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Abstract


A novel water-lubricated stern bearing damping structure with self-adaptive performance is proposed to meet the load-balancing and vibration-damping requirements of water-lubricated bearings. This innovative damping structure comprises an elastic element and a damping alloy layer. The elastic element facilitates the static and dynamic load sharing of the stern bearing, mitigates the edge effects, ensures even distribution of the contact pressure along the axial direction, and enhances the overall bearing performance. Consequently, it prolongs the service life of the bearing and minimizes friction-induced stimulation. The damping alloy layer effectively attenuates the transmission of shafting vibrations to the foundation through the bearing, optimizing the vibration transmission characteristics. Leveraging the finite element model, an in-depth analysis of the compensation capability of the turning angle and damping performance of the adaptive stern bearing was conducted. The findings reveal that when the thickness of the elastic element is increased from 10 mm to 40 mm, the maximum contact pressure can be reduced by 12.53%. When the length ratio of the elastic element is reduced from 0.7 to 0.4, the maximum contact pressure is reduced by 12.42%. Therefore, increasing the thickness and decreasing the length of the elastic element in the adaptive damping device enhance the load performance, improve the compensation capabilities, and reduce the bearing wear, thereby promoting greater bearing uniformity. Furthermore, the adaptive vibration-damping device optimizes the vibration transmission characteristics from the propeller stimulation to the bearing node. The computational results demonstrate a noteworthy reduction in the speed, acceleration, and displacement responses at the first-order natural frequency, decreasing by 58.82%, 58.90%, and 58.86%, respectively. This substantial reduction in the vibration response at the first-order natural frequency signifies the effective mitigation of vibrations in the system.
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1. Introduction


Propulsion shafting is an important part of a marine power plant [1,2,3]. Its primary function is to convert the power generated by diesel or electrical engines into thrust, which propels the marine vehicles forward. The propulsion system is a complex system that consists of several integral components, including the engine, mechanical coupling, shafting, thrust bearing, stern bearing, and propeller. The shafting plays a vital role in the propulsion system by serving as the connective link between the screw propeller and the engine, facilitating the transmission of rotational power. However, it often generates vibrations due to the operation of the engine, the rotation of the propeller, and the main shaft itself. These vibrations are transmitted to the stern hull through the bearing and the base and ultimately transmitted to the water to produce noise [4]. In addition, excessive vibration may lead to the failure of propulsion shafting components, including stern bearings, which greatly reduces the reliability of the equipment [5,6]. Therefore, it is essential to carefully design the propulsion system to minimize vibrations and noise levels, ensuring optimal performance and prolonging the lifespan of the marine vehicles.



The transverse support of propulsion shafting, provided by the stern bearing, is the primary mode of transmission for propeller excitation force from the shafting to the hull [7]. Consequently, the stern bearing emerges as a critical piece of equipment that significantly impacts the acoustic performance of the propulsion system and the acoustic radiation of the hull stern [8,9]. Therefore, it is imperative to consider the design and functionality of the stern bearing to mitigate any adverse effects on the overall performance and acoustics of the marine vehicle.



The uneven distribution of loads applied to the stern bearing, which varies during operation, poses a significant challenge for its proper design. The stern bearing bears the weight of the propulsion system’s shaft and also undergoes substantial biasing of the cantilever load from the propeller. This uneven load distribution on the bearing introduces edge-loading effects, whereby the load concentrates predominantly on the edge nearest to the propeller of the stern bearing, while the bow-stern bearing experiences minimal or even zero load [10]. This edge-loading effect can potentially cause severe issues for the stern bearing, as local overloads expedite wear on the bearing, thereby reducing its service life. Furthermore, the partial wear of bearings is related to the misalignment and shock vibration of the shafting [11,12,13]. The bearing brush may also wear under local overload conditions, generating friction noise. In a long-term running test on a journal bearing conducted by Sander et al. [14], it was observed that under unevenly distributed load conditions, even though the bearing primarily operated in pure hydrodynamic conditions, the edges of the bearing exhibited severe wear at the conclusion of the test. Consequently, enhancing the supporting interface characteristics of the stern bearing and minimizing the influence of edge-loading effects constitute essential research topics in the design of stern bearings.



