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Abstract

:

Clutch disengaging dynamic characteristics, including the disengaging duration and the variations of friction pair gaps and friction torque, are crucial to the shifting control of an automatic transmission. In the present paper, the influence of lubrication oil (ATF) temperature on disengaging dynamic characteristics is investigated through a comprehensive numerical model for the clutch disengaging process, which considers the hydrodynamic lubrication, the asperity contact, the heat transfer, the spline resistance, and the impact between the piston and clutch hub. Moreover, the non-uniformity coefficient (NUC) is proposed to characterize the disengaging uniformity of friction pairs. As the ATF temperature increases from 60 °C to 140 °C, the clutch disengaging duration shortens remarkably (shortened by 55.1%); besides, the NUC sees a decreasing trend before a slight increase. When the ATF temperature is 80 °C, the distribution of friction pair gaps is most uniform. During the disengaging process, the increase of ATF temperature not only accelerates the change of the lubrication status between friction pairs but also contributes to the decrease of contact torque and hydrodynamic torque. This research demonstrates for the first time, evidence for clutch disengaging dynamic characteristics with the consideration of ATF temperature.
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1. Introduction


As one of the key parts in a transmission system, the wet multi-disc clutch directly affects the power transfer and gear shifting of the transmission system, the structure of which is shown in Figure 1. Under the control of hydraulic oil, the wet clutch goes through the disengagement status, the engaging process, the engagement status, and the disengaging process sequentially in a whole clutch working cycle [1]. At present, the research on the wet clutch power transfer characteristics mainly focuses on the generation and variation mechanisms of the friction torque [2] and drag torque [3].



The friction torque generated between discs and its influence factors has been intensively investigated. Yu et al. [4,5] established a multi-field coupling numerical model to investigate the influences of friction material, operating parameters, and lubrication oil (ATF) temperature on the friction torque. Wu et al. [6,7] experimentally investigated the influences of ATF temperature and friction surface temperature on the friction coefficient. The influence of different groove shapes and depths on the friction torque was studied mathematically and experimentally by Wang et al. [8,9]. Yu et al. [10] experimentally compared the friction stability of a paper-based wet clutch with radial and waffle grooves. Moreover, Bao et al. [11] studied the influence of three kinds of groove shapes on the wear depth of a paper-based wet clutch. Marklund et al. [12] investigated the thermal effect on the torque transfer of a wet clutch under boundary lubrication conditions. Moreover, the uneven radial temperature of friction surface and its influence on the friction torque were studied through the finite element method [13,14]. Zhao et al. [15] presented the lubrication and wear behaviors of Cu-based friction pairs with the consideration of ATF temperature. Ma et al. [16] studied the thermal characteristics of the clutch hydraulic system using the thermal resistance network model.



Because of the viscous shear of ATF, the drag torque generates in an open wet clutch, resulting in the reduction of the power transfer efficiency [17]. A mathematical model considering the two-phase flow was proposed to estimate the drag torque in a low and medium speed range [18]. Considering the wobbling motion and impact of discs, Hu et al. [19] analyzed the generation mechanism of drag torque at high speeds. Neupert and Bartel [20] investigated the drag torque of a radial grooved wet clutch through a computational fluid dynamics (CFD) model and visualization experiments. Moreover, the distribution of axial hydrodynamic pressure was measured and validated via the CFD model [21]. Cui et al. [22,23] studied the axial hydrodynamic force and drag torque of friction pairs with a conical deformation disc. Wang et al. [24] proposed a statistical method to describe the distribution of disengaged friction pair gaps, finding that the more uneven the gap distribution is, the larger the drag torque is. Despite the clutch disengaging process is crucial to the shifting performance of a transmission system [25], no systematic study concerning its disengaging dynamic characteristics has been published yet. Thus, the influence of ATF temperature on the clutch disengaging dynamic characteristics will be systematically studied in this paper.



