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Abstract

:

In this paper, the non-probabilistic steady-state dynamics of a dual-rotor system with parametric uncertainties under two-frequency excitations are investigated using the non-intrusive simplex form mathematical metamodel. The Lagrangian formulation is employed to derive the equations of motion (EOM) of the system. The simplex form metamodel without the distribution functions of the interval uncertainties is formulated in a non-intrusive way. In the multi-uncertain cases, strategies aimed at reducing the computational cost are incorporated. In numerical simulations for different interval parametric uncertainties, the special propagation mechanism is observed, which cannot be found in single rotor systems. Validations of the metamodel in terms of efficiency and accuracy are also carried out by comparisons with the scanning method. The results will be helpful to understand the dynamic behaviors of dual-rotor systems subject to uncertainties and provide guidance for robust design and analysis.
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1. Introduction


Risk analyses and optimization of engineering mechanical systems always play an important role in the design and maintenance [1,2]. To optimize and improve the dynamic performance, a dual-rotor system is widely employed in modern aero-engines for large surge margin. It is more complicated than single rotor systems in both the structural and dynamical regimes. Researchers have paid attention to the vibrations of dual-rotors under faults, such as the imbalance and rub-impact [3,4,5]. The design and modeling of dual-rotors were also intensively studied over the past few decades [6,7,8,9]. The application of rotor-bearing structures in the dual-rotor systems were investigated both theoretically and experimentally [10]. To improve the fidelity, the differences between 1D and 3D models of dual-rotor systems were studied [11].



The reported contributions provide guidance for the dynamical assessments of dual-rotor systems. However, an important feature of practical engineering mechanical systems has been ignored, which is that the physical parameters of the models and working conditions will behave in an uncertain way inherently [12,13,14,15]. For a complex engineering dual-rotor system, this problem will be more prominent. In recent literature [16,17,18,19], the sources and causes of parametric uncertainties in rotor systems were explained in detail, especially the complex stiffness of the connecting structures. It is gradually recognized that the inherent uncertainty should not be overlooked for robust design and dynamic behaviors prediction. Efforts have already been made to investigate the effects of uncertainties in rotor dynamical systems. The polynomial chaos expansion in combination of the harmonic balance method was used to quantify the effects of different random parametric uncertainties on the linear and non-linear dynamical characteristics [20,21,22]. More recently, the Kriging metamodeling was applied to the prediction of uncertain behaviors of flexible rotor systems [17]. The nonparametric modeling [14] was also introduced into the uncertainty quantification for a Jeffcott rotor [23] as well as analyses in terms of the balancing and unbalancing [24]. Considering the random excitations, the power spectral density of the unbalance response of an aero-engine dual-rotor was analyzed in [25]. The modeling and stochastic frequency response functions of rotors subject to random uncertainties were studied by using the Karhunen–Loève decomposition [26].



As can be observed, the widely adopted and employed uncertainty analysis methods mostly belong to the probabilistic domain. In practical situations, it is generally difficult or too expensive to gather enough prior data for the uncertain parameters. The interval analysis procedures are more versatile and easier to implement due to their non-probabilistic characteristics [13]. The Chebyshev inclusion function proposed by Wu et al. [27] has attracted wide attention in the past few years due to its simplicity in concept and non-intrusiveness. Several improved forms have been developed and applied to uncertain mechanical systems [28,29]. Although the interval analysis has been widely used in structural dynamics of the truss and multibody systems, it has not been applied to the uncertain rotor dynamics until recent years [30,31]. Some meaningful results have been obtained in these contributions using the interval models. However, formulations and applications of metamodeling methodologies based on non-probabilistic descriptions have not attracted sufficient attention. The computational burden needs also to be reduced. The vibration characteristics of dual-rotor systems subject to multi-frequency excitation and interval variables remain to be revealed.