Extensive research has been dedicated to optimizing the friction and vibration states of water-lubricated bearings. Bhushan conducted an experimental study to investigate the noise generation mechanism in water-lubricated rubber bearings, thereby shedding light on the underlying causes of this phenomenon [15]. Krauter simulated the actual operating conditions of ship water-lubricated bearings in seawater to the fullest extent possible and performed a comprehensive simulation test study on the friction noise of water-lubricated rubber bearings [16]. This pioneering study comprehensively examined the impact of various physical parameters on the vibration of the bearing system. Yao et al. delved into the complexities of the mechanism of vibration and noise generation in water-lubricated rubber bearings, experimentally analyzing the influence of bearing parameters and other related factors on noise generation [17]. Employing a finite element analysis, Zhou et al. investigated the influence of different structural parameters on the friction noise of water-lubricated rubber bearings [18]. Collectively, these aforementioned research studies demonstrate that the friction noise generated by water-lubricated rubber bearings under low speed and heavy load conditions is intimately connected to the friction system comprising the shaft and bearing components. These findings have profound implications for the design and optimization of water-lubricated bearings.



The vibration-damping capabilities of water-lubricated stern bearings, which serve as the primary conduit for transverse vibration transmission, are currently a focal point of research. Extensive investigations have been undertaken to augment the lubrication and vibration-damping performances of these bearings. Qin et al. have developed a novel material for ship liner water-lubricated bearings, which exhibits improved vibration-damping properties [19]. In their study, nitrile butadiene rubber was utilized as the matrix, and UHMWPE and graphite were incorporated to facilitate the blending modification. Furthermore, Qin’s thesis study analyzed the influence of the coupling effect between the friction force of these water-lubricated rubber bearings and the unbalanced load of the propeller mass on the vibration characteristics of the propeller shafting [20]. This analysis was grounded in well-established friction and shafting dynamics models of water-lubricated rubber bearings.



Wang et al. devised a compensation method for the deformation caused by the off-loading of ship stern bearings, thereby augmenting their bearing capacity [21]. Ouyang et al. innovated a damping-type water-lubricated bearing structure and validated its efficacy in mitigating vibrational performance through experimental verification [22]. Xie et al. formulated fluid–structure interaction dynamic models for the bearing system and methodically examined the influence of multi-coupling factors pertaining to lubrication parameters [23]. Ma et al. examined the utilization of damping alloys in water-lubricated bearing systems, revealing that this material considerably diminishes the vibration response at the first-order fixed frequency [24]. He et al. delved deeper into the application of elastic elements in the stern bearing design, discovering that the amalgamation of damping alloys and magnetic water compounds can enhance the vibration transmission characteristics of bearings [25,26].



A damping alloy exhibits excellent vibration-damping characteristics, holding vast application prospects in the field of vibration damping [27]. In recent years, scholars have extensively studied the materials of the damping alloy. Alaneme et al. [28] investigated the mechanical properties and damping properties of the Cu-32Zn-10Sn-xNi alloy. Their findings revealed that the mechanical properties and damping properties of the Cu-32Zn-10Sn-XNi alloy achieved an optimal balance when the Ni content was at 0.4 wt %. Xiao et al. [29] developed a high-strength Fe-Mn damping alloy as a substitute for conventional gear materials, which could absorb the energy from vibration sources. Through simulation and experimental verification, it was demonstrated that the high-strength Fe-Mn damping alloy exhibited a vibration-damping effect. Ma et al. [30] fabricated a novel high-damping Mg-1.5Gd-1Zn alloy using the traditional hot extrusion methodology. This alloy showcased commendable strength, ductility, and damping properties. Kam et al. [31] utilized the additive manufacturing method to produce composite sleeve bearings with diverse filling structures and scrutinized their damping capacity. The results indicated that the compressed bearing significantly influenced the stability of the rotating shaft system, and the damping capacity of the composite sleeve bearings varied considerably depending on their filling structures and occupancy rates. Fang et al. [32] proposed a new shape memory alloy (SMA) cable-constrained high-damping rubber (SMA-HDR) bearing. They conducted experimental research on full-size SMA-HDR bearing specimens and demonstrated their practicality in bridge engineering cases. The findings revealed that the application of the novel SMA-HDR bearing could notably reduce shock effects, particularly during earthquakes.



