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Abstract

:

In this study, in order to reveal the influence mechanism of bearing parameters on pneumatic hammering, an aerostatic bearing with a multi-orifice-type restrictor is analyzed. Firstly, the flow field is investigated, and the vortex-induced excitation is discussed in both the frequency and time domains. Then, the frequency-related displacement impedance is analyzed, and the effects of vortex-induced excitation on pneumatic hammering are discussed. Experiments are also conducted for verification. Moreover, the influence of damping on pneumatic hammering is identified. The results show that with larger damping, the risk of pneumatic hammering can be reduced. Finally, the impacts of design parameters on the damping are discussed in detail using an approximate model. Design optimization is considered to achieve the maximum damping, i.e., the minimum risk of pneumatic hammering. The results show that both the air supply pressure and the pocket volume should be minimized. The analysis process provides a reference for the design of bearings to reduce pneumatic hammering.
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1. Introduction


Due to their high movement precision, low friction, and low heat generation properties, aerostatic bearings have become core components of high-speed machine tools. The operational stability of a bearing has a significant influence on the performance of ultra-precision facilities. However, compared with the common hydrostatic bearing, the operational stability of an aerostatic bearing can be significantly weakened when pneumatic hammering vibration occurs. In such a situation, both the vibration and the operating noise are aggravated. Hence, pneumatic hammering should be suppressed during its design; moreover, the influencing factors of the occurrence of pneumatic hammering should be investigated first.



Pneumatic hammering vibration is a kind of self-excited vibration that can introduce challenges into the stable operation of aerostatic bearings. Micro-vibration and pneumatic hammering vibration commonly occur when a bearing is in operation. Micro-vibration is induced by the vortex flow in the bearing clearance; the vortex flow leads to a pressure fluctuation and then induces micro-vibration [1,2,3,4]. Pneumatic hammering is generally induced by an asynchronous change in the motion of the floating facility, the pressure, and the mass flow rate of the gas; moreover, pneumatic hammering is especially prone to occur when an air pocket exists. Both the shape and the volume of the air pocket have a significant influence on the performance of aerostatic bearings [5,6]. The bearing parameters have significant effects on pneumatic hammering vibration. Ye et al. [7] reported that the pocket volume had a direct influence on pneumatic hammering; once the air pocket was removed, the pneumatic hammering ceased. The air supply pressure is also a key issue in the induction of pneumatic hammering [8]. Talukder et al. [9] reported that with an increase in the air supply pressure, pneumatic hammering was more prone to appear. Pneumatic hammering causes more serious vibration and damage than micro-vibration; hence, it should be reduced at the bearing design stage. For this reason, the rule of the bearing parameter’s influence on the characteristics of pneumatic hammering should be determined; moreover, both the excitation source and dynamic characteristics of the bearing should be investigated. However, although the existing research indicates that bearing parameters have a significant influence on pneumatic hammering, their quantitative relationship has not yet been identified. On the other hand, stiffness, damping, and displacement impedance also significantly affect the bearing’s dynamic behavior; however, with the improvement of its performance factors, the operation stability of the bearing can be enhanced. The dynamic characteristics and the influence of dynamic performance factors on pneumatic hammering have been studied and discussed by Boffey et al. [10]. Their results indicated that performance factors such as the stiffness and damping of the air film have a direct effect on pneumatic hammering. Currently, the air film is equivalent to a spring-damping system in dynamic analysis, and the frequency-related stiffness and damping of the air film are of particular concern [11]. An aerostatic bearing was considered by Bhat et al. [12], and the stiffness and damping of it were solved; the effects of bearing parameters on stiffness and damping were discussed. An ESA-CFD combined method was proposed by Li et al. for calculating the stiffness and damping of an aerostatic journal bearing [13]. In Chen’s research, stiffness and damping were solved by applying a CFD (computational fluid dynamics) simulation [14], and the accuracy of the numerical simulation was verified by conducting experiments [15]. A dynamic performance factor analysis of the bearing system is crucial for revealing the mechanism of micro-vibration or pneumatic hammering; for example, the results of a study showed that the influence of displacement impedance on micro-vibration was significant [16]. Pneumatic hammering vibration is a kind of self-excited vibration; hence, the stability of the system is determined by energy dissipation [17]. As a result, damping performance certainly plays an important role in the occurrence of pneumatic hammering. Furthermore, the influence of the excitation source on pneumatic hammering should be considered, e.g., the influence of vortex-induced excitation (VIE). However, the influence rules of the design parameters and the dynamic performance factors that determine the occurrence of pneumatic hammering have not yet been discussed; therefore, suppressing or reducing pneumatic hammering vibration through parameter design is currently difficult. Thus, the influence of bearing parameters, dynamic performance factors, and VIE on pneumatic hammering should be studied; furthermore, a proper design strategy should be proposed to suppress pneumatic hammering vibration.



