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Abstract

:

As a high-precision motion mechanism, the kinematics and dynamics of cascade thrust reverser are sensitive to the changes of nonlinear factors which are rarely considered in traditional dynamic modeling and optimization. In order to study the effect of nonlinear factors on the dynamics behavior of cascade thrust reverser mechanism, the dynamic model considering joint clearance and flexible component is established. Lankarani–Nikravesh and modified-Coulomb model are used to establish the contact force at the clearance, and the flexible component in the mechanism is modeled by the absolute node coordinate method. The effects of joint clearance value, clearance position, flexible component, and driving speed on the dynamic response of the mechanism are studied. Specifically, the nonlinear characteristics of the mechanism increase with the clearance value, and the joint clearance near the mobile fairing has greater influence on the kinematics and dynamics of blocker door. For the mechanical system with clearances, the flexible component can partially reduce the vibration of the system. The analysis of the motion synchronization of the thrust reverser actuators indicates that the asynchronous movement of actuators may increase the driving forces of actuators especially for the middle actuator.
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1. Introduction


The reverse thrust device is used to change the thrust direction of the engine, which can decelerate and shorten the landing distance after the aircraft touches the ground. Compared with braking, spoiler, and other deceleration modes, the reverse thrust device is not limited by rain, snow, and other weather conditions, and can reduce the wear of brake pads with good braking effect and high safety factor, so it is widely used in turbojet and turbofan engines of civil and military aircrafts [1,2,3,4,5]. The thrust reverser structure mainly includes bucket type, lobe type, and cascade type. Among them, the cascade type thrust reverser has high thrust reverser efficiency, high reliability, and strong adaptability to different engine conditions. Therefore, it is widely used in large bypass ratio turbofan engine. Each mobile fairing of the cascade thrust reverser is usually driven by three actuators which are powered by hydraulic pressure. A synchronous soft shaft is installed inside the hydraulic pipeline in order to adjust the speed of different actuators, so as to ensure the synchronous movement of actuators during the deployment and retraction process of the thrust reverse device. When the reverse thrust device is in operation during the landing process, the mobile fairing moves backward and drives the blocker doors to turnover, which can change the direction of bypass airstream to generate reverse thrust force and realize the deceleration effect of the aircraft [6,7,8,9,10].



The research on the cascade thrust reverser mainly focuses on aerodynamic performance [11,12,13,14,15,16,17], loading system design [18,19,20], structural parameter optimization design [21]. V. L. Varsegov, et al. [17] studied the numerical model of the airflow through thrust reverser in the engine bypass duct, and proposed the optimal turbulence model. J. Butterfield, et al. [20] focused on the design of the cascade of the thrust reverser and analyzed the pressure distribution on the section of the thrust reverser. E. W. M. Roosenboom [22] successfully measured the flow field of thrust reversal by three-dimensional particle image velocimetry technology, and obtained the influence of blade position on aerodynamic performance. S. Zhang et al. [13] obtained the load-bearing and force transmission characteristics of the thrust reverser mechanism. K. L. McCormick et al. [23] studied the working performance of the thrust reverser by comparing the deceleration effect of the thrust reverser with the braking equipment.



Most of the studies in the above-mentioned literatures are based on the idealized rigid body model, and mainly studied the influence of the thrust flow field on the bearing capacity and working performance of the whole mechanism. In addition, some researchers have studied the kinematics, dynamics, and structural optimization of the mechanism based on traditional single degree of freedom thrust reverser mechanism [5,12,21]. However, there is little research on the current two-degree-of-freedom (DOF) thrust reverser mechanism. Compared with traditional mechanisms, the motion of the 2-DOF thrust reverser mechanism is more complex, and the mechanism dynamics is more sensitive to nonlinear factors [24]. Therefore, it is necessary to study the influence of nonlinear factors on mechanism dynamics. At the same time, as a driving device, the synchronization of the thrust reverser actuator directly affects the change of the driving force of the mechanism, and the synchronization of the actuator has become an important problem in the design and analysis of the mechanism.