Herein, a mathematical model is established to study the disengaging process of a Cu-based wet multi-disc clutch, which considers the hydrodynamic lubrication, the asperity contact, the heat transfer, the spline resistance, and the impact between the piston and clutch hub. Moreover, the non-uniformity coefficient (NUC) is proposed to characterize the disengaging uniformity. Finally, the influence of ATF temperature on the disengaging dynamic characteristics of a six-friction-pair wet clutch is discussed in detail.




2. Numerical Model


2.1. Axial Kinetic Model


During the disengaging process of a wet multi-disc clutch, the friction discs and separator discs together with the piston move axially, where the axial force analysis is illustrated in Figure 2.



Assuming that the number of friction pairs is Z, the friction components are successively numbered as 0, 1, 2, 3, …, Z − 1, and Z from the piston to the final friction disc. The force balance equation of each friction component can be expressed as:


   {     F  v 0   +  F  c 0   +  F k  −  F p  −  F  d 0   −  F  i m p a c t   =  m 0    x ¨  0       F  v 1   +  F  c 1   −  F  v 0   −  F  c 0   −  F  d 1   −  F  s 1   =  m 1    x ¨  1       F  v 2   +  F  c 2   −  F  v 1   −  F  c 1   −  F  f 2   =  m 2    x ¨  2                                                                  ⋮      F  v  (  Z − 1  )    +  F  c  (  Z − 1  )    −  F  v  (  Z − 2  )    −  F  c  (  Z − 2  )    −  F  d  (  Z − 1  )    −  F  s  (  Z − 1  )    =  m 1    x ¨    (  Z − 1  )         F  v Z   +  F  c Z   −  F  v  (  Z − 1  )    −  F  c  (  Z − 1  )    −  F  f Z   =  m 2    x ¨  Z       



(1)




where    F k    is the return spring force,    F p    is the hydraulic force, and    F  d 0     is the piston damping force;   x ¨   is the acceleration of friction components; and    m 0   ,    m 1    and    m 2    are the weights of the piston, separator disc, and friction disc, respectively.



The gaps between adjacent friction components can be given as:


   {     δ 0  =  x 0  −  x 1  −  H  s d        δ 1  =  x 1  −  x 2  −  H  f d        δ 2  =  x 2  −  x 3  −  H  s d                           ⋮      δ  Z − 1   =  x  Z − 1   −  x Z  −  H  f d        δ Z  =  x Z       



(2)




where  x  is the displacement of friction components;    H  s d     and    H  f d     are the thicknesses of the separator disc and friction disc, respectively.




2.2. Lubrication Model


It is assumed that the hydrodynamic pressure of the ATF film is axisymmetric and the boundary film pressure is equal to zero. Based on the uniform laminar flow assumption, considering the surface roughness effect and the permeability of friction material, the average oil film pressure is indicated as [4]:


   p ¯  =  B  4 A    (   r 2  −  R o 2   )  +   3 η  A    ∂    h ¯   T    ∂ t    (   r 2  −  R o 2   )  + ln  r   R o     (   B  4 A   +   3 η  A    ∂    h ¯   T    ∂ t    )     R o 2  −  R i 2    ln  R i  − ln  R o     



(3)




where r is the radius;    R i    and    R o    are the inner and outer radii of the friction pair, respectively; η is the dynamic viscosity of ATF;      h ¯   T    is the average oil film thickness. The coefficient A and B are noted as:


  A =  ϕ r   h 3  + 12 Ψ  d m   



(4)






  B =    ϕ r  ρ  h 3   (  3  ω  f 1  2  + 4  ω  f 1    ω  f 2   + 3  ω  f 2  2   )   / 5   



(5)




where    ϕ r    is the pressure-flow factor [26],  h  is the nominal oil film thickness, and  ρ  is the density of ATF;  Ψ  and    d m    are the permeability and thickness of friction material, respectively;    ω  f 1     and    ω  f 2     are the angular velocities of the separator disc and friction disc, respectively.