In this study, an aerostatic bearing with a multi-orifice-type restrictor is considered. Firstly, the characteristics of VIE and the influence of the vortex flow on pneumatic hammering are discussed. Displacement impedance is considered by analyzing the influence of VIE, and pneumatic hammering is investigated experimentally. To determine the self-excited attribute of pneumatic hammering, the damping performance of the bearing is investigated in detail, as damping acts as an energy dissipater in a self-excited vibration system. Finally, optimization is considered for several cases with different excitation frequencies to further investigate the effects of the bearing parameters on pneumatic hammering.




2. Geometry and Numerical Modeling of an Aerostatic Bearing


An aerostatic thrust bearing with a multi-orifice-type restrictor is depicted in Figure 1. The bearing parameters include the bearing’s external diameter Dout, internal diameter Din, orifice diameter d, pocket diameter U, pocket depth V, the position of the orifice R, the air film thickness h, the orifice length L, and the air supply pressure Ps. There are 12 orifice-type restrictors along the circumference. The case of a cylindrical air pocket was considered. In the analysis, Dout was 80 mm, Din was 48 mm, and L was 0.5 mm. Other parameters were considered as variables that satisfy the following ranges: U(1.5 mm, 2.5 mm), V(0.05 mm, 0.15 mm), R(26 mm, 36 mm), d(0.1 mm, 0.2 mm), h(5 μm, 15 μm), and Ps(0.45 MPa, 0.7 MPa). These bearing parameters have a significant influence on pneumatic hammering. Particularly, the volume of the air pocket and the air supply pressure play critical roles in the occurrence of pneumatic hammering [7,8,9]. It is generally believed that to suppress pneumatic hammering, both the air supply pressure and the volume of the air pocket should be reduced [18]. However, the quantitative effect rule of these parameters, which determines pneumatic hammering, has not yet been determined; as a result, optimization of the bearing’s design is difficult to achieve.



Due to its symmetry, only a 1/12 model was considered in the simulation. Thus, the dynamic performance factors discussed in this article are based on the divided air film component. The inlet of the orifice was considered to be the inlet boundary, and the pressure inlet condition was adopted; the pressure at the inlet position was set as the air supply pressure. The pressure outlet condition was set at the outlet of the air film and the pressure at the outlet was set as the atmosphere pressure. In the adjacent areas with other air film components, the periodic boundary condition was considered. The walls of the orifice, air pocket, and thrust surfaces were all set as walls that satisfy impermeability, adiabaticity, and non-slip conditions. A 3D numerical model was established and the mesh at the orifice position was further refined. Moreover, structured grids were considered. The numerical model and its boundary conditions are shown in Figure 2.



In the simulation, the large eddy simulation (LES) method was adopted. The solved governing equations include the following expressions [19]:


     ∂  ρ ¯    ∂ t    +    ∂ (  ρ ¯    u ˜  l  )   ∂  x l     = 0  



(1)






     ∂ (  ρ ¯    u ˜  l  )   ∂ t    +    ∂ (  ρ ¯    u ˜  l    u ˜  m  )   ∂  x m     = −    ∂  p ¯    ∂  x l     +    ∂   σ ⌢   l m     ∂  x m     +    ∂ [  ρ ¯  (   u ˜  l    u ˜  m  −    u l   u m   ˜  ) ]   ∂  x m     +    ∂ (   σ ¯   l m   −   σ ⌢   l m   )   ∂  x m      



(2)






