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Abstract

:

Analysis of the vibration reduction characteristics of shock absorbers is crucial for engines. In this study, the fractal theory was applied to the contact surface of an under-platform damper (UPD), and the influence of the excitation force in the same and opposite directions on the roughness of the contact surface was studied. First, based on fractal geometry theory (FGT), the roughness characterization method of a UPD contact surface was proposed. Then, the friction mechanical model of the rough contact surface was established by combining it with a 3D contact mechanical model. Furthermore, a finite element dynamic model of a blade with a UPD structure was set up. Next, the harmonic balance method was used to calculate the nonlinear response characteristics of a blade under different levels of contact surface roughness. Finally, the influence of the contact surface roughness on the vibration reduction ability of a UPD under different excitation modes was analyzed. According to the simulation results, as the contact surface became rougher, the vibration suppression ability of the UPD on the blade became stronger and stronger. With the change in the centrifugal force of the UPD and the amplitude of the same/reverse excitation force, the influencing law of the contact surface roughness on the vibration suppression ability of the UPD remained unchanged, indicating that the rougher the contact surface roughness, the better the vibration suppression effect.
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1. Introduction


In modern aviation aeroengines, fatigue fracture of the blades caused by vibration is one of the key problems that affect engine reliability. Dry friction damping structures have been widely applied in aeroengines due to their obvious vibration reduction effect, simple structure, and high reliability. Common dry friction damping structures consist of intermediate shrouded blades and under-platform dampers (UPDs) [1]. Generally speaking, UPDs are applied to the vibration reduction design of fan blades and turbine blades because of their advantages of a small additional centrifugal load and no adverse effect on the aerodynamic performance. Examples include the fan blades of the CFM56-3 and Taihang engines, and the high-pressure turbine blades of the JT9D, CF6, RB211, BR715, and AJI-31 engines. Studying the contact mechanical properties of asperities on rough surfaces can not only play a necessary guiding role in the vibration reduction characteristics of aeroengine blades with an under-platform damper structure, but it can also help improve the service life of aeroengines and enhance the reliability and safety of aeroengines during operation.



Great efforts have been made in the academic community to accurately describe the mechanical vibration characteristics of the real contact surface of a blade with an under-platform damper. For the contact surfaces of different under-platform dampers, the initial models used were finite element models [2,3] or half-space models [4,5], both of which have their advantages and disadvantages. The advantage of the spatial model is that the calculation efficiency is greatly improved, but the description of the elastic–plastic deformation is inaccurate. Therefore, a characterization method of complex contact surface roughness on account of the FGT is established in this paper.



The primary task for studying under-platform dampers is to quantitatively characterize the mechanical properties of the contact surface. Most early studies have used the macro-slip model, which assumes that the deformation and pressure on the contact surface are evenly distributed and that the contact surfaces enter the stick or slip state simultaneously. The representative work consists of the coupled double contact surface model proposed by Yang [6], the small degree of freedom theoretical model established by Sanliturk [7], and the B-G simplified model adopted by Hao Yanping. It is worth noting that the fretting sliding model can better describe the local slip phenomenon between the contact surfaces and predict the mechanical properties of the contact surface more accurately [8]. For example, Sanliturk et al. used multiple contact pairs in parallel form to establish a micro-slip model, and Panning [9] performed a micro-slip model comparative analysis of the damping effect of a wedge-shaped under-platform damper and a cylindrical under-platform damper. Additionally, Petrov [10] analyzed the vibration reduction effect of different damping structures using a self-developed dry friction nonlinear vibration response solving program.



In the early studies of dry friction structures, the contact interface was usually described by the macroscopic slip model. The smooth and flat surface of the part at the macroscopic angle shows different degrees of roughness and unevenness under the microscope, making the real area of contact during the vibration process smaller than the theoretical area [11]. With this model, a large load is distributed on the small contact area of the UPD, which aggravates its wear failure. First, the deformation of the interface and the uniform arrangement of the interface pressure are assumed. Then, the friction characteristics on the contact surface are described by the single-point Coulomb friction model. The advantages of this model include simplicity, intuition, and less computation, making the macroscopic slip model widely applied in early studies. In the actual structure, due to the influence of structural stiffness, contact surface coordination, and other factors, the contact surface is usually nonuniform contact and may appear in various contact states. Thus, the macroscopic slip model can only accurately represent the situation in which all nodes of the contact surface slip or stick simultaneously, which results in a large error compared to the actual situation. In 1967, Iwan [12] first constructed a micro-slip model to represent the contact state of the interface by parallel and series connections of multiple single-point Coulomb friction models. The micro-slip model is suitable for structures with large contact areas and complex contact states and can consider the complex contact state of different contact nodes. The existing dry friction structures that consider the micro-slip effect tend to be described by the micro-slip model.



