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Abstract

:

The tribological performance of the friction pair between the rotor and finger feet is a crucial index affecting the service life of finger seals. In recent years, the surface texture has attracted a considerable number of researchers owing to its extraordinary potential in improving antifriction and wear resistance. This paper, inspired by snakeskins, introduces three texture forms (e.g., diamond, ellipse, and hexagon) into the rotor. The effects on finger-sealing performance are analyzed by considering finger seals’ varied working conditions. First, a numerical model of textured finger seals under hydrodynamic lubrication is established based on the Reynolds equation. Then, the sealing performance analysis of textured finger seals is performed considering varied working conditions given rotation speed, pressure difference, seal clearance, and working temperature. The numerical results show that: (1) the textured domain produces a noticeable hydrodynamic pressure effect and cavitation, which effectively improves the bearing capacity of the fluid film; (2) the higher the rotation speed or the lower the inlet/outlet pressure difference, the stronger the dynamic pressure effect of textured finger seals and the better the antifriction and wear resistance; (3) for good antifriction and wear resistance of a textured finger seal, the seal clearance should be as shallow as possible (≤10 μm), and the working temperature should be as low as possible (≤120 °C); and (4) the ellipse texture has a higher average dimensionless pressure and a lower friction coefficient, which is superior to diamond and hexagon ones in terms of friction and wear performance.
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1. Introduction


As a new type of compliant seal developed following brush seals, finger seals are justifiably famous for their low leakage rate and long service life [1]. They have broad application prospects in aero-engine and gas turbine fields [2]. Finger seals are usually operated under severe working conditions, specifically, i.e., high-temperature, high-pressure difference, high-rotational speed, and wide temperature range. With the continuous development of aero-engine technology, new challenges are put forward to finger seals such as their adaptability and dynamic sealing performance under varied working conditions (e.g., in the process of take-off, climbing, cruising, and landing, the variation range of aero-engine rotation speed and the pressure difference between the inlet and outlet is 0~30000 rpm, and 0.1~1 MPa, respectively). Currently, the service life of seals in critical parts of aero-engines requires more than 4000 h, whereas the current working life of finger seals is only 500~1000 h. Therefore, it is of great significance to develop the dynamic sealing technology of finger seals under complex operating conditions.



The tribological performance of the friction pair between the rotor and finger feet is a crucial index affecting the service life of finger seals [3]. Until recently, ways to improve the friction and wear performance of finger seals were primarily based on new structures [4], new materials [5], and coatings [6,7]. However, the above methods are not satisfactory enough for improving the friction dynamics performance. In other words, there is still a gap to fill by exploring new techniques. Recently, some scholars observed and studied the surface morphology of earthworms [8], pangolins [9], snakes [10], fishes [11], snails [12], and other organisms, and found that these surface morphologies usually have good properties of desorption, anti-adhesion and wear resistance [13]. Inspired by the biological surface morphologies, the non-smooth surface has been successfully applied to multiple occasions with relative motion, e.g., bearings [14], cylinder liners [15], mechanical seals [16], and cutting tools [17], to improve the tribological properties [18].



According to the lubrication state, the main functions of surface textures to improve tribological properties can be divided into several categories, as follows. (1) Under dry friction, acting as traps to collect wear debris and reduce abrasive wear. In addition, changing the contact stress distribution and reducing the direct contact between the interface to reduce friction and wear [19]. (2) Under boundary to mixed lubrication, acting as micro-reservoirs and generating a large number of micro-fluidic film bearings to enhance the lubrication of the frictional substrate [20]. (3) Under hydrodynamic lubrication, generating hydrodynamic pressure to improve the load-carrying capacity [21]. The tribological characteristics of finger seals in the start–stop phase belong to dry friction or boundary lubrication and can be regarded as hydrodynamic lubrication when running smoothly. As mentioned before, surface engineering is advanced in natural surface construction, especially in legless reptiles, such as snakes. Snakes live in highly harsh and complex environments, and their skins have evolved over millions of years to control friction or reduce hydrodynamic and aerodynamic drag, thus improving their maneuverability when crawling, swimming, and even flying [22,23]. Because of this, the engineering application of snakeskin-inspired surface textures has attracted a great deal of research in recent decades [24]. Cuervo et al. [25] machined a series of elliptical textures on the surface of titanium alloy (Ti6Al4V) pins with an arrangement derived from the geometric pattern observed in the ventral scales of a royal python. The experimental results showed that the elliptical textured pins obtained a lower surface friction coefficient than that of the non-textured pins, which is beneficial to reduce frictional wear. Inspired by the characteristics of the Vipera Ammodytes snakeskins, Sánchez et al. [26] processed a series of elliptical textures on the surface of AISI 52100 steel by photochemical processing technology and carried out sliding friction tests. The experimental results show that the textured surface reduces the friction coefficient, and the tribological properties are increased by 30%. Based on the ventral scale dimensions of a ball python, Bapat et al. [27] used a laser powder bed fusion process to fabricate hexagonal textures with different hierarchical designs and conducted guided traction friction tests. The results showed that the relative orientation of the micro-textures determined the vibration and anisotropic friction. This study provides guidance for the design of anti-slip for components such as mechanical fixtures.



