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Abstract

:

The foil bearing consists of parts made of very thin, properly shaped foils. Usually, it is very difficult or even impossible to measure the vibrations of these elements during the bearing operation using traditional sensors. Therefore, the authors of this article have proposed an entirely new approach to this issue. This article discusses the analysis of vibrations of the structural supporting layer of a gas foil bearing at high rotational speeds. Instead of using a traditional method to measure the bearing journal movement, the measurement was performed using an ultra-high-speed digital camera. This type of measurement was used for the first time to analyse foil bearing displacement. It turned out that doing so can give a far more vibrant picture of what is happening in gas foil bearings during their operation. The article includes an analysis of foil vibrations. This phenomenon has already been analysed numerically, and this is the first time it has been analysed experimentally. The registered motion of the foils can be compared with the results obtained from numerical models, thus allowing their further development. One such comparison is shown in this article.
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1. Introduction


An evaluation of vibrations in fluid-flow machines is usually done using accelerometers, eddy current sensors, laser sensors or other types of sensor. High-speed cameras are rarely used for this purpose. Our article aims at filling this gap. We also want to show that a high-speed camera can serve as a useful tool to analyse the operation of a foil bearing. In addition to tracking the motion of the journal or sleeve of the bearing (which can be easily done using traditional sensors), it is possible to analyse displacements of the bump foil (which is impossible to do using the vast majority of the sensor types mentioned above). In the first part of the introduction, we gave general information about foil bearings. In the second part, we gave several examples of the use of high-speed cameras not only for conducting research on bearings. The analyses were mainly focused on two aspects: cavitation analysis and dynamic properties. Based on the literature review, we are of the view that the use of high-speed cameras is becoming more common in many fields of science.



1.1. Foil Bearings


A foil bearing is the type of bearing that is relatively new but is becoming increasingly common around the world. The first papers about foil bearings were published in the 1950s. Since then, the design and materials of foil bearings have changed significantly, but the principle of their operation has remained unchanged. A key element of a bump-type foil bearing is a set of compliant foils, usually made of thin metal sheets. So far, many experimental, analytical and numerical techniques for predicting the performance of foil bearings have been developed. Such parameters as load capacity, power loss, the temperature of the bearing parts as well as static and dynamic stiffness or damping can be thoroughly analysed experimentally. Different approaches are used to research the compliant bearing structure. Most of them are a variety of numerical methods. Modelling of the dynamic behaviour of the foil bearing structure, due to its mechanical complexity, remains a challenge for scientists and engineers from all over the world. Foil bearings operate with a relatively thin hydrodynamic lubricating film, which changes within a narrow range. Therefore, the overall stiffness and damping of a foil bearing depend mainly on the compliant supporting structure, rather than on a very stiff gas film.



The first dynamic models of the foil bearing structure were most often based on static models [1]. The model, which was developed by Ku and Heshmat, considered the elastic deformation of the bumps, the friction between the corrugated foil, the top foil and the sleeve, the interaction between the bumps as well as the curvature of the sleeve. The dynamic stiffness and damping of the entire bearing were obtained using a single-DOF (degree of freedom) model.



Rubio and San Andres [2] provided test results for a bump-type foil bearing structure as well as stiffness and damping (Coulomb- and viscous-type) coefficients. The dynamic tests were conducted on a stiff non-rotating shaft. In 2010, Conlon et al. [3] presented an experimental evaluation of the steady-state (load capacity) dynamic performance of first- and second-generation foil bearings of a relatively large size (with a nominal diameter of 70 mm) under various controlled operating conditions. These tests aimed at collecting high-fidelity data needed to validate the theoretical model of a foil bearing.



Bagiński et al. [4] presented the results of experimental research carried out on foil bearings operating under elevated temperatures. The dynamic properties of the bearings were also investigated when a cooling system was turned on. This article presents various methods for cooling foil bearings and discusses the impact of these methods on dynamic parameters of the rotating system equipped with such bearings. The authors of the article measured the temperature of the top foil using thermocouples. They showed that their measurement method did not exert any significant impact on the functioning of the rotor-bearings system.



