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Abstract

:

Radial cracks appear in the labyrinth seal fins of the shrouded turbine blade of an aero-engine during service. To clarify the influence rule of rubbing force on crack initiation, a high-speed rubbing test bench and a numerical calculation model are established, and the research is carried out through experiment and numerical calculation. It is found that cracks can be initiated when the rubbing force is greater than 20 N with a high rubbing temperature at high speed. It is verified by numerical calculation and shows that pure mechanical load will not cause crack initiation, while the thermal load is the main reason for the radial crack initiation of fins. With the increase of rubbing force, the time of crack initiation increases, and the number and length of cracks decrease. At high rubbing temperatures, rubbing force will lead to radial crack initiation, which mainly affects the position of crack initiation.
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1. Introduction


Reducing airflow leakage is an effective measure to improve the sealing effect, and it is also one of the hotspots in the development of aero−engines in recent decades [1]. A common sealing system used in aero−engines to control airflow leakage is the labyrinth seal, which consists of several fins on the rotating part and a bushing on the stationary part. The abradable bushings rub against the fins without causing damage to rotating parts while maintaining an effective sealing interface [2]. A bushing commonly used is the honeycomb seal which is brazed to the surface of the stationary part [3]. Reducing the gap between the fins and the honeycomb is the most cost-effective way to improve sealing efficiency [4], however, it also increases the risk of fins rubbing against the honeycomb. During operation, due to mechanical expansion, vibration, thermal stress, and misalignment of sealing components during startup, shutdown, and hot restart transients, the blade crown grate rub against the honeycomb, resulting in wear or cracks on the grate [5, 6, 7]. During the maintenance and inspection of the engine, it was found that the turbine blade crown fins had circumferential wear and radial micro-cracks. The cracks initiate on the contact surface between the fins and the honeycomb and expand to the root of the fins, which is called the radial crack in this paper. Rapid propagation of radial cracks can lead to blade failure, compromising the safe operation of the engine.



At present, it is generally believed that radial cracks of fins are thermal fatigue cracks [8], and the generation of cracks is mainly affected by thermal load [9,10,11]. It is manifested as small cracks generated on the surface, with approximately equal spacing, and the direction is perpendicular to the sliding direction [12]. One possible reason for the formation of thermal cracks is the thermal load during high−speed rubbing, local overheating of the contact surface will first form thermoelastic instability [13], and thermal expansion in the local high-temperature region will generate very high compressive stress, which will be very high. It is easy to cause plastic flow, upon contact movement and thermal load release, residual tensile stress is generated on the contact surface, which can cause fracture of surface brittle inclusions, leading to cracks [14,15,16,17,18]. To this end, Tim Pychynski [14], Na Zhang [15], Ulrich Rathmann [16], Corentin Delebarre [17], and Maël Thévenot [18] designed their own high-speed rubbing test benches, and studied the rubbing of fins and honeycombs. Except for Zhang, the non−segmented fins are studied, that is, the fin with one or more whole rings on the shaft, such as the drum seal fin and the turbine disc seal fin. They all use 3D force sensors to measure rubbing force and thermal imaging cameras to measure rubbing temperature. Through experiments, it is found that the contact forces are mainly affected by the incursion rate [14,15] and the rubbing velocity [14]. There is a strong interaction between rubbing force, rubbing temperature, and the wear behavior of the rubbing system, in which thermal effects play an important role in the rubbing behavior [8].



