigue. Regardless of where these vibrations take place in the reactor, they are always undesirable and often unexpected. Therefore, a thorough analysis of flow-induced vibration of the fuel pins is a crucial aspect of the design cycle in view of assessing the lifetime of reactor internals and ensuring safe operation of these reactors.


Figure 1. Concept drawing of MYRRHA with a replica of the fuel assembly (inset).
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Different vibration sensors or techniques are available to carry out such measurements [12,13,14,15]. However, we had to work in liquid LBE, which has a density of more than 10 times that of water, is corrosive and opaque [16]. In addition, to meet the requirements of the nuclear reactor, the LBE is heated to 200–400 °C, whilst flowing at a speed close to 1.7 m/s in the fuel assembly [7,8]. This shortens the list of potentially adequate sensors or techniques. Piezoelectric sensors, for example, would suffer from electrode corrosion or require bulky protective packaging. In our application, the spacing between the individual fuel pins is limited to a few millimetres, which leaves little room to install vibration sensors. Furthermore, and in order to obtain reliable vibration readings, the sensors should not affect the flow of LBE. The sensors should therefore have very small dimensions. This led us to select optical fibre Bragg grating (FBG) based sensors, which we had previously validated for this specific environment, as described in [5,17].



The remainder of this paper is structured as follows. Section 2 describes the experimental test facility and test section, as well as how the optical fibres sensors have been mounted. In addition, Section 2 explains the validation of the mounting of the fibre sensors and discusses the egress of the fibres out of the installation. Section 3 deals with the experimental results and discusses how these relate to the operational modes of the loop. Section 4 closes our paper with a summary and conclusions.




2. The Experimental Platform


2.1. Test Facility and Test Section


To assess the vibrations in a full-scale LBE cooled replica of the MYRRHA fuel assembly, we have used an experimental test facility that allows for characterizing the hydraulic and hydrodynamic behaviour of various full-scale MYRRHA components in LBE [18,19]. An isometric view of the facility, with a height exceeding 7 m, is shown in Figure 2 (left). The set-up is an isothermal closed loop that can circulate LBE at a constant temperature. The maximum LBE temperature is 400 °C. The LBE is circulated by a vertical shaft sump type centrifugal pump via a cartridge filter vessel and through an air-cooler, sized to remove only the fluidic heating power from the pump. LBE flow rates up to 36 m3/h can be achieved, which is sufficient to cover the nominal flow rate through one MYRRHA fuel assembly. A vortex flowmeter measures the total volumetric flow rate entering the test section. For the experiments described in this paper, a full-scale mockup of the MYRRHA fuel assembly was installed into the vertical test section. The vertical test section in the set-up is representative of a single MYRRHA section at full height, with the LBE flowing upwards like in MYRRHA. To reduce the influence of piping loop components and to facilitate a fully developed flow at the inlet of the test section, an inlet box was installed at the bottom of the test section. A photograph of a part of the facility above the ground level is shown in Figure 2 (right). Overall the test facility allows experimenting with a very realistic mock-up of a full-sized fuel assembly with LBE temperatures and flow rates comparable to the situation in MYRRHA, whilst minimizing the influence of piping loop components. Note that the measurements in the loop are conducted in the absence of nuclear fission and associated nuclear radiation. Since the goal of the experiments was to evaluate the fuel assembly vibrations, the effect of nuclear radiation can be considered secondary in the context of this paper. In addition, irradiation induced swelling of the fuel assembly would lead to a reduction of the spatial tolerances and effectively closing gaps thereby possibly reducing the flow-induced vibrations.