Żywica et al. [5] wrote an article in which they discussed experimental research and simulation tests of foil bearing prototypes. All these tests were carried out on a special test stand under different operating conditions (including a broad speed range). This study shows that adverse operating conditions caused the bearing damage after its short operation, accompanied by a significant increase in temperature. The main factors that affected the durability of foil bearings were the material used for coatings of the mating surfaces, bearing geometry, way of assembling the bearing, speed, and load. To better understand the physical phenomena that occur in foil bearings, a numerical model has been developed which enabled performing thermal analyses. The results showed that the design process of a new foil bearing could be a challenging task. It needs many aspects to be considered, including the elements directly related to the operation of the bearing alone, as well as those related to the operation of the rotor and operating characteristics of this machine.



The influence of selected geometric parameters on the dynamic performance of bump-type foil bearings was analysed by Kulkarni and Jana [6]. They dealt with the effect of the stiffness and clearance on the load-carrying capacity of these bearings. Experimental results indicated that the clearance had the most significant influence on the lift-off speed and load-carrying capacity of the bearings. The effect of structural friction between some parts of foil bearings was also analysed by Xu et al. [7]. They did experimental tests for two sets of the bearings with different roughness of the sleeve surface, which showed that structural Coulomb friction made the bump foil stiffer and limited its displacement in the foil bearing.



Bonello and Bin Hassan [8] presented an experimental and theoretical analysis of a foil-air bearing rotor system. Authors wrote that although there is considerable research on the experimental tests of foil-air bearing rotor systems, only its small part has been correlated with simulations from a fully non-linear model that combines the rotor, air film and foil domains, due to modelling complexity and computational time. Gu et al. [9] presented stability and vibration characteristics of a rotor-gas foil bearings system with high-static-low-dynamic-stiffness supports. The use of proper flexible supports can improve the stability performance of a rotor-bearings system. The research aimed at studying synthetically the effects of support stiffness and damping on the dynamic characteristics of the rotor-gas foil bearing system, i.e., stability, unbalance and shock vibration characteristics. Larsen and Santos [10] wrote the article in which they show the theory and experiments about the non-linear steady-state response of rigid rotors with air foil bearings. The study gives theoretical and experimental contributions by implementing and validating a new method to simulate the non-linear steady-state response of a rotor with three pads.




1.2. Overview of High-Speed Camera Applications


Analyses with high-speed cameras cover a wide range of applications. In this article the first time the high-speed camera is used to analyse foil bearings. Below are examples of other similar applications. Staudt et al. [11] presented the results of their observations of the deep penetration laser welding process using the hyperspectral imaging (HSI) technique. The authors developed an appropriate high-speed camera-based HSI system. Designing and optimising production processes enables us to derive spectra of the deep penetration welding process with high time resolution. Research using high-speed cameras is often conducted during flow analyses, which was shown by Miles in article [12]. Since 2000 there has been rapid development of diagnostics of high-speed airflows. The foundations for this development were laid over the past few decades. With the development of new short pulse and pulse burst laser technologies, higher laser powers and higher pulse energies, new high-speed cameras, better laser control, improved detection, and laser delivery methodologies, as well as many beneficial new capabilities, have been developed. Wu et al. [13] showed that it is possible to use a system consisting of two high-speed cameras in order to analyse the dynamic performance of a robot. Industrial robots are widely used within the industry. However, there is a need for higher accuracy and stable performance in these applications. When a robot is performing a machining task in particular, the dynamic performance of the machining process influences the quality of the workpiece. In this article, a measuring system with a high-speed camera is used to analyse the robot’s movement in order to improve the process. Linear paths with different accelerations were programmed. The position distributions in 3D space are presented, and the linearity of the tracks is discussed. Liu et al. [14] presented a paper describing a videogrammetric technique used to conduct shaking table tests of multi-layer structure models using a pair of cameras with CMOS (Complementary Metal Oxide Semiconductor) sensors.



Znamenskaya et al. [15] presented optical tests of the dynamic performance of a high-pressure water and sewage system. The article discusses the results of visual tests of streams of fast-flowing fluids ejected from a nozzle at a pressure of 400 MPa. The research aimed at investigating biphasic flows under extremely harsh operating conditions and also at analysing the possibility of optimising the design of the device. Zeleňák et al. [16] presented a paper in which they deal with visualisation and velocity analysis of a self-excited water jet generated by a developed prototypical hydrodynamic nozzle. A high-speed camera in combination with four high-power pulsing light-emitting diodes (LEDs) and the particle image velocimetry method was tested.



