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Abstract

:

Tilting pad journal bearings (TPJBs) are widely applied in the high-speed rotor system whose working speed is higher than its critical speed due to excellent hydrodynamic lubrication and stability. Pivot stiffness is one of the key design parameters of TPJBs compared to other journal bearings and has become particularly important for optimizing the performance of TPJB-rotor systems. In order to improve the vibration and critical characteristics of rotor systems, the transient dynamic characteristic of a TPJB-rotor system passing through the critical speed is investigated considering different pivot stiffness ratios. A time-varying dynamics model of a symmetrical single-disc rotor supported by four-pad TPJBs is established considering constant acceleration conditions and nonlinear hydrodynamic bearing force. The disc vibration characteristic, journal vibration characteristic, pad vibration characteristic, and hydrodynamic bearing force are analyzed by using Bode plot, shaft center orbit, pad phase orbit, waterfall plot, and time history. The results show that the pivot stiffness plays a major role in the suppression of resonance amplitude and working amplitude of a TPJB-rotor system, without changing the frequency characteristic of the system. This study provides a theoretical basis for the pivot stiffness design of TPJBs and the vibration suppression of rotor systems.
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1. Introduction


With excellent hydrodynamic lubrication and stability, tilting pad journal bearings (TPJBs) are widely applied in the high-speed rotor system whose working speed is higher than its first-order critical speed, such as steam turbines, gas turbines, and turbopumps. The rotor system experiences resonance at the critical speed, and bearings as rotor support and control elements have a positive effect on improving the dynamic characteristic of the rotor system.



The pivot plays an important role in supporting the pad and providing sufficient stiffness for TPJBs. Kirk and Reedy [1] presented the equations for pivot stiffness of typical TPJBs considering the Hertzian contact stress and deformation theory and illustrated the necessity of pivot stiffness included in TPJB computer programs. Yan et al. [2] presented an analytical complete model for calculating the dynamic characteristics of TPJBs considering the pivot stiffness and damping and they showed that suitable pivot stiffness and damping could enhance the stability of bearing-rotor systems. San Andres and Tao [3] investigated the role of pivot stiffness on the dynamic force coefficients of TPJBs. Their results showed that the bearing impedance varied dramatically with frequency when the pivot stiffness was 0.1 to 10 times the fluid film stiffness, especially as the excitation frequency grew above the synchronous speed. Dimond et al. [4] investigated the modal frequency response of the TPJB with spherical pivots, finite pivot stiffness, and different pad preloads. Mehdi et al. [5] investigated the effect of pivot flexibility on the TPJB performance by comparing a rigid pivot model with a soft pivot model and they showed that soft pivot model predictions were closer to the test data. Dang et al. [6] investigated the influence of pivot stiffness on the dynamic force coefficients of rocker-backed pivot and spherical pivot TPJBs. Their results showed that the pivot flexibility had a significant effect on the clearance profile, shaft locus, and dynamic coefficients. Jin et al. [7] proposed an adjustable elastic pivot TPJB for vertical rotors and revealed the nonlinear dynamic performance of the bearing for different pivot stiffness, pre-tightening force, and preload factors. Shi et al. [8,9] investigated the influence of pivot design and pivot stiffness on the nonlinear dynamic characteristics of vertical and horizontal rotors supported by TPJBs and they showed that the bearing performance had an extremum in a wide range of pivot stiffness. Zhang et al. [10] investigated the influence of pivot stiffness on the dynamic characteristics of TPJBs and the stability of a vertical rotor-bearing system and they showed that the influence was obvious. Ciulli et al. [11] determined the stiffness of a ball-and-socket pivot by an experimental method and showed significant differences compared with Hertz formula.