The extended finite element (XFEM) is particularly effective in simulating discontinuous problems such as crack growth, and can be used for crack initiation and propagation calculations without re-meshing and specifying crack propagation paths [19]. P. Zhang et al. [20] predicted the short crack growth of single crystal nickel-based alloys with XFEM based on Abaqus software. Zhang L et al. [21] simulated crack growth behavior under low cycle fatigue with XFEM based on Abaqus software. Tim Fischer and Oliver Munz established a one-dimensional model of the fin and honeycomb rubbing process based on experiments [22] and analyzed the rubbing process of the fin honeycomb in the full flight mission [23]. A simplified fin-honeycomb rubbing model was established in the commercial finite element analysis software Abaqus/Explicit by adding the contact subroutine VINTERACTION, considering thermal and mechanical interface behavior, and the elastic-plastic constitutive model can capture extreme temperature conditions and alloy failure behavior [24]. Tim Pychynsk [11] verify that the initiation of radial cracks is mainly affected by the thermal load with Abaqus, the thermal and mechanical effects can be studied separately.



The residual tensile stress of the segmented sealing fins under the rubbing condition is expected to be much lower than that of the non−segmented type [10], while the turbine blade crown fin is segmented, and the reason for the formation of the segmented sin crack is unknown. Although the generation of radial cracks is mainly affected by thermal load, there is a strong interaction between the rubbing force and rubbing temperature, and the effect of rubbing force on the formation of radial cracks is unknown. To find out the cause of the radial crack and the effect of the rubbing force on the radial crack of the turbine crown fin, the experiment and numerical calculation are used in this paper.




2. Experimental Study


2.1. Experimental System and Test Pieces


The test is carried out on the high−speed rotary rubbing test bench of Nanjing University of Aeronautics and Astronautics, manufactured by Nanjing Hansen High Speed Gearbox Manufacturing Co., Ltd, Nanjing, Jiangsu Province, China. The test system is shown in Figure 1, which mainly includes high−speed rotation, feeding, and measurement. The rotating part mainly includes a high−speed motor, speed increase box, flywheel, bearing seat, and disc. The heavyweight flywheel on the high−speed shaft can ensure that the rotation speed of the disc does not decrease during rubbing, reducing the vibration and beating of the disc. In the actual work of the engine, the honeycomb is installed on the casing, which is stationary, while the turbine blades are rotating. Since it is impossible to measure the temperature and force of the fin in the rotating state, the effect of centrifugal force in the rubbing process can be ignored compared with the thermal effect [11], so the honeycomb is installed on the disc. The disc is connected to the high-speed motor through the speed increase box. The power of the high−speed motor is 75 kW and the maximum speed is 3000 r/min, and the speed of the disc in the experiment is 10,000 r/min.



As shown in Figure 2, the feeding part mainly includes a radial feeding platform and an axial feeding platform. Both of them are linear motor platforms customized by Nanjing University of Aeronautics and Astronautics, manufactured by ShenZhen Linear Motor Co., Ltd., Shenzhen, China, with a running accuracy of 2 μm. The rubbing temperature and rubbing force are mainly affected by the incursion depth and incursion rate. In the experiment, the incursion depth and incursion rate are controlled by the radial platform, while the axial platform remains stationary. Before the experiment, the fins and the honeycomb were adjusted to contact exactly by the feeding platform, and the position of the feeding platform at this time shall be zero. Then, move the feeding platform back to the specified distance, to guarantee the real gap under operating conditions.



The measurement of rubbing force is shown in Figure 2. A three-dimensional force sensor (Type T505, Right, Changzhou, Jiangsu Province, China) is installed under the blade, with a measuring range of 1000 N and an error of ±2%. USB8710 (ART, Beijing, China) high-speed data acquisition card is used to collect the signal of the force sensor, and the acquisition frequency is 100 kHz. The rubbing temperature was measured with the infrared thermal imager FAST M200 (TELOPS, Quebec City, QC, Canada), and the measurement frequency was 600 Hz. In this paper, the direction along the blade body is defined as radial, the axis direction of the disc is axial, and the rotation direction of the disc is circumferential, as shown in Figure 2.