Given that the energy dissipation of the contact nonlinear structure is obtained by the relative motion between the vibrating bodies, the dynamic characteristics of the structure are closely related to the mutual motion form of the contact interface. Aiming at the nonlinear phenomenon caused by the friction behavior of the contact interface, a suitable contact kinematics model was established. The contact kinematics models are mainly divided into four types: the 2D constant pressure dry friction model, the 2D constant allowable variable pressure dry friction model, the 3D constant pressure dry friction model, and the 3D constant allowable variable pressure dry friction model.



As confirmed by scholars in this field, the contact problem of rough surfaces will greatly affect the static and dynamic performance of mechanical structures, and the joint surface generated by the contact between two surfaces will make the performance of the whole mechanical equipment nonlinear, which leads to complicated problems. It is of great significance to apply scientific and effective research methods to the contact problem of surfaces. With the development of theory and practice, the contact theory of rough surfaces has been constantly improved. The German physicist Hertz first investigated the contact problem. In 1882, he published an article titled On the Contact of Elastic Solids, laying a foundation for the development of contact mechanics. Hertz mainly studied the normal displacement caused by the contact between two spheres and the problem of determining the contact area. Based on the following assumptions, a contact model of the elastic deformation of a sphere was established: (1) surfaces are continuous and nonconforming; (2) strains are small and within the elastic limit; (3) each solid can be considered as an elastic half-space; (4) surfaces are frictionless. Since then, lots of scientists have tried to use Hertz’s theory to study the contact mechanics of rough interfaces. Specifically, statistical modeling and analysis, research based on fractal geometry theory, finite element numerical solution, and experimental analysis have mainly been adopted.



In a search of the literature, it was found that there has been a lack of research on the influence of roughness on UPDs under different excitation methods. Therefore, the following work was carried out in this paper. Based on the friction characterization method of the complex dry friction contact surfaces, the influence of contact surface roughness on UPD vibration reduction under different excitation modes was studied. First, a finite element model with a UPD was established, and dynamic modeling of the under-platform damper was carried out in combination with the 3D dry friction model. Second, based on FGT, a characterization method of complex contact force considering the contact surface roughness was proposed for the contact surface between the UPD and the blade. Notably, this characterization method simulates the morphology of the rough interface and integrates Hertz theory to obtain the contact stiffness of the UPD contact interface and establish a contact mechanics model considering the roughness characteristics of the UPD contact interface. The contact stiffness of the interface was determined using a combination of Hertz theory and FGT. Moreover, the relevant parameters of the whole contact surface were obtained. Then, the dynamic model was combined with the contact mechanics model considering the roughness of the contact surface, and the dynamic response was calculated by the harmonic balance method. Finally, the vibration reduction characteristics of the different roughness parameters were analyzed based on the dynamic calculation results of different excitation modes. The fractal dimension D determines the contribution of the high- and low-frequency components in the surface profile. The fractal roughness G refers to a height-scaling parameter independent of the frequency [13].




2. Dynamic Modeling


After the finite element model of a blade with an under-platform damper was obtained, the point-to-point contact element of the contact surface was established. In order to reduce the calculation time, the degree of freedom of the blade with the UPD was reduced using the Craig–Bampton dynamic model reduction method, and the correctness of the reduced model was verified to prepare for the dynamic response calculation.