In this paper, the cascade thrust reverser is taken as the research object. On the basis of the structural analysis of the thrust reverser, the kinematic and dynamic models of the single chain thrust reverser are established. Based on the single chain model, the influence of nonlinear factors such as joint clearance and flexible component on the dynamics of the thrust reverser are studied, and the effect of thrust reverser actuators synchronization on mechanism dynamics is analyzed through spatial multi-link model.




2. Thrust Reverser Mechanism


The cascade thrust reverser is mainly composed of mobile fairing, blocker door, pull rod of blocker door, exhaust cascade, and reverse thrust actuator, etc. In order to facilitate the kinematic and dynamic analysis of the cascade thrust reverser, the schematic diagram of a typical cascade thrust reverser is extracted as shown in Figure 1.



In order to ensure sufficient exhaust area of the cascade, a transfer pull rod is added between the blocker door and the large pull rod, which makes the reverse thrust device a two degree of freedom mechanism with only one input. In order to ensure the under actuated mechanism having a unique motion law, a torsion spring and a limit lug are installed.



The three actuators extend under the hydraulic power to drive the mobile fairing along the air flow direction and open the thrust reverser. In order to ensure the synchronous movement of the thrust reverser actuators, a synchronous soft shaft is connected between each actuator, and the soft shaft is connected with the piston of the actuator through a worm gear mechanism. During the deployment or retraction of the thrust reverser device, the displacement difference between the actuators caused by the inconsistent aerodynamic loads would generate synchronous torque of soft shaft to adjust the actuators and realize the synchronous movement of the thrust reverser device.




3. Modeling of Revolute Joint with Clearance


In order to analyze the dynamic characteristics of multi-body mechanism with joint clearance, a contact collision model between journal and bearing was established. Figure 2 shows the model diagram of the joint clearance in two states.



The clearance value c can be expressed by the difference between the bearing diameter    R B    and the journal diameter    R J   .


  c =  R B  −  R J   



(1)







When the center offset distance between the journal and the bearing is less than the clearance value c, the journal and bearing are in a free flight state, otherwise the journal and bearing are in the contact deformation state. The contact force includes normal contact force and tangential friction force. In addition, the tangential friction force will also generate a rotational moment M.



3.1. Normal Contact Force Model


Lankarani et al. [25] proposed the Lankarani–Nikravesh contact force model which estimates the damping factor η by the kinetic energy loss during the collision, which can be expressed as follows:


   F n  =    K δ   n  +  D  δ ˙    



(2)






  K =  4  3  (   σ i  +  σ j   )       (     R i   R j     R i  +  R j     )     1 2     



(3)






   σ k  =   1 −  μ k    2     E k    ,    (  k = i , j  )   



(4)






  D =   3 K  (  1 −  C e    2   )   δ n    4    δ ˙   *     



(5)






   F n  =    K δ   n   [  1 +   3 K  (  1 −  C e    2   )   δ ˙    4    δ ˙   *     ]   



(6)




where  δ  is the contact deformation, N represents the contact force index,        E   i    and    E j    represent the elastic modulus of the shaft and the bearing respectively,    μ i    and    μ j    represent Poisson’s ratio of shaft and bearing respectively.    C e    is the recovery coefficient,      δ ˙   *    is the relative velocity at the initial time of contact.



The L-N contact force model can accurately simulate the contact and collision process at the clearance, and is widely used in the dynamic analysis of mechanisms with clearance [26,27,28,29]. In this paper, L-N contact force model is used to calculate the normal contact force at the clearance.




3.2. Tangential Friction Force Model


Coulomb friction model is the most typical friction model [30], in which, the friction force is proportional to the normal contact force


   F t  = μ  |   F n   |  sgn  ( v )   



(7)




where,    F t    is the tangential friction force,  μ  is the friction coefficient,  v  is the relative motion speed.



However, as shown in Figure 3a, when the motion speed is zero, the friction force is discontinuous, and results in non-convergence problem.