This paper presents an adaptive vibration-damping device specifically tailored for water-lubricated bearings, combining the acoustic performance and load-balancing capabilities. The vibration isolation design of the stern bearing is proposed that integrates the demands of load balancing and vibration reduction. The proposed device is designed to meet the specific damping requirements of water-lubricated stern bearings, exhibiting dynamic angular adaptability and effectively mitigating transverse vibrations. Through this innovative approach, the device offers a promising solution to managing coupling vibrations in ship propulsion shafting systems. The design of the adaptive vibration-damping device holds immense potential in elevating the overall performance and reliability of water-lubricated bearings in marine applications.




2. Adaptive Vibration-Damping Structure Design


2.1. Structure Design


Adaptive Damping Structure


In the actual operation of a ship’s propulsion shafting, the cantilever support structure formed by the propulsion shafting and stern bearing causes the main shaft to deflect under the weight of the thruster. This deflection results in an inclination angle between the axis line and the bearing center line, as depicted in Figure 1. Consequently, the actual bearing area of the water-lubricated stern bearing becomes significantly smaller than the nominal bearing area, leading to pronounced edge effects. The high partial specific pressure on the stern bearing makes it difficult to establish effective liquid film lubrication, exacerbating bearing wear and even causing abnormal vibrations.



To improve the load uniformity of stern bearings, the shipbuilding standard recommends inclining the shaft hub for boring and installing stern bearings to accommodate the deflection angle of the main shaft. However, because the deflection of the main shaft changes dynamically during operation, inclining the stern bearings alone cannot completely resolve the issue of uneven bearing loads.



As shown in Figure 1, the device comprises elastic elements and damping alloy layers. The elastic elements facilitate the static and dynamic load balancing of the stern bearing, reducing the edge effects and ensuring even distribution of the contact pressure along the axis. This improvement increases the bearing’s service life and lessens friction-induced excitations. The damping alloy attenuates the transmission of vibrations from the shafting through the bearing to the foundation, optimizing vibration transmission characteristics.



To aid in the description of the damping structure, the components are designated with numbers. As shown in Figure 2, component 1 is the bush, component 2 is the bearing, component 3 is the internal damping alloy, component 4 is the elastic element, component 5 is the external damping alloy, and component 6 is the shaft. The geometric parameter L is the length of the bearing, l is the length of the adaptive device, and h is the thickness of the elastic element. By introducing the weight of the thruster as an input load to the stern end of the shafting model, this study elicited the influence of various geometric parameters on the performance of an adaptive stern bearing damping device. This performance included the contact pressure distribution and deformation of the stern bearing, the stress distribution of the adaptive damping device, and the angle of the stern end of the shafting.





2.2. Configuration of Propulsion System


The propulsion shafting derives its power from the propulsion motor, which is then transmitted to the propeller via several components: the elastic coupling, thrust bearing, transmission shaft, and stern bearing. Figure 3 illustrates the configuration of the propulsion shafting equipped with an adaptive vibration-damping device. In contrast, Figure 4 exhibits the configuration of the propulsion shafting utilizing a traditional design. The sole difference is that the adaptive damping device is not utilized within the traditional design.





3. Static Performance Analysis


In order to investigate the dynamic angle compensation capabilities of the adaptive vibration-damping device structure, a study was conducted on the static load performance of the structural parameters utilizing a finite element model. The analysis delved into the effects of the elastic element’s thickness and length on various factors, such as the maximum contact pressure of the bearing bush, the maximum deformation of the bearing bush, the maximum stress of the adaptive vibration-damping device, and the stern angle of the shafting.



3.1. Finite Element Simulation


3.1.1. Finite Element Model


A finite element simulation analysis was carried out through the Static Structural module in ANSYS Workbench, and the finite element model as shown in Figure 5 was established. This model comprised three integral components of the adaptive vibration-damping device and the bearing: the stern bearing, the elastic elements, and the damping alloy layers.



