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Abstract

:

In order to reduce fluid leakage and improve the working efficiency of rotational machinery, a three-dimensional (3D) model of combined seal structure (CSS) was established to study the influence of pressure ratio (π, the ratio of the leakage port pressure to the outlet pressure) and rotational speed (n) on the leakage characteristics of CSS with a traditional labyrinth seal structure (LSS) and pocket damping seal structure (PDS) under rotational conditions. Two turbulence models, the standard k-ε model and the SST k-ω model, were used for turbulence closure and the results of the standard k-ε model were found to be more accurate based on comparison with experimental results. The results revealed that under rotational condition, the leakage rates of LSS, CSS and PDS all decreased with the increase in π and n. Under the same axial length of seal structure and π of 0.5 and n of 6000 r/min, the leakage rate of CSS is approximately 8.56% less than LSS, and approximately 0.51% more than PDS. There is a critical value for the influence of n on the leakage rate. The critical n of CSS is close to that of LSS, about 1000 r/min, which is greater than the critical n of 500 r/min for PDS. Finally, the sealing mechanism of CSS was studied using a two-dimensional (2D) model, and was found that the jet structure has a greater influence on the sealing characteristics. Among them, when the ΔP (internal resistance of the device) is the same, the shape of the jet structure, the position of the guide tube and the nozzle radius have a greater impact on the leakage rate, and the shape and length of the extended section have a small effect on the leakage rate.
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1. Introduction


As the use of rotational machinery develops towards high temperature, high pressure and high speed, correspondingly higher requirements have been put forward on the seal structure whose leakage characteristics will directly affect the working efficiency of the rotational machinery [1]. As an example, with the upgrading of power system requirements, high-temperature superconducting motors with high efficiency, high power density, low noise of vibration and good overload capacity have emerged. Since the high-temperature superconducting motor generates an army of heat in the course of operation, the cooling system has an important influence on the efficiency of the motor. The seal structure, as a part of the cooling system, is essential to the successful operation of the high-temperature superconducting motor [2,3]. In the dynamic-static coupling device of rotational machinery, the fundamental goal of annular seals is to control the flow of fluid from the high-pressure zone to the low-pressure zone through the gap between the stator and the rotor in order to effectively reduce leakage and improve the aerodynamic efficiency of the rotational machine. Being a kind of annular seal, LSS is widely used in cooling systems, rotational packed beds, compressors, and other rotational machinery due to its simple structure and stable performance to throttle and reduce losses [4,5,6,7,8]. However, under the condition of higher pressure, the sealing performance of LSS is unsatisfactory, which results in a large loss of efficiency of the rotational machinery. Therefore, how to promote the sealing performance of LSS, reduce its leakage, and improve the working efficiency of rotational machinery has become an urgent issue to be solved.



At present, a number of experts have proposed many different improvements for LSS, such as high and low tooth labyrinth seal structure, step labyrinth seal structure, staggered labyrinth seal structure, T-shaped seal structure and PDS, and these structures have achieved favorable results in practical applications [9,10,11,12,13,14,15,16]. As an example, Szymanski et al. [17] put forward four configurations of labyrinth through seals: smooth platform, honeycomb platform, extruded honeycomb and diamond platform, and used experimental methods to study the labyrinth reference geometry and optimized geometry. Sankaranaryanasamy et al. [18] defined a semi-empirical model that used neural network technology for data recognition and optimized the size of the sealed cavity. Li et al. [19,20] had optimized the structure of LSS, and compared the sealing performance of optimized T-shaped seal and staggered labyrinth seal with a straight-through labyrinth seal. When the axial length and the sealing gap of seal structure were in the same dimension, the leakage of the T-shaped seal was 23.6–25.3% less than that of the straight-through labyrinth seal, and approximately 7.4–8.5% more than the staggered labyrinth seal. Kim and Cha [21] proposed that when the sealing gap was minor, the leakage characteristics of stepped seals were similar to straight-through seals, but as the gap became larger, the advantages of stepped seals would gradually become apparent. In 1991, Vance and Schultz [22] first invented and tested PDS, which used partition walls to equally separate the gaps between the stator and the rotor. The structure has been widely studied since it can effectively address the issue of rotor instability in rotational machinery. In comparison with LSS, PDS has considerable direct damping (approximately 100 times that of LSS), which can effectively reduce rotor vibration effects [23]. However, the disadvantages (static instability is easy to occur, and the processing is complex) of PDS are also evident, so it cannot be widely used in practical applications [24]. In addition to the research on the improvement of structure of LSS, a large number of researchers have also conducted research on parameters (rotational speed, pressure ratio, etc.) that affect the leakage of LSS. Waschka et al. [25] found that the effect of speed could be ignored at low rotational speeds, since the leakage rate remained essentially unchanged as the speed increased. Given that, Nayak [26] studied the rotational effects of smooth and honeycomb cells at different seal gaps and speeds. The study revealed that as the speed increased, the seal emission coefficient remained constant until the critical speed was reached. Yahya et al. [27] analyzed the influence of rotor speed on the distribution of flow and leakage of LSS, and interpreted the phenomenon that rotation of the rotor would accelerate the wear of the tooth tip. Pressure ratio is another vital factor that affects leakage in annual seals. One study found that an increase in the pressure ratio in annual seals would lead to a decrease in leakage [28]. Li et al. [29] further studied the influence of the pressure ratio on the leakage characteristics of the improved annual seal structure (PDS), and the results showed that the leakage flow increased with the decrease in the pressure ratio under the condition of constant inlet pressure.