The modified Coulomb friction model proposed by Ambrosio [31] is more reasonable, which introduces a transition state around the zero velocity.


    F  t  = −  c f   c d    F  n      v  t     |    v  t   |     



(8)






   c d  =  {      0          |    v  t   |  −   v  0      v  1  −   v  0          1         if    |    v  t   |  <   v  0        if     v  0  <  |    v  t   |  <   v  1        if    |    v  t   |  >   v  1         



(9)




where    c f    is the friction coefficient,     v  t    is the relative speed,    c d    is the dynamic correction coefficient,     v  0    and     v  1    are the speed values specified for calculating the dynamic correction coefficient. The modified Coulomb friction model is used to calculate the tangential friction force in this paper.





4. Modeling of Revolute Joint with Clearance


The flexible beam element is modeled by absolute nodal coordinate formulation (ANCF) [32,33], as shown in Figure 4.



In the global coordinate system, the position vector of any point P on the flexible beam element can be expressed as


   r  =  [       r x         r y       ]  =  [       a 0  +  a 1  x +  a 2   x 2  +  a 3   x 3         b 0  +  b 1  x +  b 2   x 2  +  b 3   x 3       ]  =  S    q  e   



(10)






    q  e  =    (   q 1  ,  q 2  ,  q 3  ,  q 4  ,  q 5  ,  q 6  ,  q 7  ,  q 8   )   T  =    (   r  i x   ,  r  i y   ,   ∂  r  i x     ∂ x   ,   ∂  r  i y     ∂ x   ,  r  j x   ,  r  j y   ,   ∂  r  j x     ∂ x   ,   ∂  r  j y     ∂ x    )   T   



(11)




where, S is the global shape function,   q   is the generalized coordinate of the flexible beam element,      [   r  m x   ,  r  m y    ]   T   (  m = i , j  )    represents the position vector of nodes i, j,      [     r  m x     ∂ x   ,    r  m y     ∂ x    ]   T    represents the absolute position slope of the beam element node in the global coordinate system.



The global shape function s of the flexible beam element can be expressed as


   S  =  (   S 1  I ,  S 2  I ,  S 3  I ,  S 4  I  )   



(12)




where,  I  is the identity matrix of 2 × 2,    S 1  = 1 − 3  ξ 2  + 2  ξ 3   ,    S 2  = l  (  ξ − 2  ξ 2  +  ξ 3   )   ,    S 3  = 3  ξ 2  − 2  ξ 3   ,    S 4  = l  (   ξ 3  −  ξ 2   )   ,   ξ = x / l  ,  l  is the length of flexible beam element.



The kinetic energy of the beam element can be expressed as


  T =  1 2    ∫  0 V  ρ    r ˙   T    r ˙   d V =  1 2       q e   ˙   T   (    ∫  0 V  ρ   S  T   S  d V  )     q e   ˙  =  1 2       q e   ˙   T    M  a     q e   ˙   



(13)




where,     M  a    is the mass matrix of the flexible beam element,  ρ  and  V  are the density and volume of the flexible beam element.



Taking the derivative of strain energy with respect to the generalized coordinate, the elastic force of flexible beam element can be written as:


   Q k  =   ∂ U   ∂  e     



(14)




where    Q k    is the elastic force of the flexible beam element,  U  is the total strain energy.



The longitudinal strain energy    U l    and bending strain energy    U t    of the beam element can be expressed as:


   U l  =  1 2    ∫  0 l  E A  ε l    2  d x  



(15)






   U t  =  1 2    ∫  0 l  E  I e   κ 2  d x  



(16)




where    I e    is moment of inertia of the element cross section.  κ  is the curvature of the beam element.



