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Abstract

:

The rotary seal is a key component of the aero engine. Under actual working conditions, most rotary seals always operate in an eccentric state (caused by installation errors), and when a large eccentricity occurs, it may lead to a large amount of gas leakage, resulting in a decrease in aero engine efficiency, which ultimately affects the reliability and life of the aero engine. Therefore, the effect of installation error on the rotary seal of the aero engine was studied in this research. The flow field numerical models of the honeycomb seal, labyrinth seal, and hybrid labyrinth–honeycomb seal were established, the effects of the honeycomb seal, labyrinth seal, and hybrid labyrinth–honeycomb seal on leakage were numerically analyzed, the sealing mechanisms of three types of seals were revealed, and the effect of radial eccentricity on the leakage of three types of seals was also studied. Additionally, the high-pressure and high-speed rotary seal experiment bench was improved, the effect of eccentricity on the leakage characteristics of the honeycomb seal, labyrinth seal, and hybrid labyrinth–honeycomb seal was studied using the improved experiment bench, and the leakage characteristics of the three types of seals were compared under the same condition. The experimental results are consistent with the numerical simulation results; the honeycomb seal is the least sensitive to eccentricity, and its sealing performance is the best. The research results in this paper reveal the seal mechanisms of the honeycomb seal, labyrinth seal, and hybrid labyrinth–honeycomb seal and demonstrate the effect law of eccentricity regarding the leakage characteristics of these three types of seals. The results of this research can provide theoretical support for aero engine efficiency improvement.
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1. Introduction


The rotary seal is a key component of the aero engine, which has important roles in leakage prevention and energy saving. It is widely used in aviation, aerospace, chemical, ships, vehicles, and other fields [1,2,3,4,5]. At present, the most commonly used seals are labyrinth seals, honeycomb seals, and hybrid labyrinth–honeycomb seals [6,7,8]. Under actual working conditions, most rotary seals always operate in an eccentric state (caused by installation errors) [9]. When a large eccentricity occurs, it may lead to a large amount of gas leakage, resulting in reduced aero engine efficiency and ultimately affecting the reliability and life of the aero engine.