The majority of the above studies have adopted theoretical and experimental methods to optimize the structure and parameters of annual seals. In addition to these two methods, numerical simulation is a new research method and a powerful tool, and has also been widely used in the research of annual seals. As an example, Bondarenko et al. [30] analyzed the leakage of LSS with rotational speed under different pressure ratios through experiments and numerical simulations, and modified the calculation formula. Kong et al. [31] studied the internal flow field of the high and low tooth labyrinth seal through numerical simulation, compared the leakage characteristics of the seal under different pressure ratios and speeds, and verified the results through experiments.



In the previous work, a new type of combined sealing structure (CSS) consisting of a nozzle structure and a labyrinth structure to improve the sealing effect under non-rotating conditions was proposed, and the numerical model was verified through experimental results [32]. From this perspective, this study used numerical simulation to study the influence of pressure ratio and speed on the leakage characteristics of CSS, and compared it with LSS and PDS to evaluate the sealing characteristics under rotational conditions. In addition, the influencing factors such as jet structure shape, extended section, position of guide tube and nozzle radius were discussed in detail to reveal its sealing mechanism.




2. Numerical Methods


2.1. Physical Models


Figure 1 shows the physical models of LSS, CSS and PDS used for rotational machinery with hollow shaft. The key parameters of the model are shown in Table 1. The sealing structure includes rotational and stationary parts. Among them, the stationary part is a hollow shaft, and the rotational part includes an air inlet pipe, an air outlet pipe and a sealing element. The sealing element, composed of sealing teeth arranged circumferentially, is annular and fixed on the outer surface of the intake pipe. The hollow shaft is arranged outside the sealing body to form a sealing gap which is separated by sealing teeth to form a sealed cavity with the sealing body. The majority of the fluid passes through the main flow channel of the intake pipe and is discharged through the outlet, with a small part of the fluid leaking through the gap between the sealing body and the hollow shaft and being discharged from the leakage port. As shown in Figure 1b, CSS consists of an annular seal and a nozzle structure connected by an inclined gap. The minimum width of the inclined gap is 1.0 mm and is located 0.5 mm to the right of the nozzle opening. In comparison with LSS, CSS adds a nozzle structure and installs it at the end of the intake pipe, which corresponds to the tapered structure with a gradually reduced diameter in Figure 1b. As shown in Figure 1c, PDS in this paper is dissimilar from traditional PDS, and similar to CSS. The nozzle structure is also added, and the partition is arranged in the circumferential direction of the sealed cavity. The height of the partition in PDS is the same as the tooth height in CSS, the thickness is 1.0 mm, and the number of partitions is 12. The entire annular sealed cavity is equally divided into 12 separate sealed cavities, as shown in the red area in Figure 1c.




2.2. Boundary Conditions


Figure 2 represents the computational domain and boundary conditions of the numerical model. The computational domain consists of a rotational domain and a stationary domain separated by the interface. Among them, the wall of the stationary domain and the rotational domain adopts a non-slip stationary wall and a rotational wall, respectively. The rotational wall rotates around the axis at a speed of 0 to 6000 r/min. As shown in Table 2, the velocity inlet ranges in 2.71 to 5.41 m/s (Gasin = 100–200 L/min) is used in the calculation domain. The boundary conditions of the outlet and the leakage port are the pressure outlet. The pressure of the outlet is 4 kPa, and the pressure of the leakage port varies from 1 kPa to 3 kPa; that is, the pressure ratio changes within the range of 0.25 to 0.75.