2.1. Dynamic Modeling of a Blade with an Under-Platform Damper


Since this UPD model has been applied in many studies, it is used for related research [14,15,16,17,18]. The blade and UPD are connected by mutual friction between the contact surfaces. During the vibration process, the blade with the UPD could be equivalent to a complete system. A simplified blade model with an under-platform damper is shown in Figure 1. It consists of two simplified blades connected by a UPD. The model includes two blades consisting of 3120 hexahedral units and a UPD consisting of 240 hexahedral units. The force (FN) was applied at both ends below the UPD to simulate the centrifugal load so as to ensure contact between the UPD and the blade on both sides. The excitation point was located at the root of the blade (N1 point, N2 point), and the harmonic excitation Q(t) = Psin(ωt) was applied. When the excitation force was applied only at the N1 position, the blade response had two resonance peaks, which were in the same direction and had reverse vibrations. Therefore, dynamic analysis was carried out under different excitation forces by applying codirectional or reverse excitation forces at the N1 and N2 positions of the two blades. The response point was at the tip of the left blade (point A), and a fixed constraint was applied at the bottom of the two blades. Under the action of excitation force, the UPD and the blades on both sides moved relatively, and the dry friction effect occurred between the contact interfaces. The dimensions of the UPD were l = 28 mm in length and b = 6.5 mm in width, with a θ = 30° edge plate angle. The contact interface between the UPD and two blades was established with 110 pairs of point-to-point contact elements, and the contact elements used the 3D friction model of variable pressure. As presented in Figure 1, the purple point was the contact pair node on the UPD.




2.2. Model Reduction Method


First, Craig–Bampton dynamic reduction [19,20] was performed on the original model to obtain a reduced model. The selection of the 30-order modes ensured the correctness of the CB reduction. To be specific, the model size before and after the reduction was as follows:



As shown in Table 1, in comparison to the original model, the CB reduction reduced the model size by about 20 times. The frequency difference and modal assurance criterion (MAC) values of the first 10 orders before and after the model reduction are presented in Figure 2 and Table 2. Obviously, the frequency difference in the first 10 orders before and after the model reduction was less than 1/10,000, and the MAC values were close to 1, indicating that the dynamic characteristics of the model before and after the reduction were basically consistent with the original model.





3. Characterization Method of Friction Force on Complex Dry Friction Contact Surface Based on Fractal Geometry Theory


Due to the centrifugal force, the UPD is closely connected to the blade to form a contact interface. At the same time, there are complex nonlinear phenomena in the contact interface. In order to study the influence of the nonlinear phenomena on the vibration reduction characteristics of the under-platform damper, a dry friction model was introduced, which applied variable pressure to simulate the contact state between the under-platform damper and the blade contact surface. On this basis, a complex contact model characterization method considering the surface roughness was proposed based on fractal geometry theory. This characterization method obtained the contact stiffness of the dry friction contact interface by simulating the morphology of the rough contact surface and combining it with Hertz contact theory so that a contact mechanics model considering the roughness characteristics was established.



3.1. Three-Dimensional Variable Positive Pressure Hysteresis Coulomb Friction Contact Model


The contact pressure changes with the movement of the contact pair and a three-dimensional variable positive pressure friction model are shown in Figure 3. N0 represents the normal initial positive pressure acting on the contact element; su(t) and sv(t) represent the displacements of the mass in two directions; ku and kv represent the shear spring stiffness in two directions, kn represents the normal spring stiffness; wu(t) and wv(t) represent the displacements of the friction damper in two directions; Qu and Qv represent the external excitations along the two directions, and Qn represents the normal external excitation. μ represents the friction coefficient between the contact surfaces.



In this model, in view of the normal displacement of the mass block, pressure N is not constant. Therefore, N can be expressed as:


  N =  {         N 0  +  k n  × n ,     0 ,         n ≥    N 0   /   k n        n <   −  N 0   /   k n            ,  



(1)







In the formula, n represents the distance of the normal motion of the mass block.



Since the normal action of the mass block has a simple harmonic excitation Qn, the normal displacement n(t) of the mass block will change harmonically, and its value also has positive and negative values. Therefore, when the normal displacement of the mass block is greater than −N0/kn, N0 may be greater than 0, and the contact surfaces make contact with each other; otherwise, the contact surfaces separate, and N0 is 0.