Many research institutions and scholars have studied labyrinth seals, honeycomb seals, and hybrid labyrinth–honeycomb seals. Kamouni [10] predicted the leakage flow rate and rotor dynamics coefficient of the eccentric labyrinth seal with four teeth fixed on the rotor based on the CFD calculation model. Pugachev et al. [11] studied the CFD model for predicting labyrinth seal leakage and the rotor dynamic coefficient. Untaroiu et al. [12] studied the effect of several new groove geometries on the dynamic coefficients of the labyrinth seal rotor, and the results showed that the groove shape of the labyrinth seal could be optimized to produce a lower leakage, with only a small change in the dynamic characteristics. Yahyai and Mba [13] carried out a rotor dynamics analysis on the compressor with a labyrinth seal in the interstage seal system. The analysis results showed that the excessive vibration observed at 5447 rpm was caused by friction between the rotor and the seals. Teran et al. [14] analyzed the failure of hydroelectric generators, the main symptom of failure was the increased temperature of the bearings caused by an increase of almost two bars in the pressure between the cover on the side of the generator and the runner, which was caused by the wearing of the seal labyrinths. Li et al. [15] introduced the experimental and computational research of radial flow into the shield gap in turbines with labyrinth seals. Compared with the results without leakage, the numerical calculation results, including the leakage of the labyrinth seal, were in good agreement with the experimental results, indicating that the leakage of the labyrinth seal could not be ignored. Jia et al. [16] proposed a new type of seal called the T-labyrinth seal to reduce the vibration force caused by the flow in the seal area so as to reduce the rotor vibration in the aero engine. With the same seal axial length and tip clearance, the leakage of the T-seal is approximately 23.6–25.3% less than that of a straight-through labyrinth seal and approximately 7.4–8.5% more than that of a staggered labyrinth seal. Flouros et al. [17] studied the effects of design parameters such as seal clearance, thread size, and scallop width on seal leakage characteristics under different operating conditions. Kong et al. [18] built an experiment bench and manufactured labyrinth rings with different rotor tip radii to study the influence of tip clearance and measured oral leakage flow, wind-resistance heating, and eddy current ratio at different speeds and different labyrinth rings. In order to reduce gas leakage, Zhao et al. [19] optimized the shape of the labyrinth seal and used a chaotic optimization algorithm to determine the optimal design parameters of the labyrinth seal. The results show that when the seal clearance, fin width, fin height, fin spacing, and fin front and rear expansion angles are 0.2 mm, 0.1 mm, 7 mm, 9 mm, 0°, and 15°, respectively, the flow coefficient reaches a minimum in the design space. Yang et al. [20] established a numerical analysis model of the hybrid labyrinth–honeycomb seal and studied the static stability and leakage characteristics of the seal under blocked and non-blocked flow states and different eccentricities. Childs et al. [21] tested the leakage and rotor dynamic characteristics of the seal. The test results show that the honeycomb seal has the best sealing performance, followed by the labyrinth seal and the smooth seal. Soulas and Andres [22] used the proposed model to study the influence of rotor eccentricity on the static and dynamic forced responses of the smooth ring seal and the honeycomb seal, and the results showed that the leakage of the two types of seals increased slightly with the increase in rotor eccentricity. Gao et al. [23] studied the effects of honeycomb unit size, axial length, and inlet pre-swirl on sealing performance. The results show that with the increase in wick depth, the leakage of honeycomb seals increases initially due to the increase in airflow velocity and then decreases due to the strong dissipation effect of turbulence. With the increase in the relative edge distance of the core and the decrease in the axial length, the decrease in the number of honeycomb cores on the stator surface weakens the dissipation capacity of turbulence, resulting in an increase in leakage. Import pre-rotation has little effect on leakage. Liu et al. [24] studied the influence of the blocking rate of honeycomb seal cells on leakage characteristics and verified it through experiments. Li et al. [25,26,27] studied a series of factors, including sealing clearance, cell diameter, cell depth, rotational speed, and pressure ratio, to determine how these factors affect the leakage flow rate of labyrinth honeycomb seals. The results show that the labyrinth honeycomb seal has the best sealing performance when the honeycomb unit diameter is equal to the step width of the labyrinth. Under the design conditions, the ratio of honeycomb unit depth to honeycomb unit diameter is 0.93. Through a comprehensive analysis of the current literature, it can be found that most of these studies of the labyrinth seal, honeycomb seal, and hybrid labyrinth–honeycomb seal focus on the seal structure, and some of them are about the eccentricity of the seal leakage characteristics; however, these studies are basically only numerical simulation studies, and few experimental studies on the effect of eccentricity on seal leakage are mentioned. Therefore, the effect of installation error (eccentricity) on seal leakage characteristics is studied in this research. The above research provides theoretical support for the improvement of aero engine efficiency.



In this research, the flow field numerical models of the honeycomb seal, labyrinth seal, and hybrid labyrinth–honeycomb seal were established. Firstly, the flow field characteristics of the three types of seals were analyzed, and the effect of radial eccentricity on the leakage characteristics of the three types of seals was studied. Then, the high-pressure and high-speed rotary seal experiment bench was improved. Finally, the effect of eccentricity on the leakage characteristics of the honeycomb seal, labyrinth seal, and hybrid labyrinth–honeycomb seal was studied by using the improved experiment bench, and the numerical simulation results were verified the experiment results. Through the above research, the research results will provide theoretical support for aero engine efficiency improvement.




2. Theoretical Analysis of Seal Flow Field


2.1. Seal Flow Field Numerical Model


2.1.1. Structure Parameters of Numerical Model


The seals to be studied in this research were honeycomb seals, labyrinth seals, and hybrid labyrinth–honeycomb seals, and the structure parameters of the seals are shown in Figure 1. As shown in Figure 1a, the labyrinth seal was located on the stator, the tooth spacing T is 3.6 mm, the tooth thickness t is 0.5 mm, the seal depth h is 3.2 mm, the number of teeth is seven, the shaft diameter dLS is 55 mm, and the seal radius clearance c is 0.25 mm.



As shown in Figure 1b, the honeycomb seal is located on the stator, the honeycomb cell diameter B is 1.6 mm, the honeycomb cell wall thickness b is 0.1 mm, the seal depth h is 3.2 mm, the number of honeycomb layers is 13, the shaft diameter dHS is 55 mm, and the seal radius clearance c is 0.25 mm.