2.3. Turbulence Model


Based on the range of the Reynolds number (Re = 5200–10,400) in this study, the turbulence model was used to calculate the model. According to the research literature, the commonly used turbulence models in annular seals research included k-ε model and SST k-ω model [33,34,35]. The expression of the k-ε model is shown in Equations (1) and (2). The expression of the SST k-ω model is shown in Equations (3) and (4), which includes the refinements of the standard k-ω model and considers the transmission of turbulent shear stress in the definition of turbulent viscosity. In this paper, the SIMPLE pressure–velocity coupling algorithm is used to solve the continuity equation, momentum equation and turbulence model equation [36,37].


   ∂  ∂  x i     (  ρ k  u i   )  =  ∂  ∂  x j     [   (  μ +    μ t     ρ k     )    ∂ k   ∂  x j     ]  +  G k  +  G b  − ρ ε −  Y M  +  S k   



(1)






   ∂  ∂  x i     (  ρ ε  u i   )  =  ∂  ∂  x j     [   (  μ +    μ t     ρ ε     )    ∂ ε   ∂  x j     ]  +  C  1 ε    ε k   (   G k  +  C  3 ε    G b   )  −  C  2 ε   ρ  ε k  +  S ε   



(2)




where    G k    and    G b    represent the generation of turbulence kinetic energy and the generation of turbulence kinetic energy, respectively.    Y M    is the contribution of the fluctuating dilatation.    S k    and    S ε    represent the source terms.    C  1 ε    ,    C  2 ε     and    C  3 ε     are constants.    σ k    and    σ ε    represent the turbulent Prandtl numbers for k and ε, respectively.


   ∂  ∂ t    (  ρ k  )  +  ∂  ∂  x i     (  ρ k  u i   )  =  ∂  ∂  x j     (   Γ k    ∂ k   ∂  x j     )  +  G k  −  Y k  +  S k   



(3)






   ∂  ∂ t    (  ρ ω  )  +  ∂  ∂  x j    ( ρ ω  u j  ) =  ∂  ∂  x j     (   Γ ω    ∂ ω   ∂  x j     )  +  G ω  −  Y ω  +  D ω  +  S ω   



(4)




where    G k    and    G ω    are the production of turbulence kinetic energy and the generation of ω, respectively.    Y k    and    Y ω    indicate the turbulent dissipation of k and ω.    D ω    is the cross-diffusion term. As in Equations (1) and (2),    S k    and    S ω    represent the source terms.




2.4. Computational Details


ANSYS FLUENT 18.1 is used to carry out the calculations, with the fluid medium of air. The steady simulation and the pressure-based solver are used in the calculation. The SIMPLE algorithm is used, the discretization is based on the Least Squares Cell, the momentum equation uses the QUICK difference format, and the pressure interpolation format uses the Second Order. The wall method uses standard wall functions with no slip. When the residual is less than 1 × 10−5 or the outlet flow no longer changes, the calculation converges. In the post-processing, the calculation section is set at the inlet and outlet, respectively, and the flow rate of the calculation section is calculated by the integral method, and the leakage rate is calculated by the following formula.


  η =   G a  s  in   − G a  s  out     G a  s  in     × 100 %  



(5)




where η represents the leakage rate,   G a  s  in     represents the air inlet flow rate, and   G a  s  out     represents the air outlet flow rate.




2.5. Grid Independence Verification


In order to ensure the accuracy of the simulation, it is necessary to verify the grid independence. As shown in Figure 3, structured grids are used in the three models and the grids are refined in areas where the velocity gradient switches rapidly, such as the nozzle structure. Additionally, in order to capture the details of the boundary layer, the grids near the wall are also refined. The height of the first grid layer is 5 × 10−3 mm, and subsequently the grid cells extend outward along the wall at a ratio of 1.1. As shown in Table 3, LSS, CSS, and PDS use three sets of grids from coarse to finer. The study of grid independence is to gradually adjust the number of grids until the outlet axial velocity and the leakage rate remains basically unchanged.