The research on the dynamic behavior of journal bearings has developed from linear to nonlinear behavior and from hydrodynamic behavior to tribo-dynamic behavior. Hei et al. [12] investigated the nonlinear dynamic behavior of a rod fastening rotor-journal bearing system and revealed the complex nonlinear phenomena of the system. Maharshi et al. [13] investigated the stochastic dynamic behavior of hydrodynamic journal bearings considering random variabilities in eccentricity and surface roughness. They observed that the stochasticity had a significant influence on the bearing performance. Cui et al. [14] investigated the dynamic contact behavior of hydrodynamic journal bearings during start-up and clarified the effects of the relative clearance and acceleration time. Ma et al. [15] showed the effects of rough surface parameters and operating conditions on the resonant vibrations of hydrodynamic journal bearings and clarified the excitation mechanism induced by the tribofilm–asperity interaction. Chen et al. [16] investigated the effect of an imperfect journal with the amplitude and waviness of journal errors on the tribo-dynamic behavior of a water-lubricated bearing during start-up. Xiang et al. [17] investigated the effects of thermal effect and friction force on the transient nonlinear dynamic behavior of water-lubricated bearings under the mixed thermoelastohydrodynamic condition. Sayed and El-Sayed [18] investigated the nonlinear dynamic behavior and stability of a flexible rotor supported on two journal bearings using the second order stiffness and damping coefficients. Xie et al. [19] investigated the nonlinear dynamic behavior of a new journal bearing lubricated by high temperature liquid lead–bismuth solution through theoretical and experimental analysis. The above studies are concerned with fixed pad journal bearings. In the area of the dynamic behavior of TPJBs, Abu-Mahfouz and Adams [20] presented two instability mechanisms in TPJB-rotor systems and showed the subharmonic, quasi-periodic and chaotic motions for certain parameters. Okabe and Cavalca [21] investigated the influence of turbulence on the rotordynamic behavior of a Jeffcott/Laval rotor supported by TPJBs and they showed that turbulence could generate higher hydrodynamic force. Ying et al. [22] compared the rotordynamic response in TPJBs with and without the pad inertia effect. Their results showed that the pad inertia increased the complexity of dynamic characteristics of rotor-bearing systems. Hei et al. [23] analyzed the nonlinear dynamic behaviors and bifurcation of a rod fastening rotor supported by fixed-tilting pad journal bearings and they revealed that the rod fastening rotor system was more stable than the integral rotor system. Cha and Glavatskih [24] investigated the nonlinear dynamic behaviors of vertical and horizontal rotors in compliant liner TPJBs and discussed some bearing design parameters to control the journal orbit size. Tofighi-Niaki et al. [25] investigated the nonlinear dynamics of a flexible rotor supported by TPJBs due to the rub-impact effect and presented strongly nonlinear vibration phenomenon. Zhao et al. [26] measured the vibration and critical characteristics of a rotor supported by large TPJBs and proposed a non-excitation identification method for the critical speed. Kim and Palazzolo [27] investigated the nonlinear rotordynamic response with bifurcation considering the pad-pivot friction effect and they showed that pad-pivot friction played an important role in the stability of rotor systems. Jin et al. [28] investigated the nonlinear dynamic behaviors of a water-lubricated TPJB-Jeffcott rotor system considering the turbulent and thermal effects. They demonstrated the importance of flow regime and the negligibility of temperature rise in the analysis of water-lubricated bearings. Hojjati et al. [29] investigated the nonlinear vibration of a rigid rotor supported on TPJBs under the harmonic excitation and they showed that the system could have hardening or softening behaviors under different working conditions. Li et al. [30] investigated the dynamic behavior and bifurcation of a tilting pad aerodynamic bearing-rotor system under different rotational speeds.



However, previous research on pivot stiffness mostly focused on (i) pivot stiffness modeling; (ii) pivot stiffness effect on the dynamic coefficients of TPJBs, and (iii) pivot stiffness effect on the steady-state unbalance response of TPJB-rotor systems. There is little research on the transient dynamic characteristic of the system. The contribution of this paper is to develop a nonlinear time-varying dynamics model of a TPJB-rotor system considering the pivot stiffness effect and to clarify the effect of pivot stiffness on the transient dynamic behavior of the system experiencing resonance region. In this paper, a time-varying dynamics model of a symmetrical single-disc rotor supported by four-pad TPJBs under constant acceleration and nonlinear hydrodynamic force is established. The disc vibration characteristic, journal vibration characteristic, pad vibration characteristic, and hydrodynamic bearing force are analyzed from multiple perspectives including time domain, frequency domain and space domain. This study provides a theoretical basis for the pivot stiffness design of TPJBs and the vibration suppression of rotor systems.