With the Gaussian surface assumption [5], the change rate of average oil film thickness was deduced by Berger et al. [27]. By integrating the average oil film pressure in the ATF lubrication area    A v   , the hydrodynamic force of friction pairs can be deduced as:


   F v  = π  {   B  2 A   +   3 η  A    d h   d t    [  1 + erf  (   h   2  σ    )   ]   }   [     R i 4  −  R o 4   4  −      (   R o 2  −  R i 2   )   2    4  (  ln  R i  − ln  R o   )     ]   (  1 −  A  red   C  )   



(6)




where  σ  is the standard deviation of roughness, and    A  red     is the non-groove area ratio.



The ATF film also exists between the piston and the first separator disc, contributing to the generation of a hydrodynamic force. As both the piston and the first separator disc are made of steel and rotate at the same speed, the hydrodynamic force between them can be expressed as follows by simplifying Equation (6).


   F v  = π  {  ρ  ω  f 1  2  +   3 η    ϕ r   h 3      d h   d t    [  1 + erf  (   h   2  σ    )   ]   }   [     R i 4  −  R o 4   4  −      (   R o 2  −  R i 2   )   2    4  (  ln  R i  − ln  R o   )     ]   (  1 − C  )   



(7)








2.3. Contact Model


The Cu-based friction material is mainly in the elastic–plastic contact status and the contact ratio of the real contact area    A c   , and the nominal contact area    A n    is defined as [5]:


  C =    A c     A n    = κ  π 2     (  N β σ  )   2   [   1 2   (   H 2  + 1  )  erfc  (   H   2     )  −  H    2 π      e  −    H 2   2     ]   



(8)




where  κ  is the plastic deformation coefficient;  N  and  β  are the density and radius of asperity, respectively; and   H =  h / σ    is the film thickness ratio.



The asperity contact pressure is presented as [26]:


   {     p c  =  K ′   E ′  ⋅ 4.4086 ×  10  − 5   ⋅   (  4 − H  )   6.804   ,     H < 4      p c  = 0 ,                                                                                                                       H ≥ 4      



(9)




where   K ′   is the contact coefficient [5], and   E ′   is the effective Young’s modulus.



Thus, the contact force can be deduced as:


   F c  = π  (   R o 2  −  R i 2   )   p c   A  red   C  



(10)








2.4. Sliding Model


For a wet clutch, the sum of the contact torque    M c    and the hydrodynamic torque    M ν    is the friction torque    M f   , which can be deduced as [5]:


   M ν  =  π 2   (  1 −  A  red   C  )  η  (   ϕ f  +  ϕ  f s    )    Δ ω  h   (   R o 4  −  R i 4   )   



(11)






   M c  =    2 π   3   A  red   C μ  p c   (   R o 3  −  R i 3   )   



(12)




where    ϕ f    and    ϕ  f s     are the shear stress factors [26], and   Δ ω   is the angular speed difference. The coefficient of friction  μ  is obtained by the pin-on-disc experiments [28], which is presented as:


    μ = 23  e   {    − 2.6 V    (  ln T − 3.2  )   [     (  28.3 P  )    0.4   − 0.87  ]    − 5.16  }    + 0.08  (   e  − 0.005 T   − 1  )   (   e  − 0.2 V   − 1  )    +                                           0.01 ln  (  4 V + 1  )     e  0.005 T     − 0.005 ln  (  28.3 P  )  + 0.035    



(13)




where V is the linear velocity difference, T is the ATF temperature, and P is the applied pressure of a friction pair.



Finally, the torque balance equation of the clutch system is given as:


   I  f 1     d  ω  f 1     d t   =   ∑  i = 1  Z    M  f i   −  M R     



(14)




where    I  f 1     and    M R    are the inertia and resistance torque of the driven end, respectively.




2.5. Thermal Model


During the clutch disengaging process, the applied pressure is quickly removed and the friction heat generated is almost negligible. Thus, it is assumed that the ATF temperature keeps constant during the disengaging process. The dynamic viscosity of ATF is expressed as follows [29].


