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Abstract

:

Asymmetric rotor systems widely exist in commercial plants. In the previous studies about asymmetric rotor systems, parameters such as material properties and boundary conditions are deterministic. To obtain a deep understanding of the dynamics of asymmetric rotor systems, a generator rotor system considering uncertain factors is studied in this paper. The equations of motion of the three-dimensional finite element model are solved in the rotating frame. The component mode synthesis is used to reduce the degrees of freedom. By employing the Chebyshev interval method (CIM), the uncertain gravity responses of the generator rotor system are investigated. The influences of the uncertainties in the bearing’s properties and the rotor’s material properties on the gravity response are studied in cases with a single uncertainty and double uncertainties. The accuracy and the efficiency of CIM are validated by comparing with the results of the scanning method. The results show that uncertainties have remarkable influences on the gravity response, and that these influences are different from each other. The proposed method and the results can provide guidance to the design and optimization of the rotary machinery.
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1. Introduction


Research on the asymmetric rotor system is one branch of rotor dynamics. They widely exist in industrial plants, such as two-pole generator rotor [1] and cracked rotor [2,3]. The unequal principal second moments of area of the shaft section can make the dynamics of the asymmetric rotor systems different from the traditional rotor systems with circle shaft sections. In the previous studies focusing on the asymmetric rotor systems, the properties of the rotor system and the boundary condition are deterministic [4,5,6]. However, uncertainties are inevitable in reality, which can lead to uncertain dynamics. To gain a deep understanding of the asymmetric rotor system, uncertainties are considered in this paper.



In 1988, Leung and Fung [7] presented the matrix expressions of beam elements in the rotating frame, which promoted the development of the research on the asymmetric rotor system. Jei and Lee [8] established the finite element model in the rotating frame; their model considered the effects of rotary inertial, gyroscopic moment, transverse shear deformation, and internal damping. They used this model to analyze the whirl speed and forced vibration. Kang et al. [9] studied the dynamics of the asymmetric rotor system in the fixed frame. The matrix expressions of beam elements were presented in their study. The influences of the asymmetry of the disk and shaft on the forced responses were studied. Their study also considered the general asymmetric rotor systems. However, with the demand of capability for modeling large-scale asymmetric rotor systems without much simplification, the modeling techniques based on beam elements were gradually replaced by a three-dimensional finite element model (3D FEM). Rao and Sreenivas [10] modeled the asymmetric rotor by using 3D finite elements. The transient response due to unbalance alone and gravity alone were investigated. The gravity critical speed was reported in their study. Lazarus et al. [11] established the 3D FEM of the rotary part and stationary part in the rotating frame and fixed frame, respectively. The global equations of motion were obtained by coupling the two parts in a different frame. To accelerate the stability and steady-state analysis, component mode synthesis (CMS) was used to reduce the degrees of freedom (DOFs). Wang et al. [12] used a free-interface CMS to establish a reduced-order model (ROM). Thus, the DOFs of anisotropic rotor-bearing systems were reduced. The influences of four dimensionless parameters describing the anisotropy of bearing on the unbalance and gravity responses were analyzed and discussed. Ma et al. [13] experimentally and numerically studied the whirl speed of an asymmetric rotor system. In their numerical analysis, 3D FEM combined with model order reduction using modal shapes was employed. Then, their model order reduction technique was employed by Zuo et al. [14] to study the instability of the asymmetric rotor system with uncertainties. Zheng et al. [15] proposed a method that can reduce the interface DOFs when multiple substructures were used. This method was able to solve the steady-state response of large-scale asymmetric rotor systems.