This paper presents the non-intrusive metamodeling for the uncertainty quantification of a dual-rotor system. The major purposes are to calculate the steady-state dynamic responses of such a system under interval uncertainties and illustrate the effectiveness of the metamodel. First, the dual-rotor model and its motion equations will be described in Section 2. Then, in Section 3, the formulation of the metamodel for single and multi-uncertain variables is explained. Next, propagations of uncertainties of different physical parameters are studied and discussed in Section 4. Finally, the concluding remarks are drawn in Section 5.




2. Model Description and Motion Equations


A dual-rotor system often consists of a higher pressure (HP) rotor and a lower pressure (LP) rotor, which are connected by the inter-shaft bearing and rotate at different angular speeds. They can also be referred to as the inner and outer rotors [8,32]. Figure 1 shows the schematic diagram of a typical dual-rotor system. The rotors are mounted on massless shafts and supported by three rigid isotropic bearings with stiffness and damping    k 1  ,  c 1       k 2  ,  c 2    and    k 3  ,  c 3   . The m1, Jd1, Jp1 and m2, Jd2, Jp2 are the mass, diameter moment of inertia and polar moment of inertia of the HP and LP rotors, respectively. There are mass imbalances on both of the rotors, denoted by    e 1    and    e 2   . The angular rotating speeds of the LP and HP rotors are    ω 1    and    ω 2   . The span of the system is L and the other locations are measured by their corresponding distances from the left end    L i  , i = 1 , 2 , 3 , 4  , as shown in Figure 1.



The system can be described by eight degrees-of-freedom (DOFs) and four for each rotor, i.e., two lateral displacements and two rotational angles [33,34]. It is obtained as


  q =   [  x 1  ,  y 1  ,    θ  y 1   ,    θ  x 1   ,    x 2  ,    y 2  ,    θ  y 2   ,    θ  x 2   ]  T   



(1)




where subscripts 1 and 2 correspond to the LP and HP rotors. After this, the coordinates of the three bearing centers can be derived using the eight basic DOFs


   {     x  b 1   =  x 1  −  L 1   θ  y 1        y  b 1   =  y 1  +  L 1   θ  x 1       ,    {     x  b 2   =  x 1  + ( L −  L 1  )  θ  y 1        y  b 2   =  y 1  − ( L −  L 1  )  θ  x 1       ,    {     x  b 3   =  x 2  − (  L 3  −  L 2  )  θ  y 2        y  b 3   =  y 2  + (  L 3  −  L 2  )  θ  x 2        



(2)







Modeling rotating systems based on the energy analyses is widely employed in the community of rotor dynamics [34]. For the system under study, the kinetic energy can be calculated as


   {    T =  T 1  +  T 2       T i  =  1 2   m i  (   x ˙  i 2  +   y ˙  i 2  ) +  1 2   J  d i   (   θ ˙   x i  2  +   θ ˙   y i  2  ) +  J  p i    ω i 2  −  J  p i    ω i    θ ˙   y i    θ  x i   ,   i = 1 ,   2      



(3)







The potential energy is contributed by the three bearings and can be denoted by


   {    V =  V 1  +  V 2  +  V 3       V i  =  1 2   k i  (  x  b i  2  +  y  b i  2  ) ,   i = 1 ,   2 ,   3      



(4)







Accordingly, the dissipation energy can be expressed as


   {    D =  D 1  +  D 2  +  D 3       D i  =  1 2   c i  (   x ˙   b i  2  +   y ˙   b i  2  ) ,   i = 1 ,   2 ,   3      



(5)







If the connection of the inner and outer rotors are modeled as a linear spring and its stiffness is    k c   , the reacting forces of the inter-shaft bearing are as follows


   {     F x  =  k c  [  x 1  + (  L 4  −  L 1  )  θ  y 1   −  x 2  − (  L 4  −  L 3  )  θ  y 2   ]      F y  =  k c  [  y 1  − (  L 4  −  L 1  )  θ  x 1   −  y 2  + (  L 4  −  L 3  )  θ  x 2   ]      