The test sample of fin and honeycomb are shown in Figure 3. The height, thickness, and angle of the stepped fins of the turbine blade are the same. The honeycomb structure is commonly used in aero−engine, as shown in Figure 3b, made of a periodic hexagonal structure (welded at the position of double foil). The size of each honeycomb cell is 0.8 mm, and the direction of rubbing between comb teeth and honeycomb is parallel to the side of the double foil. Fluorescent penetration, X−ray, and metallographic inspection were carried out before the test, and all fins were free of surface cracks and internal defects. All blades are subject to only one rubbing test.



The material of the fin is Rene’80, the composition is shown in Table 1, and the material properties are shown in Table 2 [25]. The honeycomb material is Hastelloy X.




2.2. Experimental Parameters


Different rubbing forces can be obtained by controlling the feeding speed (Vr) and feeding depth (Sr) of the fin. The schematic diagrams of Vr and Sr are shown in Figure 4. The specific dimensions in the figure are H/l = 8, h/l = 1.5, L/l = 7, and R/l = 2. A total of 4 groups of experiments shown in Table 3 were carried out, in which C−1 and C−2 were used to compare the influence of the time of the rubbing force, and C−2, C−3, and C−4 were to compare the influence of the amount of the rubbing force. According to the measured value of the force sensor, the rubbing forces of C−1, C−2, C−3, and C−4 are 35 N, 20 N, 25 N, and 60 N, respectively. Because the feeding speed is greater than 50μm/s, the scraps will roll up and adhere to the fin, which will affect the initiation of cracks, so the experiment is no longer carried out for more than 80 μm/s. In this paper, the surface corresponding to the honeycomb of the fin is called the fin tip, the two adjacent surfaces of the fin tip are called the side, and the surfaces at both ends of the grate are called the fin root, as shown in Figure 3a. According to Coulomb’s law, the circumferential rubbing force is positively correlated with the radial rubbing force. According to the experimental results, there is a correlation between the rubbing temperature and the radial rubbing force. Therefore, the radial rubbing force is used to characterize the rubbing force in this paper.




2.3. Experimental Results


2.3.1. Morphology and Cracks after Rubbing


The morphology and cracks of the tip of the lower fin after rubbing are shown in Figure 5. There are obvious circumferential scratches on the surfaces of the four test samples. The rubbing direction in the figure is from top to bottom, and the left and right sides are axial. The fin tip of C−1 is the smoothest, with bright rubbing marks and a few circumferential scratches only in the middle position, because the feed depth is the least and the rubbing time is also the least, with only the middle area rubbing against the honeycomb. Due to the low rubbing temperature, no cracks were produced. The fin tip of C−2 and C-3 have obvious circumferential scratches, but C−2 is relatively smoother than that of C−3, indicating that with the increase of rubbing force, the plowing effect is stronger. Both C−2 and C−3 initiated cracks at the junction of the fin tip and the side, and both the crack directions on the tip were axial and radial on the side. The crack of C−2 is relatively curved, and the crack of C−3 is relatively straight. It may be that the stress of C−3 is larger and the crack initiation is faster. C-4 forms a layer of accumulated chips on the fin tip, and the surface of the accumulated chips has obvious circumferential scratches. There are cracks in the parts, and it cannot be ruled out that they are generated on the accumulated chips.




2.3.2. Influence of Rubbing Force on Rubbing Temperature


The changes in temperature and rubbing force with time are shown in Figure 6, the force signals are filtered with 0.625 Hz low-pass FFT filtering. The rubbing temperature of the four experiments all increased rapidly during rubbing and decreased slowly after rubbing. The reason is that a lot of heat is generated during the process of the fin rubbing against the honeycomb, and the heat flux density on the tip increases rapidly, and the temperature also increases rapidly. Due to the radial feeding, the fin will be embedded in the honeycomb. After rubbing, the fin and the honeycomb are not completely out of contact immediately, and the disc is still rotating at this time. The rotation of the disc will form an airflow, and the rubbing area will slowly cool down under the action of the airflow. C−2, C−3, and C−4 have a sudden increase in temperature and force during the cooling process. The reason is that the honeycomb generates debris during rubbing. This debris does not separate from the honeycomb and generates high-speed rubbing against the fin.