The application areas of vision methods are not limited only to technical sciences. They are also used in a variety of different areas of life. Hassan et al. [17] presented a feasibility study of the heart rate measurement in which they used a digital camera for health monitoring. Sánchez-Pay et al. [18] presented an article describing the measurement error identification associated with the mean movement velocity, in which methods based on a high-speed camera and video analysis were used during resistance experiments.



A high-speed camera works particularly well in research on cavitation occurring in hydrodynamic bearings. The impact of viscosity on the cavitation characteristics of a high-speed sleeve bearing was tested theoretically and experimentally by Wang and Lu and described in their article [19]. The cavitation characteristics, cavitation shape, and cavitation location of a spiral oil wedge hydrodynamic bearing were studied experimentally using the transparent bearing and a high-speed camera. The generalised Reynolds equation was derived, taking into account the cavitation mechanism based on the modified Elrod method, and the cavitation of sleeve bearings with different viscosity parameters was analysed and compared. There was a great deal of similarity between the experimental results (measured using a high-speed camera) and the theoretical results. Jacobson and Hamrock [20] used a high-speed camera to analyse transverse bearings operating under different dynamic loads. The study aimed at determining when and where cavitation occurred in the bearings. It affected both the energy loss and operating stability of the bearing. A high-speed camera was used to test cavitation in dynamically loaded radial bearings. The ratio of the length of the bearing to its diameter, the rotational speed, the material with which the shaft was coated as well as the static and dynamic eccentricity of the bearing were changed. The results obtained indicate not only the occurrence of gas cavitation but also the development of steam cavitation (which was not expected).



Tong et al. [21] presented research on three-camera videogrammetry for three-dimensional measurement of laminated rubber bearings based on a shaking table. Laminated rubber bearings are widely used to mitigate seismic damage to large structures and equipment. In this work, a three-dimensional measurement of the displacement of a laminated rubber bearing based on a large-sized shaking table was performed. Authors used three high-speed CMOS cameras, one synchronous controller, and one pair of 1000 watt light sources, which were used to simultaneously acquire three-camera sequences of a laminated rubber bearing image at 300 frames per second (fps). This article proposes a fast image blocking technique to detect and track objects in three-dimensional image sequences by integrating methods for morphological edge detection, attribute-based ellipse extraction, and least-squares based matching adjustment.



Durand-Texte et al. [22] presented Single-camera single-axis vision method applied to measure vibrations. The authors wrote that 3D vision methods used with two high-speed cameras turned out to be a valid solution to measure 3D displacements, particularly with the stereo digital image correlation (SDIC) tool. The conventional pseudo-stereo system with a single high-speed camera and a four-mirror adapter, generating two virtual cameras, may also be used, even if it is rather difficult to operate and is limited to small objects.



Wang et al. [23] presented tests of speed estimation using a visual method. Diagnosis of engine bearing faults at variable speed can sometimes be a problem. This paper proposes a new, computer vision-based order tracking method to address this problem. First, video footage recorded by a high-speed camera is analysed using an accelerated, robust algorithm used to extract and match functions to obtain the instantaneous motor speed (IRS). Then, an audio signal picked up by a microphone was polytonally sampled to follow the IRS curve, so that the signal could be represented in the angular domain instead of the frequency domain. The envelope sequence spectrum was then calculated to determine the damage pattern. The effectiveness and strength of the proposed method were verified using two brushless test stands for D.C. motors, where two damaged bearings and a healthy bearing were tested separately. This test used a new, non-invasive approach to measurement, which made it possible to avoid the installation of a tachometer and overcome the drawbacks of methods of tracking the order of motor bearing damage at variable speed.



Köhl et al. [24] presented experimental and numerical research carried out on a car turbocharger with a transparent bearing section. The dynamic performance of the car turbocharger supported by bearings with a full floating ring was tested experimentally and numerically. The movement orbit of the rotor was mounted on the compressor side and, after modifying the turbocharger’s housing, the speed of the floating ring were tested. Using a high-speed camera and subsequent image analysis, the MATLAB software was used to detect communication holes along the circumference of the floating ring and then the speed was calculated.



