

  coatings-12-00586




coatings-12-00586







Coatings 2022, 12(5), 586; doi:10.3390/coatings12050586




Article



Investigation of Leakage and Heat Transfer Properties of the Labyrinth Seal on Various Rotation Speed and Geometric Parameters



Zhiguo Wang 1, Bo Zhang 1,*, Yuanxiang Chen 1, Sheng Yang 1, Hongmei Liu 2[image: Orcid] and Honghu Ji 1





1



Jiangsu Province Key Laboratory of Aerospace Power System, College of Energy and Power, Nanjing University of Aeronautics and Astronautics, Nanjing 210016, China






2



Jiangsu Key Laboratory of Green Process Equipment, Changzhou 213164, China









*



Correspondence: zhangbo_pe@nuaa.edu.cn







Academic Editor: Mikhail Sheremet



Received: 11 March 2022 / Accepted: 20 April 2022 / Published: 25 April 2022



Abstract

:

To investigate the influence of the variation of geometric parameters on the leakage and heat transfer characteristics of labyrinth seals at various rotational speeds, the labyrinth seal models with different geometric parameters were numerically simulated based on the control variable methods. Results show the aerodynamic mechanism of leakage characteristics changing with rotational speed, as well as the leakage characteristics of labyrinth seals under the coupling action of geometric parameters and rotating speeds. When the characteristic scale changes along the direction of centrifugal force, the variation trend of labyrinth seal leakage characteristics is consistent at different rotational speeds. However, the leakage characteristics of labyrinth seals show the difference of rotational speed when the feature scale changes along the axis. At the same time, the laws of convective heat transfer on the surface of the rotor and stator are shown by the results of the studies, which provides reference for the thermodynamic analysis of labyrinth seals.
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1. Foreword


As a kind of mechanical seal that is easy to implement, the labyrinth seal is widely used in the technical field of turbomachinery; for example, in the inter-stage seal between the compressor and the turbine of the aero engine, the seal between the turbine blade and the hub, the lubricating oil seal in the bearing housing, etc. It uses the structure of sudden contraction and sudden expansion to produce local loss of fluid, and produces a vortex in the cavity formed between the two throttle gaps to promote the mixing of fluid and reduce the leakage flow. The development of new labyrinth seals, operating at high-pressure ratios, temperature levels and rotational speeds, has led to thermally and mechanically heavy loaded labyrinth configurations [1]. Therefore, it has become essential to investigate the effect of rotational speed on performances of labyrinth seals. Wang, Su and Luo [2] studied the flow characteristics of the labyrinth seal in the rotating state, and showed that the low rotating speed had no significant influence on the discharge coefficient of the labyrinth seal, but the discharge coefficient of the labyrinth seal decreased with the increase of rotating speed. Wang et al. [3] analyzed the characteristic test results of labyrinth seals at high rotating speed, and showed that the main factor affecting the decrease of flow coefficient was the decrease of sealing clearance caused by the increase of rotating speed. Kong et al. [4] studied the variation in clearance size, leakage characteristics, windage heating characteristics and swirling characteristics of labyrinth seals between compressor stages at different speeds. It is obvious that the swirl and windage heating characteristic change with the change of rotation speed. Denecke [5] measured the total temperature increase and swirl development in rotating labyrinth seals, providing experimental data for the design of future turbo machines. Kong et al. [6] investigated the influence of rotation on the windage heating characteristic and swirl flow characteristic of the labyrinth seal. They found that the increase in windage heating coefficient is almost linearly proportional to the rotational speed. In addition, by increasing the rotational speed, the swirl ratio at a special radial location would increase [7,8]. Otherwise, the rotating speed further changes the heat transfer and sealing characteristics of labyrinth seals. Waschka, Wittig and Kim [9] performed heat transfer and leakage rate measurements for compressible flows in a straight-through labyrinth seal with high rotational speeds. The results show a significant effect of the rotation beyond a ration that reduces the leakage rate and increases the heat transfer. Micio et al. [10] has studied an influence on the leakage flow and heat transfer coefficient through a thirteen teeth straight through labyrinth seal. Their experimental results show a strong influence of clearance on both leakage loss and heat transfer, as well as on the development of the flow fields. Of course, other factors also affect the leakage and heat transfer characteristics of labyrinth seals. For instance, the Reynolds number and pressure ratio were taken into consideration in the experiment designed by Willenborg, Kim and Wittig [11]. Their test came across an important fact that the heat transfer was mainly determined by the Reynolds number rather than pressure ratio. Liu et al. [12] studied the influence of pressure ratio and Reynolds number on flow characteristics of a labyrinth seal. The computational results show that the discharge coefficient increases significantly with an increase in Reynolds number.