The materials utilized for the adaptive stern bearings are outlined in Table 1. The bearing load P was set to 30 kN, the bearing inner diameter D measured 150 mm, and the width L of the bearing bush was 450 mm. The elastic element, crucial for enabling dynamic adaptive angle compensation, was strategically placed at the center to enhance its angle compensation capabilities, as illustrated in Figure 2. The outer layer of the elastic element and damping alloy are designed to have the same thickness and length. Therefore, in the foregoing analysis, the thickness and width of the elastic element were chosen as the variables for the analysis of their influence.




3.1.2. Shafting Connection and Boundary Conditions


With the addition of global standard earth gravity, the propeller was simulated by the mass point, and the weight was set to 17,500 N. The outermost edge of the stern bearing and the outermost edge of the thrust bearing were connected to the hull through the bracket, and the fixed support was set. The friction contact was set between the stern shaft and stern bearing, and the friction coefficient was 0.02. The bearing bush, bearing body, damping alloy, and elastic element were set as common nodes to simulate the connection relationship. The spindle and the intermediate shaft were connected by a flange, and the binding contact was set here. The intermediate shaft flange was connected to one end of the coupling, and the binding contact was set here.





3.2. Influence of Thickness


The influence of the elastic element thickness on the performance of the damping structure was analyzed. The axial length of the elastic element was fixed and set to   L / 2  . Figure 6 illustrates the impact of the elastic element’s thickness on both the contact pressure and deformation of the bearing bush.



An analysis of the diagram reveals that an increase in the thickness of the elastic element results in a decrease in the maximum contact pressure between the shaft and the bearing bush, accompanied by an increase in the deformation of the bearing bush. These findings demonstrate that increasing the thickness of the elastic element is beneficial for enhancing the angle compensation capabilities of the adaptive vibration reduction device, thereby improving the stern bearing’s load-bearing capacity and reducing the local maximum contact pressure on the bearing.



Figure 6 also shows that the deformation of the bush increases with the increment in the elastic element thickness. Large deformation of the bush will cause the rotation of the shaft and affect the dynamic performance of the propulsion system. Therefore, the impact of the thickness of the bearing bush has a two-sided nature. When selecting the thickness of the bearing bush, it is necessary to comprehensively analyze and select from the perspectives of bearing pressure and deformation.



Furthermore, Figure 7 presents a comparative analysis of the maximum contact pressure of the bearing bush when the elastic element’s thickness is set to 10 mm and 40 mm. When the thickness is 10 mm, the maximum contact pressure is recorded at   2.6963   MPa, whereas at a thickness of 40 mm the maximum contact pressure reduces to   2.3585   MPa. This comparative analysis indicates a reduction of   12.53  % in the maximum contact pressure of the bearing bush, highlighting the positive impact of increasing the elastic element’s thickness on reducing contact pressure. The specific pressure value of the bearing calculated according to the above parameters is about 0.44 MPa. Due to the edge effect, the maximum pressure of the bearing bush is much larger than the specific pressure.



The influence of the thickness of the elastic element on the maximum stress of the adaptive device and the rotation angle of the propeller stern end is shown in Figure 8. The axial length of the elastic element is   L / 2  . It can be seen from the figure that with the increase in the thickness of the elastic element, the maximum stress of the adaptive device decreases, but the rotation angle of the propeller stern end increases. Figure 9 shows the stress nephogram of the adaptive device when the thickness of the elastic element is 10 mm and 40 mm. When the thickness of the elastic element is 10 mm, the maximum stress of the adaptive vibration-damping device is   8.2   MPa, and when the thickness of the elastic element is 40 mm, the maximum stress of the adaptive vibration-damping device is   6.95   MPa. This comparative analysis shows that the maximum stress is reduced by 15.23%. In the actual design, it is necessary to increase the thickness of the elastic element while ensuring that the rotation angle of the stern end remains within the allowable range. This will ensure the optimal performance and durability of the elastic element in the given application.



The results of this analysis provide valuable insights into the design and optimization of damping structures for load-bearing applications. By adjusting the thickness of the elastic element, we can achieve improved performance and load-bearing capacity while reducing the risk of local maximum contact pressure.