Figure 4 represents the outlet axial velocity distribution of LSS, CSS and PDS under three different precision grids. It can be seen from Figure 4 that the outlet axial velocity distribution of LSS, CSS and PDS, obtained by the simulation in the fine grid, is basically consistent with the consequence under the finer grid, and the maximum relative deviation is less than 10%. Furthermore, the leakage rates under different grid numbers and different turbulence models are compared, as shown in Figure 5. It can be seen from Figure 5 that when the turbulence model is k-ε, the relative differences of the leakage rate between the coarse mesh and the finer mesh of LSS, CSS and PDS are 0.90%, 0.37% and 1.64%, respectively, and the relative differences of the leakage rate between the fine mesh and the finer mesh of LSS, CSS and PDS are 0.03%, 0.42% and 0.27%, respectively. When the turbulence model is SST k-ω, the relative differences of the leakage rate between the coarse mesh and the finer mesh of LSS, CSS and PDS are 0.11%, 3.73% and 1.64%, respectively, and the relative differences of the leakage rate between the fine mesh and the finer mesh of LSS, CSS and PDS are 0.02%, 2.12% and 0.72%, respectively. Taking accuracy and calculation time into account, the final grid numbers of the three models of LSS, CSS and PDS are 2 million, 3.06 million and 3.18 million, respectively.





3. Results


3.1. Verification of Numerical Results


The numerical calculation results of CSS and the test results are compared to verify the accuracy and reliability of the numerical method under rotational conditions. The test results are obtained on the rotational test platform, and the schematic diagram of the rotational test platform is shown in Figure 6. The rotational system consists of a motor, gears and a displacement platform. The motor and gears can drive the model to rotate and control the speed. The displacement platform can accurately ensure the installation position of the model and prevent eccentricity. The compressed air provided by the air compressor passes through the filter device and is dried and subsequently input to the intake pipe. After being measured by the first flow meter, the gas finally enters the intake port of the model. The model outlet is connected to the second flow meter and a pressure control valve that controls the pressure at the outlet.



The shape, size and boundary conditions of the numerical calculation model are consistent with the test seals and test working conditions. In the test, the speed is 400 r/min, the outlet pressure is set to 4000 Pa, the leakage port is connected to the outside atmosphere, and the flow rate varies from 100 L/min to 200 L/min. As shown in Figure 7, the numerical results are in good agreement with the experimental results, and the maximum relative error is less than 8%, which proves that the numerical model in this paper has high reliability. Additionally, compared with the results obtained by the SST k-ω model, the results obtained by the k-ε model are closer to the experimental results, indicating that the k-ε model is more suitable for the simulation of leakage characteristics in this study. Therefore, the turbulence model in subsequent simulations will adopt the k-ε model to ensure high simulation accuracy.




3.2. Leakage Rate at Different Rotational Speeds


The rotation of the sealing system will affect the internal flow field distribution, which in turn affects the leakage rate. In this section, the preferred numerical calculation model mentioned earlier is used to study the influence of speed on leakage characteristics. Figure 8 represents the relationship between the leakage rate and the rotational speed when the rotational speed changes in the range of 0–6000 r/min under the pressure ratio conditions of 0.25 and 0.50, respectively, for the three sealing structures. It can be seen from the figure that when the pressure ratio is constant, as the speed increases, the leakage rate decreases accordingly. However, the change in the leakage rate is not evident when the rotational speed is small, such as when it is lower than 1000 r/min. When the rotational speed continues to increase, the leakage rate will decrease significantly, which is consistent with the results obtained by Li et al. [29]. When the pressure ratio is 0.25 and the rotation speed is 6000 r/min, the leakage rates of LSS, CSS and PDS are reduced by 9.4%, 8.7%, and 9.3%, respectively, compared with the non-rotating condition. When the pressure ratio is 0.5 and the rotational speed is 6000 r/min, the leakage rates of LSS, CSS and PDS are reduced by 12.0%, 11.5%, and 11.8%, respectively, compared with the non-rotating condition. Therefore, when the rotational speed is high, the sealing performance of the three sealing structures is significantly improved compared with the non-rotating state. When the axial length and pressure ratio of the sealing structure are the same and the rotational speed is 6000 r/min, the leakage rate of CSS is about 8.56–9.06% less than that of LSS, and about 0.51–0.87% more than that of PDS. Additionally, compared with PDS, the leakage rate of CSS is similar, so that the CSS can be used to replace PDS, which can meet the requirements of low leakage rate while reducing the difficulty of manufacturability.