     ∂ (  ρ ¯   e ˜  +    ρ ¯    u ˜  l    u ˜  m   / 2  )   ∂ t    +    ∂ [ (  ρ ¯   e ˜  +    ρ ¯    u ˜  l    u ˜  m   / 2  +  p ¯  )   u ˜  m  ]   ∂  x j     =    ∂ (   σ ⌢   l m     u ˜  l  )   ∂  x m     +    ∂   q ⌢  m    ∂  x l     +  A ⌢   



(3)




where     σ ⌢   l m     can be expressed as follows:


    σ ⌢   l m   = μ      ∂   u ˜  l    ∂  x m     +    ∂   u ˜  m    ∂  x l        



(4)




    q ⌢  m    can be expressed as follows:


    q ⌢  m  = − λ    ∂ T   ∂  x m      



(5)




and   A ⌢   can be expressed as follows:


     A ⌢  =   u ˜  l     ∂ [  ρ ¯  (   u ˜  l    u ˜  m  −    u l   u m   ˜  ) ]   ∂  x m     +    ∂ [   e  u m   ¯  −  e ¯    u ˜  m  ]   ∂  x m     −     p    ∂  u m    ∂  x m      ¯  −  p ¯     ∂   u ˜  m    ∂  x m       +      σ  l m      ∂  u l    ∂  x m      ¯  −   σ ¯   l m      ∂   u ˜  l    ∂  x m               +    ∂ (   σ ¯   l m     u ˜  i  −   σ ⌢   l m     u ˜  l  )   ∂  x m     +    ∂ (   q ¯  l  −   q ⌢  l  )   ∂  x l        



(6)




In Equations (1)–(6), u means the gas velocity, p means the pressure, λ is the thermal conductivity coefficient, t means the time, ρ is the gas density, q is the thermal conductivity, x is the coordinate position, σ is the viscous force, μ is the dynamic viscous, and e represents the total energy. l and m represent different directions. The superscript “~” represents the Favre filter, and the superscript “−” represents the spatial filter. The term    ρ ¯  (   u ˜  l    u ˜  m  −    u l   u m   ˜  )   in Equation (2) is also called the subgrid stress, which is determined using the LES model [3].



By using numerical simulation, the vortex flow was specifically studied. The displacement impedance of the air-film floating facility system was investigated and the influence rule of the vortex flow on the pneumatic hammering vibration was determined.




3. Flow Field Analysis and Vortex-Excited Properties


In the flow field analysis, a jet flow was detected at the outlet of the orifice. First, the gas flows into the orifice and the boundary layer thickness in the orifice keeps increasing, which reduces the cross-section area of the flow. Then, when the gas enters the air pocket through the orifice, due to the occurrence of the jet flow, the cross-section area is then increased. The former decrease and the latter increase in the flow’s cross-section area provide the conditions needed to form a supersonic region. Once the supersonic region is formed, expansion waves and shock waves may appear. When the gas impacts the thrust surface, the vortex flow forms [19]. The Reynolds number is always used to represent the strength of the vortex flow [1,19]. Studies show that the vortex flow is a major cause of micro-vibration [1,2]. This is because when a vortex exists, it can cause pressure fluctuations; hence, the fluctuating load-carrying force (LCF) acts as an external excitation on the thrust surface, and, as a result, micro-vibration occurs. However, even as one of the major sources of external excitation, the influence of the vortex flow on pneumatic hammering vibration has not yet been discussed. To determine this influence mechanism, the properties of VIE are discussed. Moreover, experiments are conducted for verification.



The flow field in the air pocket is shown in Figure 3 for a test case with the following parameters: Dout = 80 mm, Din = 48 mm, d = 0.15 mm, V = 0.1 mm, U = 2 mm, h = 10 μm, R = 32 mm, and Ps = 0.6 MPa. The time step size was taken to be 0.00001 s. The figure shows that the flow varies with time, and a vortex is detected at the inlet position of the air pocket. The pressure fluctuation caused by the vortex flow acts as an external dynamic load, which can induce self-excited vibration.



Excitation characteristics should be studied to determine the influence of the vortex flow on self-excited vibration. The fluctuation of the LCF, as discussed in Figure 3, is shown in Figure 4, where W’ represents the fluctuating portion of the LCF. It can be clearly observed that W’ fluctuates with time, which suggests an external dynamic excitation.