Figure 2. (Left) Isometric view of the experimental test facility in which the flow induced vibrations of a full-scale lead-bismuth eutectic (LBE) cooled fuel assembly were tested. (Right) A photograph of part of the facility above ground-level.
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2.2. Manufacturing and Mounting of the Instrumented Fuel Assembly


The manufactured fuel assembly consists of a hexagonal bundle of 127 cylindrical fuel elements, surrounded by a hexagonal shroud or wrapper, and mounted on 13 support plate rails at the fuel assembly inlet. These support rails run horizontal over the fuel assembly and are shown in Figure 3. Each rail can slightly rotate about its mounting, allowing for some translation at the fuel pin inlet. The individual fuel pins are unrestrained along the length of the fuel assembly, but helical wire-spacers with a diameter of 1.8 mm wound around the outer surface of each fuel pin with a pitch of 265 mm keeps them separated from one another. The fuel pins were made of stainless steel cylindrical hollow tubes (made from 316 L steel) with an outer diameter of 6.55 mm, and a length of 1400 mm. In this manner, the geometry, restriction, and support of the manufactured fuel assembly matched the MYRRHA design. In addition, we filled each pin with representative internals, such as the gas plenum, a spring to accommodate the thermal expansion of the internals with respect to the fuel pin, and fuel pellet dummies. The resulting fuel pin weight was close to 900 g.


Figure 3. Concept drawing and photograph of the fuel assembly inlet.
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Due to the limited space between the individual fuel pins (only 1.8 mm) and the anticipated small vibration amplitudes, optical fibre sensors are one of the very few options to measure vibrations in the fuel assembly. In our previous work [5,17,20] we demonstrated that FBGs are sufficiently sensitive to record the fuel assembly vibrations and that their useful time in a LBE environment is sufficient to carry out meaningful measurements. We shortly recall that a FBG consists of a periodic variation of the refractive index of the core of the optical fibre and is characterized by a resonance optical wavelength at which it reflects light, referred to as the Bragg wavelength λB [21,22]. Tracing the position of λB as a function of time allows using the FBG as a sensor since the resonance wavelength changes with applied mechanical strain or changes in temperature. In this work, we took advantage of the multiplexing capabilities of FBGs, meaning that multiple FBGs can be combined into a single optical fibre to conduct quasi-distributed measurements. This feature was particularly useful when instrumenting the fuel pins with a high sensor density, which was desired to resolve fuel pin length-dependent phenomena, such as variations of the vibration amplitudes and associated strain levels along the fuel pin.




2.3. Instrumentation of Fuel Pin and Validation


In order to conduct reliable measurements on the surface of the individual fuel pins in the fuel assembly, the optical fibres with FBGs need to be adequately mounted. To do so, we followed the procedure as described in detail in [5]. We inserted the optical fibres in a groove that was machined in the fuel pin surface. Owing to the small dimensions of the optical fibre (diameter of only 200 μm), we could limit the size of the groove to approximately 300 μm whilst fully embedding the optical fibres in the fuel pin wall. To avoid issues with respect to the interpretation of the vibration data, we opted to manufacture the groove parallel with the fuel pin axis. Once inserted in the grooves, the optical fibres were fixed and protected with a high temperature ceramic alumina adhesive (Resbond 989) that can sustain temperatures well beyond 1000 °C. The mounting method has also been graphically represented in Figure 4 (left).


Figure 4. (Left) Scheme of an optical fibre with draw tower gratings (DTGs) embedded in a small groove on the surface of the pin. (Right) The location of the instrumented fuel pin with 4 fibres (represented by the red dots) containing in total 84 FBGs.
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The FBGs are commercially available UV-written draw tower gratings (DTGs), which are known to feature excellent strength and fatigue characteristics [4,23,24]. The former property is especially important during thermal cycles (and shocks) where we encountered corresponding strains as high as 0.5–1% due to thermal expansion. The higher yield strength of DTGs is also particularly important during the installation of the fuel pins in the complex experiments: as they feature a higher strength than the conventional re-coated FBGs, they are less likely to fail during installation and use.



An important issue when mounting FBGs in this manner is to avoid distortion of the spectrum resulting from non-uniform strain being applied to the FBG. In addition, the mounting of the FBG in a groove with an adhesive that typically shrinks during curing can induce birefringence. In order to avoid such issues we inserted the FBGs in a small glass capillary (see also Figure 4 (left) and we used a dedicated wavelength shift determination technique, i.e., the phase correlation method, as described in more detail in [25,26,27] as well.