(6)







When rotating, the unbalance forces on the two rotors are obtained by


   {     F  u 1   ( t ) =   [  m 1   e 1   ω 1 2  cos (  ω 1  t ) ,    m 1   e 1   ω 1 2  sin (  ω 1  t ) ,   0 ,   0 ,   0 ,   0 ,   0 ,   0 ]  T       F  u 2   ( t ) =   [ 0 ,   0 ,   0 ,   0 ,    m 2   e 2   ω 2 2  cos (  ω 2  t ) ,    m 2   e 2   ω 2 2  sin (  ω 2  t ) ,   0 ,   0 ]  T       



(7)







The Lagrangian equation considering dissipation effects can be applied to the system as


   d  dt    (    ∂ T   ∂   q ˙  j     )  +   ∂ D   ∂   q ˙  j    −   ∂ T   ∂  q j    +   ∂ V   ∂  q j    =  Q j  ,   j = 1 ,   2 ,   … ,   8  



(8)







Submitting Equations (1)–(7) into Equation (8) and rearranging the results into matrix form, the motion equations of the dual-rotor system can be obtained as


  M  q ¨  ( t ) +  C ˜   q ˙  ( t ) + K q ( t ) = F ( t )  



(9)




where  M  and  K  are the mass and stiffness matrices of the system,   C ˜   includes the damping and gyroscopic effects,   F ( t )   integrates the unbalance forces and the reacting forces in the inter-shaft bearing. A dot over the displacement vector  q  denotes derivation with respect to time. The rotational speeds or frequencies of the inner and outer rotors are incommensurable, making Equation (9) a system excited by two frequencies. Its solution can be obtained by numerical methods and the fourth order Runge–Kutta method with variable steps, which will be used in this paper.




3. Non-Intrusive Interval Analysis of the System Based on Meta-Modeling


As a practical problem, the accurate distribution model of the uncertainty is difficult to establish. In other words, the problem is small sample-sized. Therefore, the interval methods may be more suitable to implement. However, the intrusive interval methods need to modify the deterministic solution packages and are complicated in mathematical formulation. The surrogate methods [17,28,30] popular nowadays should be a good choice. These methodologies are simple in deduction and they work in a non-intrusive way because the deterministic dynamic problem can be used as a black box. Importantly, the computational cost of them should be carefully managed to ensure economic and feasible analyses. In this paper, we establish a simplex metamodel for the dynamic responses of the dual-rotor system considering non-probabilistic interval uncertainties. The small-range constraint in the conventional perturbation method is released. Moreover, the surrogates need not to find the gradient direction of parametric uncertainties to track their propagations, which is essential in the Taylor-based interval methods. In the latter, the difficulties in obtaining the high order derivative information will also limit the applications. Without loss of generality, we firstly consider the case where only one interval parameter is included. The interval parameter can be expressed as


   a I  = [  a _  ,    a ¯  ] = [  a c  − β  a c  ,    a c  + β  a c  ]  



(10)




where superscript  I  designates an interval variable, the bars over and under a quantity denote its upper and lower limits. Notations    a c    and  β  are the mid-value and uncertain degree of    a I   . An interval character can be completely defined when the lower and upper bounds are given, which are much easier to obtain than the precise probability model. The following relationships can be further obtained


   {     a c  = (  a _  +  a ¯  ) / 2     Δ a = (  a ¯  −  a _  ) / 2     β = Δ a /  a c       



(11)







Taking the interval uncertainty into consideration, the motion equations of the dual-rotor system evolve to interval ordinary differential equations (IODEs). Due to the interval input, the system outputs should also be interval quantities. Consequently, we can rewrite the displacement vector of the dual-rotor system in interval form


   q I  ( t ) = [  q _  ( t )  ,     q ¯  ( t ) ] = { q ( a ,   t ) | a ∈  a I  }  



(12)