The frequency properties of VIE should also be investigated. The fast Fourier transform (FFT) method was considered, and amplitude–frequency characteristics were investigated. When the mass of the floating facility is 33.6 Kg, Figure 5, Figure 6 and Figure 7 show the frequency characteristics of the VIE for the case in which Dout = 80 mm, Din = 48 mm, d = 0.15 mm, U = 2 mm, V = 0.1 mm, and R = 32 mm. Ps is taken as 0.5 MPa, 0.6 MPa, and 0.7 MPa in Figure 5, Figure 6 and Figure 7, respectively.



The results of the analysis show that the main frequency range of VIE is low, e.g., 0–10,000 Hz. When the frequency is lower than 2000 Hz, the amplitudes of the components are larger than those when the frequency is higher than 2000 Hz. This result indicates that, to reduce VIE, the low-frequency region, e.g., lower than 2000 Hz, should receive particular focus. As an important excitation source, the effects of the vortex flow on pneumatic hammering have not yet been reported. Hence, to determine its relevance, the frequency characteristics of pneumatic hammering vibration should be discussed and the frequency ranges of VIE and pneumatic hammering vibration should be compared. Moreover, the dynamic properties of the air-film floating facility system should be investigated by focusing on the low-frequency region.




4. The Analysis of the Dynamic Performance Factors of the Bearing System and the Experimental Investigation of Pneumatic Hammering


4.1. The Analysis of the Dynamic Performance of the Bearing


When the bearing is in operation, the pressurized air feeds into the bearing clearance and forms the air film. As previously discussed, the air film is equivalent to a spring-damping system, and a solution for both the stiffness and damping is crucial for the dynamic analysis.



A numerical simulation of the calculation of the stiffness and damping was conducted using the dynamic mesh method. A sinusoidal displacement excitation with a certain frequency was imposed on the thrust surface of the bearing, e.g.,   h =  h 0   e  i ω t    , where h0 is the amplitude of the excitation. Moreover, 100 time steps were considered evenly over one time cycle; the smoothing method was used and the spring constant factor was set as 0.1; and the convergence accuracy was set as 10−6. With the input of the displacement excitation, the LCF varies with time. Figure 8 shows the variation in the perturbed LCF F’ of the bearing with time when h0 = 0.1 μm. It can be observed that with different excitation frequencies, both the amplitude and phase angle change.



If the air film is regarded as a spring-damping system, the dynamic equation can be expressed as follows:


  M  x  . .   + C  x .  + K x =  F e   



(7)




where M denotes the mass of the floating facility, x is the perturbed displacement, C is the damping, K is the stiffness, and Fe denotes the external perturbed dynamic load. When the harmonic excitation is considered, as discussed in Figure 8, the stiffness and damping of the air film can be calculated based on the relationship between the input displacement excitation and the output LCF.



The capability of the vibration system to resist the external dynamic load is an essential factor to discuss. When Fe in Equation (7) denotes the VIE, it can be decomposed using the fast Fourier transform method, and Equation (7) can then be expressed as follows:


  M  x  . .   + C  x .  + K x =   ∑  n = 1  N    F n   e  i  ω n  t      



(8)




where Fn is the amplitude and ωn is the frequency of the nth component. The stiffness and damping depend on the frequency. Accordingly, for the nth component of Fe, it satisfies the following:


  M  x  . .   + C (  ω n  )  x .  + K (  ω n  ) x =  F n   e  i  ω n  t    



(9)







Thus, x can be expressed as   x =  x n   e  i  ω n  t    , where xn is the amplitude of x. As a result, for Fe, the relationship can be represented as follows:


  M (   ∑  n = 1  N    x n   e  i  ω n  t      ) ″  +   ∑  n = 1  N   [ C (  ω n  ) (  x n   e  i  ω n  t    ) ′    ] +   ∑  n = 1  N   [ K (  ω n  ) (  x n   e  i  ω n  t   )   ] =   ∑  n = 1  N    F n   e  i  ω n  t      



(10)