The above studies indicated that valuable results concerning the stability and steady-state response of asymmetric rotors have been obtained by deterministic study, where the properties of rotor system and boundary conditions were deterministic. However, uncertainties were inevitable in reality, which could result in uncertain problems. The uncertain rotor system attracted the attention of researchers. The Monte Carlo method was one of the most straightforward methods to handle uncertain problems. Zuo et al. [14] employed the Monte Carlo method to study the bounds of the spin speed of unstable regions in an asymmetric rotor system. Although the Monte Carlo method was easy to carry out, the demand of large samples to obtain convergent results limits its developments. The polynomial chaos expansion (PCE) was a method that can overcome the demand of large samples. When using PCE, the uncertain response was replaced by polynomial chaos, of which the unknowns were the coefficients of the assumed polynomial. Didier et al. [16] proposed the stochastic finite element method based on PCE to analyze the uncertain response of a uncertain rotor system. The robustness and efficiency of the proposed method were validated by a comparison with the results of the Monte Carlo method. Didier et al. [17] extended the previous PCE for uncertain linear problems to uncertain nonlinear problems. The method they proposed was called the Stochastic Multi-dimensional Harmonic Balance Method. In their study, a two-DOF vibration problem with different types of nonlinearities was investigated to validate the proposed method. Then, their method was employed by Sinou et al. [18] to study the uncertain nonlinear vibration of a flexible rotor with nonlinearities due to cubic stiffness or clearance. Sinou and Jacquelin [19] studied the effect of the PCE order on the responses of an asymmetric rotor system with uncertainties. Results showed that the increase of PCE order could only reduce the level of spurious peaks, but could not eliminate them.



The above Monte Carlo method and PCE belong to the probabilistic method. Although the two methods were able to solve uncertain problems, the probability distribution functions of uncertain factors should be known or assumed in advance. However, the probability distribution functions were not easy to gain in reality. Therefore, the assumption in the probability distribution functions could lead to unexpected error. An interval method that could overcome the difficulty of knowing the probability distribution functions in advance was proposed. In this interval method, the uncertain factors are treated as interval variables with the lower bounds and upper bounds. Rao and Berke [20] studied the uncertain response of static problems by using this interval method. A truncation approach was proposed to limit the unexpected growth of interval response. The results showed that the truncation approach was effective and necessary. Qiu et al. [21,22] studied the uncertain static and dynamic structure problem based on this interval method. The widths of the bounds predicted by the interval method were found to be larger than those of probabilistic method. To deal with the unexpected overestimation of uncertain response, the Chebyshev interval method (CIM) was proposed by Wu et al. [17,23]. In CIM, the interval response was expanded based on a Chebyshev series in which the calculation was independent from the calculation of response, i.e., in a non-intrusive way. Fu et al. [24] studied the uncertain nonlinear response of a breathing cracked rotor system. A surrogate model based on Chebyshev polynomial expansion was used in their study. Then, Fu et al. [25] proposed an effective method based on a polynomial surrogate model to reduce the computational efforts. Wei et al. [26] used CIM to study an uncertain geared transmission system. The interval responses influenced by uncertainties were evaluated. Then, Wei et al. [27] evaluated the uncertain nonlinear response of a single-mesh gear system. Besides, CIM was used to study uncertain thermodynamics [28,29,30].



The above analysis showed that few papers about uncertain asymmetric rotor systems have been published. In this paper, the gravity responses of a two-pole generator rotor system with interval uncertainties are evaluated. The fixed-interface CMS is employed to reduce the number of DOFs. The equations of motion of the ROM are solved in the rotating frame. A collocation CIM without integral operation is proposed to analyze the uncertain gravity response. By comparing with the scanning method, the accuracy and effectiveness of the proposed method are validated. Finally, the bounds of gravity responses influenced by different types of uncertain factors are obtained.




2. Methodology


2.1. Physical Model and Equations of Motion


The schematic diagram of a generator rotor system is shown in Figure 1. To meet the demand of electricity generation, the generator rotor is slotted in the circumferential direction. As a result, the generator rotor loses its axial symmetry and is called a two-pole generator rotor. The two-pole generator rotor has two unequal principal second moments of area. The vertical stiffness of the rotor changes twice in every rotational period, which makes the gravity response change twice and leads to double frequency vibration, i.e., a gravity response.