2. Modeling


The bearing-rotor system model adopted is a symmetrical flexible rotor with a central disc supported by two TPJBs in the ends of the rotor, as shown in Figure 1a. The TPJB model adopted is a four-pad TPJB with the static load between pads, as shown in Figure 1b.



2.1. Hydrodynamic Lubrication Model of TPJB


The lubricant is modeled by the Reynolds equation considering the turbulent and unsteady flow. The hydrodynamic pressure of isoviscous and incompressible fluid film on each pad can be determined by:


   1   R 2     ∂  ∂ ϕ    (     h 3     k ϕ      ∂ p   ∂ ϕ    )  +  ∂  ∂ z    (     h 3     k z      ∂ p   ∂ z    )  =  1 2  μ ω   ∂ h   ∂ ϕ   + μ   ∂ h   ∂ t    



(1)




where R is journal radius, p is fluid film pressure, h is fluid film thickness, μ is dynamic viscosity, ω is rotational angular speed, t is time, ϕ is circumferential coordinate, z is axial coordinate, and kϕ and kz are turbulence correction factors.



The film thickness distribution for a rigid pad aligned with the journal is written as:


  h  ( ϕ )  =  c p  −  (   c p  −  c b  −  ξ i   )  cos  (   β i  − ϕ  )  +  x j  sin ϕ +  y j  cos ϕ + R  δ i  sin  (   β i  − ϕ  )   



(2)




where cp is radial pad clearance, cb is radial bearing clearance, ξi is radial pad displacement, βi is pivot position angle, xj and yj are horizontal and vertical journal displacements, respectively, and δi is pad tilt angle.



Ng and Pan’s turbulence correction factors for dominant Couette flow [31] can be represented by:


   {       k ϕ  = 12 + 0.0136   Re   0.9          k z  = 12 + 0.0043   Re   0.96          



(3)




where Re is effective Reynolds number and it is dependent on the magnitude of the mean Reynolds number Rem and the critical Reynolds numbers: 800 and 1500 [32]. For the laminar flow (    Re  m  ≤ 800  ),   Re = 0  . For the turbulent flow (    Re  m  ≥ 1500  ),   Re =   ρ ω R h  μ   , where ρ is fluid density. For the transitional flow (  800 <   Re  m  < 1500  ), Re is determined through a third-order polynomial that ensures the continuity of Re and its first derivative at the beginning and end of the transitional zone.



The hydrodynamic force of fluid film between a pad and the journal is obtained by integrating the pressure:


   {       F  x i   =    ∫  −  L / 2     L / 2        ∫   ϕ b     ϕ e     − p R sin ϕ d ϕ d z              F  y i   =    ∫  −  L / 2     L / 2        ∫   ϕ b     ϕ e     − p R cos ϕ d ϕ d z              F  ξ i   =    ∫  −  L / 2     L / 2        ∫   ϕ b     ϕ e     p R cos  (   β i  − ϕ  )  d ϕ d z              



(4)




where Fxi and Fyi are horizontal and vertical hydrodynamic force acting on the journal, respectively, Fξi is radial hydrodynamic force acting on the pad, L is bearing length, and ϕb and ϕe are the beginning and end angles of fluid film, respectively.



The total hydrodynamic force acting on the journal is:


   {       F x  =   ∑  i = 1  N    F  x i            F y  =   ∑  i = 1  N    F  y i            



(5)




where N is the number of pads. In this paper,   N = 4  .