Alternatively,


    ∑  n = 1  N   [ − M  ω n 2  + C (  ω n  )  ω n  i + K (  ω n  ) ]  x n   e  i  ω n  t   =     ∑  n = 1  N    F n   e  i  ω n  t      



(11)







Therefore, xn can also be represented as follows:


   x n  =  F n  / [ K (  ω n  ) − M  ω n 2  + C (  ω n  )  ω n  i ] = (  F n  /  Z n  )  e  i  φ n     



(12)






   Z n  =     [ K (  ω n  ) − M  ω n 2  ]  2  +   [ C (  ω n  )  ω n  ]  2     



(13)




where Zn is the displacement impedance and    φ n    is the phase angle. xn becomes smaller when Zn is larger for a constant Fn. For this reason, Zn should be enhanced to reduce the influence of the external dynamic load.



The modal frequency of a single-freedom vibration system can be determined by minimizing Zn [17]. Hence, the influence rules of bearing parameters on Zn are essential to the dynamic analysis. Due to the “squeeze film” effect, the stiffness and damping of the system both depend on the excitation frequency [13]. As a result, Zn also varies with the excitation frequency. To study the modal characteristics of the system, firstly, the stiffness and damping of the air film should be calculated based on the relationship between the excitation and the LCF, as discussed in Figure 8. Once the stiffness and damping are achieved by using the dynamic mesh method, Zn can be determined through Equation (13). To gain a better understanding of the modal characteristics of the system, the influence rules of bearing parameters on Zn were discussed.



The displacement impedance and the external excitation characteristics should all be considered in the dynamic analysis. In the numerical calculation of the displacement impedance, the dynamic mesh method was adopted. For the bearing parameters d = 0.15 mm, U = 2 mm, V = 0.1 mm, R = 32 mm, and Ps = 0.6 MPa, it can be observed, as shown in Figure 9, that the displacement impedance increases largely with the increase in the excitation frequency. This is due to the famous “squeeze film effect”. Once the excitation frequency begins to remain at a high level, the thrust surface correspondingly moves up and down fast. However, the gas cannot flow out of the outlet promptly; as a result, the air film becomes stiffer. Hence, the air film possesses an outstanding capability to resist excitation from high frequencies. Thus, the components with high frequencies discussed in Figure 5, Figure 6 and Figure 7 have little influence on the dynamic behavior of the bearing. However, as previously discussed, the main frequency range of the VIE is low; therefore, the VIE could certainly have an unfavorable influence on the bearing’s dynamic behavior. Furthermore, the influence of VIE on the occurrence of pneumatic hammering vibration should be further discussed in terms of the frequency domain.



The mesh independence verification is shown in Figure 9. For the coarse mesh case, 1 node/μm was considered along the air film, and for the fine mesh case the node density was two times that of the coarse mesh case. Figure 9 shows that the difference between the two cases is rather small; thus, the simulation can be considered to be mesh-independent.



In the dynamic analysis of the aerostatic bearing, the external excitation and the dynamic performance factors of the bearing system should both be considered. With a stable supply of high-pressure gas, the pneumatic hammering vibration is considered to be a kind of self-excited vibration. For self-excited vibration systems, the input and the dissipation of the energy are critical in determining the stability of the system. When the dissipation becomes larger than the input energy, the system can be considered to be stable. For this reason, the analysis of the system’s energy dissipation characteristics becomes a core issue.



Damping is present in all vibration systems, and its effect is the removal of energy from the system. Energy dissipation can be determined under conditions of cyclic oscillations as follows:


   W d  =   ∮   F d  d x     



(14)




where Fd denotes the damping force. For the harmonic vibration mode, the energy dissipation Wd can be achieved as πCωX2, where X is the amplitude of the vibration. Hence, it can be observed that damping can be used to measure the strength of the energy dissipation. For a self-excited vibration system, the larger the damping, the more stable the system becomes. Therefore, the damping performance should be considered during bearing design to reduce pneumatic hammering.