The generator rotor system is composed of a rotary part and a stationary part, i.e., a rotor and bearings. If the equations of motion of the generator rotor system are established in the fixed frame, the time-varying coefficients will occur in the equations of motion, which makes the equations difficult to solve. Considering that the time-varying coefficients are caused by the asymmetry of the generator rotor and the bearings in this paper are isotropic, the rotating frame is selected where the time-varying coefficients disappear. The aim of this paper is to study the gravity response of the generator rotor system with interval uncertainties. Thus, the only external excitation is gravity, and other external excitations such as unbalance forces are ignored.



In the rotating frame, the equations of motion of a 3D FEM of a generator rotor system excited by gravity can be expressed as:


Mru¨+(Cb+ΩCcorr)u˙+(Kb+Ksr−Ω2Kdr)u=GccosΩt+GssinΩt



(1)




where Ω is the rotational speed; Mr and Ksr are the mass and stiffness matrices of the generator rotor, respectively; ΩCcorr is the Coriolis matrix; Ksr is the spin-softening matrix; Cb and Kb are the damping and stiffness matrices of bearings, respectively; Gc and Gs are the coefficient vectors of the cosine and sine functions of gravity vector, respectively; and u is the displacement vector of the generator rotor system in the rotating frame.



The stiffness and damping matrices of bearing in the rotating frame are different from those in the fixed frame. If the bearing is anisotropic, the time-varying coefficients are inevitable in the rotating frame. However, the anisotropic bearing is out of the scope of this study, and the bearing discussed in this paper is isotropic. The cross-coefficients of isotropic bearing are equal to zero. The direct coefficients are identical. Therefore, in the rotating frame, the coefficients of the equations of motion of the generator rotor supported by isotropic bearing are time-independent.



The relationship between the physical variables in the rotating frame and in the fixed frame can be expressed as:


{⋅}rot=T{⋅}fix=[cosΩtsinΩt−sinΩtcosΩt]{⋅}fix



(2)




where {⋅}rot and {⋅}fix are the vectors of physical variables in the rotating frame and in the fixed frame, respectively, and T is the transformation matrix.



The stiffness and damping matrices of bearing in the rotating frame can be transformed from those in the fixed frame. The supporting forces of bearing in the fixed frame can be expressed as:


{fxfy}=[k00k]{xy}+[c00c]{x˙y˙}



(3)




where k and c are the direct coefficients of the stiffness and damping of the bearing, respectively; fx and fy are the horizontal and vertical supporting forces in the fixed frame; and x and y are the horizontal and vertical displacements of the bearing node in the fixed frame.



Considering the expressions in Equations (2) and (3), the damping and stiffness matrices of bearing in the rotating frame can be expressed as:


C*=TT[c00c]T=[c00c]



(4)






K*=TT[k00k]T+TT[c00c]ddt(T)=[k−ΩcΩck]



(5)







As shown in the above analysis, in the rotating frame, the stiffness coefficients of bearing are influenced by the damping coefficients, which are different from those in the fixed frame.




2.2. Deterministic Gravity Response Analysis Based on ROM


One of the drawbacks of 3D FEM is the enormous number of DOFs, which limit the application of the 3D FEM. The enormous number of DOFs will lead to large dimensional equations of motion that demand large computational efforts. Thus, to overcome the large computational efforts, the fixed-interface CMS [31] is employed in this paper to reduce the dimension of the equations of motion. During the reduction, the displacements of the generator rotor system are divided into interior displacements ui and boundary displacements uΓ. Consequently, the equations of motion before the reduction can be expressed as:


[MikMiΓMΓkMΓΓ]{u¨iu¨Γ}+[CikCiΓCΓkCΓΓ]{u˙iu˙Γ}+[KikKiΓKΓkKΓΓ]{uiuΓ}={Gc,iGc,Γ}cosΩt+{Gs,iGs,Γ}sinΩt