The hydrodynamic force moment on the pad about its pivot is:


   M i  =    ∫  −  L / 2     L / 2        ∫   ϕ b     ϕ e     p  R 2  s i n  (   β i  − ϕ  )  d ϕ d z        



(6)








2.2. Transient Dynamic Model of TPJB-Rotor System


With the lumped mass method, the motion equation of the rotor under the excitation of disc imbalance can be written in the following form:


   {       m j    x ¨  j  −  k 2   (   x d  −  x j   )  −  c 2   (    x ˙  d  −   x ˙  j   )  = −  F x         m j    y ¨  j  −  k 2   (   y d  −  y j   )  −  c 2   (    y ˙  d  −   y ˙  j   )  =  m j  g −  F y         m d    x ¨  d  + k  (   x d  −  x j   )  + c  (    x ˙  d  −   x ˙  j   )  =  m d   ω 2   e u  sin γ        m d    y ¨  d  + k  (   y d  −  y j   )  + c  (    y ˙  d  −   y ˙  j   )  =  m d   ω 2   e u  cos γ +  m d  g        



(7)




where    m j  =    m 1   / 4    is the lumped mass at the single journal, m1 is shaft mass,    m d  =    m 1   / 2  +  m 2    is the lumped mass at the disc, m2 is disc mass, xd and yd are horizontal and vertical disc displacements, respectively,   k =   48 E I  /   l 3      is shaft stiffness, E is Young’s modulus, l is the distance between the two TPJBs,   I =   π  D 4   /  64     is the second moment of area, D is shaft diameter, c is shaft damping, g is gravitational acceleration, eu is unbalanced mass eccentricity, γ is phase angle, and the dot (·) represents time derivative.



The rotor mass is formed by the superposition of the shaft mass and disc mass:


   m r  =     ρ r  π  R 2  l  ︸    shaft   mass    +     ρ r  π (  R d    2  −  R 2  ) d  ︸    disc   mass     



(8)




where ρr is rotor density, Rd is disc radius, and d is disc thickness.



Considering that the rotational speed increases linearly with time, that is, the angular acceleration is constant, the following acceleration model is established:


   {      ω =  ω 0  + a t       γ =  ω 0  t +  1 2  a  t 2         



(9)




where ω0 is initial angular speed, and a is angular acceleration.



The motion equation of each pad has two degrees of freedom and it can be written as:


   {       I p    δ ¨  i  =  M i         m p    ξ ¨  i  =  F  ξ i   −  k p   ξ i         



(10)




where Ip is pad moment of inertia, mp is pad mass, and kp is pivot stiffness.



The shaft misalignment in the above model is reflected in two aspects. One is the misalignment of the disc center and the journal center due to the shaft flexibility, and the other is the misalignment of the journal center and the bearing center due to the bearing clearance. It is combined with the bearing deformation through the fluid film force variation caused by the journal center movement.





3. Solving Method


Since the rotational speed is expressed as a function of time, it would take a lot of time to solve the Reynolds equation under varying speeds using traditional numerical methods. In order to significantly improve the calculation efficiency, the analytical method [33] instead of numerical methods is adopted to solve the Reynolds equation. Equation (1) is solved by the method of separation of variables under the dynamic Gümbel boundary condition. The fluid film pressure is supposed to be separated into a multiplicative form of infinitely long bearing pressure in the circumferential direction and hyperbolic cosine pressure in the axial direction. Complete analytical expressions for the nonlinear hydrodynamic bearing force and moment are obtained. Equations (7) and (10) are solved numerically by the explicit Euler method. For the time-varying speed analysis (  a ≠ 0  ), the initial value of the motion equations is the equilibrium of the system at the initial rotational speed. For the constant speed analysis (  a = 0  ), the initial value of the motion equations is set to zero. The nonlinear transient method is used to calculate the equilibrium of the disc, journal and pads synchronously, which is a stable value of the time history of the system without unbalance excitation. The time step is set as 1 × 10−7 s. Given a set of parameters of the TPJB-rotor system, the results for a desired speed range could be obtained within 5 min using MATLAB software (version R2022b) on the computer with Intel Core i9-10900K CPU at 3.70 GHz (sourced from Intel, Santa Clara, CA, USA).