Otherwise, the geometric parameters of the labyrinth seal also play a crucial role in its heat transfer and leakage characteristics. In Alizadeh’s research [13], there would be many more vortices in the flow field and consequently the overall loss would increase, and mass flow rate decrease, as the height of the labyrinth rises. Other geometric parameters also had corresponding effects on the sealing performance of labyrinth seals [14,15,16]. An experimental investigation was carried out by Bo [17] to study the influence of the geometric parameters of slant straight-through labyrinth seals on sealing characteristics. Their study found that the discharge coefficient increased with the drop pressure ratio, seal clearance and fin tip thickness and decreased with fin height, fin pitch and fin number when pressure ratio ranged from 1.2 to 1.8. Liu et al. [18] studied the rectangular grooves on the leakage characteristics of the through labyrinth seals, and found that the width-depth ratio of rectangular grooves was an important parameter affecting the leakage characteristics of the groove labyrinth seals. When the width-depth ratio was greater than the critical value, the sealing performance of the grooved labyrinth seals was about 15 percentage points higher than that of the smooth labyrinth seals. Zhang et al. [19] studied the influence of the change of labyrinth seal shape parameters on sealing performance, and proposed the criterion relation formula for labyrinth seal design. Du et al. [20] obtained the correlation between the labyrinth shape parameters and the flow coefficient through an orthogonal experimental study, and ranked the correlation influence degree. Scholars at home and abroad have studied the influence of shape parameters and rotation speed on labyrinth seal in depth, but the coupling influence of rotation speed and shape parameters on seal performance has not been involved. In this paper, through numerical calculation of several labyrinth seal models, the aerodynamic mechanism of the influence of rotating speed on the labyrinth seal leakage characteristics and the influence of shape parameter changes at different rotating speeds on the leakage characteristics are studied. At the same time, the flow and heat transfer laws of labyrinth seals under variable speed and variable geometric parameters were analyzed and summarized.




2. Computational Domain Model of Oblique Labyrinth Seal Structure


2.1. Model Structure and Meshing


The research object of this paper is the oblique labyrinth seal model, with model rotation radius r = 188.2 mm. The basic geometrical dimensions are as follows: clearance c = 0.35 mm, tooth width t = 0.3 mm, root thickness w = 1.685 mm, fillet radius at tip r1 = 0.05 mm, fillet radius at root r2 = 1 mm, fillet radius at root r3 = 2 mm, tooth number n = 4, the rake angle α is 15°, the rake Angle β is 30°, with the X-axis as the rotation axis, as shown in Figure 1, and the application model is as show in Figure 2.



The structural parameters of the model are shown in Table 1. M1 was selected as the reference model to ensure constant irrelevant parameters and boundary conditions. The influence of the change of a single factor on the leakage characteristics, flow field structure and temperature distribution of the labyrinth seal was studied and analyzed.



Figure 3 shows the division of the grid with the contour of y+ values on the labyrinth teeth; 10 boundary layer grids were set on the labyrinth rotor wall and stator wall, with a total thickness of 0.05 mm. In order to improve the mesh quality and calculation precision of the boundary layer, local mesh encryption was carried out for the part of the tip with dense heat exchange, and for the near-wall area of the cavity with complex flow field changes, so as to better simulate the fluid flow in the cavity.



The mesh-independent verification of the numerical simulation model shows that when the number of meshes exceeds 1.85 million, the effect of increasing the number of meshes on the outlet average temperature is very small. Therefore, the number of grids should be greater than 1.85 million to obtain relatively stable results. In order to save computing resources, 1.85 million grids were selected for numerical calculation as is shown in Figure 4.