  η =  η 0  exp  {   (  ln  η 0  + 9.67  )   [     (  1 + 5.1 ×   10   − 9   P  )     s 1    ×    (    T − 138    T 0  − 138    )    −  s 2    − 1  ]   }   



(15)




where    s 1    and    s 2    are the Roelands’ parameters.




2.6. Spline Resistance Model


A spline friction force will generate during the axial movement of discs [30,31]. For the friction discs, the spline friction force is deduced as:


   F f  = sign  (  x ˙  )     μ  spline    M f     R f  cos  α f     



(16)




where   x ˙   is the velocity of the friction components, and    μ  spline     is the spline friction coefficient; and    R f    and    α f    are the pitch radius and pressure angle of the inner spline, respectively.



Similarly, the spline friction force of separator discs is deduced as:


   F s  = sign  (  x ˙  )     μ  spline    M f     R s  cos  α s     



(17)




where    R s    and    α s    are the pitch radius and pressure angle of the outer spline, respectively.



Furthermore, the spline damping force of separator discs is demonstrated as:


   F d  =  c s   x ˙   



(18)




where    c s    is the damping coefficient, which depends on the spline structural parameters.




2.7. Piston Impact Model


During the clutch disengaging process, the kinetic energy of the piston does not reduce to zero instantly when the piston reaches its limit position but is exhausted during the impact between the piston and clutch hub. However, the impact will affect the separation of friction pairs dramatically. To calculate the acceleration and velocity of the piston in the impact motion, the LN contact force model [32] is used to describe the impact force. Thus, the impact force of the piston is indicated as:


   F  i m p a c t   =  K 0   ξ n   [  1 +   3  (  1 −  e 2   )   4    ξ ˙     ξ ˙    ( − )       ]   



(19)




where    K 0    is the stiffness of impact, n is the impact coefficient, e is the recovery coefficient,  ξ  is the local relative indentation, and     ξ ˙    ( − )      is the initial indentation velocity.





3. Numerical Simulation


The simulation flow chart is shown in Figure 3. Firstly, the forces are calculated using the initial status or the simulation results of the previous time step. Then, the accelerations, velocities, and displacements are obtained by solving the force balance equations. After that, the gaps and their change rates are calculated using the displacements and velocities, respectively. Finally, the calculation process above is repeated until the simulation termination time.



At the beginning of the simulation, the wet multi-disc clutch is in the disengagement status (D), then goes through the engaging process (A), the engagement status (B), and the disengaging process (C), and finally goes back to the disengagement status under the control of hydraulic oil. The variation of hydraulic pressure Papp is shown in Figure 4. From 0 s to 0.3 s, the hydraulic pressure increases linearly from 0 MPa to 0.36 MPa. From 0.3 s to 0.5 s, the hydraulic pressure continues to increase linearly from 0.36 MPa to 1.8 MPa and then keeps constant. The disengaging process starts when the hydraulic pressure starts to decline at 1.5 s. From 1.5 s to 1.6 s, the hydraulic pressure declines rapidly from 1.8 MPa to 0.05 MPa and then declines slowly to 0 MPa at 5 s.



When the ATF temperature is 80 °C, the variation of rotating speed of separator discs nf1 is shown in Figure 4, the initial and final values of which are 0 rpm. Moreover, the rotating speed of friction discs nf2 is simplified to keep constant at 1000 rpm. To show the change of the gap between the piston and the first separator disc, the initial value of which is set to 0.05 mm, and the initial gap of the first friction pair is set to 0.45 mm. The initial gap of other friction pairs is set to 0.5 mm, which is equal to the ideal uniform disengaging gap [18]. Other input parameters of the simulation are shown in Table 1. To study the influence of the ATF temperature on the disengaging dynamic characteristics, it is equally divided into five levels from 60 °C to 140 °C, and named from T1 to T5.