Motivated by the snake-bioinspired texture effectively improving the tribological properties of the friction interface, the authors proposed four snake-bioinspired textures (e.g., diamond, ellipse, hexagon, and triangle) for finger seals. They evaluated the influence of the arrangements and parameters of surface textures on finger-sealing performance [28]. The results have shown that it can significantly improve the sealing performance at the texture density of 20~40%, the texture depth of 5~25 μm, and the texture arrangement consistent with the rotation direction of the rotor. As a further study of the previous work, this paper explores the impact of surface textures on the performance improvement of finger seals under varied working conditions. First, inspired by snakeskins, three textures are selected by a friction simulation of the textured finger seal combining the practical application condition with the principle of a similar PV value (P, V represent pressure and velocity). Secondly, a detailed numerical model is established based on the Reynolds equation. The sealing performance is analyzed considering the impact of working conditions (i.e., rotation speed, pressure difference, seal clearance, and working temperature) on the textured finger seal. Thirdly, numerical analysis results are presented and discussed, and finally, conclusions are listed.




2. Materials and Methods


As mentioned above, the tribological characteristics of finger seals can be regarded as dry friction and hydrodynamic lubrication during the start–stop phase and smooth operation, respectively. In this section, the authors first introduce the geometrical model of finger seal, then select three types of snake-bioinspired surface textures by friction simulation under dry friction, and finally, derive a numerical model based on the Reynolds equation under hydrodynamic lubrication.



2.1. Geometrical Model


2.1.1. Finger Seal


As shown in Figure 1a, the main components of the finger seal include the front plate, front spacer, finger laminates (3~5 layers, and the thickness of each layer is about 0.2 mm), and back plate. As the primary parts of finger seals, each finger laminate is processed into a group of evenly distributed finger curved beams ending with finger feet in the circumferential direction (see Figure 1b). Figure 1c shows the main dimensions of the finger seal. A range of surface textures is evenly distributed on the rotor’s circumferential surface to improve the friction pair’s tribological properties between the rotor and finger feet.




2.1.2. Surface Textures


As described in Section 1, bioinspired surface textures possess significant potential for improving tribological properties. Therefore, combined with the working condition of finger seals and the living environments of snakes, snake-bioinspired surface textures are adopted in this paper for finger seals. Four common forms of snakeskins, i.e., ellipse (E), diamond (D), hexagon (H), and triangle (T), are selected and evenly arranged on the rotor, respectively (the single texture area is 10,000 μm2), as listed in Table 1.



As the finger feet are in direct contact with the rotor, as shown in Figure 1c, there is an inevitable phenomenon of friction and wear between them. In this section, friction simulation between the textured rotor and the finger feet is carried out according to the actual working condition to explore the influence of the surface texture forms on the equivalent stress distribution of the friction pair and further select the surface texture forms in finger seal. For more efficiency, the finite element model is properly simplified as follows: the finger feet and the rotor are taken straight, and the finger feet are simplified as an upper slider (the dimensions are 1 × 1 × 0.5 mm (X, Y, Z), where the dimension in the X direction indicates the thickness of the finger laminates); the rotor is simplified as a bottom slider (the dimensions are 1 × 2 × 0.5 mm (X, Y, Z), where the dimension in the X direction represents the contact width between the textured rotor and the finger feet), as shown in Figure 2a.



Static structural analysis of the finger seal is carried out first to obtain the average contact pressure between the rotor and the finger feet. The specific modeling and analysis process can be referred to [29]. According to the principle of a similar PV value, the pressure and velocity in the friction simulation are given, as shown in Table 2. The average contact pressure between the finger feet and the rotor in dynamic simulation is calculated to be 0.29 MPa (pressure difference of 0.3 MPa). According to the rotating speed of 6000 r/min and the rotor radius of 40 mm, the linear speed is 25.103 m/s, and the PV value is 7.28 (0.29 × 25.103 = 7.28). Combined with the principle of PV similarity, the pressure and velocity in the friction simulation of this paper are set to be 7.28 MPa and 1 m/s respectively.



The friction simulation results in Figure 2b show that the maximum stress values of the triangle texture are the largest (the values of the upper and bottom sliders are 21.29 MPa and 30.9 MPa, respectively), whereas the values of the diamond, ellipse, and hexagon textures are relatively smaller. The results of the upper and bottom sliders are given 60% and 40% weights, respectively, for comprehensive evaluation. The comprehensive maximum stress value of the ellipse texture is the lowest (15.21 MPa), followed by diamond (15.42 MPa) and hexagon (16.14 MPa), and the triangle is the largest (23.12 MPa). Therefore, the ellipse, diamond, and hexagon textures with lower comprehensive maximum stress are selected in this paper.





2.2. Mathematical Model


Generally, the assembly process between the rotor and the finger feet is transition fit. In the process of rotation, the rotor exerts a radial excitation on the finger feet. A concomitant hysteretic effect follows, owing to the good flexibility of the finger beam. Thereby, a thin fluid film (≤20 μm) is formed between the rotor and the finger feet when running smoothly. The fluid film can effectively avoid the direct contact of the friction pair, greatly reduce the friction and wear, and improve the service reliability and durability of the finger seal. So, the tribological properties between them can be considered as hydrodynamic lubrication. Regarding the mathematical modeling of surface textures, there are still some debates in the literature. Some prefer the Reynolds equation due to its good conformity between theoretical analysis and experimental tests [30,31,32], whereas others recommend the more accurate N-S equation [33,34,35] due to consideration of the fluid inertial term. By referring to the study of the application scope of the Reynolds equation in surface texture theoretical modeling [36], it has been shown that the influence of the inertia term can be ignored when the clearance ratio L/h ≥ 46 (h is the film thickness, and L is the typical length of friction pair), in which case the Reynolds equation can replace the N-S equation for numerical analysis, but with consideration of the effect of the cavitation phenomenon on pressure distribution.