(6)




where:


M=Mr,C=Cb+ΩCcorr,K=Kb+Ksr−Ω2Kdr



(7)







The reduction by fixed-interface CMS is carried out by transforming the equations of motion in the physical space to the modal space. For the convenience of obtaining the gravity responses of the desired node, the physical coordinates of the desired node are treated as boundary DOFs that can be retained after the reduction. Thus, the physical coordinates of the generator rotor system by employing the fixed-CMS can be expressed as:


{uiuΓ}=[ΦikΦiΓ0ΓkΦΓΓ]{pkuΓ}=Φq



(8)




where Φik is the retained normal modes matrix, which is composed of the first kth real eigenvectors when fixing the boundary DOFs and ignoring the damping matrix in Equation (6); and ΦiΓ=−(Κik)−1ΚiΓ is the constrained modes matrix, which is composed of the displacement vectors by releasing the boundary DOFs one by one and fixing other boundary DOFs.



By employing the transformation defined in Equation (8), the equations of motion of the ROM can be expressed as:


M¯q¨+C¯q˙+K¯q=G¯ccosΩt+G¯ssinΩt



(9)




where:


M¯=ΦTMΦ, C¯=ΦTCΦ, K¯=ΦTΚΦ,G¯c=ΦTGc, G¯s=ΦTGs



(10)







Since the gravity excitation is periodic, the gravity response of the generator rotor system is periodic as well. Therefore, the gravity response of the ROM can be assumed as:


q=QccosΩt+QssinΩt



(11)




where Qc and Qs are the coefficient vectors of the cosine and sine functions of assumed gravity response, respectively.



Substituting Equation (11) into Equation (9) and maintaining the balance between the cosine and sine function, the following equations can be expressed as:


[K¯−Ω2M¯ΩC¯−ΩC¯K¯−Ω2M¯]{QcQs}={G¯cG¯s}



(12)







The gravity response in the rotating frame can be obtained once its assumed coefficient vectors are determined. Finally, the gravity response in the fixed frame can be obtained by the transformation relationship defined in Equation (2).




2.3. Uncertain Gravity Response Analysis Based on CIM


Due to the manufacturing error, material properties dispersion, and the wear and tear in the process of operation, uncertainties widely exist in the material properties of the rotor and the supporting bearing properties. These uncertainties can lead to an uncertain gravity response of the generator rotor system. To evaluate the uncertain gravity response, CIM is employed. In interval method, the uncertainties are treated as interval variables, which are described by their upper bounds and lower bounds. The interval uncertainties involved in the uncertain generator rotor system can be expressed as:


εI={ε:ε_<ε<ε¯}=[εc−εd,εc+εd]=εc+xIεd



(13)




where εI is the interval vector, which is composed of the interval variables of all the uncertain factors; ε_ and ε¯ are the lower bound and upper bound of the interval vector; εc=(ε_+ε¯)/2 is the nominal values of the interval vector; εd=(ε¯−ε_)/2 is the radius of the interval vector; and xI is the standard interval vector, of which each term is the interval value bounded by −1 and 1. The expression in Equation (13) transforms the general interval vector into a standard interval vector.



The aim of CIM is to take the place of FEM analysis by a Chebyshev polynomial expansion. Then, with the help of a Chebyshev polynomial expansion, the bounds of the gravity response can be obtained by evaluating the uncertain gravity response under the interval variables. The equations for obtaining the uncertain gravity response based on FEM can be expressed as:


Q(xI)=L(xI)−1G(xI)



(14)




where:


L(xI)=[K¯(xI)−Ω2M¯(xI)ΩC¯(xI)−ΩC¯(xI)K¯(xI)−Ω2M¯(xI)]



(15)






Q(xI)={Qc(xI)Qs(xI)},G(xI)={G¯c(xI)G¯s(xI)}



(16)







The solution of uncertain gravity response based on a Chebyshev polynomial expansion can be expressed as:


Q(xI)=f(xI)=∑i1=0r+1⋯∑in=0r+1ai1,⋯,in(xI)Ci1,⋯,in(xI)=a(xI)TC(xI)



(17)




where a is the vector that is composed of coefficients of the Chebyshev polynomial expansion; C is the vector that is composed of the Chebyshev polynomial; n is the dimension of the uncertain problem, which is equal to the number of uncertain factors; and r is the order of the Chebyshev polynomial expansion.