The total strain energy  U  consists of    U l    and    U t   , can be expressed as:


  U =  U l  +  U t  =  1 2    ∫  0 l   (  E A  ε l    2  + E  I e   κ 2   )  d x  



(17)







Longitudinal elastic force    Q l    and bending elastic force    Q t    can be expressed as:


   Q l  =    (    ∂  U l    ∂  e     )   T  =  [    ∫  0 l  E A  ε l   (    S ′  T   S ′   )  d x  ]   e  =  K l   e   



(18)






   Q t  =    (    ∂  U t    ∂  e     )   T  =  [    ∫  0 l  E I  (    S ″  T   S ″   )  d x  ]   e  =  K t   e   



(19)




where,    K l    is the stiffness matrix corresponding to the longitudinal elastic force,    K t    is the stiffness matrix corresponding to the bending elastic force.



The total elastic force    Q k    and total stiffness matrix  K  of the beam element can be written as


   Q k  =  Q l  +  Q t  =  [    ∫  0 l  E A  ε l   (    S ′  T   S ′   )  d x  ]  e +  [    ∫  0 l  E I  (    S ″  T   S ″   )  d x  ]   e   



(20)






  K =  K l  +  K t  =   ∫  0 l  E A  ε l   (    S ′  T   S ′   )  d x +   ∫  0 l  E I  (    S ″  T   S ″   )  d x  



(21)








5. Dynamic Equation of Rigid-Flexible Coupling Mechanism with Joint Clearance


According to Lagrange multiplier method, the dynamic equation of multi-body system with clearances can be expressed as:


   {        M  a    q  ¨  +   Φ  q T  λ =  Q a  −  Q k  +   F  c        Φ  (   q  , t  )  = 0                                                                    



(22)




where   q  ,    q ˙   , and     q  ¨    are the generalized coordinate, velocity, and acceleration of the system,   λ   is the Lagrange multiplier matrix,    Q a    is the generalized external force of the system. Fc is the contact force at the clearance.    Φ   (   q  , t  )    is the constraint equation,     Φ  q    is the Jacobian matrix of the constraint equation.


    Φ  q  =   ∂  Φ   (   q  , t  )    ∂  q     



(23)







Because the mechanism includes rigid body and flexible body simultaneously, the mass matrix and generalized coordinate of the mechanism can be written as follows:


   M  =  [        M  r     0     0      M  f       ]  ,  q  =  [        q  r          q  f       ]   



(24)




where index r and f represent rigid body and flexible body, respectively.



According to the above equation, the dynamic equation of rigid-flexible coupling multi-body system with clearances can be written as:


  {      [      M  r    0     0     M  f     ]   [      q  r        q  f     ]  +  [     Φ   q r   T       Φ   q f   T     ]  λ =  [      Q  r        Q  f     ]       Φ  (   q  r  ,   q  f  ,  t  )  =  0      



(25)







In order to facilitate numerical algorithm design and calculation, the dynamic equation can be written as:


   [        M  a        Φ  e T          Φ  e     0     ]   [        q  ¨       λ     ]  =  [     Q      γ − 2 α   Φ ˙   −  β 2  Φ      ]   



(26)






  γ =   Φ  q    q  ¨  = −    (    Φ  q    q ˙    )   q    q ˙   − 2   Φ   qt     q ˙   −   Φ   tt    



(27)




where  Q  is the generalized force matrix,  α  and  β  are Baumgarte correction coefficients.  γ  represents the acceleration constraint equation of the mechanism.




6. Calculation and Parameters


6.1. Solution Process of Dynamic Equation


The dynamic equation of the system is a differential equation containing strongly coupled characteristics and strongly nonlinear characteristics. In order to improve the calculation accuracy and reduce the error, the fourth-order Runge-Kutta method is used to solve DAEs of the system in this paper. The flowchart of solving the dynamic equation is shown in Figure 5, and the solution procedures are as follows: (1) Enter the system parameters and define initial condition, including position coordinates and speed; (2) determine whether the shaft and bearing are in collision, and calculate the contact force; (3) establish the flexible beam element model and obtain the elastic force; (4) calculate the generalized coordinates and velocity by solving the differential algebra dynamic equations; (5) repeat (2)(3)(4) until the end time.




6.2. Model Validation


In order to verify the accuracy of the established model, take the classical three-dimensional flexible pendulum in the literature [34] as an example for comparison. The flexible pendulum is under gravity with initial angular velocity about the vertical Y-axis. The flexible pendulum model diagram is shown in Figure 6, and Table 1 shows the model simulation parameters.