Efforts should be taken to find the distribution limits of the uncertain displacements. Direct interval arithmetic will introduce enormous errors which make the results meaningless. Here, we consider Equation (12) as a constraint to the system given in Equation (9) and formulate the metamodel based on the approximation theories. Equation (10) can be written in another form using the standard interval


   a I  =  a c  + Δ a [ − 1 ,   1 ]  



(13)







It is clear that for any possible value of the uncertain parameter   a ∈  a I   , we can find an alternative variable   ξ ∈ [ − 1 ,   1 ]   which is equivalent to it with linear projection. Therefore, this can be used to handle the uncertain problem on the standard interval. The actual value of the uncertain parameter can be obtained using a reverse projection. Therefore, a simplex radial basis is established


  Ξ =   [ 1 ,   ξ  ,     ξ 2   ,    ⋯ ,    ξ n  , ⋯ ]  T   



(14)







Based on the polynomial basis, a simplex form metamodel of the uncertain responses of the dual-rotor can be constructed as


   S ( ξ ) =   ∑ i ∞   ϒ i     ξ i  = ϒ Ξ , i = 0 ,   1 ,   2 ,   …  



(15)







Equation (15) attempts to approximate the actual uncertain system with the weighted sum of a series of simplex. In practical calculation, it is only possible to consider finite number of terms and we truncate it to k herein. The weight coefficient vector   ϒ = {  ϒ i  ,   i = 0 ,   1 ,   2 ,   … }   needs to be determined to fully formulate the metamodel. To this end, samples of the responses of the dual-rotor should be drawn. The roots of orthogonal polynomials are effective sample candidates in the parameter space and they are widely adopted in stochastic and non-probabilistic computations [29,35]. Here, the Chebyshev roots will be used, which can be calculated as


   ϑ i  = cos [   2 i − 1   2 ( k + 1 )   π ] , i = 1 ,   2 ,   ⋯ ,   k + 1  



(16)







Subsequently, the sampled responses from the deterministic system can be obtained by simulations of the model with the uncertain parameter specified to the samples and others kept to their mid-values.


    a ˜  i  =  a c  + β  a c   ϑ i  , i = 1 ,   2 ,   ⋯ ,   k + 1  



(17)






    q ˜  i  ( t ) = { q ( a ,   t ) | a =   a ˜  i  ∈  a I  } ,   i = 1 ,   2 ,   ⋯ ,   k + 1  



(18)







Subsequently, Equation (15) evolves to


   q ˜  ( ϑ ) = ϒ  Ξ ˜  ( ϑ )  



(19)




where   q ˜   and   Ξ ˜   are the sample response vector from the dual-rotor and the value matrix of the radius basis vector at uncertainty sample series   ϑ  = {   ϑ i   } ,    i = 1 ,   2 ,   ⋯ ,   k + 1  . The   Ξ ˜   is expressed as


   Ξ ˜  =  [     1     ϑ 1       ϑ 1 2     ⋯     ϑ 1 k       1     ϑ 2       ϑ 2 2     ⋯     ϑ 2 k       ⋮   ⋮   ⋱   ⋮   ⋮     1     ϑ  k + 1        ϑ  k + 1  2     ⋯     ϑ  k + 1  k       ]   



(20)







In Equation (19), there are k + 1 unknown weight coefficients and the number of equations is the same. Thus, the coefficient vector can be directly solved


  ϒ =  q ˜  ( ϑ )   [  Ξ ˜  ( ϑ ) ]   − 1    



(21)







Once the coefficient vector is obtained, the metamodel is fully determined. It is a simplex form function aimed to represent the actual distribution model of the uncertain dynamic response, which has unknown mathematical descriptions. As the lower and upper bounds of the system responses are of interest, the metamodel can be used to derive these values, which should be simple.