Given that the thickness of a single finger laminate is 0.2~0.3 mm in this paper (see Figure 1c), the total thickness of five-layer finger laminates is more than 1 mm (L ≥ 1 mm), and the seal clearance of the contact type finger seal is less than 20 μm (h ≤ 20 μm). So, L/h ≥ 50, the o(Reδ2) ≪ 1, and the Reynolds equation is adopted to elaborate a mathematical model in this paper.



Based on the Reynolds equation, the authors have derived a mathematical model of surface textured finger seal under hydrodynamic lubrication to study the impact of surface texture parameters on the sealing performance [28]. Based on this, the state equation considering the viscosity-temperature effect is derived in the following sections to further explore the effects of surface textures on sealing performance under varied working conditions.



2.2.1. Modelling Assumption


The mathematical model assumptions are as follows:




	A1.

	
The inertial force (e.g., centrifugal pull) and volume force (e.g., gravity) are neglected.




	A2.

	
The fluid slip of the friction interface is neglected.




	A3.

	
No deformation of the finger seal and rotor exists.




	A4.

	
The pressure variation along the film thickness is neglected.




	A5.

	
The effects of surface roughness of the rotor and finger seal are neglected.




	A6.

	
The variations of viscosity and temperature in the flow field are neglected.









Based on the descriptions and assumptions above, the sketch of the textured finger seal is presented as shown in Figure 3, and the parameters are listed in Nomenclature. It is worth noting that the rotating motion between the rotor and the finger feet is replaced by a plane motion to facilitate the mathematical modeling, as shown in Figure 3b. The initial condition is that a uniform pressure, p, is applied at the inlet boundary, and the outlet boundary pressure is set to 0 MPa. The length and width of the rotor are xr and yr, respectively, where the length xr is the contact width between the rotor and the finger feet. The seal clearance and the texture depth are hc and ht, respectively.




2.2.2. Control Equation


Under hydrodynamic lubrication, the steady-state pressure control equation of textured finger seal can be written as


   ∂  ∂ x   (    h 3   η    ∂ p   ∂ x   ) +  ∂  ∂ y   (    h 3   η    ∂ p   ∂ y   ) = 6  ∂  ∂ x   ( U h )  



(1)




where x and y are the horizontal and longitudinal coordinates, respectively, p is the pressure of fluid film, η is the hydrodynamic viscosity, h is the local film thickness, and U is the sum of linear velocities of the upper and lower interfaces. Due to the surface texture, the local fluid film thickness varies regularly and orderly, and it can be written as below:


  h ( x , y ) =  {       h c  +  h t      ( x , y ∈  Ω t  )        h  c       ( x , y ∉  Ω t  )       ,  



(2)




where    Ω t    represents the region with surface textures.



The dimensionless form of Equation (1) is written as below:


   ∂  ∂ X   (    H 3  ∂ P   ∂ X   ) +  ∂  ∂ Y   (    H 3  ∂ P   ∂ Y   ) = Λ   ∂ H   ∂ X   ,  



(3)




where   Λ =   6 U η  x r     h c 2   p I      is the working condition parameter of the finger seal, X and Y are the dimensionless horizontal and longitudinal coordinates, respectively. P and H are dimensionless pressure and thickness of the fluid film, respectively.




2.2.3. State Equation


The hydrodynamic viscosity changes with the variation of working temperature. By considering the large temperature difference and sharp conversion in the operating environment of aircraft, the Reynolds viscosity–temperature equation is introduced in this paper as follows:


  η =  η 0   e  − β ( T -  T 0  )   ,  



(4)




where, η0, η are the hydrodynamic viscosities at temperatures of T0, and T, respectively, and β is the viscosity–temperature coefficient with a value of 0.03/°C.



The performance parameters of aviation lubricating oil #4050 are adopted in this paper to obtain the hydrodynamic viscosity at different Ts. When the T0 is 40 °C, the η0 is 0.02478 pa·s (the kinematic viscosity and the density are 25.51 × 10−6 m2/s and 0.9712 × 103 kg/m3 respectively). The hydrodynamic viscosity at different temperatures can be obtained by substituting the above two values into the viscosity–temperature Equation (4).




2.2.4. Boundary Conditions


	
Compulsory boundaries.






As illustrated in Figure 3b, the compulsory boundaries can be presented as:


   {      p ( x = 0 , y ) =  p I        p ( x =  x r  , y ) =  p O         



(5)




where pI and pO are the inlet pressure and outlet pressure, respectively.



	2.

	
Periodic boundaries.







Considering the symmetry of the rotor and the finger seal, it is necessary to ensure that the pressure gradient along the Y-axis is equal in the whole calculation domain, and the upper and lower boundary pressures are equal, too, as illustrated in Figure 3b. Therefore, the periodic boundaries can be presented as:


   {      p ( x , y =  1 2   y r  ) = p ( x , y = −  1 2   y r  )         ∂ p   ∂ y   ( x , y =  1 2   y r  ) =   ∂ p   ∂ y   ( x , y = −  1 2   y r  ) = 0       .  