The friction force is judged in the same way as in the two-dimensional friction model, Hence, the total friction force generated by the mass block can be expressed as:


  f =  {          [  k u  (  s u  −  w u  ) ]  2  +   [  k v  (  s v  −  w v  ) ]  2    ,       [  k u  (  s u  −  w u  ) ]  2  +   [  k v  (  s v  −  w v  ) ]  2    < μ N         μ N                 ,       [  k u  (  s u  −  w u  ) ]  2  +   [  k v  (  s v  −  w v  ) ]  2    ≥ μ N       ,  



(2)







In the friction model shown in Figure 3, when the mass block is in contact with the plane, due to the existence of the shear springs ku and kv, the displacement of the friction device along the u and v directions is different. Then, the friction device in the plane produces the following four motions:




	(1)

	
The velocity of the friction damper along the u and v directions is zero;




	(2)

	
The velocity of the friction damper along the u direction is zero, and the velocity along the v direction is not zero;




	(3)

	
The velocity of the friction damper along the v direction is zero, and the velocity along the u direction is not zero;




	(4)

	
The velocity of the friction damper along the u and v directions is not zero.









In the above four motion conditions, when the speed of the friction damper along the u and v directions is zero, there is no relative motion between the contact pairs, and the mass block is in a stuck state. In the other three motion cases, the mass block is in a sliding state.




3.2. Simulation of Roughness Characteristics of Three-Dimensional Contact Surface Based on Fractal Geometry Theory


In this paper, the roughness of the contact surface was simulated by the Weierstrass–Mandelbrot (W–M) fractal function. The formula could be written as [21,22]:


  z ( x , y ) = L    (   G L   )    D − 2      (    ln γ  M   )    1 / 2     ∑  m = 1  M     ∑  n = 0    n  max       γ  ( D − 3 ) n       ×  (  cos  f  m , n     − cos {   2 π  γ n     (   x 2  +  y 2   )    1 / 2    L  cos  [   tan  − 1    (   y x   )  −   π m  M   ]    +  f  m , n    }   



(3)







The fractal dimension D determines the contribution of the high- and low-frequency components in the surface profile. The fractal roughness G represents a height-scaling parameter independent of the frequency. Therefore, the rougher the contact surface, the larger the fractal dimension, and the smaller the fractal roughness G.M was used to construct the overlapping ridge number of the surface profile. The frequency index of the complex contact surface is n. The assumed phase is Φm,n; γ is a fixed value, and is equal to 1.5 [22,23]. The different D fractal surfaces are presented in Figure 4.




3.3. Calculation Model of Contact Stiffness of Complex Contact Surface


According to related studies [23,24,25], the contact stiffness can be obtained by combining Hertz contact theory with the contact surface roughness. Based on the Young’s modulus (E1, E2) and Poisson’s ratio (v1, v2) of the contact surface between the under-platform damper and the blade, a plane equivalent system with a reduced elastic modulus is usually used to describe the complex contact surface of close contact:


   E ∗  =    [   (  1 −  v 1 2   )  /  E 1  +  (  1 −  v 2 2   )  /  E 2   ]    − 1   ,  



(4)







The total contact load P and the actual contact area A can be obtained by the following two equations:


    P =    ∫   a S ′     a c ′      F p      (  a ′  )  n  (  a ′  )  d  a ′  +    ∫   a c ′     a L ′      F e      (  a ′  )  n  (  a ′  )  d  a ′      A =    ∫   a S ′     a c ′      a p      (  a ′  )  n  (  a ′  )  d  a ′  +    ∫   a c ′     a L ′      a e      (  a ′  )  n  (  a ′  )  d  a ′     



(5)







The asperity interference δ can be obtained by FGT.


  δ = 2  G  ( D − 1 )     ( ln γ )   1 / 2      (  2  r ′   )    ( 2 − D )   ,  



(6)




where a′ = π(r′)2. Based on the Hertz contact theory, the elastic force is:


  Δ  F e  =   4  E ∗   r 3    3 R   ,  



(7)







The normal and tangential contact stiffness are:


   K n  =    ∫   a c ′     a l ′      k n     n  (  a ′  )  d  a ′  =   4 D ( 3 − D )   3   2 π   ( 2 − D ) ( D − 1 )   ×  E ′   (    a ′  l  ( D / 2 )     a ′  c  ( 1 / 2 − D / 2 )   −   a ′  l  ( 1 / 2 )    )  ,  