We instrumented the central fuel pin with 4 optical fibres using the integration scheme as explained above, as graphically represented in Figure 4 (right). We mounted the fibres on 4 sides of the fuel pin so that 2 fibres are essentially sensitive to strain corresponding to bending moments parallel with the support rails, and the 2 other fibres to bending moments perpendicular to the support rails. Each fibre contained 21 FBGs, of which 20 FBGs were distributed uniformly over the fuel pin length. The last FBG, used as a reference, was not inserted into a groove on the fuel pin, but located inside of a stainless steel capillary (as explained in Section 2.4) close to the egress point of the fibre on the fuel pin. In total, 84 FBGs were introduced in the central fuel pin. We chose the Bragg wavelengths or resonance wavelengths of the FBGs so as to fit within the spectral bandwidth of the optical source used in the FBG interrogator (detailed in Section 2.4), and so as to feature a sufficiently large separation of the Bragg wavelengths λB (of at least 3 nm) to accommodate for spectral distortion [5,17] whilst maximizing the number of FBGs in the fuel assembly.



To validate the mounting procedure, we inspected several properties of the 84 reflection spectra of the FBGs at different phases of the mounting procedure. We recorded the spectra with a laser swept interrogation system with a spectral resolution of 8 pm, and we evaluated 3 main properties. First, we determined how many of the 84 FBGs could still be interrogated in a dependable manner after mounting. Second, we compared the Bragg wavelengths λB with those determined when the fibres were unmounted and thus not strained. Third, we determined two characteristics of each reflection spectrum to indicate the level of distortion of the spectrum. These two characteristics were the full width at half maximum (FWHM) and the so-called unbalance (UNB) defined as
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where λ+ and λ− are the wavelengths for which the peak power is halved. Thus, the FWHM provides information about the width of the reflection peak, whilst the UNB measures the asymmetry. Note that we did not evaluate the reflectivity of the FBGs with each mounting step as this can vary significantly due to, for example, output power variations of the light source or dust on the fibre connector. The experimental results of the validation are summarized in Table 1. No FBGs were lost during the mounting on the fuel pin and installing in the test section and test facility, even when filling with LBE at elevated temperatures. We observed that the mean wavelength shifts after mounting on the fuel pin corresponded to a small compression of the FBG due to the shrinkage during curing of the adhesive. Moreover, the mean wavelength shift after installation in the heated test facility was on the order of 4.7 nm which is close to 0.4% strain, which confirms the need to allow for sufficient wavelength separation between the successive DTGs. Note that the spread of the wavelength shift is about 4 times the average value after mounting, which was the result of the wire spacer wrapped around the fuel pin exerting forces on the fuel pin that are non-homogeneous throughout the pin’s length. The high density of FBGs and the 4 fibres on the same fuel pin even allowed for the determination of the pitch of the wire spacer (equal to 265 mm) based on the variation of the Bragg wavelength shifts. The same is true for the spread of the wavelength shifts as determined after installation in the heated and filled test facility, which also illustrates the need for sufficient wavelength spacing between the FBGs. Finally, we observed that the FWHM and the UNB were only slightly increased by the mounting and installation. These results indicate the validity of the mounting procedure in the fuel pin and the installation in the test facility.



Table 1. Validation of the mounting procedure at 3 different phases.







	
Status

	
Unmounted FBGs (At Room Temperature)

	
Mounted on Fuel Pin (At Room Temperature)

	
Installed in Heated Test Section Filled With LBE






	
representative spectrum
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FBGs observed