(6)







	3.

	
Cavitation boundaries.







As described previously, when establishing the hydrodynamic lubrication model based on the Reynolds equation, the influence of the cavitation phenomenon on pressure distribution should be taken into account. Reynolds cavitation boundaries [37] are adopted in this paper and can be presented as:


   p c  =  p a   ,      ∂ p   ∂ x   =   ∂ p   ∂ y   = 0 ( x , y ) ∈  Ω c  ,  



(7)




where pc and pa are the cavitation pressure and the ambient pressure respectively and    Ω c    is the cavitation area.




2.2.5. Sealing Performance Parameters


The sealing performance parameters (e.g., bearing force, friction force, and friction coefficient) can be obtained by the relevant calculation of the fluid film pressure (p).



Bearing force (W) can be calculated by integrating p(x,y) over the entire fluid domain as follows:


  W =   ∬  p  (  x , y  )       d x d y .  



(8)







Friction force (F) on the surfaces of the finger feet and rotor can be presented as follows:


   {       F h  =    ∫ 0   x r        ∫ 0   y r      (   h 2    ∂ p   ∂ x   −  U 0   η h   )          d x d y        F 0  =    ∫ 0   x r        ∫ 0   y r      (  −  h 2    ∂ p   ∂ x   −  U 0   η h   )          d x d y       ,  



(9)




where U0 is the surface velocity of the rotor.



Friction coefficient (μ) can be obtained by calculated bearing and friction forces as follows:


  μ =  F W  .  



(10)









2.3. Numerical Solution


In this article, the Reynolds equation is transformed into a series of linear equations by the finite-difference method, and these corresponding equations are solved by the successive overrelaxation (SOR) iterative method [38]. The iterative procedure of the SOR works as follows:


   P  k + 1    (  i , j  )  =  P k   (  i , j  )  + α  (   P  k + 1    (  i , j  )  −  P k   (  i , j  )   )  ,  



(11)




where k is the number of iterations and α is the relaxation factor.



The convergence precision is calculated as


      ∑  i = 1  m      ∑  j = 1  n    |   P  k + 1    (  i , j  )  −  P k   (  i , j  )   |        ∑  i = 1  m      ∑  j = 1  n    |   P  k + 1    (  i , j  )   |      ≤ E r  r p  ,  



(12)




where Errp is the error limit.



Before the formal calculation, α and Errp are calculated trial-wise to satisfy the requirements in terms of both efficiency and accuracy. According to the trial calculation results, α and Errp are set as 1.9 and 10−5 respectively [28].




2.4. Calculation Parameters and Working Condition Settings


In the process of take-off, climbing, cruising, and landing, the variation range of aero-engine rotation speed and pressure difference is 0~30,000 rpm and 0.1~1 MPa, respectively. Moreover, aircraft need to pass through the troposphere and stratosphere of different temperatures during take-off and landing. For military aircraft, especially fighters, it is also required to be able to start at extremely low temperatures (−40 °C). Furthermore, it is generally believed that when the aircraft cruising speed is 306 m/s (0.9 Mach), the maximum temperature of aero-engine lubricating oil can reach 204 °C [39]. By considering these actual working conditions with the aforementioned descriptions, the calculation parameters and working conditions are shown in Table 3.





3. Results and Discussion


Based on the mathematical model and boundary conditions in Section 2, this section analyzes the effect of surface textures on the finger sealing performance under varied working conditions, i.e., rotation speed (ω), pressure difference (pI), seal clearance (hc), and working temperature (T). There is no doubt that the leakage and the friction and wear have a significant impact on the stability and effectiveness of the finger seal. In the case of hydrodynamic lubrication, a thinner fluid film produces a larger hydrodynamic bearing force. The larger film-bearing force can effectively lift the finger feet to obtain a non-contact state and effectively reduce the friction and wear; while the thinner fluid film corresponds to the smaller leakage channel, so the leakage rate is reduced. Therefore, this section focuses on the following parameters to measure finger sealing performance: dimensionless pressure (Pav), bearing force (W), friction coefficient (μ), and friction force (F). The first two parameters correspond to the leakage rate of the finger seal and the bearing capacity of fluid film, and the last two parameters correspond to the friction and wear of the finger seal. More information on the parameters is available in Nomenclature.



3.1. Effect of the Rotation Speed


Figure 4 shows the dimensionless pressure (P) contour distribution of the three textured finger seals and the non-textured finger seal at the rotation speed (ω) of 20,000 rpm, the pressure difference of 0.3 MPa, seal clearance of 5 μm, and hydrodynamic viscosity of 0.0228 Pa·s. Compared with non-texture, the P of the three textures is significantly increased (the maximum P of ellipse is 18 times that of non-texture, and hexagon and diamond is 16 times that of non-texture). In addition, the dimensionless pressure distribution in the calculation domain without texture decreases gradually from the inlet to the outlet (see Figure 4d). However, there are significant hydrodynamic effects and cavitation in the textured computing domain, and a set of dimensionless pressure peaks and valleys appears in each micro-texture unit (see Figure 4a–c). The reasons for these phenomena are as follows: from the formation mechanism of hydrodynamic pressure, it is well known that the fluid usually produces positive pressure when flowing along the convergent gap, but generally does not produce positive pressure when along the divergent gap. The role of surface texture is to provide regular and orderly convergent gaps and divergent gaps for the fluid flow. The fluid pressure increases at the convergent gap to form a pressure peak and decreases at the divergent gap to form a pressure valley (in particular, cavitation occurs when the pressure decreases to a certain value). It is worth noting that in Figure 4a–c, the pressure peak of the top row texture is smaller than that of four rows below (especially diamond and ellipse). This is because the periodic boundaries are set to ensure that the pressure gradient along the Y-axis is equal and the pressure values of the upper and lower boundaries are equal (Section 2.2.4). Therefore, the pressure peak of the top row texture is smaller than that of other rows.