4.2. Experimental Investigation


To gain a further understanding of the frequency properties of pneumatic hammering vibration, experiments were conducted. The experimental apparatus is shown in Figure 10, where the spindle is set vertically, and an aerostatic thrust bearing with a multi-orifice-type restrictor is placed at the bottom of the spindle. The bearing configuration is presented in Figure 1, and the bearing parameters include Dout = 80 mm, Din = 48 mm, d = 0.15 mm, U = 2 mm, V = 0.1 mm, and R = 32 mm. The mass of the spindle is 33.6 Kg. Different Ps were considered, from 0.4 MPa to 0.7 MPa, to observe the occurrence of pneumatic hammering. Acceleration sensors were assigned to record the acceleration data in the axial direction, and the sensitivity of the sensors was 4.71 mV/m/s2.



When the air supply pressure reaches 0.6 MPa, the vibration of the floating facility increases notably, which indicates the occurrence of pneumatic hammering. Figure 11a shows the experimentally achieved vibration acceleration a when Ps = 0.6 MPa and Figure 11b shows the vibration characteristics in the frequency domain.



The experimental results show that the frequencies of the main components of the acceleration are concentrated from 300 to 400 Hz, which means that the frequency of the acceleration of the pneumatic hammering vibration is low. Compared with Figure 6, it can be observed that the main frequency range of the pneumatic hammering vibration is in accordance with that of the VIE, which implies that VIE is a prominent inducing factor of pneumatic hammering. Due to the frequency characteristics of both pneumatic hammering and VIE, the dynamic performance of the system at low frequencies, e.g., lower than 2000 Hz, should receive greater focus.



As previously discussed, damping performance is essential in studying the dissipation of energy of a self-excited vibration system. Thus, the damping of the cases discussed in the experiment was numerically calculated by using the dynamic mesh method, and the results are shown in Figure 12.



It can be observed in this figure that when the air supply pressure increases, the damping decreases for the different excitation frequencies. Figure 5, Figure 6 and Figure 7 also show that the amplitude of the components at low frequencies increases from 0.5 MPa to 0.7 MPa, which is due to the increase in the Reynolds number at the inlet of the air pocket. Meanwhile, the damping decreases when the Ps increases from 0.5 MPa to 0.7 MPa. The results of the experiments show that pneumatic hammering only occurs when the air supply pressure reaches 0.6 MPa. Hence, it can be concluded that damping plays a critical role in the occurrence of pneumatic hammering. With larger damping, the energy dissipation becomes larger and the vibration system becomes more stable. Hence, to study the characteristics of pneumatic hammering, it is necessary to first investigate the effects of bearing parameters on damping.





5. The Damping Performance of the Air Film


Previous studies indicate that pneumatic hammering vibration tended to occur when a high air supply pressure and a large pocket volume were adopted [7,8,9]. However, the quantitative influence rule of the bearing parameters on pneumatic hammering has not yet been discussed. As previously mentioned, the damping performance plays an important role in the dissipation of energy, and, for this reason, the damping can certainly influence the characteristics of pneumatic hammering vibration. Hence, the influences of the design parameters on damping should be discussed first.



To study the influence mechanism of bearing parameters on damping, an approximate model of the damping was established. The considered parameter ranges were as follows: Ps(0.45 MPa, 0.7 MPa), U(1.5 mm, 2.5 mm), V(0.05 mm, 0.15 mm), R(26 mm, 36 mm), d(0.1 mm, 0.2 mm), h(5 μm, 15 μm), and ω(10 Hz, 2000 Hz). The RBF (Radial Basis Functions) method was adopted as described in [13]. A mathematical model of the damping represented by bearing parameters with a high fitting accuracy was achieved. In establishing the approximate model, the layout L121(117) was considered based on the orthogonal experimental design used for sample-taking. The    R α 2    factor was considered for verifying the fitting accuracy, and it should be larger than 0.9. Once the approximate model was established, the influence of bearing parameters on damping was investigated intuitively. In addition, the approximate model of the static load-carrying capacity W was also established for the design’s optimization, and the considered parameters include Ps, U, V, R, d, and h.