4. Results and Discussion


4.1. Disengaging Duration


The variation of gaps in the disengaging process with different ATF temperatures is shown in Figure 5a–e. It can be found that the friction pair gaps first increase slowly, then increase rapidly and finally stabilize after fluctuation during the disengaging process. In addition, the first friction pair gap δ1 fluctuates most dramatically and lasts the longest. Accordingly, the disengaging process is completed after the stabilization of the first friction pair gap. The disengaging moment t3 with different ATF temperatures is presented in Table 2.



As the ATF temperature increases from 60 °C to 140 °C, the disengaging moment is advanced from 1.745 s to 1.610 s, and the corresponding disengaging durations are 0.245 s, 0.174 s, 0.14 s, 0.121 s, and 0.11 s, respectively. Therefore, the increase of ATF temperature significantly shortens the disengaging duration (shortened by 55.1%), but its influence is getting weaker and weaker.




4.2. Disengaging Uniformity


The friction pair gaps after the disengaging process with different ATF temperatures are presented in Table 2. It can be found that the disengaged friction pair gaps decrease from the first friction pair to the sixth friction pair in sequence. However, it is not intuitionistic to directly evaluate the disengaging uniformity through the value of friction pair gaps for a wet multi-disc clutch. Therefore, the NUC is proposed to characterize the disengaging uniformity, which is expressed as:


  NUC =  1 Z    ∑  i = 1  Z    1  1 +    δ i   /   δ *         



(20)




where    δ *    is the ideal uniform disengaging gap. The NUC is inversely proportional to the value of friction pair gaps, the value range of which is 1 > NUC > 0.5. The smaller the NUC is, the more evenly distributed the disengaged friction pairs are.



The variation of the NUC in the disengaging process with different ATF temperatures is shown in Figure 5f. During the disengaging process, the NUC first decreases slowly then decreases rapidly and fluctuates with the fluctuation of friction pair gaps, finally stabilizing. With the decrease of the NUC, the discs separate more and more rapidly. The NUCs after the disengaging process with different ATF temperatures are presented in Table 2.



As the ATF temperature increases from 60 °C to 80 °C, the NUC decreases from 0.5825 to 0.5761. However, as the ATF temperature increases from 80 °C to 120 °C, the NUC sees a slight increase from 0.5761 to 0.5784. As the ATF temperature continues to increase, the NUC can hardly be changed. Therefore, with the increase of ATF temperature, the disengaging uniformity first increases, then decreases slightly, and the disengaged friction pair gaps at 80 °C distribute most uniformly.




4.3. Lubrication Status


During the disengaging process, the wet clutch goes through the boundary lubrication stage (C1), mixed lubrication stage (C2), and hydrodynamic lubrication stage (C3) in sequence (the division of T2 is marked in Figure 5f and Figure 6). The variations of the contact and hydrodynamic torque in the disengaging process with different ATF temperatures are shown in Figure 6. When the hydrodynamic torque starts to increase, the boundary lubrication stage finishes. When the contact torque reduces to zero (less than 10−6 N·m), the mixed lubrication stage finishes. The end moment of the boundary lubrication stage t1 and the end moment of the mixed lubrication stage t2 with different ATF temperatures are presented in Table 2.



As the ATF temperature increases from 60 °C to 140 °C, the end moment of the boundary lubrication stage brings forward from 1.575 s to 1.558 s, and the durations of the boundary lubrication stage are 0.075 s, 0.068 s, 0.063 s, 0.06 s, and 0.058 s, respectively. Similarly, the end moment of the mixed lubrication stage also brings forward from 1.674 s to 1.591 s, and the durations of the mixed lubrication stage are 0.099 s, 0.063 s, 0.047 s, 0.039 s, and 0.033 s, respectively; the durations of the hydrodynamic lubrication stage are 0.071 s, 0.043 s, 0.03 s, 0.022 s, and 0.019 s, respectively. Thus, the increase of ATF temperature accelerates the change of lubrication status between friction pairs during the disengaging process and shortens the duration of the hydrodynamic (shortened by 73.2%), mixed (shortened by 66.7%), and boundary (shortened by 22.7%) lubrication stages, respectively.