As shown in Figure 1c, the honeycomb of the hybrid labyrinth–honeycomb seal is located on the stator, and the labyrinth is located on the rotor. The tooth spacing T is 3.6 mm, the tooth thickness t is 0.5 mm, the seal depth h is 3.2 mm, the number of teeth is seven, the shaft diameter dHLHS is 55 mm, the honeycomb cell diameter B is 1.6 mm, the cell wall thickness b is 0.1 mm, the number of honeycomb layers is 13, and the seal radius clearance c is 0.25 mm.



The schematic diagram of the radial eccentricity of the seal is shown in Figure 2. The shaft moves left in the radial direction to produce a radial eccentricity to the left, thereby obtaining a seal under radial eccentricity; the eccentricity at this time is REL. According to the given REL and the relevant structural parameters of the seal, the seal flow field model under radial eccentricity can be constructed.




2.1.2. Mesh Division and Boundary Conditions of Numerical Model


The flow field numerical models of the labyrinth seal, honeycomb seal, and hybrid labyrinth–honeycomb seal were established according to the seal size mentioned above. The flow field numerical models of the labyrinth seal, honeycomb seal, and hybrid labyrinth–honeycomb seal are shown in Figure 3a–c. In this article, the computational domain fluid is an ideal gas, using the k-ε turbulence model and the wall function method. The inlet of the model uses the pressure inlet boundary, and the total temperature and total pressure are given, the inlet pressure range is 2–10 kPa. The outlet uses the pressure outlet boundary, and the atmospheric pressure is given. The rotor surface uses a rotating adiabatic solid wall surface, and the stator surface uses a non-slip adiabatic solid wall surface.



Taking labyrinth seals as an example, the meshing of the model is introduced. The grid division of the labyrinth seal flow field numerical model is shown in Figure 3a. The labyrinth seal flow field numerical model adopts a structural grid. In order to determine the appropriate number of grids, the influence of the number of grids on the sealing leakage was analyzed. The goal is to keep the leakage of the final seal unaffected by the number of grids and the computation time relatively short; that is, the number of grids is the least when the sealing leakage is not affected by the number of grids. When the number of grids is 4.5 million, the relative error of the leakage caused by the number of grids is less than 0.5%. It can be considered that the influence of the number of grids on the leakage has little effect on the calculation results. Therefore, considering the calculation accuracy and research time, the final computational grid number of the flow field numerical model is about 4.5 million.





2.2. Analysis of Seal Flow Field without Eccentricity


2.2.1. Analysis of Seal Leakage Characteristics without Eccentricity


The leakage results of the labyrinth seal, honeycomb seal, and hybrid labyrinth–honeycomb seal without eccentricity are shown in Figure 4; under the same conditions, the leakage of the hybrid labyrinth–honeycomb seal is the largest, the leakage of the labyrinth seal is the second, and the leakage of the honeycomb seal is the smallest. When the radial eccentricity is 0 mm, for every 1 kPa increase in the pressure, the leakage of the labyrinth seal increases by about 8.0 L·min−1, the leakage of the honeycomb seal increases by about 7.3 L·min−1, and the leakage of the hybrid labyrinth–honeycomb seal increases by about 9.4 L·min−1. That is to say, under the same conditions, the leakage growth rate of the hybrid labyrinth–honeycomb seal is the largest, the leakage growth rate of the labyrinth seal is the second, and the leakage growth rate of the honeycomb seal is the smallest. Therefore, the sealing performance of the sealed seal is the best, the sealing performance of the labyrinth seal is the second, and the sealing performance of the hybrid labyrinth–honeycomb seal is the worst.



As can be seen from the previous, the performance of the honeycomb seal is the best, followed by the labyrinth seal, hybrid labyrinth–honeycomb seal is the worst. This is because the airflow will form a small vortex in the annular chamber of the labyrinth seal and dissipate the energy of the gas, while the honeycomb seal divides the annular chamber of the labyrinth seal into many small hexagonal chambers, increasing the vortex that can dissipate energy. Therefore, the performance of the honeycomb seal is better than that of the labyrinth seal, and because the kinetic energy of the gas in the honeycomb seal is converted into more internal energy, its turbulent kinetic energy is relatively smaller. The labyrinth seal teeth on the rotor of the hybrid labyrinth–honeycomb seal are difficult to form a narrow path with the honeycomb seal unit on the stator, which will significantly affect the flow mode in the cavity and clearance of the honeycomb seal and reduce the ability of the seal to dissipate energy. Therefore, the kinetic energy of the gas in the hybrid labyrinth–honeycomb seal is converted into the least internal energy, which makes the turbulent kinetic energy in the hybrid labyrinth–honeycomb seal relatively high, so the performance of the hybrid labyrinth–honeycomb seal is the worst.