Figure 13, Figure 14, Figure 15 and Figure 16 show the effect of bearing parameters on damping performance, and two types of air pockets with different volumes are compared. The small pocket sizes include U = 1.5 mm and V = 0.05 mm. The large pocket sizes include U = 2.5 mm and V = 0.15 mm. Firstly, the influence of the air film thickness on the damping is discussed in Figure 13, where d = 0.15 mm, R = 32 mm, and Ps = 0.55 MPa. It can be observed that the damping decreases with the increase in the air film thickness, which is because the increase in the gas volume in the bearing clearance weakens the “squeeze film effect”, and then the damping increases. Furthermore, it can be observed that when a larger air pocket is used, the damping is decreased, and the influence mechanism is similar to that of the air film thickness. Hence, it can be concluded that the energy dissipation of the small-air-pocket case is larger than that of the large-air-pocket case; therefore, pneumatic hammering is prone to occur when a larger air pocket is adopted. This conclusion is in accordance with previous studies on pneumatic hammering [7].



Figure 14 shows the variation in the damping with respect to the orifice diameter when h = 10 μm, R = 32 mm, and Ps = 0.55 MPa. It can be observed that the influence of the orifice diameter on the damping is non-monotonic. The orifice diameter has a significant influence on the damping because the gas mass flow rate changes with the orifice diameter. When the orifice diameter is relatively small, the gas mass flow rate increases with the increase in the orifice diameter. However, when the orifice diameter reaches a certain level, a supersonic region may form, causing the choking phenomenon, which restricts a further increase in the gas mass flow rate. The “squeeze film effect” is highly affected by the gas mass flow rate, and, as a result, the damping is influenced. Hence, a non-monotonic variation rule has been observed. Furthermore, the damping of the small-air-pocket case is larger than that of the large-air-pocket case.



Figure 15 shows the influence of Ps on the damping when h = 10 μm, R = 32 mm, and d = 0.15 mm. The figure shows that with the increase in the air supply pressure, the damping tends to decrease. When the air supply pressure reaches nearly 0.65 MPa, the variation in the damping tends to be flat; this result is also due to the formation of a supersonic region and the choking phenomenon. Generally, the damping decreases when the air supply pressure increases, which indicates that pneumatic hammering is more prone to occur when the air supply pressure is high.



Figure 16 shows the variation in the damping with respect to the orifice position when h = 10 μm, Ps = 0.55 MPa, and d = 0.15 mm. It can be observed that the variation rule of the damping with R for the small-air-pocket case and the large-air-pocket size is different. When the small pocket is used, the damping increases with the increase in the orifice position; however, when the large pocket is adopted, the damping increases with the decrease in the orifice position. Hence, the optimum orifice position should be determined through design optimization.



For all cases discussed in Figure 13, Figure 14, Figure 15 and Figure 16, the damping decreases with the increase in the excitation frequency or the air pocket volume. The influences of these parameters on damping are highly dependent on the “squeeze film effect”. Commonly, with a smaller pocket volume, lower air supply pressure, and smaller air film thickness, the damping becomes larger, which indicates that the risk of pneumatic hammering is reduced. This conclusion is in accordance with findings from experiments discussed in previous studies [7,8,9].




6. The Optimization of the Damping Performance


To further investigate the effects of bearing parameters on damping performance, design optimization was considered. The optimization of the design is effective in achieving the optimum bearing performance [20,21]. The optimization parameters include Ps, U, V, d, and R. The mass of the floating facility is 33.6 Kg. The damping varies with the excitation frequency, as discussed in Section 5, and the frequency of VIE is commonly low. Hence, several different frequency points are considered, from 10 Hz to 800 Hz, to investigate the change rule of the optimum combination of bearing parameters. The mathematical model of optimization was established as follows:


    max   C (  y  )     s  . t   .      W =  W  g i v e n                 ω =  ω  g i v e n                  y  ∈  E     



(15)