4.4. Friction Torque


As shown in Figure 6a, the contact torque first decreases rapidly, then decreases slowly in the boundary and mixed lubrication stages. As shown in Figure 6b, the hydrodynamic torque first increases dramatically, then decreases significantly, and fluctuates with the fluctuation of friction pair gaps, finally increasing slowly with the increase of speed difference in the mixed and hydrodynamic lubrication stages.



As the ATF temperature increases from 60 °C to 140 °C, the average decrease rate of contact torque increases sequentially during the boundary and mixed lubrication stages, which are 7753 N·m/s, 10298 N·m/s, 12264 N·m/s, 13626 N·m/s and 14824 N·m/s, respectively. Furthermore, the maximum value of hydrodynamic torque during the disengaging process decreases sequentially, which are 25.6 N·m, 9.89 N·m, 4.89 N·m, 2.54 N·m, and 1.35 N·m, respectively. Moreover, the hydrodynamic torque at the disengaging moment also decreases sequentially, which are 3.75 N·m, 1.24 N·m, 0.54 N·m, 0.26 N·m, and 0.14 N·m, respectively. Therefore, the increase of ATF temperature significantly enlarges the decrease rate of contact torque (enlarged by 91.2%) and dramatically decreases the hydrodynamic torque (decreased by 94.7%) during the disengaging process.





5. Conclusions


In this paper, a numerical simulation model was presented to study the disengaging process of a Cu-based wet multi-disc clutch, considering the hydrodynamic lubrication, the asperity contact, the heat transfer, the spline resistance, and the impact between the piston and clutch hub. The influence of ATF temperature on the disengaging dynamic characteristics of a six-friction-pair wet clutch was discussed. The conclusions were summarized as follows:




	
The friction pair gaps first increased slowly, then increased rapidly, finally stabilized after fluctuation during the disengaging process. When the first friction pair gap stabilized, the disengaging process was completed. The increase of ATF temperature (from 60 °C to 140 °C) significantly shortened the disengaging duration (shortened by 55.1% from 0.245 s to 0.11 s), but its influence became weaker and weaker.



	
The disengaged friction pair gaps decreased from the first friction pair to the sixth friction pair in sequence. With the increase of ATF temperature, the NUC first decreased then increased slightly, indicating that the disengaging uniformity first increased then decreased slightly. The disengaged friction pair gaps were distributed most uniformly when the ATF temperature was 80 °C.



	
The disengaging process of a wet multi-disc clutch included the boundary, mixed, and hydrodynamic lubrication stages in sequence. The increase of ATF temperature accelerated the change of lubrication status between friction pairs, shortened the duration of the boundary lubrication stage slightly, and lessened the duration of the mixed and hydrodynamic lubrication stages significantly in the disengaging process.



	
The contact torque decreased in the disengaging process, and the increase of ATF temperature significantly promoted its decrease (promoted by 91.2%). The hydrodynamic torque first increased sharply, then decreased significantly, and finally increased slowly after fluctuation during the disengaging process, and was dramatically reduced by the increase of ATF temperature (reduced by 94.7%).
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Nomenclature




	ATF
	lubrication oil
	    R i    
	inner radius of friction pair (m)



	CFD
	computational fluid dynamics
	    R o    
	outer radius of friction pair (m)



	NUC
	non-uniformity coefficient
	  T  
	temperature (°C)



	    A  red     
	non-groove area ratio
	  V  
	linear velocity difference (m/s)



	    c s    
	damping coefficient (N·s/m)
	  x  
	displacement (m)



	    d m    
	thickness of friction material (m)
	   x ˙   
	velocity (m/s)



	  e  
	recovery coefficient
	   x ¨   
	acceleration (m/s2)



	   E ′   
	Young’s modulus (Pa)
	  Z  
	number of friction pairs



	  h  
	nominal oil film thickness (m)
	  β  
	asperity radius (m)