2.2.2. Analysis of Seal Flow Field Characteristics without Eccentricity


Figure 5 shows the pressure distribution of the labyrinth seal, the honeycomb seal, and the hybrid labyrinth–honeycomb seal. It can be seen from Figure 5 that, compared with the labyrinth seal and hybrid labyrinth–honeycomb seal, the pressure drop of the honeycomb seal is more uniform; that is, the stability of the honeycomb seal is better than the labyrinth seal and hybrid labyrinth–honeycomb seal. The pressure from the seal inlet to the seal outlet decreases step by step, and the pressure in the honeycomb cell and the labyrinth tooth chamber is basically the same, indicating that the pressure drop of the sealing mainly occurs at the seal clearance. The airflow velocity increases at the seal clearance, which converts part of the pressure energy into kinetic energy. However, in the honeycomb cell and the labyrinth tooth chamber, the airflow energy is dissipated by converting it into internal energy, so it has little effect on the pressure, and the pressure change is not obvious. It can also be seen from Figure 5 that the pressure in the four corners of the labyrinth seal is higher in three chambers, while the pressure in the four corners of the honeycomb seal is higher in one chamber. This is because the pressure in the four corners of the chamber increases due to insufficient vortex dissipation in the chamber. The results show that the vortex dissipation is not sufficient in most of the cavities of the labyrinth seal but only in a few cavities of the honeycomb seal. Therefore, the seal performance of the honeycomb seal is better than that of the labyrinth seal.



The fluid flow in the seal mainly includes the following two parts: the high-speed jet flow between the seal and rotor clearance fluid and the vortex in the cavity formed by the honeycomb cell and labyrinth tooth. Under the action of axial pressure difference and rotor rotation, due to the throttling effect, the airflow will form a high-speed jet at the gap between the seal and the rotor, which is close to the rotor and enters the seal clearance at a large speed. The other part of the fluid forms a vortex under the action of the honeycomb cell and labyrinth tooth. The enclosed honeycomb cell and labyrinth tooth cut and separated the airflow into countless small vortices. It is these vortices that convert the kinetic energy of the gas into internal energy and dissipate, reducing the leakage of the seal.



Figure 6 shows the turbulent kinetic energy of the gas in the three types of seals. The maximum turbulent kinetic energy of the gas in the honeycomb seal is 58.74 m2/s2, the maximum turbulent kinetic energy of the gas in the labyrinth seal is 83.13 m2/s2, and the maximum turbulent kinetic energy of the hybrid labyrinth–honeycomb seal is 137.9 m2/s2. Among them, the turbulent kinetic energy of the gas in the honeycomb seal is the smallest, followed by the turbulent kinetic energy of the gas in the labyrinth seal, and the turbulent kinetic energy of the gas in the hybrid labyrinth–honeycomb seal is the largest. This shows that under the same working conditions, the kinetic energy of the gas in the honeycomb seal is converted into the most internal energy and dissipated the most fully. The kinetic energy of the gas in the hybrid labyrinth–honeycomb seal is converted into the least internal energy and dissipates the least energy. Therefore, the seal performance of the honeycomb seal is better than that of the labyrinth seal, and the seal performance of the labyrinth seal is better than that of the hybrid labyrinth–honeycomb seal.





2.3. Analysis of the Effect of Radial Eccentricity on Seal Flow Field


2.3.1. Analysis of Seal Leakage Characteristics under Radial Eccentricity


As shown in Figure 7, no matter the labyrinth seal, honeycomb seal, or hybrid labyrinth–honeycomb seal, when the radial installation error (radial eccentricity) is constant, the leakage of the seal is positively related to the radial installation error. When the radial installation error is at its maximum, the leakage of the labyrinth seal increases by about 5.4% compared with that without radial installation error, the leakage of the honeycomb seal increases by about 9.7% compared with that without radial installation error, and the leakage of the hybrid labyrinth–honeycomb seal increases by about 4.2% compared with that without radial installation error. Therefore, when the radial installation errors are the same, the leakage growth rate of the honeycomb seal is the largest, the leakage growth rate of the labyrinth seal is the second, and the leakage growth rate of the hybrid labyrinth–honeycomb seal is the smallest.