2.2. Boundary Conditions and Parameter Definitions


A three-dimensional model of the labyrinth seal was established by taking the radial section of the labyrinth seal and rotating it by 0.5°. The radial section was a periodic boundary. Fluent was used to solve the three-dimensional steady-state model, and the Standard K-Omega turbulence model equation and SIMPLE algorithm were used to calculate the coupling of pressure and velocity. The inlet and outlet boundary are pressure inlet and pressure outlet, and the working pressure ratio was 1.2. The computational domain and boundaries are shown in Figure 5.



When the heat transfer characteristics of the labyrinth seal structure were studied, the wall temperature T of the outer surface of the labyrinth seal rotor and the outer surface of the labyrinth seal stator were both 300 K at the beginning. The working medium was air, which is an ideal gas. The specific heat at constant pressure is 1006.43, the thermal conductivity is 0.0242    W  / m · K  , and the isentropic adiabatic coefficient of air at 600 K is 1.376. The Sutherland formula [21] was used to calculate the variation of air viscosity with temperature. The rotor part and stator part were made of steel, the detailed parameters of the steel are as follows: the density of the steel was 8030 kg/s, the specific heat of the steel was 502.48    J  / kg · K  , and the thermal conductivity of the steel was 16.27   W / m · K  .



The discharge coefficient Cd is introduced as the parameter to evaluate the sealing performance, and its definition is,


   C d  =     m ˙  r      m ˙  i     



(1)




where     m ˙  r    is the flow measured by the flowmeter in the experiment,     m ˙  i    is the ideal flow,


    m ˙  i  =    p 0  A     k R T         2  k 2    k − 1     (    p n     p 0    )    2 k    [ 1 −   (    p n     p 0    )     k + 1  k    ]    



(2)




where    p 0    and    p n    are the total pressure at the sealing inlet and the static pressure at the outlet,  A  is the cross-sectional area of the sealing clearance,  k  is the air adiabatic index, and  R  is the air gas constant.



The Nusselt number is used to measure the heat transfer characteristics of seals, it is defined as follows,


  N u =   h l  λ   



(3)




where l is characteristic length, defined as   l = 2 c   in this paper, and  λ  is thermal conductivity coefficient. h represents convective heat transfer coefficient, and its definition is,


  h =  q   T w  −  T f     



(4)




where  q  means heat flux,    T w    is the surface temperature of solid, and    T f    is the fluid temperature near the solid surface.



The continuity equation, the momentum conservation equation and the energy conservation equation are the basic equations for studying the heat transfer characteristics of fluid flow, and their Reynolds time average expressions are as follows.



Conservation of mass (the continuity equation),


       ∂   ρ  U i      ∂  x i    = 0      i = 1 , 2 , 3        



(5)







Conservation of momentum,


       ∂   ρ  U i   U j      ∂  x j    = −   ∂ P   ∂  x i    +  ∂  ∂  x j      μ     ∂  U i    ∂  x j    +   ∂  U j    ∂  x i      −  2 3  μ   ∂  U l    ∂  x l     δ  i j   − ρ    u i   u j   ¯         i , j = 1 , 2 , 3        



(6)







Conservation of momentum,


      c p      ∂ ρ T   ∂ t   +   ∂ ρ  U j  T   ∂  x j      =  ∂  ∂  x j      λ   ∂ T   ∂  x j    −  c p  ρ    u j  τ  ¯    − ∇ ⋅  q R       j = 1 , 2 , 3        



(7)









3. Effect of Geometric Parameters of the Labyrinth Seal on Leakage Characteristics at Different Rotational Speeds


3.1. Effect of Rotational Speed on Labyrinth Seal Flow


Based on model M1, the influence of speed on the flow and heat transfer characteristics of labyrinth seals was studied without considering the radial elongation of tooth depth caused by the increase in speed. Figure 6 is the function diagram of the flow coefficient changing with the speed when the inlet/outlet pressure ratio is 1.2. It can be clearly concluded that the flow coefficient Cd decreases with the increase of the speed.