The various tests with high-speed cameras which have been presented so far mainly concern analyses of cavitation and the dynamic performance of individual bearing components. There are no articles describing research in which a high-speed camera was used to analyse entire foil bearings. With the rapid development of these bearings, new numerical studies are being developed, which attempt to describe the system in detail. The standard tools that are used for monitoring the technical condition of fluid-flow machines are proximity sensors, e.g., eddy current sensors and accelerometers placed on bearing housings. None of these techniques enables performing analyses of supporting foils, which are a crucial element for the proper functioning of foil bearings. This article fills this gap in the current state of knowledge, providing data that can be used as reference values in numerical analyses.





2. Material and Methods


We researched the foil bearing’s structure on a specially prepared test rig, located in the Vibrodiagnostics Laboratory of the Institute of Fluid-Flow Machinery of the Polish Academy of Sciences (IMP PAN). The tested bearing was mounted on a shaft with a diameter of 34 mm. The shaft was put in rotational motion using an electrospindle whose maximal speed is 24,000 rpm. Figure 1 shows the laboratory test rig with an ultra-high-speed camera. The camera was controlled by the measuring computer that is also shown in this figure. We used two 60 W light-emitting diode (LED) lamps (PRO 2X Oslon 60 model, manufactured by Easy LED) for better illumination of the tested bearing. Each lamp can deliver light output up to 6000 lumens. A diagram of this test stand is presented in Figure 2. The camera was situated almost in front of the rotating shaft and the two light sources were positioned to provide light to the bearing on both sides.



A diagram that shows how the bearing is mounted on the shaft is presented in Figure 3. The shaft is a part of the electrospindle that is attached to the aluminium frame. The shaft’s journal was inserted into the bearing sleeve before research. When the rotational speed of the shaft was high enough, a gaseous lubricating film formed itself between the top foil and the bearing journal. During the research, the bearing sleeve rotation was blocked. The sleeve was able to move in the radial direction. The bearing is lifted after the lubrication film appears. The foil bearing consists of two foils. The bump foil is situated between the rigid sleeve and the top foil. The foils were manufactured from Inconel 618 and the top foil was coated with Teflon. The length of the bearing is 40 mm.



Vision Research’s v2511 ultra-high-speed camera (shown on the left-hand side of Figure 4) was used to record the tests of the bearing carried out under different operating conditions. The camera is equipped with a CMOS sensor that allows capturing high-resolution images at very high speeds (offering a full megapixel resolution of 1280 × 800). Moreover, the CMOS sensor has pixels with a diameter of 28 µm. Acquiring around 25 gigapixels-per-second of data enables frame rates up to 1,000,000 fps at 128 × 32 resolution. When recording with the maximum resolution, the maximum frame rate is 25,600 frames per second. We connected the camera with the measuring computer using the Ethernet communication interface. We tested run-ups, stable operation, and impulse excitation—an analysis of the recording in slow-motion followed. We also used the TEMA Motion software, developed by Image Systems, which is dedicated to performing advanced motion analysis. For recording purposes, we used a Zeiss 100 mm f/2 macro lens whose main features are the following: the maximum reproduction ratio is 1:2 and the minimum focusing distance is 0.4 m. Two sets of extension tubes (shown on the right-hand side of Figure 4) were placed between the lens and the camera. The extension tubes do not include any magnifying lenses but can be combined if there is a need to increase the reproduction ratio. Those adapter rings enable increasing the distance between the focal plane of the lens and the CMOS sensor, thus increasing the reproduction ratio. In practice, the farther we move the lens away from the camera (using the extension tubes), the better magnification of the test object we obtain. One set of extension tubes includes rings with three widths (7 mm, 14 mm, and 28 mm) and two bayonet fixings between the camera and the lens. After assembling two such sets, the distance between the lens and the camera was 128 mm.