As shown in Figure 8, when the radial installation error (radial eccentricity) of the honeycomb seal is the largest, its leakage is still smaller than that of the labyrinth seal without a radial installation error. When the radial installation error of the labyrinth seal is the largest, its leakage is also smaller than that of the hybrid labyrinth–honeycomb seal without radial installation error; that is, when there is a radial installation error, the leakage relationship among the three types of seals is as follows: the leakage of the hybrid labyrinth–honeycomb seal is the largest, followed by the labyrinth seal, and the honeycomb seal is the smallest.




2.3.2. Analysis of Seal Flow Field Characteristics under Radial Eccentricity


Figure 9 shows the pressure distribution of the labyrinth seal, honeycomb seal, and hybrid labyrinth–honeycomb seal when the REL = 0.1 mm. By comparing Figure 5 and Figure 9, it can be found that the eccentricity has little effect on the axial pressure distribution of the flow field. However, it can be found from Figure 10 that, compared with the case without eccentricity, the turbulent kinetic energy significantly increased when REL = 0.1 mm, indicating that the internal energy converted by the kinetic energy of the gas was reduced, and the effect of energy dissipation became worse. That is, the eccentricity will weaken the performance of the seal to dissipate gas energy and increase the leakage of the seal.



Taking a honeycomb seal as an example, the effect of radial eccentricity on the seal flow field is illustrated. Figure 11 shows the pressure distribution in the radial direction of the honeycomb seal with or without eccentricity. When there is no eccentricity, the pressure distribution of the honeycomb seal in the radial direction is uniform. When REL = 0.1 mm, the radial clearance in the direction of the rotor eccentricity decreases, and a high-pressure area appears, while the radial clearance in the opposite direction increases, and a low-pressure area appears. This leads to uneven radial pressure distribution, resulting in reduced energy consumption from gas dissipation, increased turbulent kinetic energy, and ultimately an increase in honeycomb seal leakage.



Therefore, in the case of radial eccentricity, due to uneven radial pressure distribution, the turbulent kinetic energy of the seal will increase. The turbulent kinetic energy of the honeycomb seal is the smallest, followed by the labyrinth seal, and the hybrid labyrinth–honeycomb seal is the largest. Therefore, under the same radial installation error, the leakage of the hybrid labyrinth–honeycomb seal is the largest, followed by the labyrinth seal, and the honeycomb seal is the smallest.






3. Introduction of the Experiment System


3.1. Introduction of Experiment Device


In this research, the experiment section of the high-pressure and high-speed rotary seal experiment bench is improved, and the adjustment device is designed. The adjustment device can be used to carry out the leakage characteristics experiment research of the honeycomb seal, labyrinth seal, and hybrid labyrinth–honeycomb seal under installation error conditions. The accurate construction of installation error (radial and angular eccentricity) environments can be realized through the adjustment device. The construction principle of the installation error environment is shown in Figure 12, and the adjustment device is shown in Figure 13.



The adjustment device adopts two pairs of worm gear mechanisms to control the movement and rotation of the cylindrical cavity, respectively. The cylindrical cavity and the seal are arranged in a cross-head type. After adjustment by the left-hand wheel and right-hand wheel, the cylindrical cavity drives the seal and shaft (not shown in Figure 13) to form radial and angular eccentricity. The specific adjustment amount or eccentricity can be designed according to the reduction ratio of the worm gear. In addition, the self-locking nature of the worm gear ensures that the built eccentric environment is accurate and reliable. Finally, a precise small grating measurement system (model: MWS30) and a high-precision single-turn absolute angle sensor (model: BL50B) are arranged on the adjustment device to realize the electronic measurement of the adjustment amount. Using the adjustment device, the experiment bench can carry out the leakage experiment on three types of seals under different pressures, different rotational speeds, and different installation errors.