The lubrication model is verified by comparing the calculated film pressure and film thickness with Taniguchi’s experiment data [34], as shown in Figure 2. It can be seen that our calculated results are in good agreement with their experimental results. The reason for the slight difference is that the thermoelastic effect is not taken into account in our model. The rotor model is verified by comparing the calculated critical speed with Zhang’s results from Campbell diagram [35], as shown in Table 1. It is observed that results from our model are very close to published data, and our model is more applicable to the flexible rotor analysis.




4. Results and Discussion


The specification of the TPJB-rotor system is presented in Table 2. According to the rotor parameters, it can be calculated that the shaft stiffness is 1 × 107 N/m, and the critical speed is 10,676 r/min. The shaft damping is set as zero. The ratio of pivot stiffness to shaft stiffness is defined as pivot stiffness ratio (kp/k), and the parameter value is varied in the course of the analysis to show its effect on the transient dynamic characteristic of the TPJB-rotor system. The minimum value of kp/k is chosen as 0.5, if this value is too small, it will lead to spragging of upper pads. The maximum value of kp/k is infinity, that is, a rigid pivot. Figure 3 shows the time-varying rotational speed and unbalanced load during rotor acceleration. The rotational speed increases linearly from 2000 r/min to 20,000 r/min in three seconds. The amplitude of unbalanced load gradually increases with time, and the maximum value is 175 N at the end of the calculation.



The following numerical cases are performed to analyze the effect of pivot stiffness on the disc vibration characteristic, journal vibration characteristic, pad vibration characteristic, and hydrodynamic bearing force.



Firstly, the effect of pivot stiffness on the disc vibration characteristic is investigated. The peak-to-peak amplitude of the disc is obtained by the difference between the upper and lower envelopes of the disc displacement response, as shown in Figure 4. It is observed that the amplitude of the disc is consistent in both horizontal and vertical directions, and this characteristic is also applicable to the journal amplitude (see Figure 7). This is because the support stiffness of the rotor is the same in these two directions, which is a typical property of four-pad TPJBs with the static load between pads. It is also found that the critical speed and maximum amplitude of the rotor disc both decrease with the decrease of pivot stiffness ratios due to the decreasing system stiffness and increasing system damping, which indicates that properly reducing the pivot stiffness is beneficial for flexible rotors to suppress the resonance of the disc and prevent the working speed from approaching the critical speed. For example, the critical speed could decrease from 10,315 r/min to 8316 r/min (−19%), and the maximum amplitude could decrease from 60.6 μm to 24.1 μm (−60%) by reducing the pivot stiffness ratio from infinity to 0.5. In addition, when the working speed is lower than the critical speed, that is, for a rigid rotor, the disc amplitude is decreased with the increase of pivot stiffness ratios due to the increasing system stiffness; when the working speed is higher than the critical speed, that is, for a flexible rotor, the disc amplitude is decreased with the decrease of pivot stiffness ratios due to the increasing system damping. The system damping ratio increases from 0.085 in the case of rigid pivot to 0.281 in the case of kp/k = 0.5, which is obtained by the half-power bandwidth method, as shown in Table 3. The half-peak amplitude spectrum of the horizontal displacement response of the disc is analyzed by using the short-time Fourier transform (STFT), and the waterfall plot obtained is shown in Figure 5. A significant synchronous vibration caused by rotational frequency (1×) and a slight super-synchronous vibration with 2 times (2×) rotational frequency caused by the nonlinear hydrodynamic force are presented in the figure. Since no component below 1× frequency appears in the spectrum, it indicates that the rotor system is stable during acceleration.