	
84

	
84

	
84




	
mean ΔλB

	
0 ± 0 nm

	
−0.124 nm ± 0.439 nm

	
4.686 nm ± 0.877 nm




	
FWHM

	
0.133 nm ± 0.022 nm

	
0.144 nm ± 0.020 nm

	
0.173 nm ± 0.053 nm




	
UNB

	
0.011 nm ± 0.009 nm

	
0.003 nm ± 0.006 nm

	
0.010 nm ± 0.045 nm











2.4. Egress of Optical Fibres and Interrogation


The Bragg gratings are measured in reflection and therefore the optical fibres require only a single end-connection to the data acquisition equipment (consisting of a light source and a detector) located out of the test facility. To that end, we guided the fibres from the fuel pin through small 1 mm outer diameter stainless steel tubes, which were then loosely inserted into 4 mm outer diameter tubes, which served as feedthrough to the loop exterior. So as not to affect (or as little as possible) the movement of the fuel pins because of instrumentation, we designed the set-up such that the clearance of this insertion is nearly double the allowed fuel pin movement from the fixation at the rails. We represented this alignment set-up in Figure 5. The 4 mm diameter tubes are then guided through a series of grids to maintain their relative position and continue up to the outside of the LBE loop at the top flange where a welded Swagelok connection keeps the tubes in place and seals the feedthrough. To simplify the installation of the grids and flanges, each tube had a different length. Above the top flange, we sealed the egress of the optical fibres out of the steel tubes with a UV-curable glue (NOA61), which exhibits excellent adhesion properties to steel and silica. We tested this sealing method, for 1 mm inner diameters and 4 mm outer diameter, up to 10 bar of overpressure and in a vacuum. We observed that even during a rapid increase from room temperature up to 650 °C at more than 5 °C/min, no measurable leakage was detected using a commercial He-gas based leak tester. During the commissioning of the test facility with the instrumented fuel assembly installed, we also pressure tested the set-up while heated up to 4 bar, which is well above the expected operational pressure.


Figure 5. Illustration of the alignment set-up designed to avoid affecting the vibration due to the egress of the optical fibre and its guide capillary. Note that for sake of readability, the figure is not to scale.
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We acquired the spectra of the FBGs using a commercially available FBG-Scan 808D [28], which is a high-speed FBG sensor interrogation unit. The interrogation of the FBG in this device is based on a spectrometer and involves a diffraction grating and light sensor array. Since no moving components or tuning of optical parameters such as the light source wavelength are required, very stable measurements can be conducted with this device. The latter was required for the vibration measurements since the expected wavelength fluctuation was small (as illustrated in [20,29]) and signal degradation due to the environment is expected to occur (as explained in more detail in [5,17]). As explained earlier, we accommodated for this degradation in the interrogation by using a more intricate phase-correlation based wavelength shift detection technique to analyse the acquired FBG spectra, and to calculate λB [25,26,27]. This approach allowed for achieving the best trade-off between signal-to-noise ratio and calculation speed even if the FBG spectra become distorted. Owing to the use of the phase-correlation based approach and to the temperature controlled environment (explained in Section 2.1), we were able to record Bragg wavelength shifts as small as 0.25 pm, corresponding to a local strain level difference of about 0.2 με. We recorded the reflection spectra of the FBGs with an acquisition rate of up to 5 kHz which is well beyond the highest expected observable frequency of vibration [29]. To the best of our knowledge, no other (quasi)-distributed measurement technique can attain these sampling speeds.