In order to obtain the general law of the change of leakage rate with rotational speed, the influence of the radius of the sealed rotor is taken into consideration, and the relative leakage rate and the speed ratio are introduced. The relative leakage rate is defined as the ratio of the leakage rate    η  D 0     under rotational condition to the leakage rate    η D    under non-rotating condition, so that the leakage rate changes with the rotational speed are processed without dimension. The speed ratio    U /   V  a x       is the ratio of the circumferential speed  U  of the rotor surface to the axial speed    V  a x     (the maximum speed in the axial direction at the last sealed tooth tip gap along the fluid direction) of the fluid. As shown in Figure 9, the relationship of      η D   /   η   D 0        and    U /   V  a x       is obtained for the three sealing structures under the conditions of 0.25 and 0.50 pressure ratio, respectively. It can be seen from the figure that there is a critical value for the speed ratio. When the speed ratio is less than this critical value, its influence on      η D   /   η   D 0        is not apparent. When the speed ratio is greater than this critical value, it has a significant influence on      η D   /   η   D 0       , and as the speed ratio increases, the influence gradually increases. The critical speed ratio of LSS and CSS is about 0.09, and the speed is about 1000 r/min. The critical speed ratio of PDS is about 0.05, which is smaller than the speed ratio of LSS and CSS, and the speed is about 500 r/min. It demonstrates that the leakage rate of PDS is more obviously affected by the speed. When the pressure ratio is 0.25 and the rotation speed is 6000 r/min, the maximum value of    U /   V  a x       for the three sealing structures is 1.25. In comparison with non-rotating conditions, the relative leakage rate is reduced by 28% to 37%. When the pressure ratio is 0.5 and the rotation speed is 6000 r/min, the maximum value of    U /   V  a x       for the three sealing structures is 2.20, and the relative leakage rate is reduced by 45% to 68%.



Figure 10 represents the flow lines at the seal gap of CSS at different speeds at a pressure ratio of 0.5. Figure 11 shows the angle between the CSS streamline and the axial direction at different speeds. When the rotational speed is zero, the sealing medium is not affected by centrifugal force and is evenly distributed in the sealed cavity. At this time, the streamline at the sealing gap is along the axial direction. When the rotational speed is 2000 r/min, there is an included angle between the streamline and the axial direction at the sealing gap. As the rotational speed increases, the included angle also increases, resulting in a reduction in the effective flow area in the corresponding sealing gap; that is, the leakage flow through the sealing gap is reduced. Therefore, when the rotor rotates at a low speed, the tangential force provided by the rotation is small, and the leakage of the sealing structure is slightly reduced. When the rotor rotates at high speed, the spiral flow adds a larger tangential force to the sealing medium, which makes the axial velocity of the sealing medium deviate to the circumferential direction under the action of the rotational centrifugal force. The action of rotational centrifugal force increases the flow resistance and dissipation loss, thus reducing the leakage of the sealing gap and improving the performance of the sealing structure.




3.3. Leakage Rate at Different Pressure Ratios


When studying the influence of the pressure ratio on the leakage characteristics of the three types of sealing structures, the calculation model and boundary conditions are the same as in the previous section. The outlet pressure is 4 kPa and the rotational speed is 400 r/min and 4000 r/min, respectively, and the pressure ratio π varies from 0.25 to 0.75.



Figure 12 represents the variation of the leakage rate with the pressure ratio of the three sealing structures of LSS, CSS and PDS at two speeds of 400 r/min and 4000 r/min. It can be seen from the figure that the leakage rates of the three sealing structures decrease with the increase in the pressure ratio, and the change curve is approximately linear. Zhang et al. [9] simulated the sealing performance of Mixed labyrinth seal (MLS) and Staggered labyrinth seal (SLS) and found that the leakage rate followed the same linear trend with the pressure ratio, but increased linearly with the increasing pressure ratio. The reason for the difference with the results in this paper may be due to the difference in structure. Moreover, no matter how large the pressure ratio is, the leakage rate decreases in the order of LSS > CSS > PDS. Additionally, the leakage rates of LSS and PDS are relatively close. To name only a few, when the pressure ratio is 0.5 and the speed is 400 r/min, in comparison with LSS, the leakage rates of CSS and PDS are reduced by about 10% and 11%, respectively, which is the same as when the pressure ratio is 0.5 and the speed is 4000 r/min. It can be concluded that the nozzle structure in CSS and PDS can effectively improve the sealing characteristics of rotational machinery. In comparison with CSS, the leakage rate of PDS is merely reduced by about 1%, indicating that the clapboard structure of PDS in rotational machinery exerts an insignificant influence on the improvement of the sealing effect, which is also illustrated in Sheng’s research [38].





4. Discussion


From the results in Section 3, it can be found that the leakage rate of CSS and PDS with nozzle structure is lower than that of LSS. It is speculated that the existence of the jet structure reduces the pressure difference between the jet structure and the outside, thereby reducing leakage. The jet structure is designed according to Bernoulli principle and adopts reasonable geometric surface parameters. The key parameters are the shape of the jet structure, the extended section, the position of the guide tube and the radius of the jet structure. Therefore, in order to study the sealing mechanism of CSS, it is necessary to discuss the above-mentioned influencing parameters.