For multi uncertain variables, the basic idea is the same but some strategies to reduce the computation cost should be incorporated. For example, in the case that the dual-rotor contains n interval uncertainties, the radius basis vector can be rewritten in ascending order as


  Ξ =   [ 1 ,    ξ 1   ,    ⋯ ,    ξ n   ,     ξ 1 2   ,     ξ 1   ξ 2   ,    ⋯ ,    ξ n 2  ,   ⋯ ,    ξ 1 k   ,     ξ 1  k − 1    ξ 2   ,    ⋯ ,    ξ n k  ]  T   



(22)







The number of elements in  Ξ  is


  N =   ( n + k ) !   n ! k !    



(23)







The metamodel is expressed by the weighted sum of terms whose order is no greater than k


  S ( ξ ) =   ∑  0 ≤  i 1  + … +  i n  ≤ k     ϒ   i 1  , ⋯ ,  i n       ξ 1   i 1     ξ 2   i 2    ⋯  ξ n   i n    = ϒ Ξ ,  i 1  , ⋯ ,  i n  = 0 ,   1 ,   … ,   k  



(24)




where    ϒ   i 1  , ⋯ ,  i n      is the multi-dimensional coefficient. There will be     ( k + 1 )  n    samples based on Equation (16) when all the sample candidates are chosen for every uncertain dimension.



In problems with relatively large number of interval parameters, the computation cost will be high. It is demonstrated that when the used samples are twice of the unknowns in the metamodel, the model will be robust and the efficiency is enhanced [36]. In such way, the number of samples kept will be   2 N  . The number of unknown coefficients is not the same as that of equations, the least square method can be introduced to evaluate the regression coefficients


  ϒ =  q ˜  (  ϑ ˜  )  Ξ ˜    (   Ξ ˜  T   Ξ ˜  )   − 1    



(25)




where    q ˜  (  ϑ ˜  )   is the   8 × 2 N   matrix for the deterministic sample response drawn from the dual-rotor system based on the uncertain parameter sample sets


   {     ϑ ˜  = [  ϑ 1  ,    ϑ 2  ,   ⋯ ,    ϑ  2 N   ]      ϑ j  = {  ϑ  i , j    } ,    i = 1 ,   2 ,   ⋯ ,   n      



(26)







In Equation (26), there are   2 N   sets of samples and each set contains n elements. The matrix   Ξ ˜   in Equation (25) represents the values of the radius basis vector calculated at the parameter sample sets


   Ξ ˜  =    [     1     ϑ  1 , 1      ⋯     ϑ  n , 1        ϑ  1 , 1  2       ϑ  1 , 1    ϑ  2 , 1      ⋯     ϑ  n , 1  2     ⋯     ϑ  1 , 1  k       ϑ  1 , 1   k − 1    ϑ  2 , 1      ⋯     ϑ  n , 1  k       1     ϑ  1 , 2      ⋯     ϑ  n , 2        ϑ  1 , 2  2       ϑ  1 , 2    ϑ  2 , 2      ⋯     ϑ  n , 2  2     ⋯     ϑ  1 , 2  k       ϑ  1 , 2   k − 1    ϑ  2 , 2      ⋯     ϑ  n , 2  k       ⋮   ⋮   ⋱   ⋮   ⋮   ⋮   ⋱   ⋮   ⋱   ⋮   ⋮   ⋱   ⋮     1     ϑ  1 , N      ⋯     ϑ  n , N        ϑ  1 , N  2       ϑ  1 , N    ϑ  2 , N      ⋯     ϑ  n , N  2     ⋯     ϑ  1 , N  k       ϑ  1 , N   k − 1    ϑ  2 , N      ⋯     ϑ  n , N  k       ]    2 N × N    



(27)




in which the first sub index refers to different uncertain variables and the second to the sample sets expressed in Equation (26). The above deduction is for interval problems involving multiple parametric uncertainties embedded with computational burden alleviation strategies.