3.3. Influence of Length


The influence of the axial length of the elastic element on the maximum contact pressure of the stern bearing and the maximum deformation of the bearing bush was explored. The thickness of the elastic element was fixed as 25 mm. Considering the radial load demand imposed on the stern bearing, it is imperative that the axial length of the actual elastic element maintains a non-negligible magnitude. The primary focus of this study is confined to the examination of the mechanical properties of the stern bearing, thereby limiting the   l / L   value range to 0.1~1. The results, illustrated in Figure 10, elucidate the intricate relationship between the length-to-width ratio of the elastic element and pertinent bearing characteristics. As depicted in the diagram, an escalation in the ratio of the length of the elastic element to the width of the bearing corresponds to an augmentation in the maximum contact pressure exerted on the stern bearing. Concurrently, a diminution in the maximum deformation of the bearing bush is observed. This implies that a shorter elastic element is conducive to enhancing the angle compensation ability of the adaptive vibration reduction device, thereby ameliorating the partial load effect on the bearing.



Figure 11 provides a detailed analysis of the maximum contact pressure of the bearing for elastic element length ratios of   0.7   and   0.4  . Specifically, at   l / L   of   0.7  , the maximum contact pressure is registered at   2.6816   MPa. Conversely, when the   l / L   is reduced to   0.4  , the maximum contact pressure exhibits a commensurate decrease to   2.3485   MPa. Comparative scrutiny reveals a noteworthy reduction of   12.42  % in the maximum contact pressure of the bearing bush when transitioning from a ratio of   0.7   to   0.4  .



Then, we delved into the impact of the axial length of the elastic element on the maximum stress experienced by the adaptive device and the rotational angle of the propeller stern end, with the fixed thickness of the elastic element set to 25 mm. The findings, portrayed in Figure 12, elucidate a nuanced interplay between the length ratio of the elastic element to the stern bearing, the rotation angle of the propeller stern end, and the maximum stress incurred by the adaptive device.



Figure 12 underscores that an augmentation in the length ratio of the elastic element to the stern bearing results in a reduction in the rotation angle of the propeller stern end. However, this reduction is not without consequence, as the maximum stress experienced by the adaptive device concurrently increases. This intricate trade-off is further visualized in Figure 13, which presents stress contours for the adaptive device at length ratios of   0.7   and   0.4  .



At a length ratio of   0.7  , the adaptive vibration-damping device manifests a maximum stress of approximately   8.07   MPa. In contrast, at a reduced length ratio of   0.4  , the maximum stress diminishes to about   6.92   MPa. A comparative analysis reveals a noteworthy reduction of   14.23  % in the maximum stress experienced by the adaptive vibration-damping device when transitioning from a length ratio of   0.7   to   0.4  . Consequently, in practical design considerations, it is advisable to curtail the axial length of the elastic element while ensuring that the stern end rotation angle remains within permissible limits.





4. Vibration Reduction Performance Analysis


4.1. Modal Analysis


In the context of the shafting configuration delineated in Figure 3 and Figure 4, modal analyses were conducted for both the conventional design and the propulsion shafting featuring an adaptive vibration-damping device, with an elastic element length of   0.5 L   and a thickness of 25 mm. The finite element model of the modal analysis was established, as shown in Figure 14. The investigation specifically centers on comprehending the impact of the adaptive vibration-damping device installed at the transom bearing on the dynamic characteristics of the shafting.



Primarily, this study scrutinized the influence of the self-adaptive vibration-damping device on the critical rotational vibration speed of the propulsion shafting. This analysis involved the generation of Campbell diagrams for both the propulsion shafting with the adaptive vibration-damping device and the conventional propulsion shafting, as illustrated in Figure 15a,b. The calculated critical speed results are detailed in Table 2.