Conducting measurements using the aforementioned high-speed camera has some limitations. The measured vibration frequency is limited by the frame rate of the high-speed camera. During the measurement, we needed to avoid aliasing. The next issue we needed to take into consideration is that when the frame rate was increased to the highest possible value, there was a need to reduce the resolution. In practice, a high-speed camera can be used to record very quickly changing phenomena such as cracking of the material or the propagation of a thunderstorm. We can give a practical example of the calculation of the maximum rotational speed by giving one example. Let us assume that we need 20 measuring points for one rotation of a shaft. This means that to measure the shaft rotating at a speed of 3000 rpm (50 Hz), we need to record the movement at a frame rate of at least 1000 fps (50 × 20 = 1000). The maximum frame rate of the high-speed camera is 12,800 fps at the highest possible resolution. This means that we can record the shaft rotating at a speed as high as 38,400 rpm. In practice, the resolution of the high-speed camera can be slightly reduced to easily track the phenomenon, even at a rotational speed of 100,000 rpm or considerably higher (or to measure a lower number of points per rotation of the shaft). The maximum/minimum vibration amplitude is defined by the resolution of the camera sensor and the lens used. Because we have access to a variety of lenses (including micro and macro lenses, which offer a wide field of images from telephoto range to wide-angle shots), we can easily measure vibrations of different amplitudes.




3. Results and Discussion


3.1. Stable Operation


Figure 5 shows the point for which displacements were analysed. During the operation of the rotor, the foils of the foil bearing moved cyclically. The bumps of the bump foil usually supported the top foil firmly and there was no free space between these foils. Sometimes, when the shape of the bump foil differed significantly from the ideal profile (which could be due, for example, to manufacturing accuracy) or there was a large clearance in the bearing for some reason, some changes in the gap height between the foils were observed. The bearing components were cyclically pressed against each other by the rotating and moving shaft, resulting in changes in the geometry of the gaps.



The displacement in the horizontal direction of the point located on top of the bump of the bump foil (Figure 5) is shown in Figure 6. The data come from the time course registered during operation at a rotational speed of 24,000 rpm. With each rotation, it can be seen that the bump is pressed by the top foil (during the shorter and larger displacements). In this case, the irregular operation associated with inaccurate manufacturing affects the dynamic behaviour of the foil. All of this also translates into the different nature of the operation of the rotor supported by foil bearings. It should be emphasised here that a properly functioning bearing was analysed, where almost all bumps supported the structure steadily. The fragment analysed constitutes only a small portion of the bearing. The example presented can illustrate why it is so difficult to analyse foil bearings numerically. In such analyses, most researchers assume that the bearings are perfectly made.



Figure 7 shows the vibration of the top foil located between the bumps. The area is similar to that shown in Figure 5 but the measurement was carried out under different operating conditions. This is the stable operation of the properly manufactured foil bearing. The frequency of the vibration is equal to the rotational frequency. The peak-to-peak amplitude of the vibration is equal to 0.5 µm. This kind of movement can be observed quite frequently in a foil bearing.




3.2. Small Impulse Excitation Force


In the research presented, the bearing placed on the rotating rotor shaft was hit twice. The value of the excitation force has not been accurately measured; but, in the first case, it was approximately 100 N. The displacement of the point, located (on the surface of the sleeve) very close to the foils supporting the bearing, was measured.



The displacement in the vertical direction of the point illustrated in Figure 8 is shown in Figure 9. The figure shows that the displacement lasted about 0.05 s. The unit of the axis of ordinates is pixels because the points in the image are tracked with such accuracy. To estimate the correlation between pixels from the high-speed camera and the displacement expressed in micrometres, we used the recordings of known geometry of the bearing. We did this calculation using the same positions of the camera and bearing as those used in the following measurements. We know how large the maximum displacement of the bearing sleeve was when it was pushed to one side with a great force (because this is how we assembled the bearing). We recorded this movement using a high-speed camera. The next calculation was easy, we divided known recorded displacement (analysed by the TEMA Motion software) by a known distance. We assumed that the displacement was linear, which means that each pixel recorded by the high-speed camera represents the same distance of the movement. According to rough calculations, one pixel corresponds to a displacement of 7.4 µm. The displacement recorded by a high-speed camera was 15 pixels (111 µm). The figure also shows that after being subjected to an excitation force, the bearing operated in a different position than it had before—the entire sleeve moved one pixel down, that is to say about 7.4 µm.