Figure 7 shows the comparison between the calculated results of the established model and the literature results, it can be seen that the two results are highly consistent, which verifies the accuracy of the established model in this paper.




6.3. Mechanism Simulation Parameters


The structural parameters of thrust reverse mechanism are shown in Table 2, the simulation parameters of clearance collision are shown in Table 3, and the simulation parameters of flexible component are shown in Table 4.





7. Results and Discussion


7.1. Dynamic Response Analysis of the Mechanism


7.1.1. Effect of Clearance Value


This section analyzes the effect of different clearance values on dynamic response and nonlinear characteristics of mechanism. Clearance joints A and B are considered simultaneously in the mechanism with the clearance values of 0.1 mm, 0.3 mm, and 0.5 mm respectively under constant driving speed of 0.5 m/s. When the blocker door enters the overturning stage, the aerodynamic load gradually increases from 0 to 2000 N, as shown in Figure 8. The displacement, velocity, and acceleration of blocker door, the driving force and the reaction force of clearance joint are shown in Figure 9. The phase diagrams and Poincare maps of clearance joints A and B are represented in Figure 10.



It can be seen from Figure 9a that the displacement of block door under different clearance values are basically the same, while velocity and acceleration fluctuate more dramatically with larger clearance, which indicates that clearance may worsen the stability of the mechanism. The driving forces of different clearance are identical and maximum driving forces of different clearance all appear at 0.95 s, which is due to the aerodynamic load, but the fluctuation of driving force becomes more obvious with the increase of the clearance value. Figure 9e shows that the contact force at clearance joint A decreases as the clearance value increases. While the maximum contact force at clearance joint B is less influenced by clearance compared with A. From the above kinematics and dynamics curves, it can be found that with the increase of the aerodynamic load on the blocker door, the fluctuation caused by the joint clearance is significantly weakened.



According to Figure 10, with the increase of clearance value, the range of phase diagram further expands and the mapping points from Poincare diagram are less concentrated, which indicates that the periodicity of the motion at the clearance is stronger with smaller clearance, and the nonlinearity of the motion increases with the clearance value. Compared with clearance A, the motion at clearance B is more chaotic.




7.1.2. Effect of the Positions of Clearance Joint


This section analyzes the effect of different positions of clearance joint on dynamic response and nonlinear characteristics of mechanism, the clearance of 0.3 mm is added to joint A and B separately. The kinematic characteristics of blocker door and the driving force are calculated with driving speed of 0.5 m/s. The kinematics of blocker door and the driving force of mechanism are shown in Figure 11. The shaft center trajectory and phase diagram at clearance A and B are shown in Figure 12. Figure 13 shows the phase diagram of blocker door movement with clearance joint A and B, respectively.



It can be seen that the displacement with different locations of clearance joint are basically the same. The fluctuation of velocity, acceleration, and driving force caused by clearance joint B is larger than clearance joint A. It is noteworthy that there is sudden change at around 0.3 s, which is due to the overturning of blocker door. Compared with clearance joint A, the clearance joint B has greater impact on the movement of block door.



It can be seen that under the same clearance value, the movement range of the shaft center at the clearance B is larger and the nonlinear characteristics are stronger. The range of phase diagram of blocker door under the effect of clearance joint A is smaller than that of clearance B and the motion of blocker door under clearance joint A is more stable, which can be verified by the relative acceleration.




7.1.3. Effect of Driving Speed


This section analyzes the effect of different driving speeds on dynamic response and nonlinear characteristics of the mechanism, which are v = 0.5 m/s and v = 1.0 m/s with clearance joint B of 0.5 mm. The velocity and acceleration of block door, contact force of joint B, and driving force are analyzed.