For computational simplicity, a 2D model was used in the discussion of the sealing mechanism of the CSS. The mesh was also used as a structured mesh and the mesh independence was verified. The following numerical calculations are based on non-rotational conditions with a velocity inlet with a velocity of 5.41 m/s, a pressure outlet with a standard atmospheric pressure outside, a non-slip wall surface and a porous media boundary (Porous Jump) for the simulation of the internal resistance [39,40]. In addition, air was used as the sealing medium and the standard k-ε model was used for turbulence closure.



4.1. Effect of Jet Structure Shape on Leakage Characteristics


The leakage characteristics of three jet structures, namely the traditional sealing structure, the backward step structure and the nozzle structure, are compared, as shown in Figure 13. The throat radius of the rear step structure is 6 mm, the tilt gap is 1.0 mm, and the length of the extended section is 40 mm. Compared with the backward step structure, the nozzle structure changes the position of the throat, the length of the extended section is reduced to 20 mm, and the minimum tilt gap is 1.0 mm.



Table 4 shows the leakage rate under three jet structures of a traditional labyrinth seal, backward step structure and nozzle structure. It can be seen from Table 4 that when ΔP is 2000 Pa, the leakage rate of the backward step structure is about 14% less than that of the traditional labyrinth seal, and the leakage rate of the nozzle structure is about 30% less than that of the traditional labyrinth seal. When ΔP is 4000 Pa, the leakage rate of the backward step structure is about 13% less than that of the traditional labyrinth seal, and the leakage rate of the nozzle structure is about 35% less than that of the traditional labyrinth seal. Therefore, under the same ΔP, the sealing performance of the nozzle structure is better than that of the backward step structure.




4.2. Effect of Extended Section on Leakage Characteristics


Due to the symmetry of the model, the extended section can be seen as a two-dimensional line rotating around the axis. The main influencing factors of the extended section on the leakage characteristics of CSS are the two-dimensional line style and the length of the extended section. Among them, the styles of the two-dimensional lines are spline curves and straight lines, and the lengths of the extended sections are 20 mm, 25 mm, 30 mm, and 35 mm, respectively.



The comparison of the leakage rate of CSS under different two-dimensional line styles is shown in Figure 14. The leakage rates of the two two-dimensional line styles both increase approximately linearly with the increase in ∆P. Under the same ∆P, the leakage rate when the two-dimensional line style is a spline curve is slightly greater than the leakage rate when the two-dimensional line style is a straight line. When ∆P is 2000 Pa, the leakage rate when the two-dimensional line style is a spline curve is increased by about 0.3% compared to the straight line style. When ∆P is 6000 Pa, the leakage rate when the two-dimensional line style is a spline curve is increased by about 1% compared to the straight line style. The two-dimensional line style has a small effect on the leakage characteristics and is almost negligible. Therefore, it is reasonable to use a straight line for the two-dimensional line style, which can also greatly reduce the difficulty of processing and installation.



Table 5 shows the leakage rate of CSS under different lengths of extended section when the two-dimensional line is a straight line. It can be seen from Table 5 that when ΔP is constant, the longer the length of the extended section, the higher the leakage rate. When ΔP is 2000 Pa, the leakage rate of the extended section with a length of 35 mm increases by about 0.7% compared with the leakage rate of extended section with a length of 20 mm. When ΔP is 4000 Pa, the leakage rate of extended section length of 35 mm is about 1% higher than that of the extended section length of 20 mm. Although the longer the length of the extended section, the greater the leakage rate of CSS, the numerical calculation results show that the change of the length of extended section within a certain range has less influence on the flow field characteristics and leakage characteristics of CSS.




4.3. Effect of Position of Guide Tube on Leakage Characteristics


The position of the guide tube before and after the throat will affect the leakage characteristics of CSS. As shown in Figure 15, the position of the guide tube is arranged on the left and right sides of the throat, respectively, and the distance from the throat is 0.5 mm and 1.0 mm, respectively. Table 6 shows the leakage rate of CSS under different positions of the guide tube and ΔP. It can be seen from Table 6 that when the distance between the guide tube and the throat is constant, the leakage rate when the guide tube is on the left side of the throat is much smaller than the leakage rate when the lead pipe is on the right side of the throat. It can be seen from Figure 16 that when the fluid flows through the throat position, a backflow will be formed. When the guide tube is located on the right side of the throat, the backflow is large, thus causing a large leak. When the guide tube is located on the left side of the throat, because the inclined gap is placed in the direction of the fluid flow, the backflow is small, so the leakage is also small. However, in industrial manufacture, when the guide tube is located on the left side of the throat, the processing difficulty and installation degree will increase sharply due to the thin wall surface. Therefore, the selection of the guide tube position should consider various factors such as manufacturing accuracy and sealing performance.