The simulation of the rotor dynamics in this part used Modal in ANSYS Workbench for calculation. First, the model was processed, and only the rotor part was retained. The stiffness and damping coefficient were added to the stern bearing to simulate the bearing. The stiffness of the adaptive stern bearing was calculated according to the stiffness of the water film, stern bearing, damping alloy, and elastic element, and the main stiffness was about   1 ×  10 7    N/m. The stiffness of the traditional stern bearing was only about   1 ×  10 10    N/m with the water film and stern bearing in series. The thrust bearing was replaced by a grounded spring with a spring stiffness of   1.57 ×  10 9    N/m. The radial extrusion stiffness of the coupling part was simulated by the bearing, the stiffness was set to   1 ×  10 6    N/m, and the torsional stiffness was replaced by the spring, which is about   5.73 ×  10 6    Nm/rad. A rotation speed from 0 to 3024 rpm was added and 20 points were set.



The findings elucidate that the adaptive vibration-damping device predominantly affects the critical speed at the first-order shaft frequency. Notably, the critical speed undergoes a discernible increase from   313.82   rpm to   330.97   rpm, constituting a   5.46  % enhancement. It is noteworthy that the adaptive vibration-damping device exhibits relatively minor influence on the first mode of the propulsion shafting.



Modal shapes resulting from the modal analyses of the traditional design and the adaptive design are presented in Figure 16 and Figure 17, respectively. These modal shapes offer a visual representation of the vibrational characteristics associated with each design, providing valuable insights into the dynamic behavior of the propulsion shafting with and without the incorporation of the adaptive vibration-damping device.




4.2. Harmonic Response Analysis


The harmonic response module in ANSYS Workbench was used for finite element simulation calculation. In order to speed up the calculation, the three-dimensional model was simplified into a two-dimensional model. The harmonic response analysis model of the adaptive tailshaft bearing is shown in Figure 18. The connection relationship of the shafting is similar to the modal analysis setup, except that the simulated bearings and springs of the stern bearings and thrust bearings are no longer grounded but are connected to the base, and the outer edge of the base is provided with a fixed support. The transverse unit excitation force was applied within the frequency range of 1~100 Hz at the thruster’s center of gravity. Subsequently, the vibration speed, acceleration, and displacement responses at the thruster bearing position were meticulously computed to assess the impact of the adaptive vibration-damping device on the vibration transmission characteristics from the thruster to the stern bearing. The comprehensive findings, as delineated in Figure 19, Figure 20 and Figure 21, offer a detailed insight into the transformative effects introduced by the adaptive vibration-damping structure.



An analysis of the vibration response at the stern bearing reveals predominant manifestations of the natural frequencies associated with first- and second-order cyclotron vibrations. The main results are listed in Table 3. Upon integration of the adaptive vibration-damping structure, a discernible reduction is observed in the speed response at the first natural frequency, diminishing from   5.78 ×  10  − 4     mm/s to   2.38 ×  10  − 4     mm/s, denoting a substantial decrease of   58.82  %. A commensurate trend is noted in the acceleration response, transitioning from   1.82     ×    10  − 2     mm /    s  2    to   7.48     ×    10  − 3     mm /    s  2   , marking a notable decline of   58.90  %. Concurrently, the displacement response exhibits a decrease from   1.84     ×    10  − 5     mm to   7.57     ×    10  − 6     mm, translating to a reduction of   58.86  %. This attenuation in displacement signifies a diminished transfer of the vibration energy to the foundation.



The results unequivocally establish the efficacy of the adaptive damping structure in substantially mitigating the transmission of vibration to the hull through the stern bearing, underscoring its potential as an effective mechanism for vibration control in thruster systems.



The vibration level difference is 20 times the common logarithm of the ratio of the effective value of the vibration response of the vibration source equipment to the effective value of the vibration response of the base.


  D = 20 lg    a 1   a 2     











In the formula, D is the vibration level drop,   a 1   is the vibration response value of the vibration source equipment, and   a 2   is the vibration response value of the base.



This study employs the acceleration response derived from a harmonic response analysis as a pivotal metric for calculating the reduction in vibration levels, with the outcomes presented in Figure 22. The findings illuminate that, when subjected to a transverse unit force applied at the thruster’s center of gravity, the vibration level reduction exhibited by the shafting featuring an adaptive vibration-damping device surpasses that of the traditional design across the frequency spectrum of 1~100 Hz. This discernible disparity underscores the superior efficacy of the adaptive vibration-damping device in enhancing the damping effect on vibrations within this frequency range.