Figure 6 presents the stable disc center orbits at the rotational speeds of 5000 r/min and 20,000 r/min for various pivot stiffness ratios. In this figure, as the pivot stiffness ratio decreases, the disc center orbit gradually moves away from the bearing center due to the decrease of load capacity of TPJBs, and the journal center orbit in Figure 9 also shows the same rule. The pivot stiffness variation could affect the rotor eccentricity due to the bearing load capacity variation, but not affect the rotor attitude angle. The rotor attitude angle equal to zero is a typical characteristic of four-pad TPJBs with the static load between pads, because the horizontal resultant force of fluid film in the bearing is equal to zero. Therefore, the pivot stiffness variation linearly affects the rotor center movement. When the working speed is 5000 r/min, the disc orbit size could be reduced by increasing the pivot stiffness, as shown in Figure 6a. Specifically, the orbit amplitude decreases from 9.36 μm to 4.59 μm (−51%) with the pivot stiffness ratio increasing from 0.5 to infinity. When the working speed is 20,000 r/min, the disc orbit size could be reduced by decreasing the pivot stiffness, as shown in Figure 6b. Specifically, the orbit amplitude decreases from 13.7 μm to 11.4 μm (−17%) with the pivot stiffness ratio decreasing from infinity to 0.5.



Secondly, the effect of pivot stiffness on the journal vibration characteristic is investigated. The peak-to-peak amplitude of the journal is obtained by the difference between the upper and lower envelopes of the journal displacement response, as shown in Figure 7. In this figure, the maximum journal amplitude could be reduced by increasing the pivot stiffness, which is contrary to the variation of the maximum disc amplitude. This could be explained in two ways. On the one hand, the TPJB stiffness connected in series by pivot stiffness and fluid film stiffness increases with the increasing pivot stiffness. On the other hand, the increased TPJB stiffness allows the reduced resonance energy from journal to be transferred to the disc for release due to the conservation of energy in the rotor system. To be specific, when the pivot stiffness ratio increases from 0.5 to infinity, the maximum journal amplitude decreases from 13.7 μm to 12.2 μm (−11%). Figure 8 shows the half-peak amplitude spectrum of the horizontal displacement response of the journal for various pivot stiffness ratios. In addition to the main 1× frequency, 2× and 3× frequency components are slightly presented in all the cases.



Figure 9 presents the stable journal center orbits at the rotational speeds of 5000 r/min and 20,000 r/min for various pivot stiffness ratios. It is found that the journal orbit size could be reduced by increasing the pivot stiffness. When the pivot stiffness ratio increases from 0.5 to infinity, the orbit amplitude decreases from 5.87 μm to 1.80 μm (−69%) at 5000 r/min and from 7.07 μm to 1.25 μm (−82%) at 20,000 r/min.



Next, the effect of pivot stiffness on the pad vibration characteristic is investigated. Figure 10 presents the peak-to-peak amplitudes of the pads in the tilting and radial directions for various pivot stiffness ratios. It is found that the maximum pad amplitudes in both tilting and radial directions could be reduced by increasing the pivot stiffness, which is the same as the effect of pivot stiffness on the maximum journal amplitude. This is because the pivot deformation would increase the fluid film thickness and reduce the fluid film stiffness acting directly on the journal and the pads, thus affecting their vibration characteristics simultaneously. For example, when the pivot stiffness ratio increases from 0.5 to infinity, the maximum tilting amplitude could be decreased from 0.0368 deg to 0.0211 deg (−43%) for pad 1, from 0.0366 deg to 0.0213 deg (−42%) for pad 2, from 0.0322 deg to 0.0204 deg (−37%) for pad 3 and from 0.0327 deg to 0.0205 deg (−37%) for pad 4, and the maximum radial amplitude could be decreased by 8.58 μm for pad 1 and pad 2 and 6.38 μm for pad 3 and pad 4. Figure 11 shows the half-peak amplitude spectrum of the tilting angle response of pad 2 for various pivot stiffness ratios. Similar to the frequency characteristic of the journal vibration, slight super-synchronous harmonic components with 2× and 3× frequencies are found in this figure, and even a short 4× frequency component is observed, indicating a more significant effect of nonlinear hydrodynamic force on the journal and pads. Combining Figure 5, Figure 8, and Figure 11, it can be seen that the higher the frequency order, the more transient the harmonics appear, and the higher order harmonics are mainly concentrated in the critical speed region.