(8)






   K t  =    ∫    a ′  c      a ′  l      k T     n  (  a ′  )  d  a ′  =   4 D ( 1 − v )     2 π   ( 2 − v ) ( D − 1 )   ×  E ′   (    a ′  l  ( D / 2 )     a ′  c  ( 1 / 2 − D / 2 )   −   a ′  l  ( 1 / 2 )    )  ,  



(9)







The contact stiffness of each contact pair can be expressed as:


   {       k  n i   =  a i   K n         k  t i   =  a i   K t        ,  



(10)




where i denotes the number of contact pairs.





4. Nonlinear Dynamic Response Calculation Method


The harmonic balance method has some advantages, including clear physical meaning, strong applicability, and high computational efficiency. It is very suitable for the steady-state response calculation of strong nonlinear structures [26,27,28,29,30].



First, under the basic assumptions, the steady-state response displacement solution is obtained by a Fourier series:


  u ( t ) =  U 0  +  ∑  k = 1    N h     U  ck   cos ( k ω t ) +  U  sk   sin ( k ω t ) ,  



(11)




where Nh represents the truncated harmonic order, ω represents the external excitation frequency, U0 represents the Fourier series corresponding to the ‘0’ order harmonic, and Uck and Usk represent the Fourier series corresponding to the k-order harmonic. In addition, Nd denotes the degree of freedom of the whole system, and the Fourier series vectors of dimension Nd·(2Nh + 1) are arranged as follows during the calculation:


  U =    [   U 0  ,  U  c 1   ,  U  s 1   , ⋯ ,  U  c  N h    ,  U  s  N h     ]   T  ,  



(12)







Given that the nonlinear force and the external excitation force can also be expressed as the product of the transformation matrix and the corresponding Fourier coefficients,


      f ( t ) = H ( ω t ) ×   [   F 0  ,  F  c 1   ,  F  s 1   , ⋯ ,  F  c k   ,  F  s k   , ⋯  ]  T  = H ( ω t ) F      f  nl   ( u ,  u ˙  , t ) = H ( ω t ) ×   [   F  n l  0  ,  F  n l   c 1   ,  F  n l   s 1 ,   , ⋯ ,  F  n l   c k   ,  F  n l   s k   , ⋯  ]  T  = H ( ω t )  F  nl   ( U )     ,  



(13)







Finally, an equilibrium equation of the multi-harmonic balance method with the Fourier coefficients as unknowns is obtained:


  G ( ω , U ) = P ( ω ) U +  F  n 1   ( U ) − F =  0  ,  



(14)




where P(ω) = ω2NM∇2 + ωNc∇ + NK represents the dynamic stiffness matrix, NM represents a block diagonal matrix consisting of a mass matrix M, NM = diag(M, M,⋯), and NC and NK have the same structure as NM. The algebraic equations can be solved using arc-length continuation [31] and the Newton–Raphson iterative method [32].




5. Vibration Response Analysis of Blade with Under-Platform Damper


As shown in Figure 5, in this study, different states of the engine were simulated using three different excitation modes. The relevant parameters of the blades are presented in Table 3. This section analyzes the influence of the fractal dimension D and the fractal roughness G on the blade contact surface state and the vibration reduction characteristics under different excitation forces and different centrifugal forces. Among them, the fractal dimension D determines the contribution of the high-and low-frequency components to the surface profile. The fractal roughness G is a height-scaling parameter independent of the frequency.



5.1. Time Domain Signals of Co-Directional and Reverse Excitation Force


Taking the contact pair of UPD slices in Figure 6a as an example, in a complete vibration cycle, the influence of codirectional vibration and reverse vibration on the contact state was obtained under different levels of roughness. As shown in Figure 7 and Figure 8, under certain calculation conditions, different contact states of stick, slip, or separation at different times appeared on the contact surface. Therefore, different contact conditions can have different nonlinear phenomena.