The Chebyshev polynomial is defined as:


Ci1,⋯,in(xI)=cos(i1θ1)cos(i2θ2)⋯cos(inθn)



(18)




where θi=arccos(xiI), i=1,2,⋯,n.



The core of CIM is to find the coefficients in Equation (17). First, a standard procedure for finding the coefficients is introduced. As the Chebyshev polynomial is orthogonal on [−1, 1] with a weight function 1/1−x2, the coefficient can calculated by:


ai1,i2,⋯,in=(2π)n∫−11⋯∫−11f(x)Ci1,⋯,in(x)1−x12⋯1−xn2dx1⋯dxn



(19)







Although Equation (19) can be carried out by Gaussian Chebyshev integration, the coefficients should be obtained one by one. To overcome integration, a simpler procedure is proposed here. To obtain the coefficient vector of Chebyshev polynomial expansion, a number of samples should be generated within the interval vector. In CIM, the zeros of the Chebyshev polynomial are selected as sample points. In a one-dimensional uncertain problem, the samples can be calculated as:


αi=[cos(12rπ)cos(32rπ)⋯cos(2r−12rπ)]



(20)







The sample space for an n-dimensional uncertain gravity response analysis includes the tensor product of the zeros of the Chebyshev polynomial in each dimension, which can be expressed as α=α1×α2×⋯×αn.



By collecting the response results and their Chebyshev polynomial expansions together, linear equations for obtaining the coefficient vector of Chebyshev polynomial expansion can be expressed as:


[C0,0,⋯,0(α0,0,⋯,0)C1,0,⋯,0(α1,0,⋯,0)⋯Cr,r,⋯,r(αr,r,⋯,r)C0,0,⋯,0(α1,0,⋯,0)C1,0,⋯,0(α1,0,⋯,0)⋯Cr,r,⋯,r(α1,0,⋯,0)⋮⋮⋱⋮C0,0,⋯,0(αr,r,⋯,r)C1,0,⋯,0(αr,r,⋯,r)⋯Cr,r,⋯,r(αr,r,⋯,r)]{a0,0,⋯,0a1,0,⋯,0⋮ar,r,⋯,r}={y0,0,⋯,0y1,0,⋯,0⋮yr,r,⋯,r}



(21)







As can be seen from the above analysis, the coefficients in CIM can be solved at the same time in this paper without calculating integration. Once the coefficient vector is obtained, the Chebyshev polynomial expansion for evaluating the uncertain gravity response can be determined. The Chebyshev polynomial expansion can give a faster prediction of gravity response than the analysis based on FEM, which can be validated in the following analysis.





3. Results and Discussion


3.1. Model Validation


The generator rotor system analyzed in this paper is shown in Figure 1. This generator rotor system is a simplified model from a 600-MW supercritical steam turbine generator. The generator rotor has a length of L = 13.84 m. The Young’s modulus, density, and Poisson’s ratio are E = 210 GPa, ρ = 7800 kg/m3, and ν= 0.3 respectively. The generator rotor is supported by two isotropic bearings with a direct stiffness coefficient k = 5 × 108 N/m and a direct damping coefficient c = 200 Ns/m. The shaft with the largest radius is slotted and asymmetric, and the rest of the shafts are symmetric. The basic circle of the slotted shaft section has a radius of r = 0.7 m. The horizontal and vertical second moments of area of the asymmetric shaft section are Ixx = 0.172 m4 and Iyy = 0.153 m4.