In order to explore the internal mechanism of the decrease in labyrinth seal leakage caused by the increase of speed, the streamline diagrams at different speeds were compared and analyzed, as shown in Figure 7. The vortex system in the labyrinth cavity is mainly composed of three parts: the back vortex located at the top of the tooth on the leeward side, the cavity vortex located at the center of the labyrinth cavity and the corner vortex located at the root of the labyrinth seal on the windward side. The cavity vortices collide with the bottom of the back vortices after one rotation, and the fluid is forced to bypass the back vortices and flow upward, thus forming local circumferential flow. There exists a large back vortex under low rotational speed. The fluid over the back vortex has a long distance, and the kinetic energy is reduced, so it cannot form an effective impact on the fluid flowing out of the tooth clearance. It even forms a local backflow at the top of the back vortex due to the disturbance of the clearance outflow. When the rotating speed increases, the speed of the tooth cavity vortex increases, the back vortex is compressed, and the circumnavigation distance decreases. Especially when the speed increases to 12,000 rpm, the back vortices are squeezed out and disappear. After a rotation of the cavity vortex, part of the fluid directly impacts on the outlet position of the clearance, thus producing an effective buffer for the axial outlet fluid and reducing its axial velocity. Figure 8 shows the comparison diagram of axial velocity vector of the outflow fluid from the tip clearance at different rotating speeds. The background is the axial velocity cloud diagram. With the increase of rotational speed, the mean axial velocity decreases gradually. In the range of low-pressure ratio and low Mach number (Ma less than 0.3) studied in this paper, the fluid is regarded as incompressible, and the size of the clearance remains unchanged, so the only factor affecting the flow rate is the axial velocity. The above analysis shows that when the rotating speed increases, the impact effect of the outflow fluid in the first stage tooth clearance increases, and the axial velocity decreases, thus the flow coefficient decreases.




3.2. Effect of Varying Tooth Height on Labyrinth Seal Leakage Characteristics at Different Rotational Speeds


The leakage characteristics of labyrinth seals with different tooth heights under the condition of variable rotation speed were compared and analyzed. The results are shown in Figure 9. There is a negative linear correlation between the labyrinth flow coefficient and the tooth height. The leakage coefficient of labyrinth seals showed a parallel downward trend with the increase of tooth height at different rotation speeds, indicating that this downward trend was independent of the rotation speed.




3.3. Effect of Pitch Variation on Labyrinth Seal Leakage Characteristics at Different Rotating Speeds


The flow law of labyrinth seals under the coupling action of different speeds and tooth pitches was studied by simulation. Figure 10 shows the labyrinth seal leakage characteristic curve with the change of tooth pitch at different rotating speeds. Similar to the influence rule of tooth height, the labyrinth seal leakage coefficient decreases with the increase of tooth spacing. However, the downward trend is different at different rotating speeds. It can be seen from the comparison that the decreasing trend of leakage coefficient decreases gradually with the increase of rotational speed.



Looking at this phenomenon from another perspective, Figure 11 shows the leakage characteristic of labyrinth seal curve when the rotating speed changes at different tooth pitch. It was found that the flow coefficient decreases at a greater rate with the increase of rotational speed at a small tooth pitch. The results show that the high rotation speed can improve the sealing performance of labyrinth seals with small pitch.



This is because with a small tooth pitch, the tooth cavity is small, and the disturbance of the fluid in the cavity caused by wall rotation is more easily transmitted to the interior. In other words, compared with large tooth pitch, rotation contributes more significantly to the mixing of vortex in tooth cavity with small pitch. In order to confirm the above viewpoint, the cross section in the tooth cavity at y = 167 mm was intercepted along the flow direction. The contour intercepts the isosurface located in the grate tooth cavity, as shown in Figure 12.



The turbulent kinetic energy cloud images, as shown in Figure 13 and Figure 14, were obtained. It was found that the turbulent kinetic energy is transferred from the near-wall region to the cavity with the increase of rotational speed. The transmission efficiency of small pitch is obviously better than that of large pitch. As a result, the turbulent kinetic energy in the cavity with small pitch is generally higher than that in the cavity with large pitch, which leads to the enhancement of fluid mixing in the cavity with small pitch. Therefore, higher speed is beneficial to improve the sealing performance of labyrinth seal with small pitch.