	  H  
	film thickness ratio
	  δ  
	gap (m)



	    H  f d     
	thickness of friction disc (m)
	   Δ ω   
	angular speed difference (rad/s)



	    H  s d     
	thickness of separator disc (m)
	  ξ  
	local relative indentation (m)



	    I  f 1     
	inertia of driven end (kg·m2)
	     ξ ˙    ( − )      
	initial indentation velocity (m/s)



	    K 0    
	stiffness of impact (N/m)
	  η  
	dynamic viscosity (Pa·s)



	   K ′   
	contact coefficient
	  μ  
	coefficient of friction



	    m 0    
	weight of piston (kg)
	    μ  spline     
	spline friction coefficient



	    m 1    
	weight of separator disc (kg)
	  σ  
	roughness (m)



	    m 2    
	weight of friction disc (kg)
	    ϕ r    
	pressure flow factor



	    M R    
	resistance torque (N·m)
	    ϕ f       ,  ϕ  f s     
	shear stress factors



	  n  
	impact coefficient
	  Ψ  
	permeability (m2)



	  N  
	asperity density (/m2)
	  κ  
	plastic deformation coefficient



	  P  
	applied pressure (Pa)
	  ρ  
	density (kg/m3)
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Figure 1. Structure of the wet multi-disc clutch. 
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Figure 2. Force analysis of the wet multi-disc clutch. 
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Figure 3. Flow chart of the simulation. 
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Figure 4. Variations of the hydraulic pressure and rotating speeds. 
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Figure 5. Variations of gaps and the NUC in the disengaging process with different ATF temperatures. 
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Figure 6. Variations of torques in the disengaging process with different ATF temperatures. 
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Table 1. Input data of the simulation.
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	Parameter
	Value
	Parameter
	Value
	Parameter
	Value





	    A  red     
	0.68
	   m 0   /(kg)
	3
	 β /(m)
	8 × 10−4



	   c s   /(N·s/m)
	0.0714
	   m 1   /(kg)
	0.45
	    μ  spline     
	0.1



	   d m   /(m)
	6 × 10−4
	   m 2   /(kg)
	0.6
	 σ /(m)
	8.4 × 10−6



	  E ′  /(Pa)
	4.84 × 109
	   M R   /(N·m)
	240
	 Ψ /(m2)
	2 × 10−12



	   H  f d    /(m)
	2 × 10−3
	 N /(m−2)
	7 × 107
	  κ  
	1.2332



	   H  s d    /(m)
	3.2 × 10−3
	   R i   /(m)
	0.086
	 ρ /(kg/m3)
	875



	   I  f 1    /(kg·m2)
	2
	   R o   /(m)
	0.124
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Table 2. Simulation results with different ATF temperatures.
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Number

	
T1

	
T2

	
T3

	
T4

	
T5




	
T/(°C)

	
60

	
80

	
100

	
120

	
140






	
δ1/(mm)

	
1.6330

	
1.5822

	
1.5950

	
1.6034

	
1.6006




	
δ2/(mm)

	
0.3852

	
0.3962

	
0.3926

	
0.3926

	
0.3956




	
δ3/(mm)

	
0.3094

	
0.3200

	
0.3173

	
0.3162

	
0.3179




	
δ4/(mm)

	
0.2467

	
0.2572

	
0.2548

	
0.2527

	
0.2526




	
δ5/(mm)

	
0.2237

	
0.2338

	
0.2321

	
0.2298

	
0.2293




	
δ6/(mm)

	
0.1968

	
0.2069

	
0.2057

	
0.2035

	
0.2025




	
NUC

	
0.5825

	
0.5761

	
0.5774

	
0.5784

	
0.5782




	
t1/(s)

	
1.575

	
1.568

	
1.563

	
1.560

	
1.558




	
t2/(s)

	
1.674

	
1.631

	
1.610

	
1.599

	
1.591




	
t3/(s)

	
1.745

	
1.674

	
1.640

	
1.621

	
1.610
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