Figure 5 shows the change of sealing performance parameters in terms of average dimensionless pressure (Pav), friction coefficient (μ), bearing force (W), and friction force (F) when the ω changes from 3000 rpm to 30,000 rpm. It is noted that D-Pav, E-Pav, H-Pav, and N-Pav refer to the average dimensionless pressure of diamond texture, ellipse texture, hexagon texture, and non-texture respectively, and so on for other legends. In the case of non-texture, as shown in Figure 5a, the μ (i.e., N-μ) increases linearly as the ω increases, whereas the Pav (i.e., N-Pav) remains the same. It can be noted that: (1) the increase of ω does not change the pressure distribution; and (2) based on the definition of hydrodynamic viscosity (i.e., the ratio of viscous shear stress to fluid velocity gradient) and the assumption A6 (i.e., the variations of hydrodynamic viscosity is ignored), the increase of ω leads to the increase of velocity gradient along the Z-direction and correspondingly the shear stress, which results in the phenomenon of the internal F (i.e., N-F) and μ (i.e., N-μ) proportional to ω while the Pav (i.e., N-Pav) and W (i.e., N-W) constant.



In contrast to the case without texture, with the increase of ω, the μ of three textures (i.e., D-μ, E-μ, and H-μ) increases slightly and then converges (see the zoom-in view in Figure 5a), whereas the Pav (i.e., D-Pav, E-Pav, and H-Pav) increases linearly and sharply. It shows that: (1) the pressure distribution in three textured calculation domains is changed obviously, the hydrodynamic pressure effect is produced and the bearing capability of the fluid film is improved significantly; (2) although the increase of ω leads to a linear increase of F (see Figure 5b), due to the regular convergence gap generated by the textures; the higher the ω, the stronger the hydrodynamic pressure effect and the larger the fluid film bearing capacity, which results in only slightly changed μ, as shown in Figure 5a. (3) The textured finger seals perform better sealing characteristics than the non-textured counterparts, e.g., at the ω of 20,000 rpm, the values of N-Pav and N-μ are 0.478 and 2.649 respectively, whereas the H-Pav and H-μ are 6.723 (14.065 times of N-Pav) and 0.188 (only 7.097% of N-μ) respectively. (4) Compared with hexagon and diamond textures, the ellipse is calculated with larger P and smaller μ. The smaller friction coefficient is an indicator of good tribological characteristics. In addition, the larger hydrodynamic pressure can better lift the finger feet to avoid direct contact between the finger feet and the rotor, thus reducing friction and wear. Therefore, the ellipse texture possesses better anti-friction and wear resistance. (5) In Figure 5b, the friction curves of three textures and non-texture coincide. The reason is that according to the definition of shear stress (i.e., friction force per unit area), it is proportional to the fluid dynamic viscosity and the velocity gradient along with the film thickness. Under the same working conditions, the dynamic viscosity and velocity gradient of the three textures and non-texture are consistent, which results in the coincidence of the four friction curves.




3.2. Effect of the Pressure Difference


Figure 6 shows the Pav and μ of the three textured finger seals and the non-textured finger seal with various pressure differences (i.e., pI in this paper) at rotation speeds of 20,000 rpm and 5000 rpm, seal clearance of 5 μm, and hydrodynamic viscosity of 0.0228 Pa·s. In the case of non-texture, with the increase of pI, the N-μ first decreases sharply and then converges, whereas the N-Pav remains constant. This shows that (1) the change of pressure distribution in the calculation domain of the non-texture is proportional to the change of pI; and (2) according to Section 3.1, the F is proportional to rotation speed, as the rotation speed is constant. Hence the N-F is also a certain value, whereas, with the increase of pI, the pressure and the N-W in the calculation domain increase greatly at first, resulting in the rapid reduction of the N-μ. In addition, with the further increase of pI, the fluid medium leakage becomes larger, resulting in the gradual convergence of the N-μ.



On the contrary, with the increase of pI, the μ of three textures almost remains the same whereas the Pav first decreases sharply and then gradually flattens. The reasons are as follows: (1) the surface textures supply regular and orderly convergence gaps, which helps to produce a hydrodynamic pressure effect. As the fluid flows through the texture area, the violent hydrodynamic pressure effect is produced, which greatly improves the bearing capacity of the fluid film. According to the definition of P (i.e., the ratio of film pressure to inlet pressure), with the increase of pI, the P and Pav of the three textured finger seals decreases rapidly at first. (2) With the further increase of pI, the Pav gradually flattens for the following reasons. On the one hand, the pressure enhancement in the calculation domain is slowed down due to the larger leakage of the fluid medium. On the other hand, according to the definition of P, the increasing trend of pI in denominator gradually slows down. (3) As the F and W of the three textured finger seal remain almost unchanged, the value of μ changes little.