The maximum rubbing force of C−1 is 35 N, and the maximum rubbing temperature is 338.45 °C. The maximum rubbing force of C−2 is 20 N, and the maximum rubbing temperature is 611.78 °C. The maximum rubbing force of C−3 is 25 N, and the maximum rubbing temperature is 611.95 °C. The maximum rubbing force of C−4 is 60 N, and the maximum rubbing temperature is 610.85 °C.



Comparing Figure 5 and Figure 6, it can be seen from the two experiments C−1 and C−2 that the size of the rubbing force has no obvious rule on the initiation of cracks, while the rubbing temperature increases with the increase of the radial rubbing force. At the same time, the increase in rubbing time will also lead to an increase in rubbing temperature. Comparing C−1, C−2, and C−3, the temperature of C−1 is about half of that of C−2 and C−3. Although the rubbing force of C−1 is larger than that of C−2, it does not initiate. C−2 and C−3 both have cracks, so the rubbing temperature is the main factor affecting crack initiation. The effect of rubbing force on cracks needs to be further clarified by numerical analysis.






3. Numerical Study


3.1. Numerical Calculation Model


The XFEM of the commercial software Abaqus (Dassault Systemes, Paris, France) is used to calculate the effect of the rubbing force on the cracks of the fin. Since the material of the fin is homogeneous, the radial cracks propagate along the dendrites, so the stress intensity factor is selected. The general expression for the stress intensity factor of a crack is   K = F σ   π a    . In the formula, F is the coefficient depending on the shape of the crack body, the shape of the crack, the position of the crack, and the loading method; σ is the applied uniform tensile stress, and a is the half-length of the crack. That is, when the stress intensity is greater than the ultimate strength of the fin, cracks will initiate.



A single fin is selected for calculation, the fin is simplified as a straight stretched body, and the blade is replaced by a cube, as shown in Figure 7. The x direction is the axial direction, the y direction is the circumferential direction, and the z direction is the radial direction. Since the fins in the actual engine are rubbed on the tip and side surfaces, the area divided by the tip and both sides are used as the rubbing area (red), and the height on the side is equal to l. The force in the normal direction of the rubbing area is Fn, and the force in the tangential direction is Ft. According to the circumferential force and radial force measured by the experiment, the rubbing coefficient is 0.6, so Ft = 0.6 Fn. The effect of Fn on crack initiation in the range of 0 N to 80 N was calculated, and values were taken every 10 N for calculation. The Fn on the top and the two sides are set, respectively, and the types are surface traction with general traction. Since cannot be calculated with the surface traction of Ft, this paper characterizes rubbing force with Fn. The heat flux density in the rubbing area is 2600 W/m2, the convective heat transfer coefficient is 500 W/(m2·°C), and a fixed constraint is added to the bottom of the blade at the same time. The rubbing temperature with time is shown in Figure 8.



Since Abaqus cannot calculate the crack initiation and propagation using the temperature element with the XFEM method, the Coupled temp-displacement step, and the Static, General step are used for the calculation. The temperature−displacement analysis step obtains the temperature field of the fin under the condition of rubbing, and the mesh is C3D8T. In the general static analysis step, the temperature field of the temperature displacement analysis step is taken as a predefined field, and the C3D8R mesh is used to calculate the initiation of cracks without inserting the initial crack. After mesh independence verification, when the grid size of the scraping area is l/10, the calculation accuracy requirements can be met. The maxps damage model is used for material properties, and the yield strength is used as the maximum principal stress required for damage. The damage evolution uses the mixed mode behavior of energy type and linear softening power law, with the power of 1. The damage stable viscosity is 5E−5.