When the explicit meta-model is constructed, the bounds of the dynamic response or the extreme values of the meta-model can be easily solved. Since it is in simplex form, the scanning method can be applied to the meta-model to find the bounds efficiently when the dimension of uncertainties is not too high (no greater than three, for example). It can be expressed as


   {     s i  = S (   ξ ^  i  ) , i = 1 ,   2 ,   … ,   p      q _  ( t ) = min ( [  s 1  ,   … ,    s p  ] )  ,     q ¯  ( t ) = max ( [  s 1  ,   … ,    s p  ] )      



(28)




where     ξ ^  i    represents the grid parametric points produced in the scanning and  p  is the total number of them. If many uncertainties are involved (greater than three), the max/min values of the meta-function should be evaluated by the optimization methods, such as the genetic algorithm [28].




4. Results and Discussions


In this section, numerical simulations of the dual-rotor system based on the previous approaches will be presented. The model has the following values of the physical parameters:    m 1  = 16.25    kg   ,    J  p 1   = 0.134    kg  ⋅  m 2   ,    J  d 1   = 0.0698    kg  ⋅  m 2   ;    m 2  = 8.4    kg   ,    J  p 2   = 0.0793    kg  ⋅  m 2   ,    J  d 2   = 0.0405    kg  ⋅  m 2   ;    e 1   = 3  ×   10   − 5      m   ,    e 1   = 8  ×   10   − 5      m   ;    L 1  = 0.2    m   ,    L 2  = 0.24    m   ,    L 3  = 0.44    m   ,    L 4  = 0.54    m   ,   L = 0.62    m   ;    c 1  =  c 2  =  c 3  = 14.69    N  ⋅  s / m   ,    k 1  =  k 2  =  k 3  = 5 ×   10  6     N / m   ,    k b  = 8 ×   10  7     N / m   . The rotation speed ratio between the HP and LP rotors is 1.2. In this paper, we use the maximum vibration deflections of the two rotors at every rotating speed for demonstration, which can be calculated as   max (    x i    2  +  y i    2    ) ,   i = 1 , 2  . The deterministic steady-state dynamic responses of the HP and LP rotors excluding uncertainty are given in Figure 2. It is observed that the first two peaks appear at 738.4 rad/s and 886.1 rad/s for both of the rotors and the amplitudes of the LP rotor are higher than the HP rotor. It should be noted that the simplified model used in the currently study is sufficient for uncertainty propagation analysis and excludes irrelevant factors that may cause response variability. In order to capture detailed natural characteristics, however, sophisticated physical models should be developed for the comprehensive modal analysis of engineering dual-rotor systems. We refer interested readers to [37] for more information. In the next few sections, different physical parameters are considered uncertain and their effects are investigated based on the three-order metamodel.



4.1. Effect of Interval Mass Eccentricity


Firstly, we treat the uncertainties in the two eccentricities on the rotors. In an engineering context, the balancing status often gets worse after assembling the well-balanced rotors. The reason may be the assembly errors and hardness to measure. Moreover, the imbalance can be influenced by material degradation and wear. Therefore, the imbalance or mass eccentricity should be considered uncertain in analysis. We take the uncertain degree to be   β = 10 %  . If    e 1  = [ 2.7 ,   3.3 ] ×   10   − 5     m, the interval response can be analyzed using the metamodel established in Section 3 and the results for the LP rotor are plotted in Figure 3. For comparison, the results for uncertain imbalances on the HP rotor are given in Figure 4 when    e 2  = [ 7.2 ,   8.8 ] ×   10   − 5     m. To provide a reference for the uncertain effects, the deterministic curves shown in Figure 2 will be added in all the uncertain cases.