In addition, comparing the Pav and the μ under two different rotation speeds in Figure 6, shows that (1) the higher the rotation speed, the higher the corresponding Pav and μ (except for the N-Pav with a certain value of 0.478), and the better sealing performance of the textured finger seal; (2) in case of low-pressure difference (i.e., pI ≤ 1 MPa), the textured finger seals perform better-sealing performance than the non-textured counterparts, whereas high-pressure difference (i.e., pI > 1 MPa), the corresponding parameter curves of textured and non-textured finger seals tend to be equal as the pI increases; and (3) at the rotation speed of 5000 rpm and the pI of 1.5 MPa, the values of D-μ, E-μ, H-μ are 0.144, 0.135, and 0.137 respectively, but the N-μ is 0.132, which is lower than that of three textured finger seals. The reason for this phenomenon is that under the condition of low rotation speed and high-pressure difference, the movement trend of fluid along the circumferential direction of the rotor is weakened, but enhanced from inlet to outlet along the axial direction. Due to the sharp change in the shape and size of the local boundary, a quantity of fluid flows axially into the texture area, resulting in stronger relief of the fluid pressure. Therefore, the Pav decreases and the μ increases relatively.




3.3. Effect of the Seal Clearance


Figure 7 shows the change of sealing performance parameters of the three textured and non-textured finger seals with various seal clearances (hc) at the rotation speed of 20,000 rpm, inlet/outlet pressure difference of 0.5 MPa, and hydrodynamic viscosity of 0.0228 Pa·s. In the case of non-texture, with the increase of hc, the N-μ decreases exponentially, whereas the N-Pav remains the same. This shows that (1) the increase of hc does not change the pressure distribution; (2) at the constant rotation speed, in line with the definition of hydrodynamic viscosity (i.e., the ratio of viscous shear stress to fluid velocity gradient) and the assumption A6 (i.e., the variations of hydrodynamic viscosity is ignored), the larger hc leads to the smaller velocity gradient in the calculation domain, resulting in the corresponding smaller shear stress, so the N-F decreases with the increase of the hc, as shown in Figure 7b; and (3) as the N-F decreases exponentially and the N-W remains unchanged, the N-μ also decreases exponentially, specifically, the N-μ first decreases sharply, and then flattens gradually.



On contrary, with the increase of hc, the Pav of the textured finger seals decreases exponentially, whereas the μ increases first and then decreases slightly. The reasons are as follows: (1) at the constant PI and rotation speed, the bearing capacity in the textured calculation domain decreases with the increase of hc, as shown in Figure 7b, and the increasing rate of the hc decreases gradually. Therefore, the Pav in the calculation domain first decreases sharply and then flattens. (2) With the increase of hc, the F and W of the textured finger seals decrease at an inconsistent rate, see Figure 7b, which leads to the phenomenon that the μ with surface textures first increases and then decreases slightly; (3) To better improve the textured finger-sealing performance, the hc should be as shallow as possible. Once the hc exceeds a certain value, the texture will lose the anti-friction and anti-wear effect or even deteriorate the sealing performance. For instance, when the hc is 10 μm, the N-Pav is 0.478, and the N-μ is 0.795, whereas the D-Pav is 0.828 (1.731 times of N-Pav), and the D-μ is 0.418 (52.54% of N-μ); however, when the hc is 15 μm, the N-Pav is 0.478, and the N-μ is 0.53, whereas the D-Pav is 0.403 (84.39% of N-Pav) and the D-μ is 0.625 (1.18 times of N-μ), in this case, the surface texture has lost the antifriction and wear resistance. (4) In Figure 7b, the friction curves of three textures and non-texture are coincident. The reason is the same as described previously in Section 3.1.




3.4. Effect of the Working Temperature


Due to the large temperature difference and rapid transformation of the operating environment in aviation aircraft, in this paper, the influence of hydrodynamic viscosity change on textured finger seal is analyzed in the working temperature (T) range of −40–200 °C.



Figure 8 shows the change of sealing performance parameters of the three textured and the non-textured finger seals under various Ts at the rotation speed of 20,000 rpm, the pressure difference of 0.5 MPa, and seal clearance of 5 μm. In the case of non-texture, the N-μ decreases exponentially with the increase of T, whereas the N-Pav remains the same. This shows that (1) the increasing T does not change the pressure distribution; (2) in line with the definition of hydrodynamic viscosity (i.e., the ratio of viscous shear stress to velocity gradient of the fluid), the decrease of hydrodynamic viscosity leads to the decrease of shear stress whereas the fluid velocity gradient remains the same, which results in the phenomenon of the N-F and N-μ directly proportional to hydrodynamic viscosity. In addition, viscosity-temperature variation calculated in Equation (3) shows that the change rate of hydrodynamic viscosity is exponentially related to temperature change. Therefore, with the increase of T, the hydrodynamic viscosity decreases exponentially (see Figure 8b), resulting in the phenomenon that N-F and N-μ decrease exponentially.