To validate the accuracy and efficiency of the ROM technique, the ROM and full FEM are used to solve the dynamics of the generator rotor system. Figure 2 shows the whirl speed of the generator rotor system in the rotating frame versus the rotational speed. The full FEM contains 38,408 DOFs. The ROM contains 102 DOFs, which are composed 100 modal coordinates and two physical coordinates for obtaining the gravity response. The number of DOFs is 0.27% of the full FEM model, which means that the DOFs are reduced effectively. As shown in Figure 2, the results of the ROM and full FEM are in good agreement with each other. At the rotational speed of about 800 rpm, 1630 rpm, and 2830 rpm, there are three speed ranges within which the whirl speeds are equal to zero. These speed ranges are corresponding to the first three critical speeds, which is an interesting phenomenon of whirl speed analysis in the rotational speed.



The ROM and full FEM are also used to evaluate the gravity response of the generator rotor system in the fixed frame. The gravity response amplitude of left disk node is investigated. The results obtained by the two models are shown in Figure 3a, and the relative errors of the ROM are shown in Figure 3b. The relative error is calculated by dividing the amplitude of ROM by that of the full FEM. A total of 100 normal modes are retained in the ROM. As shown in Figure 3, the results of the ROM are in good agreement with these of full FEM. As a whole, the relative errors of the ROM are all lower than 0.1%, which validates the accuracy of the ROM. Thus, in the following analysis, the ROM with 100 normal modes retained is used to maintain the balance between calculation speed and accuracy. The resonance speeds of the gravity response are 399 rpm, 833 rpm, and 1413 rpm, respectively, which are corresponding to half of the first three critical speeds. This resonance peak of double frequency vibration is caused by the unequal principal second moments of area, which makes the vertical deflection change twice in every rotation.




3.2. Validation of CIM


Uncertainties in the material properties of the rotor and the supporting properties of the bearing can result in an uncertain gravity response in the generator rotor system. To validate the accuracy and efficiency of the proposed method, the results obtained by the proposed method and the scanning method are compared.



The scanning method is a straightforward method to evaluate the uncertain gravity response based on FEM. To carry out the scanning method, the interval variable is divided into a number of equidistant samples. Then, the upper bound and lower bound can be obtained from the FEM results of all the samples. The scanning method is easy to carry out, which does not involve any new algorithm. However, a large number of samples should be used to ensure the convergence of the bounds predicted by the scanning method, which limits the application of the scanning method to a high-dimensional uncertain problem. Therefore, the scanning method is used in this paper to validate the accuracy of the proposed method.



Figure 4 shows the uncertain gravity response amplitude versus the rotational speed by using the scanning method and the proposed method. The uncertain gravity response of the left disk is evaluated. In this figure, the uncertainty in the bearing’s stiffness is considered. The deviation of the bearing’s stiffness is 10%, which means that εkI=[4.5×108,5.5×108] N/m. As shown in Figure 4, the results (lines) calculated by the scanning method and the results (red-filled) calculated by the proposed method are in good agreement with each other. In the application of the scanning method, 1000 equidistant samples are used. The order of Chebyshev polynomial expansion is 10, so that the number of CIM samples is 11. The samples used in the proposed method are just 1.1% of that used in the scanning method. A conclusion can be made that CIM can give an accurate prediction of an uncertain gravity response of the generator rotor system with fewer samples than the scanning method. A higher order of Chebyshev polynomial expansion can result in larger computational effort. Therefore, in the following analysis, an 11-order CIM is adopted. Under the influence of the uncertainty in the bearing’s stiffness, there is a local large-amplitude band at each resonance peak, which satisfies the phenomenon in the previous studies concerning uncertain problems [24,32]. The local large amplitude occurs when the uncertain factor that affects the resonance speed is taken into account. The resonance speed increases with the increase of the bearing’s stiffness, which contributes to the occurrence of the local large-amplitude bands in Figure 4.