4. Thermodynamic Characteristics of Labyrinth Seal with Varying Tooth Pitch and Rotation Speeds


4.1. Analysis of Heat Transfer Characteristics of Rotor Surface


The heat transfer characteristics of the rotor surface were studied and analyzed. The simulation results showed that the stronger convective heat transfer occurs on the windward side of the second labyrinth seal. As shown in Figure 15, the distribution value of the Nusselt number at this position is relatively high. This is because the pressure drop of the fluid is greatest after it has passed through the first throttle gap (Figure 16). The fluid impinges on the windward side of the second labyrinth seal at a higher speed. The mixing effect is strongest in the cavity of the first stage of the labyrinth seal. The temperature gradient of the windward boundary layer is higher, which increases the convective term in convective heat transfer. Compared with the leeward side, it can be seen that the heat transfer intensity near the tooth tip is very low due to fluid separation. The re-attachment of the separation vortices made the heat transfer intensity of the bottom section on the leeward side rise slightly. In addition, with the increase of rotating speed, the temperature rise region gradually increases. The results show that the area of the vortex in the tooth cavity is extended with the increase of rotational speed.



The surface Nusselt number of the labyrinth seal was analyzed at different rotating speeds. Figure 17 shows the distribution of the Nusselt number on tooth surface at different rotating speeds when tooth pitch was 5.0 mm. It was found that the high convective heat transfer occurs on the surface of the tooth tip, and the heat transfer intensity of the other parts is low. With the increase of rotational speed, the peak Nusselt number behind the second tooth decreases. This is because the increase of rotating speed leads to the enhanced mixing effect of vortices in the tooth cavity, which reduces the axial velocity of fluid passing through the second and subsequent labyrinth seals and weakens the heat transfer. At the same time, it was found that the heat transfer intensity of the other cavity walls changes little with the rotation speed. Figure 18 shows that the temperature distribution diagram of the labyrinth seal surface and shows that the influence of rotational speed on the rotor wall temperature is mainly reflected in the first stage of labyrinth seal, where the wall temperature rise is more significant.




4.2. Analysis of Heat Transfer Characteristics of Stator Surface


First, at the same speed, the position of the centerline of the bushing with different tooth pitch along the process is intercepted to obtain the distribution rule, as shown in Figure 19. It can be seen from the figure that convective heat transfer intensity of labyrinth stator along the flow decreases gradually on the whole, and heat transfer is concentrated in the front segment of labyrinth stator. The extreme value of Nusselt number appears on the downward-facing surface of the bushing near the position of tooth tip. It shows that the convective heat transfer intensity on the rotor surface is higher at the tooth tip position. This is because the velocity of the fluid increases rapidly after passing through the throttle gap, and the hot high-speed fluid impacts the upwind side of the tooth tip and the static bushing. It is found that the extreme Nusselt number on the bushing surface above the tooth tip decreases with the increase of tooth pitch. This finding indicates that the convective heat transfer coefficient is related to the shape and size of the structural components.



The distribution law of Nusselt number along the stator surface at different rotational speeds was studied, and the characteristic curve, as shown in Figure 20, was obtained. The figure still shows that the strong convective heat transfer is concentrated in the front segment of the labyrinth stator surface, and with the increase of the speed, this distribution law becomes particularly significant. It is shown that the convective heat transfer intensity at the position of labyrinth bushing above the tip of the first labyrinth tooth increases sharply, while the Nusselt number at the position of labyrinth bushing above the tip of the subsequent labyrinth teeth decreases. It also indicates that the influence of rotational speed on the heat transfer intensity of labyrinth seals is mainly in the front segment. Figure 21 shows the temperature distribution along the path in the same state. The wall temperature is higher when the heat transfer is strong; otherwise, the wall temperature is lower.





5. Conclusions


In this paper, numerical calculation was carried out for different labyrinth seal models under the condition of variable rotation speeds. The aerodynamic mechanism of the influence of rotating speeds on the leakage characteristics of labyrinth seals was explored, as well as the labyrinth seal leakage characteristics with variable geometric parameters at different rotation speeds and the thermodynamic characteristics of labyrinth seals under the coupling effect of tooth profile parameters and rotational speed. The following conclusions are obtained.