3. Assessment of Flow-Induced Vibration of Fuel Assembly


3.1. Vibration Amplitude of the Fuel Assembly During Various Flow Conditions


The foremost important quantity required to assess potential safety hazards related to the fuel assembly vibration is the vibration amplitude [30,31]. During the operation of a nuclear reactor, many different operational conditions can occur in the coolant flow of a fuel assembly corresponding to different coolant flow velocities. These operational conditions should be investigated when studying the flow-induced vibration as the vibration amplitude in every condition can differ significantly. It is important to note that all references to vibration amplitude in this paper imply amplitudes of strain, rather than displacement since we measured the dynamic strain using the FBGs on the surface of the fuel pin in varying LBE flow rates. In addition, we have not elaborated on the frequencies associated with the vibration as the complex interaction of the densely packed fuel pins in the assembly will yield a set of overlapping frequency bands as illustrated in [11,29]. The detailed analysis of this phenomenon is beyond the scope of the results reported in this paper. All experiments were performed at a constant LBE temperature of approximately 200 °C, as determined with thermocouples placed on the test section exterior wall. The measurement procedure was as follows. We increased the flow velocity in the test section in discrete steps from 1.08 m/s, up to the nominal flow velocity of 1.72 m/s (average flow velocity in the fuel assembly). For each flow condition, we allowed for the air-cooler to adapt to the new situation and to stabilize around a new steady-state. This also ensured that the flow was fully developed in the entire test facility. At each flow velocity, we determined the averaged vibration amplitude for all FBGs on the instrumented central fuel pin in the fuel assembly. We summarize the outcome of this sequence in Figure 6, which illustrates the average strain values with standard deviations as measured with all the FBGs, as a function of the average LBE flow velocity in the fuel assembly bundle. In addition, we observed a clear distinction between the vibration amplitudes corresponding to the directions parallel with and perpendicular to the support rails. The amplitudes were obtained by processing the measurements with a high-pass filter to obtain the rms value of the strain component. This high-pass filtering was essentially done to detrend the data. When increasing the flow velocity, we observed a corresponding increase in the vibration amplitude. It is important to note that during the experimental phase, the temperature fluctuations were also monitored with thermocouples, and were smaller than 0.2 °C across the test section. For LBE coolant flow velocities as anticipated in MYRRHA (equal to 1.72 m/s), we observed an average vibration amplitude just below 0.7 με for the direction parallel with the support rails, and just over 0.5 με for the direction perpendicular to the support rails. At the lowest tested flow velocity of 1.1 m/s, we measured vibration amplitudes close to 0.3 με and 0.2 με, respectively, i.e., close to the limits of what we could detect. An important remark here is that the mean strain measured by a single FBG at a certain location can be up to twice the above mentioned overall mean strain values. This is further discussed in the subsequent Section 3.2. In any case, it is clear from these results that the vibration amplitudes (in terms of strain) of the fuel pins in a realistic mock-up of the MYRRHA fuel assembly are very small and will not be associated with vibration induced damage, as this would typically require amplitudes of at least 2 orders of magnitude more. Despite the challenging environment and small vibration levels, we were still able to record the Bragg wavelength shifts owing to our integration and interrogation scheme (explained in Section 2).


Figure 6. The measured vibration amplitude (with standard deviations) of the fuel assembly (averaged over all fuel pins) for the different evaluated flow velocities.
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3.2. Strain Along Fuel Pin Length and Vibration Statistics


Next, we assessed the strain along the fuel pin length and evaluated the vibration statistics. In Figure 7, we show the trend of the strain amplitude along the central fuel pin. Recall that near the inlet, the fuel pin is supported, whilst the other extremity is free to move. Therefore, we observed the highest strain amplitude near the inlet and a decreasing trend in the amplitude towards the outlet. In the figure, we again show the rms strain amplitude determined with the 21 FBGs on the central fuel pin in the direction perpendicular to the support rails, as well as parallel with the support rails. We found that the trend of the vibration amplitude along the fuel pin in the direction parallel to the support rails essentially resembles the second bending mode of a classical cantilevered beam whilst in the perpendicular direction the trend follows the third bending mode of such a cantilevered beam. The slightly different trend of the two directions of motion can be the result of the different support conditions of the fuel pin at the fuel assembly inlet. A modal analysis could confirm if these trends indeed correspond to the respective bending modes. These trends are not significantly influenced by the flow velocity, except for the amplitude as illustrated in the previous section. In order to estimate the displacements associated with the measured strains we approximated the fuel pins as cantilevered beams, and applied discretized classical beam theory to formulate strain-data-dependent displacement equations of the fuel pins (according to the study described in [32]). From these equations, and taking only bending moments into account, we estimated the mean displacement to be 33.8 μm in the direction parallel with the support rails, and 20.9 μm in the perpendicular direction. These values are in line with those previously determined in [29].


Figure 7. The trend of the rms vibration amplitude (in terms of strain) measured with the different FBGs located on the central fuel pin in the two perpendicular directions with respect to the support rails.
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Mean values of the vibration amplitudes are useful but they do not describe the entire vibration signal. Moreover, absolute values of the vibration amplitude at a certain time are not meaningful since the fuel pin excitation is due to forces from turbulent flow, which is a random phenomenon. Given this random nature of the turbulent forces and the central limit theorem, we expect the average dynamic strain of the fuel pin to adhere to a normal or Gaussian distribution. To evaluate the entire vibration, we have to determine the distribution and nature of the vibration. In Figure 8, we show a histogram of the average measured strains on the fuel pins in the direction parallel with the support rails (i.e., averaged over 40 FBGs), and at nominal MYRRHA flow speed (i.e., 1.72 m/s). It is clear from the distribution that excursions exceeding on average 2 με very rarely occur. More specifically, 99.9% of the measured average strains are below 2 με. The spread or standard deviation of the distribution corresponds to what we determined for the mean strain amplitude in Figure 6. A very similar histogram can be constructed for the direction perpendicular to the support rails. Finally, to evaluate the Gaussian nature of the distribution, we determined the kurtosis, or the so-called fourth central moment, which should be equal to 3 for a Gaussian distribution. We calculated that the kurtosis of the histogram in Figure 8 equals 3.03, thus illustrating the Gaussian nature of the distribution. These results provide information on the location of the highest strain on the fuel pin, as well as on the frequency of excursions with a higher amplitude.