where Wgiven is the given bearing load, ωgiven is the frequency, and y is the design variable vector that can be expressed as (Ps, U, V, R, d). E is the feasible design field and the ranges of the optimization parameters in E include Ps(0.45 MPa, 0.7 MPa), U(1.5 mm, 2.5 mm), V(0.05 mm, 0.15 mm), R(26 mm, 36 mm), and d(0.1 mm, 0.2 mm). The optimization was conducted based on the approximate model established in Section 5. Because the damping depends on the excitation frequency, as discussed in Section 5, the excitation at low frequencies should also receive greater focus, as mentioned in Section 4. Hence, a total of five cases of excitation frequency ωgiven were considered in the optimization, which include 10 Hz, 100 Hz, 200 Hz, 500 Hz, and 800 Hz. The considered frequency points were within the frequency range discussed in Section 3. In each case of optimization, one of the frequency points was considered and the optimization constraint ω = ωgiven was adopted. Through optimization, the change rule of the optimum combination of the bearing parameters was studied. Moreover, the bearing load was balanced by the static load-carrying force, and hence the design constraint W = Wgiven was considered. The floating facility was supported by the air film, as depicted in Figure 1 and Figure 10, so the gravity of the floating facility was considered as the given bearing load. The air film thickness varied with the given bearing load at different design points. The NLPQL algorithm was adopted in the optimization, and the optimization results are shown in Table 1.



It can be observed from Table 1 that for different excitation frequencies, the air supply pressure, pocket diameter, and depth approach their minimum boundaries, while the orifice position reaches its upper boundary. The orifice diameter also comes close to its lower boundary. For each case, the combination of the optimum parameters has the same change tendency. The results indicate that to achieve maximum damping, the air supply pressure, air pocket volume, and orifice diameter should be minimized and the orifice position should be maximized. Correspondingly, the pneumatic hammering vibration is reduced.




7. Conclusions


In this study, the influencing factors of pneumatic hammering vibration in aerostatic bearings were discussed. Some conclusions can be drawn, which are as follows.



The displacement impedance of the bearing increases with the excitation frequency, which means that the air film has a good ability to resist external dynamic loads with high frequencies. However, the main frequency range of VIE is low, and the main frequency range of pneumatic hammering vibration is in accordance with that of VIE. This result indicates that VIE acts as a prominent inducing factor of pneumatic hammering vibration.



Pneumatic hammering vibration is a kind of self-excited vibration. Damping plays an important role in the stable operation of the system. The larger the damping, the harder it is for pneumatic hammering vibration to occur, and the more stable the system becomes. For this reason, it is imperative to improve damping through design optimization to reduce pneumatic hammering vibration.



The optimization results show that when a small air supply pressure and air pocket volume are applied, the damping tends to become larger. This result indicates that pneumatic hammering vibration is reduced under such conditions. The influences of the orifice diameter and the orifice position are non-monotonic, which means that the optimum combination of bearing parameters should be achieved through design optimization.
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Figure 1. The geometry of an aerostatic thrust bearing with a multi-orifice-type restrictor. 
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Figure 2. Numerical model and boundary conditions. 
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Figure 3. The flow structure in the air pocket. 
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Figure 4. The fluctuation of the LCF with time. 
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Figure 5. Frequency characteristics of VIE (Ps = 0.5 MPa). 
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Figure 6. Frequency characteristics of VIE (Ps = 0.6 MPa). 
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Figure 7. Frequency characteristics of VIE (Ps = 0.7 MPa). 
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Figure 8. The variation in the perturbed LCF with respect to dimensionless time. 
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Figure 9. The variation in Zn with frequency. 
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Figure 10. The experimental apparatus. 
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Figure 11. The experiment results. (a) The experimentally achieved pneumatic hammering vibration acceleration. (b) The experimentally achieved frequency properties of the pneumatic hammering vibration acceleration. 
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Figure 12. Variation in damping with respect to frequency. 






Figure 12. Variation in damping with respect to frequency.



[image: Lubricants 12 00395 g012]







[image: Lubricants 12 00395 g013] 





Figure 13. Influence of air film thickness on damping. 
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Figure 14. Influence of orifice diameter on damping. 
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Figure 15. Influence of air supply pressure on damping. 
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Figure 16. Influence of orifice position on damping. 
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Table 1. Optimization results.
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	ω/Hz
	Ps/MPa
	U/mm
	V/mm
	d/mm
	R/mm
	C/N·s·μm−1





	10
	0.45
	1.5
	0.05
	0.1
	36
	0.0165



	100
	0.45
	1.5
	0.05
	0.1
	36
	0.0126



	200
	0.45
	1.5
	0.05
	0.1
	36
	0.0079



	500
	0.45
	1.5
	0.05
	0.1
	36
	0.0035



	800
	0.45
	1.5
	0.05
	0.104
	36
	0.0023
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