3.3. Large Impulse Excitation Force


Figure 10 shows a portion of the tested bearing at two different points in time after an excitation force was applied using a hammer. The value of the excitation force was not measured but its value was about 200 N. This is the value of the force that can destroy the bearing. On the left-hand side, we can see the maximum deflection of the foils due to the impact, and it was the moment when the distance between the bearing sleeve and the rotating rotor was the shortest. The most significant deflection was observed for the bump foil, whose height was approximately 400 µm before the excitation and decreased by around 50% after it. The camera recorded displacement of the bearing (which was about 200 µm) by registering movement of 27 pixels; by dividing these values we were able to estimate the value of bearing displacement. One pixel on the photograph corresponds to a movement of the bearing of 7.4 µm. On the right-hand side of Figure 10, we presented a photo of the bearing, which was taken soon after the time when its operation became stable again. The bearing was overloaded only for a short period, and the journal took its previous position shortly after that.



In Figure 11, we showed the displacement of the bearing sleeve versus time, registered after impulse excitation was applied during operation at a rotational speed of 24,000 rpm (i.e., the maximum speed). This time, the magnitude of the excitation force was higher than that of the force used in the test shown in Figure 10. It turns out that when the magnitude of the excitation force was too large, the plastic deformation of the bump foil took place. Even though the bearing was still able to operate, its operational characteristics changed. In a foil bearing, the pre-clamp is an essential parameter. If the pre-clamp is not firm enough, the entire space between the top foil and the bearing sleeve will not be adequately filled by the bump foil. In such a case, during operation at the nominal speed, the rotor (due to the unbalance) keeps pressing against the top foil that can deflect in places in which the bump foil is not tightened firmly. The vibration amplitude of the rotor is then significantly increased. We observed such behaviour only in several cases when we used the bump foil, whose bumps were not high enough.



A screenshot from a recording made using a high-speed camera is shown in Figure 12 (on the left side). This is a recording of the top part of the bearing. At the bottom of the screenshot, there is the rotating shaft whose speed was 24,000 rpm. On the right image shown in Figure 12 the differences between the two extreme shaft positions are marked with rectangles. The pixels that differ in these positions are marked in red. Two green boxes were used to label two bumps of the bump foil. The whole bump located inside the right rectangle is marked in red. On the left-hand side, the bump situated inside the frame is almost white (i.e., the number of red pixels is small). It means that on the right-hand side, the entire segment bends, and thus it takes part in the bearing operation. The differences between the sections are due to the non-homogeneous manufacture or assembly of the foils. These differences affect the dynamic properties of whole foil bearings.



During operation at a constant speed, we noticed vibrations of the portion of the top foil, which was situated between the bump foil’s bumps (it is visible in Figure 12 (right)). The red dots were created based on the differences between the two frames recorded at different times. The more red dots, the more differences between the two frames and the difference in time is half a rotation of the shaft. The vibration frequency was the same as the rotational frequency of the shaft. We observed one cycle of the sinusoidal waveform per one complete revolution of the shaft. Such vibrations were not present in each configuration of the tested bearing. Łagodziński and Miazga [25] have already investigated this phenomenon using numerical simulations. In addition to numerical research, they carried out an experimental study that showed how to make the foils assembly more rigid (using an additional intermediate foil), thus improving the dynamic parameters of the bearings. Another way of improving the dynamic properties of a foil bearing is to make its top foil more rigid. The phenomenon we observed is not noticeable with the naked eye. Only after the preparation of recordings using an ultra-high-speed camera was it possible to analyse this phenomenon, which we discovered earlier based on the results of numerical research.



Research shows that there may be differences between the individual bumps of the bump foil [26]. Even if we assumed that they were roughly equal, the elasticity of individual bumps and the top foil between them have a big influence on the dynamic performance of the foil bearing. A numerical analysis of such a structure is shown by Luis San Andrés and Tae Ho Kim [27]. In the figures created by the authors, we can see that the top foil located between the bumps is subjected to the pressure found in the lubrication gap. Similar behaviour of a bearing can be seen in a numerical model described by Robert Hoffmann and Robert Liebich [28]. In this paper, the authors plotted a hysteresis loop of the individual bumps. This is the same behaviour as that shown in this article, but the results were obtained experimentally. It is very time-consuming to develop a numerical model describing such behaviour, as shown in the two previously referenced articles. The static analysis shown below does not aim to accurately reflect the behaviour of the foils but to show the operating conditions of the analysed bearing.