Figure 12 presents the stable phase orbit of pad 2 at the rotational speeds of 5000 r/min and 20,000 r/min for various pivot stiffness ratios. The pad phase orbit reflects comprehensive information such as pad amplitude, pivot deformation, and pad stability. In this figure, the pad amplitude and pivot deformation could be reduced by increasing the pivot stiffness. When the pivot stiffness ratio increases from 0.5 to infinity, the tilting amplitude decreases from 0.0138 deg to 0.00315 deg (−77%), the radial amplitude decreases by 3.40 μm, and the maximum pivot deformation decreases by 10.2 μm for the working speed of 5000 r/min; the tilting amplitude decreases from 0.0214 deg to 0.00213 deg (−90%), the radial amplitude decreases by 6.15 μm, and the maximum pivot deformation decreases by 18.7 μm for the working speed of 20,000 r/min.



Finally, the effect of pivot stiffness on the hydrodynamic bearing force is investigated. Figure 13 shows the envelopes of the hydrodynamic bearing force response in both the horizontal and vertical directions for various pivot stiffness ratios. In this figure, the horizontal and vertical responses have constant mean envelopes of 0 and 51.3 N, respectively. The mean envelope reflects the hydrodynamic force of a single TPJB under the static condition, where the vertical hydrodynamic force is equal in magnitude to the static load. In addition, it is found that the maximum hydrodynamic force and its amplitude decrease as the pivot stiffness ratio decreases. This is because the decrease in pivot stiffness leads to an increase in bearing clearance, which in turn weakens the squeezing effect of fluid film. To be specific, when the pivot stiffness ratio decreases from infinity to 0.5, the maximum hydrodynamic bearing force could be decreased from 137 N to 35 N (−74%) in the horizontal direction and from 189 N to 87 N (−54%) in the vertical direction.



Figure 14 presents the stable response of hydrodynamic bearing force at the rotational speeds of 5000 r/min and 20,000 r/min for various pivot stiffness ratios. As the pivot stiffness ratio decreases, it is found that the maximum hydrodynamic force and amplitude render an opposite trend before and after the critical speed of the system, increasing at 5000 r/min and decreasing at 20,000 r/min. From the case of rigid pivot to that of kp/k = 0.5 specifically, the maximum hydrodynamic force in the vertical direction increases from 59.3 N to 62.0 N (+5%) at 5000 r/min and decreases from 85.6 N to 81.0 N (−5%) at 20,000 r/min.




5. Conclusions


The present research has demonstrated that the pivot stiffness has a significant effect on the transient dynamic characteristic of a TPJB-rotor system passing through the critical speed, which could be applied to the design of pivot stiffness of TPJBs to achieve the suppression of the resonance amplitude and working amplitude of the bearing-rotor system. Several conclusions can be summarized as follows:




	
For a rigid rotor with working speed below the critical speed, the working amplitude of the rotor disc, journal, and pads and the maximum hydrodynamic force in the TPJB could be reduced by increasing the pivot stiffness.



	
For a flexible rotor with working speed above the critical speed, the resonance amplitude, working amplitude, and critical speed of the rotor disc and the maximum hydrodynamic force in the TPJB could be reduced by decreasing the pivot stiffness, which helps the rotor system to pass through the critical speed safely and avoid its working speed adjacent to the critical speed. At the same time, the amplitude of the journal and pads would increase accordingly.