4.4. Effect of Nozzle Radius on Leakage Characteristics


In the previous work, the influence of the nozzle radius on the leakage characteristics was discussed, and it was found that as the nozzle radius increases, the pressure difference before and after the throat gradually becomes smaller. This is because when the fluid passes through the nozzle structure, due to the small diameter of the throat, the flow rate increases and the pressure decreases; and after the fluid passes through the throat, the pipe diameter increases and the flow rate decreases, resulting in an increase in pressure. The smaller the nozzle radius, the more significant the change in flow rate and pressure. Therefore, the size of the nozzle radius has a significant impact on the jet effect of the nozzle structure. The smaller the nozzle radius, the stronger the jet effect, the lower the pressure near the throat, and the greater the pressure difference from the outside, which prevents the leaking of gas to the outside.





5. Conclusions


Based on numerical simulation, this study investigated the leakage characteristics of the CSS under rotational conditions using a 3D model, compared it with LSS and PDS and analyzed the influence of different parameters (pressure ratio and rotational speed) on the leakage rates of the seal structure. In addition, the sealing mechanism of CSS was discussed. For computational simplicity, a 2D model was used in the discussion of the sealing mechanism of the CSS. The main conclusions are as follows:



(1) The experimental results reveal that the k-ε model is more suitable for the simulation of the sealing structure in this study compared with the SST k-ω model. At different inlet flow rates, the difference between the numerical results and the experimental results is slightly different, but the maximum relative error is less than 8%, which proves that the numerical method used in this study has a high reliability.



(2) Under the same pressure ratio, the leakage rates of the three sealing structures all decrease with the increase in speed. At a pressure ratio of 0.25 and a speed of 6000 r/min, the leakage rates are reduced by 9.4%, 8.7% and 9.3% for LSS, CSS and PDS, respectively, compared to the non-rotating condition. At a pressure ratio of 0.5 and a speed of 6000 r/min, the leakage rates for LSS, CSS and PDS are reduced by 12.0%, 11.5% and 11.8%, respectively, compared to the non-rotating condition. The CSS has a similar leakage rate compared to the PDS and can therefore be used as a replacement for the PDS to meet the low leakage rate requirement while reducing manufacturing difficulties. The relative speed ratio has a critical value. When the relative speed ratio is lower than this value, the leakage of the sealing structure changes less. When the relative speed ratio exceeds this value, the leakage of the sealing structure decreases significantly as the speed increases. The critical value of the speed ratio of CSS is similar to that of LSS, which is about 1000 r/min, while the critical value of the speed ratio of PDS is minor, and the critical speed is about 500 r/min at this time.



(3) The leakage rates of the three sealing structures all decrease with the increase in the pressure ratio. Regardless of the pressure ratio, the leakage rate decreases in the order LSS > CSS > PDS. At a pressure ratio of 0.5 and a speed of 400 r/min, the leakage rates of CSS and PDS are reduced by approximately 10% and 11%, respectively, compared to LSS. This indicates that the nozzle structure in the CSS and PDS can effectively improve the sealing characteristics of rotating machinery. Compared to CSS, the leakage rate of PDS is only reduced by about 1%, indicating that the spacer structure in PDS in rotating machinery has little effect on the improvement of the sealing effect.



(4) The jet structure in CSS is a key factor affecting the sealing characteristics. Compared with the backward step structure, the nozzle structure has a better sealing effect. The two-dimensional line style and the length of the extended section in the geometric surface form of the jet structure have little effect on the leakage characteristics of the combined seal. The leakage rate when the guide tube is on the left side of the throat is less than the leakage rate when the guide tube is on the right side of the throat. The nozzle radius has a significant influence on the sealing characteristics of the sealing structure. The larger the nozzle radius, the greater the leakage rate of CSS.
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Nomenclature and Abbreviations