As shown in Figure 14, the velocity, acceleration, contact force all increase with driving speed. Specifically, the maximum contact force almost tripled when the driving speed increases from 0.5 m/s to 1.0 m/s. When the blocker door starts to overturn, the driving force increases significantly with the increase of the driving speed. It can be seen in Figure 15 and Figure 16 that the increase in driving speed makes the distribution range of shaft center trajectory and phase diagram larger. Through Figure 17, it is found that the mapping points becomes more concentrated at higher driving speed, and the motion is more periodic. Compared with clearance joint A, the mapping points distribution is more dispersed at clearance joint B, which implies stronger nonlinearity there.




7.1.4. Effect of Flexible Component


The blocker rod is described as flexible, and the effect of the flexible component on the dynamic response of the mechanism is analyzed.



It can be found from Figure 18 that the displacements of blocker door with rigid rod and flexible rod basically coincide. The fluctuations of velocity, acceleration, contact force, and driving force are obviously weakened in the overturn stage with flexible rod. When the blocker door begins to overturn, the effect of the flexible rod becomes obvious with the increase of the load. The addition of the flexible body may introduce a damping effect for the system. It can be seen from Figure 19 that with flexible rod, the range of the shaft center trajectory is significantly reduced, which implies that the motion state at clearance is more stable. Through Figure 20, it is obvious that the range of phase diagram of blocker door with flexible rod is smaller than that of rigid mechanism, which implies that the relative acceleration is reduced, and the blocker door is more stable. As can be seen from Figure 21, the distribution of mapping points is more concentrated with flexible rod, so the flexible rod could weaken the nonlinear characteristics at the clearance and increase the stability of the motion of the mechanism.





7.2. Mechanism Simulation Parameters


The mobile fairing of the reverse thrust mechanism is simultaneously driven by three actuators, which are connected through a synchronous flexible shaft. When the actuators are asynchronous, the flexible shaft will generate synchronous torque and adjust the movement of the actuator. However, when the speed difference of the actuators is large enough, the adjustment of the flexible shaft would fail, causing the mechanism to be stuck, which would lead to serious accident.



Figure 22 shows the spatial multi-link reverse thrust mechanism, each mobile fairing is connected with five blocker doors, and three reverse thrust actuators arranged in the circumferential direction drive the mobile fairing and blocker door at the same time.



In order to study the influence of asynchronization of actuators on the mechanism blocking force, the reaction force of each actuator is observed at different conditions. It is assumed that under ideal synchronization conditions, the driving speed of the three actuators is 420 mm/s. In the case of asynchronous movement of the actuators, the speed of the three actuators is set to be 418 mm/s, 419 mm/s, 421 mm/s, and 422 mm/s respectively.



As shown in Figure 23, when the three actuators are driven synchronously, the actuators are mainly stressed in the X direction, and hardly in the Y and Z directions. Reaction forces of actuators 1 and 3 are basically the same, which is greater than that of actuator 2.



Since a major part of the reaction force of the actuator is in the X direction, in the subsequent sections only the X direction component of the reaction force is compared.



As can be seen from Figure 24, when the actuator 1 is asynchronous, the reaction forces of actuators 1 and 3 are basically similar and quite different from actuator 2, and the reaction force of the actuator 1 is greater than that of the actuator 3. The reaction forces of the actuators 1 and 3 increase with the decrease of driving speed of actuator 1, and the reaction force of the actuator 2 changes inversely. The maximum reaction force of the actuators 1, 2, and 3 are 2258 N, 1370 N, and 2017 N respectively.



When the actuator 2 is asynchronous, as can be seen from Figure 25, the reaction forces of actuators 1 and 3 are consistent, and opposite to the reaction force of actuator 2. When the driving speed increases, the reaction force on the actuator 1 and 3 increases and the reaction force on the actuator 2 decreases, which is opposite to the process of asynchronous drive of actuator 1. The maximum reaction force of the actuators 1, 2, and 3 are 2782 N, 2310 N, and 2712 N respectively.