5. Discussion


The significance of model validation is very important. In this study, the experimental validation is not available at the present stage. A meticulous literature review revealed a scarcity of reports on the application of damping to stern bearings, with a dearth of experimental data from other authors. Consequently, to facilitate model verification, we resorted to consulting experimental data derived from research in alternative industrial applications where both numerical simulations and experimental analyses were employed to validate damping effects.



Xiao et al. [29] developed an Fe-Mn damping alloy, formulated a constitutive model for the alloy, and conducted research utilizing this novel material in lieu of conventional gear materials. The investigation encompassed both numerical simulations and vibration tests to affirm the damping efficacy of the developed high-strength Fe-Mn damping alloy. The experimental results are presented, revealing the impact of alloy materials on the damping effect of the gear box at various rotational speeds. An evaluation based on effective acceleration indicated noteworthy reductions in vibration amplitudes. At one measuring point, the effective acceleration values for both types of damping alloy materials at 700 rpm decreased by 11.0% and 21.8%, respectively. Likewise, at measuring point 6, reductions of 5.32% and 20.2% were observed at 700 rpm. These findings, though pertaining to damping alloy applications in gearboxes, substantiate the assertion that damping alloys can effectively mitigate vibration amplitudes, thereby demonstrating a pronounced damping effect.



Huang et al. [33] conducted experimental investigations to assess the performance of damping alloys. Specifically, the Fe-Mn damping alloy, Fe-Cr-Mo damping alloy, and 0.45C-steel were utilized to fabricate simple beams for the experimental validation of the damping alloy behavior. The amplitude–frequency response characteristics of the aforementioned materials were systematically compared through forced vibration tests employing a vibration measuring instrument. The study revealed that both the accelerated velocity and the resonance frequency range of the two damping alloys were markedly lower than those of 0.45C-steel. Notably, the damping properties of the Fe-Mn and Fe-Cr-Mo damping alloys surpassed those of 0.45C-steel under the given conditions.



These findings provide empirical evidence supporting the superior damping characteristics of damping alloys compared to conventional steel. The discernible reduction in both the accelerated velocity and resonance frequency range underscores the enhanced damping efficacy of the investigated alloys, thereby contributing valuable insights to the understanding of their vibration-damping capabilities.




6. Conclusions


In response to the damping requirements of water-lubricated stern bearings and considering the cantilever support characteristics inherent in propulsion shafting, this study proposes a novel self-adaptive vibration-damping device for water-lubricated stern bearings. This innovative design integrates the acoustic and load-balancing aspects of stern bearings. The static bearing performance and vibration-damping efficacy of this self-adaptive device were subjected to a detailed analysis, leading to the following conclusions:




	
The adaptive stern bearing vibration-damping device comprises elastic elements and damping alloy layers. Notably, augmenting the thickness and length of the elastic element and damping alloy serves to enhance the bearing load-balancing and angle compensation capabilities, thereby mitigating bearing wear.



	
The modal analysis calculations and comparative evaluations reveal a 5.46% increase in the first-order critical speed of the self-adaptive vibration-damping device for the propeller bearing shafting system in comparison to traditional shafting systems. Importantly, this adaptive device has minimal impact on critical speed.



	
The in-depth comparative analyses highlight the primary influence of the self-adaptive vibration-damping device on the first-order shaft frequency. Adoption of this self-adaptive structure results in a substantial 58.82% reduction in the velocity response at the first-order natural frequency, a commensurate 58.90% reduction in the acceleration response, and a noteworthy 58.86% reduction in the displacement response. This collective reduction effectively curtails the transmission of vibrations to the hull through the stern bearing.



	
Further comparative analyses demonstrate a conspicuous increase in the vibration level drop of the adaptive vibration-damping device compared to traditional designs when subjected to a transverse unit force at the propeller’s center of gravity within the 1~100 Hz frequency range. This heightened effect underscores the increased efficacy of the vibration damping provided by the adaptive device.