	c
	seal clearance, mm
	n
	rotational speed, r/min



	h
	tooth height, mm
	η
	leakage rate, %



	s
	tooth pitch, mm
	π
	pressure ratio



	r
	nozzle radius, mm
	ΔP
	internal resistance of the device, Pa



	l
	nozzle length, mm
	LSS
	labyrinth seal structure



	t
	tooth thickness, mm
	CSS
	combined seal structure



	Rin
	intake pipe radius, mm
	PDS
	pocket damping seal structure
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Figure 1. Schematic and critical dimensions (mm) of (a) LSS, (b) CSS and (c) PDS. 
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Figure 2. Boundary conditions of numerical model. 
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Figure 3. Computational grid of CSS. 
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Figure 4. Axial velocity distribution at the outlet of LSS, CSS and PDS of different grids. 
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Figure 5. The leakage rates of LSS, CSS and PDS under different grid numbers and different turbulence models. 
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Figure 6. Test rig of rotational seal. 
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Figure 7. (a) Simulated and experimental data of leakage rate and (b) relative error at different flows, respectively. 
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Figure 8. The relationship between the leakage rate and the rotational speed when the rotational speed changes in the range of 0–6000 r/min under the pressure ratio conditions of (a) 0.25 and (b) 0.50 for LSS, CSS and PDS. 
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Figure 9. The relationship between      η D   /   η   D 0        and    U /   V  a x       of the three sealing structures (LSS, CSS and PDS) under the pressure ratio of (a) 0.25 and (b) 0.50, respectively. 
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Figure 10. The streamline of CSS at the tooth tip clearance at (a) 0 r/min, (b) 2000 r/min and (c) 4000 r/min when the pressure ratio is 0.5 at different rotational speeds. 
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Figure 11. The included angle between streamline and axial direction in CSS at different rotational speeds. 
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Figure 12. The relationship between the leakage rate and the pressure ratio when the pressure ratio changes in the range of 0.25–0.75 under the rotational speed conditions of (a) 400 r/min and (b) 4000 r/min for LSS, CSS and PDS. 
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Figure 13. Calculation domain and geometric structure parameters of (a) traditional labyrinth seal structure; (b) backward step structure; and (c) nozzle structure. 
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Figure 14. Leakage rate under different line styles. 
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Figure 15. The structure of the guide tube on the (a) right and (b) left of the throat. 
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Figure 16. The velocity vector when the guide tube is 1.0 mm on the (a) right and (b) left of the throat. 
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Table 1. Parameters of annual seals.
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	Name
	Dimension
	Unit





	Seal clearance (c)
	0.5
	mm



	Tooth height (h)
	2.0
	mm



	Tooth pitch (s)
	5.0
	mm



	Nozzle radius (r)
	6.0
	mm



	Nozzle length (l)
	40.0
	mm



	Tooth thickness (t)
	1.0
	mm



	Intake pipe radius (Rin)
	14.0
	mm
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Table 2. Boundary conditions.
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	Name
	Methods
	Value





	Inlet
	Velocity inlet
	2.71–5.41 m/s



	Outlet
	Pressure outlet
	4000 Pa



	Leakage port
	Pressure outlet
	1000–3000 Pa



	Moving wall
	No slip
	0–6000 r/min



	Stationary wall
	No slip
	-
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Table 3. Three sets of grids from coarse to finer corresponding to LSS, CSS and PDS.
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	Models
	Coarse
	Fine
	Finer





	LSS
	100 W
	200 W
	300 W



	CSS
	120 W
	238 W
	306 W



	PDS
	231 W
	318 W
	440 W
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Table 4. Leakage rate (%) under different jet structure shapes.
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	ΔP (Pa)
	Traditional Labyrinth Seal Structure
	Backward Step Structure
	Nozzle Structure





	2000
	56.56
	42.17
	26.93



	3000
	68.73
	57.24
	37.23



	4000
	81.63
	67.11
	46.29
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Table 5. Leakage rate of CSS under different extension section length.
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	ΔP (Pa)
	20 mm
	25 mm
	30 mm
	35 mm





	2000
	26.93
	27.49
	27.53
	27.65



	3000
	37.23
	37.95
	38.03
	38.24



	4000
	46.29
	47.01
	47.15
	47.23
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Table 6. Leakage rate under different guide tube position and ΔP.






Table 6. Leakage rate under different guide tube position and ΔP.





	ΔP (Pa)
	0.5 mm to the Left of the Throat
	1.0 mm to the Left of the Throat
	0.5 mm to the Right of the Throat
	1.0 mm to the Right of the Throat





	2000
	11.49
	12.29
	26.98
	28.93



	3000
	15.64
	17.37
	37.23
	28.26



	4000
	19.43
	21.37
	46.29
	49.21
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