The co-excitation force and the reverse excitation force had different effects on the vibration of the UPD, as shown in Figure 6b. The symmetrical nodes on both sides of the UPD were selected as the analysis objects to calculate the time-domain vibration signals. As shown in Figure 9, in the case of co-excitation and reverse excitation, there were vibrations of the UPD nodes on both sides in three directions. As can be seen, the movement of the UPD was translational when the excitation forces moved in the same direction, whereas the UPD produced torsional motion when the excitation forces moved in opposite directions.




5.2. Influence of the Contact Surface Roughness on the Contact State of the Contact Surface of the Under-Platform Damper


In this study, 110 contact pairs were established on the two contact surfaces of the blade–flange plate to describe the vibration of the entire contact surface (see Figure 10 and Figure 11). The motion of each contact pair under three excitation forces and different levels of roughness can be observed. The dots of different colors represent the nodes. To be specific, the blue indicates that the node was in a complete stick state, the green indicates that the node was in a stick–slip state, and the red indicates that the node was separated during the motion period but was still in a stick–slip state during contact. Additionally, a dry friction damping effect can be produced in the stick–slip state and the separation–stick–slip state.



It can be observed in Figure 8 and Figure 11 that in a complete vibration cycle, with the increase in the roughness of the contact surface, the roughness fractal dimension D increased, the fractal roughness G decreased, the nodes of the contact surface in the complete stick state declined, the stick–slip state and stick–slip–separation state nodes increased, and the nonlinearity of the system and the dry friction damping effect were strengthened. This study also compared the contact state of the contact surface under excitation forces of 5 N and 2 N. When the excitation force was large, there were fewer nodes in the complete stick state, and most of the nodes entered the slip state. At the same time, there were more nodes in the separation state. At this time, the system had obvious nonlinear characteristics, and the dry friction damping effect was also strong.



Within a certain range, as the contact surface became rough (D increased and G decreased), the number of nodes entering the slip state gradually increased, and the dry friction effect of the contact interface gradually strengthened, causing the vibration of the simplified blade model with the under-platform damper to have obvious nonlinear characteristics.




5.3. Influence of Contact Surface Roughness on Vibration Reduction Characteristics of Blades


5.3.1. Influence of D on the Vibration Reduction Characteristics of UPD


The vibration reduction characteristic curves of the different roughness fractal dimensions D of the contact surface under the three excitation conditions are shown in Figure 12. The exciting force is F and the centrifugal force of UPD is FN. Each curve corresponds to different fractal dimensions D. Under a single excitation force, there were two resonance peaks in the amplitude–frequency curve of the response point, and the blade vibration in the same direction generated a larger peak. With the application of the roughness formula, when the fractal dimension D was too large, the contact surface stiffness was large. The stiffness at this time did not conform to the real situation. Therefore, when the fractal dimension D was different, the blade resonance peak tended to move to the left, showing a nonlinear phenomenon. The reasons for this phenomenon are explained in Section 5.2. Furthermore, the resonance peak decreased with the increase in the D, and the reverse vibration peak of the blade was small and did not change much. In order to verify the vibration of two peaks when a single excitation force vibrated, the same-direction excitation forces and the reverse excitation forces were applied to the blade. With the increase in the D, the resonance peak of the blade decreased, and the change rule was the same as that of the single excitation force.



The dissipation energy changed with the roughness of the contact surface at different fractal dimensions D, as shown in Figure 13. Given that the whole contact surface was simulated by 110 contact pairs, the dissipated energy of the whole contact surface under a vibration period of the blade was obtained by analyzing each contact pair combined with the contact state in Section 5.1. In this study, when the excitation force was different or the centrifugal force was different, the dissipation energy increased with the increase in the D. However, when the single excitation force and the co-directional excitation force were applied, the phenomenon of first increasing and then decreasing occurred. Due to the fact that the contact surface was too rough, the contact state was in a complete stick state. Thus, there was no dissipation energy.




5.3.2. Influence of G on the Vibration Reduction Characteristics of UPD


The influence of the G on the damping characteristics of the under-platform damper is presented in Figure 14, with each curve corresponding to different levels of G. The resonance peak of the blade decreased with the decrease in the G under different excitation forces, and the resonance peak of the blade also tended to move to the left, which was also a manifestation of nonlinear phenomena. As shown in Figure 15, the dissipation energy declined with the increase in the G of the contact surface, and different phenomena occurred when the reverse excitation force acted. The amplitude–frequency curve under the reverse excitation force reveals that the vibration amplitude was small at this time, and Figure 10 in Section 5.2 shows that the contact surface state under the reverse excitation force did not change significantly with the roughness parameter G and was almost in a complete stick state. Therefore, the dissipation energy was very small at this time, and the maximum value was 2.5 × 10−21 J, which can be ignored.