Figure 8. The histogram of the vibration (in terms of strain) gives a more complete view of the fuel pin vibration. Average strain amplitude exceeding 2 με rarely occurs at MYRRHA nominal flow speeds.



[image: Applsci 07 00864 g008]








4. Summary and Conclusions


In this paper we presented the experimental investigation of the flow-induced vibrations in a realistic mock-up of the fuel assembly of MYRRHA. The mechanical integrity of the fuel assembly may be impacted as a result of, for example, fretting wear or mechanical fatigue. We conducted the experimental analysis on a full-scale mock-up fuel assembly in a closed-loop LBE experimental test facility at a temperature of 200 °C, and at LBE flow rates that are representative for MYRRHA. The analysis relies on quasi-distributed vibration measurements that were conducted on the central fuel pin in the fuel assembly using densely multiplexed FBGs that were surface mounted in a groove in the fuel pin cladding. We have designed and built an adequate test facility to mimic the environment in MYRRHA, and developed a mounting method that allowed integrating the FBGs strain sensors in the fuel assembly with minimal intrusiveness. We validated the latter by inspecting the reflection spectra of the 84 integrated FBGs during different stages of installation and showed that nearly all of the sensors retained excellent spectral characteristics, even when installed in the heated and filled test facility.



The instrumented fuel assembly allowed for characterizing the vibration of the fuel assembly with a sufficiently high precision. In particular, the precise measurements allowed us to reliably estimate the vibration amplitudes of the fuel assembly. In addition, we studied the fluctuation of the vibrations with flow speed. We observed that the measured vibration amplitudes are very small owing to the proper design of the fuel pins and test facility. For LBE coolant flow velocities, as anticipated in MYRRHA (equal to 1.72 m/s), we observed an average vibration amplitude just below 0.7 με for the direction parallel with the support rails and just over 0.5 με for the direction perpendicular to the support rails. Note that owing to the non-irradiated experimental fuel assembly described in this paper, spatial tolerances are expected to be at their largest. Irradiation induced swelling of the fuel pins would lead to closing gaps and thereby possibly reducing the flow-induced vibration.



In addition, we could assess the strain along the length of the fuel pin using the mounted quasi-distributed FBG sensors. We found that the trend of the vibration amplitude along the fuel pin slightly differs depending on the direction of movement. The trend essentially resembles the second bending mode of a classical cantilevered beam along the support rails, whilst in the perpendicular direction, the trend follows the third bending mode. We believe that the difference can be attributed to the different fuel pin support conditions in both directions. We also provided a more complete description of the vibration by evaluating the distribution of the measured strains, which should adhere to a Gaussian distribution given the nature of the excitation forces. We found that the average strain excursions exceeding 2 με occur less than 0.1% of the time and that the kurtosis of the distribution was nearly equal to 3, illustrating the Gaussian nature of the vibration.



To close, owing to the unique properties of FBG based sensors, we were able to obtain fuel pin vibration characteristics that are important to assess structural degradation resulting from fretting wear or mechanical fatigue, and that provide important feedback to the designers of the MYRRHA fuel assembly. The quasi-distributed optical fibre based sensor measurements allowed confirming that the vibration amplitudes (in terms of strain) of the fuel pins in a realistic mock-up of the MYRRHA fuel assembly are very small and should not lead to vibration-induced damage. In addition, we were able to locate the position on the fuel pin where the highest strain occurs, and determine the unlikelihood of large amplitude vibration excursions.
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