Since the actuators 1 and 3 are symmetrically installed on the mobile fairing, when the actuator 3 is asynchronous, the reaction force of each actuator are consistent with asynchronous drive of actuator 1. As can be seen from Figure 26, the reaction force peaks of the actuators 1, 2, and 3 are 2068 N, 1348 N, and 2227 N respectively. It is found that the reaction force of each actuator is obviously larger when actuator 2 is driven asynchronously.





8. Conclusions


In this paper, the rigid flexible coupling dynamic model of cascade reverse thrust mechanism with clearance joint is established, and the effects of different factors on the dynamic response and nonlinear characteristics of the mechanism are studied. At the same time, through the spatial multi-link reverse thrust mechanism model, the influence of the asynchronous drive of actuators on the driving force of the mechanism is studied. The main conclusions of this study are as follows.



	
The influences of clearance value, clearance position, clearance value, flexible body, and driving speed on the dynamic response of the mechanism are analyzed. The results show that the vibration of the mechanism increases with the clearance value, the number of clearance joints, and the driving speed, while the addition of flexible parts can effectively weaken the vibration caused by the clearance and improve the stability of the mechanism.



	
The phase diagram at the clearance show that the nonlinear characteristics of the mechanism increase with the clearance value, the number of clearance joints, and driving speed, while the flexible body can significantly improve the stability of the blocker door motion. At the same time, the influence of clearance joint B is more obvious than clearance joint A. Therefore, during the design and installation of the thrust reverse mechanism, the machining accuracy and installation accuracy of clearance B should be strictly controlled.



	
The reaction force of actuators 1 and 3 is consistent, and opposite to actuator 2. When the actuator 2 is asynchronous, the driving force of the mechanism is the largest. It can be seen from the change of driving force that when the asynchronous occurs, the driving speed of actuator 2 is lower than that of actuators 1 and 3, which can effectively reduce the peak driving force of actuators.
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Figure 1. Mechanism of cascade thrust reverser system. 1. fixed support; 2. large pull rod; 3. transfer pull rod; 4. mobile fairing; 5. cascade; 6. torsion spring; 7. limit lug; 8. blocker door. 
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Figure 2. Clearance joint model. (a) “Free flight” mode. (b) “Contact deformation” mode. 
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Figure 3. Friction model. (a) Coulomb friction model. (b) Modified coulomb friction model. 






Figure 3. Friction model. (a) Coulomb friction model. (b) Modified coulomb friction model.



[image: Aerospace 09 00611 g003]







[image: Aerospace 09 00611 g004 550] 