	
The pivot stiffness has little effect on the vibrational frequency characteristic of a stable TPJB-rotor system passing through the critical speed. Due to the nonlinear hydro-dynamic bearing force, there are super-synchronous harmonic components with minor amplitudes in the system: 2× rotational frequency is found in the disc vibration; 2× and 3× rotational frequencies are found in the journal and pad vibrations.
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Figure 1. Model of (a) TPJB-rotor system and (b) four-pad TPJB. 
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Figure 2. Validations of (a) film pressure and (b) film thickness of TPJB. 
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Figure 3. (a) Rotational speed and (b) unbalanced load as a function of time during rotor acceleration. 
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Figure 4. (a) Horizontal and (b) vertical amplitudes (peak to peak) of the disc displacement response under different pivot stiffness ratios. 
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Figure 5. STFT amplitude spectrum (half-peak) for horizontal displacement response of the disc under different pivot stiffness ratios. 
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Figure 6. Disc center orbit of the rotor system at (a) 5000 r/min and (b) 20,000 r/min under different pivot stiffness ratios. 
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Figure 7. (a) Horizontal and (b) vertical amplitudes (peak to peak) of the journal displacement response under different pivot stiffness ratios. 
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Figure 8. STFT amplitude spectrum (half-peak) for horizontal displacement response of the journal under different pivot stiffness ratios. 
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Figure 9. Journal center orbit of the rotor system at (a) 5000 r/min and (b) 20,000 r/min under different pivot stiffness ratios. 
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Figure 10. (a) Tilting and (b) radial amplitudes (peak to peak) of the pad vibration response under different pivot stiffness ratios. 
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Figure 11. STFT amplitude spectrum (half-peak) for tilting angle response of pad 2 under different pivot stiffness ratios. 






Figure 11. STFT amplitude spectrum (half-peak) for tilting angle response of pad 2 under different pivot stiffness ratios.



[image: Lubricants 11 00125 g011]







[image: Lubricants 11 00125 g012 550] 





Figure 12. Pad phase orbit of rotor system at (a) 5000 r/min and (b) 20,000 r/min under different pivot stiffness ratios (Pad 2). 
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Figure 13. Envelope of (a) horizontal and (b) vertical hydrodynamic bearing force response under different pivot stiffness ratios. 
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Figure 14. Hydrodynamic bearing force response of the rotor system at (a) 5000 r/min and (b) 20,000 r/min under different pivot stiffness ratios. 
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Table 1. Validation of critical speed of rotor system.
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	Rotor System
	Our Rotor Model
	Zhang’s Results [35]





	Rigid rotor
	23,672 r/min
	22,064 r/min



	Flexible rotor
	1492 r/min
	1518 r/min
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Table 2. Specification of the TPIB-rotor system.
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TPJB-Rotor System

	
Parameter

	
Value






	
TPJB

	
Journal radius (R)

	
20 mm




	
Bearing length (L)

	
30 mm




	
Radial pad clearance (cp)

	
0.04 mm




	
Radial bearing clearance (cb)

	
0.02 mm




	
Pivot offset

	
0.5




	
Pad thickness

	
4 mm




	
Pad density

	
7850 kg·m−3




	
Pad arc angle

	
80°




	
Pivot position angle (βi)

	
45°, 135°, 225°, 315°




	
Fluid density (ρ)

	
1221.9 kg·m−3




	
Fluid viscosity (μ)

	
3.5324 × 10−4 Pa·s




	
Pivot stiffness ratio (kp/k)

	
0.5, 1, 2, 4, 8, rigid pivot




	
Rotor

	
Shaft diameter (D)

	
40 mm




	
Shaft length of span (l)

	
499 mm




	
Disc diameter (2Rd)

	
178 mm




	
Disc thickness (d)

	
30 mm




	
Unbalanced mass eccentricity (eu)

	
5 μm




	
Rotational speed (ω)

	
2000~20,000 r/min




	
Rotational acceleration (a)

	
100 r/s2




	
Young’s modulus (E)

	
206 GPa




	
Rotor density (ρr)

	
7850 kg·m−3
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Table 3. Damping ratio of the TPJB-rotor system under different pivot stiffness ratios.
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	Pivot Stiffness Ratio (kp/k)
	System Damping Ratio





	Rigid pivot
	0.085



	8
	0.103



	4
	0.119



	2
	0.146



	1
	0.195



	0.5
	0.281
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