A major difference between Figure 3 and Figure 4 is that the response interval occurs at different rotation speed bands. Uncertainty in either of the two imbalances will not cause significant deviations of the system responses in the whole speed range. More specifically, the uncertainty in the imbalance on the LP rotor has effects mainly in the speed range around the second peak, while interval imbalance on the HP rotor will influence the first resonance area. That is because the mass imbalances on the two rotors correspond to their respective vibration peaks. Similar characteristics are also found in the parametric investigations of the dual-rotor systems [8]. This phenomenon indicates the different sensitivities of the system in different speed ranges to the two imbalances, which is not observed in single rotor systems. In the respective effective ranges of the two uncertainties, the deterministic response is symmetrically deviated and the enveloped ranges are related to the magnitude of the uncertain degree. Due to the presence of uncertainties, the dynamic response of the system can be any possible values in the response interval.




4.2. Effect of Interval Bearing Stiffness


The stiffness of bearing #1 is taken as an interval quantity to cover its variability [15,16,17,18]. Generally, it is difficult to define the accurate value of the stiffness of a support. In this case, the uncertain degree of the interval uncertainty is 5%. Subsequently, the stiffness can be expressed as    k 1  = [ 4.75 ,   5.25 ] ×   10  6     N / m   . The response range of the HP rotor is shown in Figure 5.



As can been seen from Figure 5, the uncertain behaviors of the dual-rotor are totally different from the cases with uncertain imbalances. The deterministic response curve is significantly deviated and the lower bound and upper bound are asymmetric. Near the first peak, a slope peak in the upper bound and a sharp one in the lower bound are found. In addition, the positions of the peaks are shifted compared with the deterministic one with the lower to the left and the upper to the right. There is an observable flat band in the upper bound around the second peak. These features are introduced by the alterations in the intrinsic characteristics caused by the uncertainty. The results also prove that the dual-rotor is sensitive to the support stiffness of bearing #1. It may be considered a key factor for design and maintenance of such engineering systems.



In Figure 5, the reference solutions obtained from the conventional scanning method are also provided to verify the accuracy of the interval results. The scanning procedure generates evenly scattered samples in the uncertain parameter interval and then searches for the bounds of all the response samples. It serves as references similar to the Monte Carlo simulation in the probabilistic frame [38,39]. The 50-points reference solutions (green dotted line) plotted in Figure 5 agree well with the results obtained by the metamodel. Subsequently, the accuracy of the metamodel is validated. To obtain insight, comparisons of the vibration time histogram of the LP rotor at rotation speed 768.7 rad/s obtained from the two methods are illustrated in Figure 6. It is further demonstrated that the bounds calculated from the metamodel are in accordance with the scanning method in different time stamps. The peak shifts are observable as well. From the vibration pattern in Figure 6, we can also identify that the dynamical responses have multiple frequencies which is introduced by the multi-frequency excitations. It should be noted that, in the metamodel, only order three is used, which suggests that the deterministic model runs four times. The underlying computational cost is much lower than the scanning method. The simulations were carried out within MATLAB R2019b on a computer equipped with 16 GB RAM and Inter® Core™ i7-8550U@1.8GHz. It should be noted that the actual speed interval calculated is 0–1400 rad/s and only a part of the results are presented in Figure 5. Moreover, the increment for two consecutive speed steps is small and the initial 300 periods of the vibration are skipped for every rotational speed to eliminate the transient effects. The above conditions will cause the calculation time in a single deterministic simulation to be relatively long. However, the difference of computation time between the two methods can still show their efficiency. For the steady-state dynamical response calculations, the average CPU time elapsed in the metamodel was 28.23 min, while it was 351.87 min in the scanning method. It is shown that the computational cost needed is significantly reduced in the metamodel. The above analyses verify the accuracy and efficiency of the developed interval method in the uncertain responses prediction of the dual-rotor system.




4.3. Effect of Interval Geometric Length


In this subsection, we assume the geometric length of shaft L1 to be uncertain as a result of different assemble conditions. The uncertain degree is chosen as 10%. Figure 7 presents the interval responses of the HP rotor under uncertain shaft length. We can find that the uncertainty has influences on the whole speed range though the physical parameter is related to the inner rotor. There are trivial peak shifts as well in both resonance peaks. However, the impacts of the uncertain length are weaker than the bearing stiffness which suggests that the dual-rotor is insensitive to the length. In the speed range right after the first peak, the bounds of the response and the deterministic curve overlapped with each other. This further proves the ability of the metamodel in the prediction of the interval response of the system evidenced by the fact that the deterministic curve is rigorously enclosed in the narrow range.