3.3. Effect of Single Uncertainty


The other three single-uncertainty cases are studied in this section as well. The uncertainty in the bearing’s damping, Young’s modulus, and density are considered. In the three cases, the deviations of the bearing’s damping, Young’s modulus, and density are 15%, 5%, and 5%, respectively, which means εcI=[178.5,241.5] Ns/m, εEI=[199.5,220.5] GPa, and ερI=[7410,8190] kg/m3.



Figure 5 shows the uncertain gravity response amplitudes versus rotational speed with single uncertainty in the bearing’s damping. As shown in Figure 5, although a larger deviation is considered, the response is slightly changed. There is no local large-amplitude band in each resonance peak. This is because the bearing’s damping can only obviously affect the response magnitude near the resonance peak, but it hardly changes the resonance speed. Therefore, tiny bounds near the resonance peaks can be observed while the response amplitudes away from the resonance peak are less influenced. Generally, when compared with the results with single uncertainty in the bearing’s stiffness, the influences of the bearing’s damping on the response are smaller.



Figure 6 shows the uncertain gravity response amplitudes versus rotational speed with single uncertainty in Young’s modulus. Two local large-amplitude bands can be found in the first and the third resonance peaks. The width of the latter is larger than that of the former. Unlike the above-analyzed single-uncertainty cases, an obvious little-amplitude band can be found at the antiresonance position (near 1500 rpm), which shows the high sensitivity of the antiresonance position on the Young’s modulus. Besides, the response at a higher rotational speed in Figure 6 is more influenced by the Young’s modulus. The origin of this phenomenon is the resonance speed increasing with the increase of the global stiffness of the asymmetric rotor system. The global stiffness is the combination of the stiffness of the rotor and the bearing’s stiffness. As the two stiffnesses can be regarded as in series with each other, the global stiffness is more influenced by the smaller stiffness. Thus, the bearing’s stiffness can globally influence the response curve (Figure 4), while the Young’s modulus has a larger influence on the response curve near 1500 rpm (Figure 5). This is different from Figure 5, where the response at lower rotational speed is more sensitive to the bearing’s stiffness.



Figure 7 shows the uncertain gravity response amplitudes versus rotational speed with a single uncertainty in density. As the variation in density changes the whirl speed of the asymmetric rotor system, the local large-amplitude bands can be found at the first and the third resonance peaks. A higher sensitivity of the response on the density can be found at a higher rotational speed. The origin of this phenomenon is the resonance speed decreasing with the increase of the density. As the effects of the density are almost opposite to those of the Young’s modulus, the density has a larger influence on the response curve at a higher rotational speed as well. However, an obvious difference between the envelope shapes caused by the Young’s modulus and density can be observed. For example, the trends of the local large-amplitude bands at the third resonance peak of the two cases are different from each other. A conclusion can be drawn from the above analysis that different types of single uncertainty have different influences on the uncertain gravity response of the generator rotor system. Thus, in the design phase and the optimization phase, more attention should be paid to the factors with higher sensitivity.




3.4. Effect of Double Uncertainties


In the generator rotor system, uncertainty may not occur alone. Thus, the uncertain gravity responses with double uncertainties are analyzed in this section. Firstly, to validate the accuracy and efficiency of the proposed method, the case with uncertainties in both the bearing’s stiffness and Young’s modulus is analyzed by the proposed method and the scanning method. The deviations in the bearing’s stiffness and Young’s modulus are 10% and 5%, respectively. Thus, the corresponding interval variables are εkI=[4.5×108,5.5×108] N/m and εEI=[199.5,220.5] GPa, respectively. The number of samples in the application of the scanning method is 2500. The number of samples when adopting a 10-order CIM is 121.