Figure 4. Flexible beam element model. 
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Figure 5. Flowchart of solving rigid-flexible coupling dynamic equation. 
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Figure 6. Flexible pendulum model in three dimensional motion. 
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Figure 7. Comparison between simulation results and the results of former literature. (a) The Z versus X position of the tip of the pendulum. (b) The Y position of the mid-point of the pendulum. 
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Figure 8. Aerodynamic load on the blocker door. 
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Figure 9. Kinematics of blocker door and contact force at clearance joint with different clearance values (a) Displacement of blocker door. (b) Velocity of blocker door. (c) Acceleration of blocker door. (d) Driving force. (e) Contact force at clearance A. (f) Contact force at clearance B. 
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Figure 10. Phase diagram and Poincare map at clearance joints. (a) Phase diagram at clearance joint A. (b) Poincare map at clearance joint A. (c) Phase diagram at clearance joint B. (d) Poincare map at clearance joint B. 
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Figure 11. Comparison of kinematics of blocker door and the driving force with clearance joint at different positions. (a) Displacement of blocker door. (b) Velocity of blocker door. (c) Acceleration of blocker door. (d) Driving force of mechanism. 
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Figure 12. Shaft center trajectory and phase diagram at clearance. (a) Shaft center trajectory at clearance joint A. (b) Phase diagram at clearance joint A. (c) Shaft center trajectory at clearance joint B. (d) Phase diagram at clearance joint B. 
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Figure 13. Phase diagram of blocker door. (a) Clearance joint A = 0.3 mm. (b) Clearance joint B = 0.3 mm. 
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Figure 14. Comparison of the kinematics of blocker door, contact force and driving force with driving speed. (a) Velocity of blocker door at 0.5 m/s. (b) Velocity of blocker door at 1.0 m/s. (c) Acceleration of blocker door at 0.5 m/s. (d) Acceleration of blocker door at 1.0 m/s. (e) Contact force at 0.5 m/s. (f) Contact force at 1.0 m/s. (g) Driving force at 0.5 m/s. (h) Driving force at 1.0 m/s. 
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Figure 15. Shaft center trajectory at clearance joints A and B. (a) Clearance joint A. (b) Clearance joint B. 
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Figure 16. Phase diagram at clearance joint A and clearance joint B. (a) Clearance joint A, v = 0.5 m/s. (b) Clearance joint A, v = 1.0 m/s. (c) Clearance joint B, v = 0.5 m/s. (d) Clearance joint B, v = 1.0 m/s. 
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Figure 17. Poincare map at clearance joints A and B. (a) Clearance joint A. (b) Clearance joint B. 
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Figure 18. Comparison of the kinematics of blocker door, contact force and driving force between flexible and rigid pull rod with clearance joint. (a) Displacement of blocker door. (b) Velocity of blocker door. (c) Acceleration of blocker door. (d) Contact force at clearance B. (e) Driving force of mechanism. 
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Figure 19. Shaft center trajectory at clearance joint B. (a) Rigid with clearance. (b) Flexible with clearance. 
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Figure 20. Phase diagram at blocker door. (a) Rigid with clearance. (b) Flexible with clearance. 
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Figure 21. Poincare map of rigid and flexible. 
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Figure 22. Spatial multi-link mechanism of cascade thrust reverse system. 
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Figure 23. Reaction force of actuators when the three actuators are driven synchronously. (a) Reaction force in X direction. (b) Reaction force in Y direction. (c) Reaction force in Z direction. 
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Figure 24. Reaction force of actuators when the actuator 1 is asynchronously driven. (a) Actuator1 in X direction. (b) Actuator2 in X direction. (c) Actuator3 in X direction. 
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Figure 25. Reaction force of actuators when the actuator 2 is asynchronously driven. (a) Actuator1 in X direction. (b) Actuator2 in X direction. (c) Actuator3 in X direction. 
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Figure 26. Reaction force of actuators when the actuator 3 is asynchronously driven. (a) Actuator1 in X direction. (b) Actuator2 in X direction. (c) Actuator3 in X direction. 
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Table 1. Structural parameters.
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	Parameter
	Value





	Model length
	1.0 m



	Element density
	3.20 × 102 kg/m3



	Young’s modulus
	1.60 × 106 N/m2



	Poisson’s ratio
	0



	Cross section area
	2.50 × 10−5 m2



	Initial angular velocity
	4.0 rad/s



	Integration step size
	0.001 s
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Table 2. Structural parameters.
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	Component
	Length (m)
	Mass (kg)
	Moment of Inertia (m4)





	large pull rod
	0.22
	0.5
	2.01 × 10−7



	transfer pull rod
	0.036
	0.2
	1.94 × 10−9



	blocker door
	0.195
	5.0
	7.49 × 10−6



	mobile fairing
	0.80
	50.0
	2.46 × 10−5



	limit lug
	0.055
	0.1
	8.30 × 10−10
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Table 3. Parameters of clearance.
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	Parameter
	Value





	Bearing radius
	0.01 m



	Bearing width
	0.015 m



	Young’s modulus
	207 Gpa



	Poisson’s ratio
	0.29



	Friction coefficient
	0.3



	Restitution coefficient
	0.9



	Tangential velocity V1
	0.001 m/s



	Tangential velocity V0
	0.0001 m/s



	Integration step size
	0.001 s
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Table 4. Parameters of flexible component.






Table 4. Parameters of flexible component.





	Parameter
	Value
	Parameter
	Value





	Young’s Modulus (Gpa)
	207
	Sectional area A (m2)
	0.002



	Density (kg/m3)
	7850
	Section moment of inertia If (m4)
	2.01 × 10−7
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