On the contrary, the μ of the three textured finger seals changes slightly with the increase of T, whereas the Pav and W decrease exponentially. This shows that (1) the hydrodynamic effect is produced in three textured calculation domains, which changes the pressure distribution, and improves the bearing capacity of the fluid. (2) As the T increases, the hydrodynamic viscosity decreases significantly, leading to an exponential decrease of both F and W with consistent variation ranges. Therefore, the μ of the three textured finger seals changes slightly. (3) In Figure 8b, the friction curves of three textures and the non-texture are coincident. The reason is the same as described previously in Section 3.1. (4) Overall, textured finger seals reflect better performance advantages, especially at low T.



Furthermore, when the T is higher than 120 °C (η ≤ 0.0022 Pa·s), the N-μ is slightly smaller than that of textured finger seals, whereas the N-Pav and N-W are larger comparatively. For example, when T = 140 °C, the N-Pav is 0.478 and the N-μ is 0.086, whereas the H-Pav is 0.383 (80.05% of N-Pav) and the H-μ is 0.107 (1.246 times of N-μ). To further explain this phenomenon, in Figure 9, the pressure contour and nephogram of the hexagon texture and non-texture in the calculation domain are compared at the working temperature of 140 °C (η = 0.0012 Pa·s). As shown in Figure 9a,c the fluid pressure drop of the hexagon texture is more intense after the fluid passes through the texture region, whereas in Figure 9b,d, although a certain hydrodynamic effect is generated in the hexagon texture calculation domain, due to the small F generated by the fluid with low hydrodynamic viscosity, the fluid cannot follow the rotor motion well, resulting in serious dissociation and streamline bending in the texture region. Specifically, the streamline velocities from different directions in the texture region offset each other, resulting in local head loss and a large pressure drop. Therefore, the Pav and W in the three textured calculation domains are slightly lower than that of the non-texture.





4. Conclusions


In this study, through numerical modeling and comprehensive analysis, the effects of three snake-bioinspired surface textures (i.e., diamond, ellipse, and hexagon) on finger-sealing performance have been investigated under varied working conditions. The results demonstrate that the surface textures can play a significant and promising role in improving finger-sealing performance under varied working conditions. The main conclusions are presented as follows:




	
The hydrodynamic effect and cavitation phenomenon are produced in the three textured calculation domains. There is a set of peak and valley values of the dimensionless pressure (P) in each micro-texture unit, which effectively improves the bearing capacity of the finger seal.



	
Within the rotation speed range of 3000~30,000 rpm, the finger seals with snake-bioinspired textures have better anti-friction and wear resistance as compared to the non-textured counterpart. Moreover, the higher the rotation speed, the more obvious the advantage of the textured finger seals.



	
Within the pressure difference range of 0~1 MPa, textured finger seals have excellent antifriction and wear resistance. However, once it exceeds 1 MPa, the axial movement of the fluid is enhanced, and the pressure relief of the textured finger seals is stronger, which can weaken the effects of textured finger seals or even worsen.



	
For good antifriction and wear resistance of the textured finger seals, the seal clearance should be as shallow as possible (≤10 μm), and the working temperature should be as low as possible (≤120 °C).



	
Under the varied working conditions, the ellipse textured finger seal has a higher average dimensionless pressure (Pav) and a lower friction coefficient (μ) compared with the diamond and hexagon ones, which indicates its better anti-friction and wear resistance.
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Nomenclature









	Symbol
	Description
	Unit



	Errp
	Error limit
	



	F
	Friction force
	N



	h
	Thickness of local fluid film
	m



	H
	Dimensionless thickness of the fluid film
	



	hc
	Seal clearance (installation clearance between rotor and finger feet)
	m



	ht
	Texture depth
	m



	k
	Iteration number
	



	L
	Typical length of friction pair
	m



	p
	Fluid film pressure
	MPa



	P
	Dimensionless pressure of the fluid film
	



	pa
	Ambient pressure
	MPa



	Pav
	Average dimensionless pressure
	



	pc
	Cavitation pressure
	MPa



	pI
	Inlet pressure (also refers to the inlet/outlet pressure difference of finger seal)
	MPa



	pO
	Outlet pressure (set to 0)
	MPa



	R
	Rotor radius
	mm



	S
	Texture area ratio
	m2



	Sr
	Area of the rotor
	m2



	St
	Area of the surface texture
	m2



	T
	Working temperature
	°C



	W
	Bearing force of the fluid film
	N



	X
	Dimensionless horizontal coordinate
	



	xr
	Rotor length
	m



	Y
	Dimensionless longitudinal coordinate
	



	yr
	Rotor width
	m



	α
	Relaxation factor
	



	δ
	Clearance ratio
	



	η
	Hydrodynamic viscosity
	Pa·s



	Λ
	Working condition parameter of finger seal
	



	μ
	Friction coefficient
	



	ω
	Rotation speed
	rpm



	Ωc
	Region of cavitation
	



	Ωt
	Region of texture
	








Appendix A


For the finger seal, the contact pressure between the finger feet and the rotor is generated due to the radial runout of the rotor, and there is relative movement between the two surfaces, so the wear performance of the finger seal is mainly reflected by the wear condition of between the moving pairs. Under certain material and working conditions, the wear performance can be characterized by contact pressure between the finger feet and the rotor.



In the friction simulation analysis of this paper, to meet the working conditions of the finger seal, the dynamic analysis model of the finger seal is first established, and the average contact pressure between the finger feet and the rotor is calculated to be 0.29 MPa. The specific modeling and analysis process are as follows.