Within a certain range, as the contact surface became rough (increased D and decreased G), under different excitation forces or different centrifugal forces, the maximum response that corresponded to the resonance frequency decreased and the dissipation energy increased.






6. Conclusions


Based on the 3D dry friction model and fractal geometry theory, a friction mechanical model was established to represent the contact behavior of the rough contact surface of an under-platform damper. On this basis, a finite element dynamic model of a blade with an under-platform damper was established, and the finite element model was reduced to decrease the calculation time. Furthermore, the harmonic balance method was used to analyze the influence of the roughness level of the contact surface on the vibration reduction performance of the under-platform damper under different centrifugal forces, excitation amplitudes, and phases (in the same direction and opposite directions). The numerical analysis proves that:




	(1)

	
Under excitation forces in the same direction, the UPD appeared to undergo translational motion, whereas under the opposite excitation force, rotation appeared. Under excitation forces in different directions, the contact state of the UPD between the blades appeared to have viscous slip separation at different times, which led to different nonlinear phenomena in the vibration process;




	(2)

	
When the centrifugal force of the under-platform damper was small, there were more nodes on the contact surface of the under-platform damper, which led to a strong nonlinear phenomenon. With the increase in the centrifugal force, the contact nodes that were in a complete stick state gradually increased, while the nonlinear phenomena and vibration suppression performance weakened;




	(3)

	
When the two blades were subjected to the same excitation force, there were more nodes in the slip state of the contact surface of the under-platform damper, which led to a strong nonlinear phenomenon, and the contact surface produced more dissipated energy. When the two blades were subjected to a single excitation force or a reverse excitation force, the contact nodes in a complete stick state increased, the nonlinear phenomenon weakened, the contact surface produced less dissipation energy, and the vibration suppression performance weakened.




	(4)

	
The fractal dimension D determined the contribution of the high- and low-frequency components to the surface profile. Additionally, the fractal roughness G refers to a height-scaling parameter independent of the frequency. As the contact surface of the shock absorber under the platform became rougher, the D increased, whereas the G decreased. The number of nodes in the sliding state of the contact surface of the under-platform damper increased, which presents a strong nonlinear phenomenon. Moreover, the dissipation energy generated by the contact surface increased, the maximum response corresponding to the resonance frequency was reduced, and the vibration suppression performance was enhanced.









In order to study the influence of roughness on a UPD, a more general simplified model was adopted because the simplified model had the problem of a small structural angle. In a real engine, the damper may not roll or have liftoff at such a shallow vertex angle. Only one UPD angle was considered in this paper. The influence of different angles will be studied later. Therefore, it is essential to further study the selection of the UPD angle. During the rotation of the blade, there is wear between the blade and the under-platform damper. According to the wear evolution law of the contact surface, this characterization model can not only obtain the interface contact stiffness at different wear stages by changing the contact surface morphology and the pressure distribution of the contact surface, but it can also determine the contact force characterization of the complex dry friction contact interface considering the wear of the contact surface. Therefore, it is concluded that the wear and roughness characterization model can be combined for further study.
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Nomenclature




	N0
	normal initial positive pressure



	su(t), sv(t)
	displacements of the mass in two directions



	ku, kv
	shear spring stiffness in two directions



	kn
	normal spring stiffness



	wu(t), wv(t)
	displacements of the friction damper in two directions



	Qu and Qv
	external excitations along two directions



	Qn
	normal external excitation



	μ
	friction coefficient



	N
	pressure



	n
	distance of the normal motion of the mass block



	f
	total friction force



	D
	fractal dimension



	G
	fractal roughness parameter



	M
	overlapping ridge number



	Φm,n
	assumed phase



	γ
	fixed value equal to 1.5



	E1, E2
	Young’s modulus



	v1, v2
	Poisson’s ratio



	P
	total contact load



	A
	actual contact area



	δ
	asperity interference



	ΔFe
	elastic force



	Kn, Kt
	normal and tangential contact stiffness



	kni, kti
	stiffness of each contact pair



	M, K, C
	mass, stiffness, damping matrix



	Nh
	truncated harmonic order



	ω
	external excitation frequency



	U0, Uck, Usk
	Fourier series corresponding to the  [image: Applsci 13 02128 i001]-order harmonic