4. Numerical Analysis


The calculations were performed using the static structural module of ANSYS Workbench (Figure 13), in which the bearing was divided into three parts. The sleeve was made of bronze, while the foils were made of Inconel 618. Frictional contact was applied between the top foil and the bump foil as well as between the bump foil and the sleeve and the friction coefficient was 0.2. The remaining contact parameters had default values. The computational mesh was created using HEX20 elements. The foils consisted of two elements along their thickness. The total number of finite elements was 24,344. The geometric clearances between the bearing components did not exceed 0.001 µm. All degrees of freedom on the outer surface of the bearing sleeve were fixed.



A pressure of 8000 Pa, was applied to the inner surface of the top foil. This pressure reflects the operating conditions associated with the lubricating film of the gas bearing. The height of one of the bump foils decreased by 12 µm compared to other bumps. The change in the geometry resulted in higher stresses of the remaining bumps (which increased by approximately 20 MPa). It is not possible to observe dynamic phenomena related to non-uniform bending of foil bumps using only classic displacement sensors (i.e., laser or eddy current sensors). The use of a high-speed camera in measurements enables experimental verification of phenomena that have been already analysed numerically. In the graph showing the experimental results, bigger changes in the displacement of the first bump in comparison to the second bump are marked by more red dots placed on the first bump than on the second one. In the graph showing the simulation results, bigger changes in the displacement of the first bump in comparison to the second bump correspond to higher stress values. By modelling the bumps with their proper heights, we are able to verify the experimental results.



Another example showing how foils vibrate is shown in Figure 14. This figure shows three areas where the foil movements are particularly visible. In each of the areas, the displacements are shown at three different moments. It turns out that at individual moments the differences in displacements can be very large. Similar results were observed in experimental research.




5. Conclusions


Within the framework of the research presented herein, we conducted a visual analysis of displacements of the foil bearing’s subassemblies during stable operation of the rotating system and at two different dynamic loads. This method of examining the characteristics of foil bearings has not been used by other researchers so far. A video recording made using a set including only an ultra-high-speed camera and a macro lens did not allow a high enough magnification to be achieved to see details on the foils. Therefore, it was not possible to use it for analysing the motion of components of the foil bearing during its operation. Nevertheless, we also used two sets of extension tubes during our research. They allowed increasing the distance between the lens and the CMOS sensor, thus decreasing the minimum focusing distance and increasing the reproduction ratio. The distance between the lens and the CMOS sensor was increased by 128 mm. As a result of using these accessories, two or three bumps of the bump foil were visible in each display frame. The magnification was high enough to analyse their motion and observe portions of the bearing.



We observed different sections of the bearing (i.e., its top part, side part, and lock). Recordings presented various regimes such as the stable operation of the bearing at the nominal speed, the beginning of the operation, and run-up (during which the rotational speed was increased gradually). We also carried out several tests that aimed at checking the behaviour of the bearing after it was subjected to different impulse excitations. Depending on the magnitude of the excitation force, the bearing was able to function normally again (if the impact was not substantial) or plastic deformation of its structural supporting layer occurred (after a strong impact). It is worth noting that the bearing still operated after plastic deformation occurred, but its operating characteristics changed.



During the research, we noticed something interesting, namely the vibration of the bumps and portion of the top foil, which was located between bumps of the bump foil. This phenomenon has already been observed in numerical studies, and this is the first time it has been observed in experimental investigations. During operation at the maximum rotational speed (24,000 rpm), the vibration frequency of the top foil was equal to the frequency corresponding to the current rotational speed. By using the visual method in the analysis of the foil bearing’s supporting layer, we were able to assess the quality of the foil (and check if the bearing operated properly) and also to estimate the size of the area where the lubricating film formed itself. It was also possible to estimate the thickness of the lubricating film, which could have been very difficult or even impossible using other methods.
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Figure 1. Test rig with a foil bearing and a computer-controlled camera. 
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Figure 2. Scheme of the measurement setup. 
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Figure 3. Scheme showing how the foil bearing is mounted on the shaft. 
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Figure 4. Vision Research’s v2511 ultrahigh-speed camera (left). Extension tubes that enable achieving higher macro magnification (right). 
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Figure 5. Point used to analyse the displacement (on the bump foil). 
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Figure 6. Displacement of the foil at a rotational speed of 24,000 rpm. One bump is not manufactured perfectly. 
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Figure 7. Displacement of the foil at a rotational speed of 24,000 rpm. 