4.4. Effect of Multi Interval Parameters


This subsection pays attention to the influences of multi uncertain parameters [40,41] on the dynamic behaviors of the dual-rotor. Consider the uncertainties in the two imbalances and the bearing stiffness as studied in the previous subsections. The first set of uncertain degrees are 5% for the two imbalances and 2.5% for the stiffness of bearing #1. We then double their respective uncertain degrees for the second case. Figure 8 shows the results for the two cases with (a) for the HP rotor and (b) for the LP rotor. The dynamic response is significantly affected by the multiple uncertain parameters and larger uncertain degrees lead to wider response ranges. The peak shifts are observed. In the upper bounds for the HP and LP rotors, there is both a slope peak and a high-amplitude band, but the locations are switched. The slopes are also in opposite directions. These features correspond to the influence mechanism of the bearing stiffness on the two rotors since imbalances affect the vibration amplitudes linearly. We can observe a few trivial instable estimations in the upper bounds of Figure 8, which are caused by the minor errors of the metamodel as only order three is used.



In large-scale dual-rotor systems, the number of uncertain parameters that should be considered simultaneously may occasionally be very large. Although cost alleviating strategies are already incorporated, the non-intrusive metamodel used in the current research needs further improvement to cope with the exponentially growing computation burden. Alternatively, one can undertake sensitivity analyses using dedicated algorithms or investigations with individual interval parameters based on the metamodel to capture their respective contributions to the dynamical response variability and then discard those of trivial importance. Moreover, the dual-rotor system analyzed in this paper is linear. The nonlinear vibrational responses of such systems under multi interval uncertainties are much more complicated and difficult to predict, which can occur in the dual-rotors undergoing rub-impact [42], or the rotating shaft is cracked. The established method is capable of estimating the interval time history of such nonlinear vibrations. Further evaluation should be completed to verify the effectiveness of the metamodel when the steady-state frequency response has turning points.





5. Conclusions


The uncertain dynamics of a dual-rotor system under interval uncertainties are studied via non-intrusive computations. The governing motion equations are established by using the Lagrangian method. A simplex form metamodel for problems subject to single and multi-uncertain variables is constructed without modification to the deterministic solver. The calculation accuracy and efficiency are verified by the scanning method. It is found that the imbalances on the inner and outer rotors only affect speed ranges near one vibration peak. Peak shifts are observed when the bearing stiffness is considered an uncertain quantity. Moreover, the response interval of the dual-rotor is relatively small for the uncertain geometric length. These characteristics also indicate the sensitivities of the dual-rotor to the physical parameters. The multi-uncertain-variable simulations suggest that the cumulative uncertainties propagation will significantly influence the dynamics of the dual-rotor system. The main findings of this paper show some insights into the vibration characteristics of dual-rotor systems considering the non-probabilistic uncertainties.
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Figure 1. Configuration of a typical dual-rotor system. 
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Figure 2. Deterministic steady-state responses of the dual-rotor system. 
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Figure 3. Dynamic response of the Lower Pressure (LP) rotor with uncertain imbalance on the LP rotor. 
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Figure 4. Dynamic response of the LP rotor with uncertain imbalance on the Higher Pressure (HP) rotor. 
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Figure 5. Dynamic response of the HP rotor with uncertain bearing stiffness. 
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Figure 6. Time histogram of the LP rotor with uncertain bearing stiffness. 
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Figure 7. Dynamic response of the HP rotor with uncertain geometric length. 
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Figure 8. Dynamic responses of the dual-rotor with multi uncertain parameters: (a) Interval responses of the HP rotor; (b) Interval responses of the LP rotor. 
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