	Nd
	degree of freedom of the whole system



	f(t)
	nonlinear force



	fnl
	external excitation force



	P(ω)
	dynamic stiffness matrix







Abbreviations




	UPD
	under-platform damper



	FGT
	fractal geometry theory



	CB
	Craig–Bampton
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Figure 1. A simplified blade model with an under-platform damper. 
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Figure 2. Frequency difference and MAC value of simplified blade model with under-platform damper before and after reduction; (a) frequency difference; (b) MAC value. 
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Figure 3. Three-dimensional variable positive pressure friction model. 
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Figure 4. Simulated fractal surface profiles under different three-dimensional fractal dimensions; (a) D = 2.2, G = 1 × 10−8; (b) D = 2.3, G = 1 × 10−8; (c) D = 2.49, G = 1 × 10−8. 
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Figure 5. Different excitation methods; (a) exciting force; (b) excitation forces in the same direction; (c) excitation forces in the opposite direction. 
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Figure 6. Location of analysis; (a) contact node between UPD and blade; (b) UPD bilaterally symmetrical position. 
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Figure 7. Contact state between UPD and blade when the fractal dimension D changes; (a) excitation forces in the same direction; (b) excitation force in the opposite direction. 
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Figure 8. Time domain signals with the fractal roughness parameter; (a) excitation forces in the same direction; (b) excitation force in the opposite direction. 
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Figure 9. Time domain signals; (a) excitation forces in the same direction; (b) excitation forces in the opposite directions. 
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Figure 10. Influence of the roughness fractal dimension D on the contact state: (a,d) single exciting force; (b,e) excitation forces in the same direction; (c,f) excitation forces in the opposite directions. 
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Figure 11. Influence of the fractal roughness G on the contact state; (a,d) single exciting force; (b,e) excitation forces in the same direction; (c,f) excitation forces in the opposite directions. 
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Figure 12. Influence of roughness fractal dimension D on vibration reduction characteristics. 
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Figure 13. Dissipation energy of fractal dimension D of different roughness. 
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Figure 14. Influence of the fractal roughness G on vibration reduction characteristics. 
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Figure 15. Dissipative energy of different levels of fractal roughness G. 
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Table 1. Scale of simplified blade model with under-platform damper before and after reduction.
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	Model
	Total Degree of

Freedom
	Nonlinear Degree of

Freedom





	Original model
	15,279
	660



	CB reduction model
	762
	660
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Table 2. Correlation data of simplified blade model with under-platform damper before and after CB reduction.
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	Mode Order
	Original Model

Frequency/Hz
	Reduced Model

Frequency/Hz
	Frequency

Difference/%
	MAC





	1
	506.83
	506.83
	2.17 × 10−3
	0.99



	2
	526.37
	526.37
	1.42 × 10−3
	0.99



	3
	1230.70
	1230.68
	2.28 × 10−3
	0.99



	4
	1325.70
	1325.72
	6.11 × 10−4
	0.99



	5
	2567.10
	2567.17
	3.27 × 10−4
	0.99



	6
	3206.60
	3206.68
	9.67 × 10−3
	0.99



	7
	3559.80
	3559.83
	8.71 × 10−3
	0.99



	8
	3575.50
	3575.56
	1.12 × 10−2
	0.99



	9
	4802.10
	4802.29
	4.16 × 10−2
	0.99



	10
	5449.50
	5449.80
	5.87 × 10−2
	0.99
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Table 3. Default parameters of blade with under-platform damper structure.
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	Parameters
	Blade Length
	Blade Width
	Blade

Thickness
	Density
	Young’s Modulus
	Poisson’s Ratio





	Value
	145 mm
	28 mm
	7 mm
	7.8 × 10−6 kg/mm3
	197 GPa
	0.3
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