(1) The aerodynamic mechanism of the effect of rotating speed on the leakage characteristics of labyrinth seals is that the kinetic energy of the outflow fluid passed the first clearance is reduced due to the impact of the tooth cavity vortex with the increasing rotating speed. This reduces the flow coefficient and improves the sealing performance of labyrinth seals.



(2) The research on the influence of structural parameters shows that the leakage coefficient of labyrinth seals under the influence of tooth height has a consistent downward trend with the increase of rotational speed. The decreasing trend of labyrinth seal leakage characteristics under the influence of the change of tooth pitch is different with the change of rotation speed. Compared with large pitch, higher rotation speed is more significant to improve the sealing performance of labyrinth seals with small pitch.



(3) Thermodynamic analysis of the rotor shows that the convection heat transfer on the windward side of the second tooth is stronger. This is because the velocity of the airflow increases after passing through the first tooth clearance, so that the heat transfer is significantly strengthened. Therefore, the extreme value of convective heat transfer intensity exists in the area near the tip of tooth. The effect of rotating speed on the wall temperature of the rotor is concentrated on the first tooth.



(4) The thermodynamic analysis of the stator shows that the extreme value of Nusselt number at the tooth tip decreases with the increase of tooth pitch, and the convective heat transfer intensity decreases along the path. The influence of rotating speed on the heat transfer of the bushing surface is shown as follows; with the increasing of rotating speed, the heat transfer intensity of the bushing surface above the tip of the first tooth increases, while the heat transfer intensity of the bushing surface above the tip of the subsequent tooth decreases.
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Figure 1. Geometric parameter model of labyrinth seal. 
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Figure 2. The application model. 
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Figure 3. The grid of labyrinth seals. (a) The entire grid of labyrinth seals; (b) encrypted partial grid and contour of y+ values. 
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Figure 4. Variation curve of outlet average temperature with different number of grids. 
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Figure 5. The computational domain and boundaries. 
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Figure 6. Relation between flow coefficient and speed. 
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Figure 7. Labyrinth cavity eddies at various rotation velocities. 
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Figure 8. Comparison of axial velocities in the fluid domain of labyrinth clearance. 
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Figure 9. Tooth height–leakage characteristic curve at different rotating speeds. 
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Figure 10. Tooth pitch–leakage characteristic curve at different rotating speeds. 
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Figure 11. Rotating speed–leakage characteristics curve at different pitch. 
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Figure 12. The isosurface where the contour is located. 
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Figure 13. Turbulent kinetic energy cloud diagram of cross section in tooth cavity with 5 mm pitch at different rotating speeds. 
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Figure 14. Turbulent kinetic energy cloud diagram of cross section in tooth cavity with 8 mm pitch at different rotating speeds. 






Figure 14. Turbulent kinetic energy cloud diagram of cross section in tooth cavity with 8 mm pitch at different rotating speeds.
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Figure 15. Nusselt number distribution on labyrinth seal surface. 
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Figure 16. Pressure drop of fluid along the flow path. 
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Figure 17. Nusselt number distribution along the tooth surface. 
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Figure 18. Temperature distribution on tooth surface. 
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Figure 19. Nusselt number distribution of labyrinth bushing with different tooth spacing along the path. 






Figure 19. Nusselt number distribution of labyrinth bushing with different tooth spacing along the path.
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Figure 20. Nusselt number distribution of labyrinth bushing along the path. 






Figure 20. Nusselt number distribution of labyrinth bushing along the path.



[image: Coatings 12 00586 g020]







[image: Coatings 12 00586 g021 550] 





Figure 21. Temperature distribution of labyrinth bushing along the path. 
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Table 1. Labyrinth seal model parameters table.






Table 1. Labyrinth seal model parameters table.





	Model
	Depth h/mm
	Pitch b/mm





	M1
	4.8
	6.4



	M2
	4.8
	5



	M3
	4.8
	8



	M4
	3
	6.4



	M5
	6
	6.4
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