Table A1 shows the structural parameters in finger seal contact simulation, the meaning of structural parameters can be referred to [1].
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Table A1. Structure parameters of finger seal contact simulation.






Table A1. Structure parameters of finger seal contact simulation.





	Structure Parameters
	Value





	Rotor radius (mm)
	40



	Out radius of finger seal (mm)
	55



	Root radius of finger seal (mm)
	50



	Base radius (mm)
	8



	Number of finger beams (per piece)
	33



	Finger beam clearance angle (°)
	0.3



	Downstream protection height (mm)
	0.5



	Finger laminate thickness (mm)
	0.2








According to the structural parameters in Table A1, the simulation model is established in ANSYS APDL [29]. The simulation model is shown in Figure A1. Apply the load after establishing contact pairs and fixed constraints. The load is applied in three steps, as shown in Figure A2: (a) an axial pressure of 0.1~0.5 MPa is applied to the high-pressure finger laminate, indicating the pressure difference; (b) maintain the pressure and apply a displacement of 0.3e3m along the radial direction of the rotor to apply the rotor excitation (the corresponding rotor speed is 6000 r/min); (c) return the rotor to its original position.
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Figure A1. Simulation model and boundary conditions of finger seal dynamic contact. 






Figure A1. Simulation model and boundary conditions of finger seal dynamic contact.
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Figure A2. Schematic diagram of adding load step for finger seal contact simulation: (a) applying axial pressure to the high-pressure finger laminate; (b) applying displacement in the radial direction of the rotor; (c) returning the rotor to its original position. 
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When the finger beam moves upward with the excitation of the rotor, a certain pressure is generated between the finger feet and the rotor. When the rotor returns to the original position, the finger beam cannot return to the original position in time due to the friction between the finger laminates and the back plate. Therefore, there is a certain leakage gap between the finger feet and the rotor, as shown in Figure A2c.



After the finite element simulation, the contact pressure of each node on the bottom surface of the finger feet in the calculation result of load step (b) is extracted to obtain its average contact pressure. As shown in Figure A3.
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Figure A3. Average contact pressure of finger seal under different pressure differences. 
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Figure 1. Schematic diagram of the finger seal: (a) general structure, (b) single finger laminate, and (c) main dimensions. 
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Figure 2. Illustration of the simplified model of the friction simulation and results: (a) simplified model and (b) simulation results. 
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Figure 3. Illustration of finger seal with surface textures: (a) textured finger seal, (b) boundary conditions of the calculation domain, (c) geometrical model of diamond texture, (d) ellipse texture, and (e) hexagon texture. 
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Figure 4. Comparison of dimensionless pressure of three textures and non-texture: (a) diamond texture, (b) ellipse texture, (c) hexagon texture, and (d) non-texture. 
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Figure 5. Effect of rotation speed on sealing performance: (a) average dimensionless pressure and friction coefficient, and (b) bearing force and friction force. 
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Figure 6. Effect of pressure difference on average dimensionless pressure and friction coefficient: (a) 20,000 rpm and (b) 5000 rpm. 
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Figure 7. Effect of seal clearance on sealing performance: (a) average dimensionless pressure and friction coefficient, and (b) bearing force and friction force. 
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Figure 8. Effect of working temperature on sealing performance: (a) average dimensionless pressure and friction coefficient; (b) bearing force and friction force. 
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Figure 9. Dimensionless pressure in different calculation domains at the working temperature of 140 °C: (a) contour of hexagon texture; (b) nephogram of hexagon texture; (c) contour of the non-texture; (d) nephogram of the non-texture. 
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Table 1. Snakeskin-inspired surface textures and geometrical parameters.
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Texture Type

	
Snakeskin Texture Shape

	
Geometric Parameter (μm)

	
Area (μm²)






	
Ellipse

(E)

	
 [image: Machines 10 00569 i001]

	
Long axis = 130.3;

Short axis = 97.72

	
10,000




	
Diamond

(D)

	
 [image: Machines 10 00569 i002]

	
Long diagonal = 163.3;

Short diagonal = 122.47




	
Hexagon

(H)

	
 [image: Machines 10 00569 i003]

	
Side length = 62.04




	
Triangle

(T)
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Side length = 151.97
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Table 2. Dynamic simulation results and friction simulation settings.
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Dynamic Simulation Data (Appendix A)

	
PV Value

	
Friction Simulation Settings




	
Pressure

(MPa)

	
Rotation Speed

(rpm)

	
Rotor Radius

(mm)

	
(MPa·m/s)

	
Velocity

(m/s)

	
Pressure

(MPa)






	
0.29

	
6000

	
40

	
7.28

	
1

	
7.28
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Table 3. Calculation parameters and working condition settings.
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	Calculation Parameters
	Value (Range)





	Rotor radius/R, (mm)
	40



	Rotation speed/ω, (rpm)
	3000~30,000



	Seal clearance/hc, (μm)
	1~20



	Pressure difference/pI, (MPa)
	0.1~1.5



	Working temperature/T, (°C)
	−40~200



	Hydrodynamic viscosity/η, (Pa·s)
	0.0002~0.2732



	Cavitation pressure/pc, (MPa)
	0



	Texture forms
	Diamond, Ellipse, and Hexagon



	Texture area ratio/S
	25%



	Texture depth/ht, (μm)
	5
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