The experimental result with a rubbing force of 20 N is shown in Figure 5b, and the numerical calculation result with a rubbing force of 20 N is shown in Figure 9c. In the experiment, only one crack was initiated on the fin, and two cracks were produced in the numerical simulation. The reason is that the zone of the fin that first contacted the honeycomb in the rubbing experiment had a high rubbing temperature. This part cuts off the honeycomb, resulting in reduced friction and temperature on other areas of the fin, so no cracks could be generated. By comparing the experimental results with the numerical results, the cracks are initiated at the junction of the top and side surfaces, and the location and morphology of crack initiation are similar.




3.2. Results of Numerical Calculation


3.2.1. Influence of Rubbing Force on Crack Initiation


The crack distributions obtained by numerical calculation are shown in Figure 9. Similar to the cracks initiated in the test. The cracks are all initiated at the junction of the fin tip and the side surface, and expand axially on the tip and radially on the side surface. It can be seen from the figure that the size of the rubbing force has a great influence on the position of crack initiation, and the rubbing force has an inhibitory effect on the initiation of cracks.



Figure 9a is the crack distribution of 0 N, and it can be seen that the distribution of cracks is not completely symmetrical. Some cracks penetrate the tip and cracks that form blocks at the edge of the tip and fell off in the follow-up, similar to the test results. Figure 9b shows the crack distribution of 10 N, and the cracks are distributed symmetrically. The cracks are initiated on both sides of the fin tip, but none of them penetrate. Compared with that at 0 N, the number of crack initiation is reduced, and the length of the crack is also shortened. The crack distribution of 20 N to 50 N is the same as that of 20 N, As shown in Figure 9c. The cracks are distributed symmetrically, and all only initiate at the junction of the fin tip and the side surface, without further expansion. The crack distribution of 60 N to 80 N is the same as that of 60 N, as shown in Figure 9d, with no cracks initiated.



The effect of rubbing force on the crack initiation time is shown in Figure 10. The cracks are all initiated during the temperature drop after rubbing. With the increase of scraping force, the time of crack initiation increased, and the time increases linearly with the rubbing force in the two ranges of 0 N to 20 N and above 20 N, respectively.




3.2.2. Influence of Rubbing Force on Stress


The stress distribution of the fin under mechanical load and thermal load is shown in Figure 11. Figure 11a is the stress distribution of the thermal load at the time of crack initiation, with only the temperature changes, and no rubbing force. The stress reaches the maximum at the junction of the tip and the side surface of the fin, the maximum stress value is 632.952 MPa. The stress value in the middle of the tip is smaller, with an average of 485.159 MPa. Figure 11b shows the stress distribution of the thermo−mechanical load at the time of crack initiation when the rubbing force is 50 N, and the rubbing force is added while the temperature changes. The stress reaches the maximum at the junction of the tip and side surfaces of the fin teeth, the maximum stress value is 644.63 MPa. The stress value in the middle of the tip is smaller, with an average of 537.668 MPa. Figure 11c shows the stress distribution of the mechanical load during rubbing when the rubbing force is 50 N, and the temperature is constant at 15 °C. The stress reaches the maximum at the center of the tip, the maximum stress value is 426.62 MPa, and the maximum stress is 0.7 MPa after removing the rubbing force.



Comparing Figure 11a,b, the stress caused by thermal load accounts for the main part, accounting for about 98%, in the process of temperature reduction after rubbing.



Comparing and analyzing Figure 9, Figure 10 and Figure 11, it can be seen that the rubbing force has an inhibitory effect on the initiation of cracks. The reason is that the rubbing force exerts pressure on the rubbing area, and the residual compressive stress is formed after the rubbing. In the process of temperature reduction after rubbing, the unit where the crack is located is subjected to tensile stress [11], while the compressive stress caused by rubbing force offsets the tensile stress.






4. Conclusions


The effect of the rubbing force on the crack initiation of the fin was studied experimentally, and the numerical analysis was carried out using the XFEM method in Abaqus, and the following conclusions were obtained.