Figure 7. Displacement of the foil at a rotational speed of 24,000 rpm.



[image: Applsci 11 00878 g007]







[image: Applsci 11 00878 g008 550] 





Figure 8. Point on the surface of the sleeve, which was used to perform a displacement analysis when a small excitation force was applied to the bearing (indicated by green arrow). 
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Figure 9. Displacement of the bearing to which a small excitation force was applied. 
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Figure 10. Maximum deflection of the foils caused by an impulse excitation (left). Stable operation of the bearing (right). 
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Figure 11. Displacement of the bearing to which a high excitation force was applied. 
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Figure 12. Picture recorded using a high-speed camera (left). The changes between the two extreme journal positions are marked in red (right). 
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Figure 13. Model of foil bearing with unequal bumps. 
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Figure 14. Changes of foil displacements. 






Figure 14. Changes of foil displacements.



[image: Applsci 11 00878 g014]













	
	
Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional affiliations.











© 2021 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (http://creativecommons.org/licenses/by/4.0/).






media/file13.jpg
15

0005 0010 0015 000 0025

Time([s]





media/file4.png





media/file18.png
uonewrIxoidde - [wn] ur juswaoedsi(q

o0 —
<t — <t e~
— — ~ on -
| | |

| | | | | | | |

-

| | - | | - | | - | |
v ) v ) v
v v <t <t on
Q| Q| Q| Q| Q|

[sjoxid] uonoasp X 9yl ur judwdde[dsi(q

0.002 0.004 0.006 0.008 0.010 0.012

0.000

Time [s]





media/file21.jpg
2504

2154

2004

0000

0.005

0010

0015

0020

0025





media/file26.png
20,1 Max
17.9 . D.000268 Min

Lnit; MFPa






media/file27.jpg





media/file3.jpg





media/file22.png
uonjewrxoldde - [wn] ur juswade[dsi(y

[sox1d] uonoaap X ay1 ur juswddedsi(q

@\ W o%o) —

@\ o0 <t — -t ~

@\l — — — ~ cn o
1 | "I | 1 | | "I | 1 |
_v |
b | oo b | | oo b |

v ) v ) v ) v

v v <t <F on on (@\|

(@\| (@\| (@\| (@\| (@\| (@\| (@\|

0.025

0.020

0.015

0.010

0.005

0.000

Time [s]





media/file19.jpg
Direction of






media/file7.jpg





media/file28.png
7777777

66666666

4444444






media/file10.png





media/file14.png
Displacement in [pm | - approximation

|
0.010

|
0.015

Time [s]

|
0.020

|
0.025






media/file11.jpg
633.0

14.80

23]
6269
249
229
209
RS
&16]
CIRE
612

610

132
18
1036
888
740

e
296
Lg
000

0000

0002

0004

0006

0008
Time [s]

0010

o012

0014






media/file6.png
| Bearing sleeve

Rotating shaft

Bump foil

| Top foil





media/file15.jpg
Direction of

excitation






nav.xhtml


  applsci-11-00878


  
    		
      applsci-11-00878
    


  




  





media/file16.png
Direction of

excitation






media/file2.png
LED lamps

Tested bearing

Measurement computer

High-speed camera






media/file20.png
Direction of

excitation






media/file23.jpg





media/file5.jpg
i

Rotating shaft






media/file24.png





media/file1.jpg





media/file25.jpg
201 Max
s
Unit: MPa






media/file12.png
Displacement in the Y direction [pixels]

633.0 14.80
632.8 - - 13.32
632.6 - L 1184
632.4 - \\ /"“"w f""""'\ r’"."w L 10.36
632.2 - - 8.88
632.0 - [ 7.40
631.8 - L - L 5.92
631.6 - s / [ 4.44
631.4 - L 2.96
631.2 - [ 143
631.0 ———1——— — T 0o
0.000  0.002  0.004 0.008  0.010 0012  0.014

Time [s]

Displacement in [um] - approximation





media/file9.jpg





media/file0.png





media/file8.png





media/file17.jpg
20

2s

0000 0002 0004 0006 00 0010 00