In the current numerical simulation, a direct connection between the damping matrix of the stern bearing and the material properties of the damping alloy is not explicitly established. This lack of precision in calculating the damping matrix may lead to inaccurate simulation results. Future efforts will focus on a more thorough investigation of the damping properties of both the fluid and the bushing incorporating damping alloy, aiming for a more accurate representation of the system dynamics. Experimental validation of the proposed model will also be carried out.
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Figure 1. Propulsive shafting cantilever support diagram. 
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Figure 2. The configuration of the adaptive damping structure. The elastic element and the damping alloy layer are arranged in the middle of the stern bearing structure. Component 1 is the bush, component 2 is the bearing, component 3 is the internal damping alloy, component 4 is the elastic element, component 5 is the external damping alloy, and component 6 is the shaft. 
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Figure 3. Configuration of propulsion system with adaptive vibration-damping device. 
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Figure 4. Configuration of traditional propulsion system. 
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Figure 5. Finite element model of static performance analysis of the propulsion system with adaptive shafting. 
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Figure 6. Influence of elastic element thickness on maximum contact pressure and deformation of bearing bush. 
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Figure 7. Maximum contact pressure when h = 10 mm and 40 mm. 
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Figure 8. Influence of elastic element thickness on maximum stress and stern angle of adaptive device. 
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Figure 9. Comparative analysis of the maximum contact pressure of the adaptive device when the elastic element’s thickness is set to 10 mm and 40 mm. 
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Figure 10. Influence of elastic element length. 
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Figure 11. Maximum contact pressure when   l / L   = 0.7 and 0.4. 
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Figure 12. Influence of length ratio of the elastic element on the rotation angle of the propeller stern end and the maximum stress incurred by the adaptive device. 






Figure 12. Influence of length ratio of the elastic element on the rotation angle of the propeller stern end and the maximum stress incurred by the adaptive device.



[image: Lubricants 12 00032 g012]







[image: Lubricants 12 00032 g013] 





Figure 13. Maximum stress of adaptive device when   l / L   = 0.7 and 0.4. 
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Figure 14. Modal analysis model. 
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Figure 15. Campbell diagram for two configurations. 
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Figure 16. Modal shape of traditional design. 






Figure 16. Modal shape of traditional design.



[image: Lubricants 12 00032 g016]







[image: Lubricants 12 00032 g017] 





Figure 17. Modal shape of adaptive design. 
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Figure 18. Harmonic response model diagram of adaptive stern bearing. 
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Figure 19. Speed response amplitude. 
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Figure 20. Acceleration response amplitude. 
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Figure 21. Displacement response amplitude. 
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Figure 22. Influence of adaptive vibration-damping device on acceleration vibration level drop of propulsion shafting. 
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Table 1. Parameters of the stern bearing system.
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	Structure
	Material
	Young’s Modulus (MPa)
	Poisson Ratio
	Density (kg/m3)





	Shaft
	35CrMo
	210,000
	0.3
	7850



	Bearing bush
	Synthetic rubber
	305
	0.37
	2200



	Bearing
	Structural steel
	200,000
	0.3
	7850



	Damping alloy
	Modulated Mu-Cu alloy
	90,000
	0.27
	7330



	Elastic element
	Composite silicone rubber
	6
	0.27
	1000










 





Table 2. Influence of adaptive vibration-damping device of stern bearing on rotational vibration of shafting.
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Rank

	
Traditional Design

	
Adaptive Design




	

	
Positive Rotation

	
Positive Rotation






	
1

	
313.82

	
330.97




	
2

	
320.13

	
333.05




	
3

	
1068.2

	
192.65




	
4

	
1101.7

	
1127




	
5

	
4011.6

	
1177.4




	
6

	
4270.5

	
2465.1











 





Table 3. Harmonic response analysis of first-order natural frequency vibration amplitude.
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	Speed (mm/s)
	Acceleration (mm/s2)
	Displacement (mm)





	Adaptive Design
	   2.38 ×  10  − 4     
	   7.48 ×  10  − 3     
	   7.57 ×  10  − 6     



	Traditional Design
	   5.78 ×  10  − 4     
	   1.82 ×  10  − 2     
	   1.84 ×  10  − 5     



	Reduction
	58.82%
	58.90%
	58.86%
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