(1) Experiments show that in the rubbing process under high-speed rotation, the rubbing force is not the main factor leading to the initiation of radial cracks on the fins. When the rubbing force is greater than 20 N and the rubbing temperature is high, cracks can be initiated. When the rubbing temperature is low, even if the rubbing force reaches 30 N, cracks cannot be initiated.



(2) Through numerical calculation, it is found that the pure rubbing force will not lead to the initiation of cracks, while the pure rubbing temperature can lead to the initiation of cracks. The radial cracks of the fins are initiated during the temperature reduction process after the rubbing. With the increase of the rubbing force, the crack initiation time increases.



(3) The rubbing force has an inhibitory effect on the initiation of cracks, and the number and length of the cracks decrease with the increase of the rubbing force. Under the action of pure rubbing temperature, there are many cracks on the top surface; there are only two symmetrical cracks when the rubbing force is 20 N to 50 N; no cracks are generated when the rubbing force is greater than 60 N. The rubbing force mainly affects the crack initiation position.
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Figure 1. High-speed rotary rubbing test system. 
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Figure 2. Feeding system. 
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Figure 3. Dimensions of the test sample. (a) the fin; (b) the honeycomb. 
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Figure 4. Schematic diagram of Vr, Sr. 
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Figure 5. Morphology and cracks on the fin tip. (a) c−1. (b) c−2. (c) c−3. (d) c−4. The red frames indicate the location of the radial crack. 
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Figure 6. The changes in temperature and rubbing force during the rubbing. (a) c−1. (b) c−2. (c) c−3. (d) c−4. 
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Figure 7. Geometric model. 
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Figure 8. The temperature in the rubbing area. 
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Figure 9. Crack distribution under different rubbing forces. (a) 0 N; (b) 10 N; (c) 20 N; (d) 60 N. 
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Figure 10. Effect of scraping force on crack initiation time. 
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Figure 11. Effect of scraping force on crack initiation time. (a) 10 N; (b) 20 N; (c) 60 N. 
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Table 1. Composition of Rene’80 (wt.%).
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	Composition
	C
	Cr
	Ni
	Co
	W
	Mo
	Al
	Ti
	Fe





	Content/%
	0.16
	13.8
	balance
	9
	4.0
	3.8
	3.1
	4.8
	0.32
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Table 2. The mechanical properties of Rene′80.
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ρ/kg·m−3

	
E/GPa

	
υ

	
α/10−6·°C−1

	
cp/J·Kg−1·°C−1

	
λ/W·m−1·°C−1

	
σb/MPa

	
σp0.2/MPa

	
T/°C






	
8160

	
199.0

	
0.3

	
12.56

	
402

	
12.12

	
1090

	
815

	
200




	
175.2

	
17.16

	
599

	
13.45

	
985

	
630

	
600




	
171.0

	
18.7

	
611

	
13.56

	
975

	
660

	
650




	
168.8

	
18.42

	
636

	
14.25

	
1000

	
610

	
700




	
165.8

	
20.10

	
643

	
14.17

	
1060

	
685

	
750




	
161.7

	
20.51

	
661

	
14.36

	
855

	
670

	
800




	
160.6

	
21.77

	
674

	
14.89

	
775

	
540

	
850




	
158.0

	
22.61

	
687

	
14.89

	
660

	
430

	
900




	
155.4

	
23.45

	
732

	
15.73

	
485

	
355

	
950




	
152.8

	
23.58

	
753

	
15.82

	
340

	
210

	
1000




	
150.2

	
24.27

	
775

	
16.68

	
213

	
138

	
1050
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Table 3. Test conditions.






Table 3. Test conditions.





	
Test No.

	
Sr (mm)

	
Vr (μm/s)

	
Rubbing Force (N)






	
C−1

	
0.1

	
20

	
35




	
C−2

	
0.5

	
20

	
20




	
C−3

	
50

	
25




	
C−4

	
80

	
60
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