The left cross-section in Figure 13b is the local view of the radial eccentricity adjustment mechanism. The precise small grating measurement system (not shown) is installed in the rotary shaft and fixed by the fastening screw (not shown), and the precise small grating measurement system probe is always fitted with the cylindrical cavity. The thread sleeve is installed on the cylindrical cavity by connecting screws, and the rotary shaft and the thread sleeve are connected by threads. The bearing seat is fixedly installed on the device frame by screws, and the outer ring of the bearing is installed on the bearing seat by capping and screws. Fix the bearing inner ring on the shaft shoulder of the rotary shaft with fastening screws and transmission sleeves. The worm wheel (not shown) is connected to the transmission sleeve by a transmission key (not shown).



The right cross-section in Figure 13b is the local view of the angular eccentricity adjustment mechanism. The high-precision single-turn absolute angle sensor is fixedly installed on the frame connected to the device frame and is connected to the cylindrical cavity through the rotary shaft on it. The rotary shaft can slide axially relative to the cylindrical cavity. Through the radial adjustment of the worm wheel and the worm, the right-hand wheel adjusts the micro-angle of the cylindrical cavity, which is then measured by the high-precision single-turn absolute angle sensor in real-time.




3.2. Introduction of Experiment Seals


The seals to be studied in this experiment are honeycomb seals, labyrinth seals, and hybrid labyrinth–honeycomb seals; these three types of seals are processed according to the relevant structural parameters described in Section 2.1.1, and the processed seals are shown in Figure 14.




3.3. Introduction of Experiment Plan


The gas in the experiment in this research is input by the fan. Before entering the experiment device, the gas temperature is measured by a thermocouple sensor, the total gas pressure is measured by a pitot tube, and the gas flow rate entering the test device is measured by a flowmeter. After the temperature, pressure, and flow are measured, the gas enters from the end cover at the front end of the experiment device. One of the three types of seals is placed in the middle of the experimental device. The radial and angular eccentricities of the seals can be changed by adjusting the adjustment device so as to obtain the leakage of the three seals under different eccentricities.





4. Experimental Analysis of Seal Leakage Characteristics


After revealing the sealing mechanisms of the labyrinth seal, honeycomb seal, and hybrid labyrinth–honeycomb seal through numerical simulation and studying the effect of radial eccentricity on the leakage characteristics of these three types of seals, the effect of radial and angular eccentricity on the leakage characteristics of these three types of seals through experiments was further studied, thus completing the verification of the numerical simulation results.



4.1. Verification of Theoretical Analysis Results of Seal Flow Field


The leakage results of the labyrinth seal, honeycomb seal, and hybrid labyrinth–honeycomb seal without eccentricity are shown in Figure 15. Compared with the experimental results, the maximum error of the labyrinth seal numerical simulation results is 3.6%, the maximum error of the honeycomb seal numerical simulation results is 4.5%, and the maximum error of the hybrid labyrinth–honeycomb seal numerical simulation results is 4.4%. The numerical simulation results of the three types of seals are consistent with the experimental results, which verifies the accuracy of the seal flow field numerical model. Therefore, the results of the theoretical analysis of the seal flow field are reliable.



The relationship between the three types of seal leakage is as follows: the leakage of the hybrid labyrinth–honeycomb seal is the largest, the leakage of a labyrinth seal is the second, and the leakage of the honeycomb seal is the smallest. Compared with the honeycomb seal, the leakage of the labyrinth seal increases by about 10.2%, and the leakage of the hybrid labyrinth–honeycomb seal increases by about 34.0%. Additionally, as the pressure increases, the leakage of the three seals increases approximately linearly. For every 1 kPa increase in the pressure, the leakage of the labyrinth seal increases by about 8.0 L·min−1, the leakage of the honeycomb seal increases by about 7.3 L·min−1, and the leakage of the hybrid labyrinth–honeycomb seal increases by about 9.4 L·min−1.




4.2. Analysis of Seal Leakage Characteristics under Eccentricity


As shown in Figure 16a, Figure 17a and Figure 18a, no matter whether considering the labyrinth seal, honeycomb seal, or hybrid labyrinth–honeycomb seal, when the radial installation error (radial eccentricity) is constant, the leakage of the radial installation error to the left is basically the same as that to the right; that is, the leakage of the seal is only related to the size of the radial installation error, and the leakage of the seal is positively related to the radial installation error. When the radial installation error is at its maximum, the leakage of the labyrinth seal increases by about 12.2% compared with that without radial installation error, the leakage of the honeycomb seal increases by about 5.3% compared with that without radial installation error, and the leakage of the hybrid labyrinth–honeycomb seal increases by about 7.8% compared with that without radial installation error. Therefore, when the radial installation errors are the same, the leakage growth rate of the labyrinth seal is the largest, the leakage growth rate of the hybrid labyrinth–honeycomb seal is the second, and the leakage growth rate of the honeycomb seal is the smallest.