Figure 8 and Figure 9 show the uncertain gravity response amplitude versus rotational speed by using the scanning method and the proposed method, respectively. As shown in Figure 8, at the antiresonance position (near 1500 rpm), unexpected spurious oscillation can be found. It means that the scanning method with 2500 samples cannot give an accurate estimation of the uncertain gravity response with double uncertainties. To gain a better evaluation of the uncertain response, more samples are needed, which shows the drawback of the scanning method. As shown in Figure 9, a good agreement can be seen between the bounds obtained by the proposed method and the scanning method. Fewer samples in the proposed method can give more smooth results than those in Figure 8, which shows the efficiency and the accuracy of the proposed method. It can be found that the bounds influenced by two uncertainties are wider than those influenced by each of them individually.



Figure 10 shows the uncertain gravity response amplitudes versus rotational speed with uncertainties in the Young’s modulus and density. The deviations in Young’s modulus and density are both equal to 5%, which means εEI=[199.5,220.5] GPa and ερI=[7410,8190] kg/m3. The number of samples used in the proposed method is equal to that of the last case. Unlike the results shown in Figure 9, the uncertainties in Young’s modulus and density lead to two obvious local large-amplitude bands in the third resonance peak. Comparing with the results shown in Figure 6 and Figure 7, the first local large-amplitude band is dominated by Young’s modulus, and the second one is dominated by density. Moreover, two local small-amplitude bands in the antiresonance peak can be found. The first and the second local small-amplitude bands are dominated by density and Young’s modulus, respectively. As can be seen in the above analysis, the uncertain gravity responses of the generator rotor system with different types of double uncertainties are different from each other.





4. Conclusions


In this paper, the uncertain gravity responses of the generator rotor system are evaluated by CIM. Uncertain factors regarding the bearing’s stiffness, bearing’s damping, Young’s modulus, and density are considered. The influences of these factors on the gravity response are analyzed in cases with a single uncertainty and double uncertainties. Some main conclusions are summarized as follows:




	(1)

	
By comparing the results of CIM with the results of the scanning method, the accuracy and efficiency of the proposed method are validated.




	(2)

	
Among the four uncertain factors considered in this paper, only the uncertainty in the bearing’s damping cannot result in a local large-amplitude band to the response curve, and the influences of it are smaller than the influences of the other three uncertain factors.




	(3)

	
In terms of the local large-amplitude band, different uncertainties have different influences on the gravity response. The response at higher rotational speed is more sensitive to uncertainties in Young’s modulus and density, while the response at lower rotational speed is more sensitive to the bearing’s stiffness.




	(4)

	
The bounds influenced by two uncertainties are wider than that influenced by each of them. Two uncertainties can introduce two local large-amplitude bands to one resonance peak.




	(5)

	
The sensitivities of uncertain factors obtained by the proposed method can provide guidance to the design and optimization of the rotary machinery.
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Figure 1. The schematic diagram of a generator rotor system. 
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Figure 2. The whirl speed versus rotational speed in the rotating frame. 
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Figure 3. The gravity response amplitude and the relative error of reduced-order model (ROM) versus rotational speed: (a) gravity response amplitude; (b) relative error. 
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Figure 4. The bounds of uncertain gravity response versus rotational speed by the scanning method and Chebyshev interval method (CIM) with a 10% deviation in the bearing’s stiffness. 
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Figure 5. The bounds of uncertain gravity response versus rotational speed by CIM with a 15% deviation in the bearing’s damping. 
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Figure 6. The bounds of uncertain gravity response versus rotational speed by the CIM with a 5% deviation in Young’s modulus. 
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Figure 7. The bounds of uncertain gravity response versus rotational speed by the CIM with a 5% deviation in density. 
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Figure 8. The bounds of uncertain gravity response versus rotational speed by the scanning method with a 10% deviation in bearing’s stiffness and a 5% deviation in Young’s modulus. 
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Figure 9. The bounds of uncertain gravity response versus rotational speed by CIM with a 10% deviation in bearing’s stiffness and a 5% deviation in Young’s modulus. 
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Figure 10. The bounds of uncertain gravity response versus rotational speed by CIM with a 5% deviation in Young’s modulus and a 5% deviation in density. 
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