As shown in Figure 16b, Figure 17b and Figure 18b, it is similar to the radial installation error; when the angular installation error (angular eccentricity) is constant, the leakage of the angular installation error to the upward is basically the same as that to the downward; that is, the seal leakage is only related to the angular installation error, and the seal leakage is positively related to the angular installation error. When the angular installation error is maximum, the leakage of the labyrinth seal increases by 3.9% compared with that without angular installation error, the leakage of the honeycomb seal increases by 15.8% compared with that without angular installation error, and the leakage of the hybrid labyrinth–honeycomb seal increases by 5.0% compared with that without angular installation error. Therefore, when the angular installation errors are the same, the leakage growth rate of the honeycomb seal is the largest, the leakage growth rate of the hybrid labyrinth–honeycomb seal is the second, and the leakage growth rate of the labyrinth seal is the smallest.




4.3. Comparison of Seal Leakage Characteristics of Three Types of Seals


As shown in Figure 19a, when the radial installation error (radial eccentricity) of the honeycomb seal is the largest, its leakage is still smaller than that of the labyrinth seal without radial installation error. When the radial installation error of the labyrinth seal is the largest, its leakage is also smaller than that of the hybrid labyrinth–honeycomb seal without a radial installation error; that is, when there is a radial installation error, the leakage relationship among the three types of seals is as follows: the leakage of the hybrid labyrinth–honeycomb seal is the largest, followed by the labyrinth seal, and the honeycomb seal is the smallest. The conclusions of the experiment are consistent with those of the numerical simulation, and the leakage results obtained from the numerical simulation are highly consistent with those obtained from the experiment, which indicates that the theoretical analysis results are reliable.



As shown in Figure 19b, when the angular installation error (angular eccentricity) of the honeycomb seal and labyrinth seal is at its maximum, the leakage of both seals is basically the same. When the angular installation error of the labyrinth seal is maximum, the leakage is also smaller than that of the hybrid labyrinth–honeycomb seal without angular installation error; that is, when there is an angular installation error, the leakage relationship among the three types of seals is as follows: the leakage of the hybrid labyrinth–honeycomb seal is the largest, followed by the labyrinth seal, and the honeycomb seal is the smallest. To sum up, in case of installation error, the leakage relationship among the three types of seals is as follows: the leakage of the hybrid labyrinth–honeycomb seal is the largest, followed by the labyrinth seal, and the honeycomb seal is the smallest. Therefore, the honeycomb seal can better adapt to eccentricity. In the presence of eccentricity, a honeycomb seal should be preferred.





5. Conclusions


Because the rotary seal is prone to eccentricity and other installation errors during installation, when a large eccentricity occurs, it may lead to a large amount of gas leakage, resulting in a decrease in aero engine efficiency, which ultimately affects the reliability and life of the aero engine. Therefore, this research studies the effect of installation error (eccentricity) on aero engine rotary seals. The specific conclusions are as follows:




	(1)

	
The numerical simulation results show that the turbulent kinetic energy of the gas in the honeycomb seal is the smallest, the turbulent kinetic energy of the gas in the labyrinth seal is the second, and the turbulent kinetic energy of the gas in the hybrid labyrinth–honeycomb seal is the largest. It shows that under the same working conditions, the kinetic energy of the gas in the honeycomb seal is converted into the most internal energy and the most fully dissipated. The kinetic energy of the gas in the hybrid labyrinth–honeycomb seal is converted into the least internal energy and the worst energy dissipation effect. Therefore, the seal performance of the honeycomb seal is better than that of the labyrinth seal, and the seal performance of the labyrinth seal is better than that of the hybrid labyrinth–honeycomb seal;




	(2)

	
The experiment results show that when the radial installation error (radial eccentricity) is maximum, the leakage of the labyrinth seal increases by about 12.2% compared with that without radial installation error, the leakage of the honeycomb seal increases by about 5.3% compared with that without radial installation error, and the leakage of the hybrid labyrinth–honeycomb seal increases by about 7.8% compared with that without radial installation error;




	(3)

	
The experiment results show that when the angular installation error (angular eccentricity) is maximum, the leakage of the labyrinth seal increases by 3.9% compared with that without angular installation error, the leakage of the honeycomb seal increases by 15.8% compared with that without angular installation error, and the leakage of the hybrid labyrinth–honeycomb seal increases by 5.0% compared with that without angular installation error;




	(4)

	
The numerical simulation and experimental results show that, when there is installation error (eccentricity), the leakage relationship among the three types of seals is as follows: the leakage of the hybrid labyrinth–honeycomb seal is the largest, followed by the labyrinth seal, and the honeycomb seal is the smallest. Therefore, the honeycomb seal can better adapt to eccentricity. In the presence of eccentricity, a honeycomb seal should be preferred.
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Nomenclature




	
B

	
The honeycomb cell diameter, mm




	
b

	
The honeycomb cell wall thickness, mm




	
c

	
The seal radius clearance, unit: mm




	
dLS

	
The diameter of shaft of labyrinth seal, mm




	
dHS

	
The diameter of shaft of honeycomb seal, mm




	
dHLHS

	
The diameter of shaft of hybrid labyrinth–honeycomb seal, mm




	
h

	
The seal depth, mm




	
T

	
The tooth spacing, mm




	
t

	
The tooth thickness, mm




	
Abbreviation




	
AE

	
Angular eccentricity, degree




	
DAE

	
Downward angular eccentricity, degree




	
HLHS

	
Hybrid labyrinth–honeycomb seal




	
HS

	
Honeycomb seal




	
LS

	
Labyrinth seal




	
RE

	
Radial eccentricity, mm




	
REL

	
Radial eccentricity to the left, mm




	
RER

	
Radial eccentricity to the right, mm




	
UAE

	
Upward angular eccentricity, unit: degree
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Figure 1. Structural diagram of three types of seals. (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 
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Figure 2. Schematic diagram of radial eccentricity of seal. 
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Figure 3. Seal flow field numerical models. (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 
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Figure 4. Leakage results of three types of seals (RE = 0 mm). 
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Figure 5. Pressure distribution diagram of three types of seals (RE = 0 mm). (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 
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Figure 6. Turbulent kinetic energy diagram of three types of seals (RE = 0 mm). (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 






Figure 6. Turbulent kinetic energy diagram of three types of seals (RE = 0 mm). (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal.



[image: Aerospace 09 00820 g006]







[image: Aerospace 09 00820 g007 550] 





Figure 7. Leakage of three types of seals under different radial eccentricities. (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 
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Figure 8. Leakage of three types of seals under different radial eccentricities. 
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Figure 9. Pressure distribution diagram of three types of seals (REL = 0.1 mm). (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 
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Figure 10. Turbulent kinetic energy diagram of three types of seals (REL = 0.1 mm). (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 






Figure 10. Turbulent kinetic energy diagram of three types of seals (REL = 0.1 mm). (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal.



[image: Aerospace 09 00820 g010]







[image: Aerospace 09 00820 g011 550] 





Figure 11. Radial pressure distribution diagram of honeycomb seal. (a) RE = 0 mm; (b) REL = 0.1 mm. 
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Figure 12. Installation error environment adjustment principle (radial and angular eccentricity). (a) Radial eccentric adjustment principle; (b) angular eccentric adjustment principle. 
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Figure 13. Adjustment device with precise adjustment, self-locking, and electronic measurement. (a) Adjustment device; (b) principle of adjustment device. 
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Figure 14. Physical picture of three types of seals. (a) Labyrinth seal; (b) honeycomb seal; (c) hybrid labyrinth–honeycomb seal. 
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Figure 15. Comparison of numerical simulation and experimental results of three types of seals (RE = 0 mm). 
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Figure 16. Leakage of labyrinth seal under different eccentricities. (a) Radial eccentricity; (b) angular eccentricity. 
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Figure 17. Leakage of honeycomb seal under different eccentricities. (a) Radial eccentricity; (b) angular eccentricity. 
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Figure 18. Leakage of hybrid labyrinth–honeycomb seal under different eccentricities. (a) Radial eccentricity; (b) angular eccentricity. 
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Figure 19. Leakage of three types of seals under different eccentricities. (a) Radial eccentricity; (b) angular eccentricity. 
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