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Abstract: A virtual wall thickness method is developed to simulate the temperature field of turbine blades with thermal barrier coatings (TBCs), to simplify the modeling process and improve the calculation efficiency. The results show that the virtual wall thickness method can improve the mesh quality by 20%, reduce the number of meshes by 76.7% and save the calculation time by 35.5%, compared with the traditional real wall thickness method. The average calculation error of the two methods is between 0.21% and 0.93%. Furthermore, the temperature at the blade leading edge is the highest and the average temperature of the blade pressure surface is higher than that of the suction surface under a certain service condition. The blade surface temperature presents a high temperature at both ends and a low temperature in the middle height when the temperature of incoming gas is uniform and constant. The thermal insulation effect of TBCs is the worst near the air film hole, and the best at the blade leading edge. According to the calculated temperature field of the substrate-coating system, the highest thermal insulation temperature of the TC layer is 172.01 K, and the thermal insulation proportions of TC, TGO and BC are 93.55%, 1.54% and 4.91%, respectively.
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1  Introduction

The gas temperature before it reaches the turbine is an important symbol of aero-engine generations. At present, the turbine inlet temperature of the advanced fighter jet engine has exceeded 2000 K, far exceeding the limit temperature that the substrate can withstand. A variety of technologies are used to increase the service temperature, such as single crystal substrates, film cooling technology and thermal barrier coatings (TBCs). TBCs can increase the service temperature of turbine blades by increasing the thermal resistance of the substrate surface and reducing the heat flux, providing high-temperature protection and oxidation protection for the blade [1–5]. A typical TBCs is composed of a load carrying substrate (SUB), a ceramic top-coat (TC), a metallic bond-coat (BC), and the thermally grown oxide (TGO) that forms between TC and BC.

However, many operating practices and analyses have shown that the failures of hot end parts such as turbine blades are related to uneven temperature fields and local high thermal stress during service [6–10]. Therefore, the temperature distributions of turbine blades and TBCs are the most important factors in determining blade life parameters and play a significant in optimizing the design of turbine blades. In recent years, more and more studies have been conducted on the temperature field of coated turbine blades based on the finite element method (FEM). Moreover, the calculation method of conjugate heat transfer (CHT) was used to calculate the temperature field of the blades, which combines the heat transfer of internal cooling gas, external gas and metal [11–18]. Reyhani et al. [19] simulated the working process of turbine blades via CHT method, and analyzed the effects of TBCs thickness, number of cooling pores and other loads on the blade temperature field. The thermal insulation efficiency of TBCs for turbine blades was analyzed [20,21], and the results showed that TBCs improved the adiabatic cooling efficiency of blades by about 10% and reduced the heat transfer coefficient by 35%. Furthermore, the air film cooling efficiency at the leading edge of blade with TBCs was investigated through experimental research [22]. The results proved that TBCs could reduce the substrate temperature, but the temperature of the TBCs surface will be higher than that of the blade without TBCs. It is well known that when the blade with a complex structure is modeled, the thickness of the coating is much smaller than the size of the substrate, which greatly increases the difficulty of coating modeling, especially for cross-scale coating layers such as TGO. Although the cross-scale model of coating has been analyzed in previous articles to explore the damage mechanism of coating [23–25], the simplified models have been adopted in most studies. The real blade structure is complex, and the cross-scale meshes are difficult to generate. Li et al. [26] used the mesh offset technique provided by ABAQUS to generate solid mesh layers by offsetting a mesh surface along its normal direction, so as to realize the establishment of the mesh model of TC, BC and TGO. However, these methods have strict requirements on the mesh and blade structure. For blades with complex structures, these methods are extremely time-consuming and prone to errors.

ANSYS provides the virtual wall thickness method to set the surface thermal resistance instead of the real wall thickness [27], and this method is used for the first time to calculate the temperature field of coated turbine blade in this work. There is no need to establish the geometric structure and mesh model of the TBCs in the calculation, and the thermal insulation effect of TBCs is simulated by adding surface thermal resistance to the surface of the substrate. This method simplifies the blade modeling process and mesh complexity, especially for cross-scale thin-walled structures. It can save modeling time and cost, has no requirements on mesh type and substrate curvature, and is highly adaptable.

In this study, the virtual wall thickness method was developed to simulate the temperature field of turbine blades with TBCs. Firstly, the accuracy of virtual wall thickness method was verified by experimental data. Secondly, the finite element analysis of the turbine blade was carried out via the virtual and real wall thickness methods, respectively, so as to verify the advantages of virtual wall thickness method. Thirdly, the temperature field of the turbine blade with coating was analyzed using virtual wall thickness method.

2  Virtual Wall Thickness Method

Models of fluid and solid domain are shown in Fig. 1a. The multilayer structure in the solid domain, such as TBCs and substrate, can be divided into solid domain 1 and solid domain 2. The interface of each region is set as a coupling surface for the transfer of physical quantities. In the calculation process, boundary conditions and material parameters are set. However, when a layer of solid domain is too thin to be modeled and meshed, the virtual wall thickness method can be employed, as shown in Fig. 1b. When the solid domain 1 has uniform material, uniform thickness and isotropy, its internal temperature gradient can be assumed to be linearly distributed. Solid domain 1 is assumed to be the thermal resistance term brought into the heat conduction equation. By setting the wall thickness and material parameters of the solid domain 1, the temperature field of the upper and lower surfaces of solid domain 1 can be obtained without affecting the temperature field calculation of the fluid domain and solid domain 2.
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Figure 1: Schematic diagram of the simplified model. (a) With solid domain 1, (b) Without solid domain 1

ANSYS provides two methods for setting the virtual wall thickness: setting the wall thickness and enabling the shell conduction model. Setting the wall thickness method requires providing the thin wall thickness and material thermal conductivity for the external coupling surface. At this time, the method will solve the one-dimensional steady-state thermal conductivity differential equation with constant physical properties and no internal heat source, as shown in Eq. (1):

∂2t∂x2=0(1)

The wall thermal resistance R=Δx/λ (Δx is the wall thickness, and λ is the thermal conductivity of the material), and the wall boundary conditions will be applied to the outcoupling surface. It should be noted that this method can only specify one layer of wall thickness and a constant thermal conductivity. The method of the shell thermal conductivity model can set non-constant thermal conductivity for virtual walls and generate multiple virtual walls. Moreover, this method will solve the three-dimensional steady-state thermal conductivity differential equation with constant physical properties and no internal heat source, as shown in Eq. (2):

∂2t∂x2+∂2t∂y2+∂2t∂z2=0(2)

For extremely thin walls such as TBCs, the heat flow in the horizontal direction is much smaller than the heat flow in the normal direction, so setting the virtual wall thickness can meet the requirements.

3  Validation of Virtual Wall Thickness Method

3.1 Geometry and Meshing

The geometry of the standard specimen is shown in Fig. 2. In order to avoid the stress concentration on the edge tip of the specimen, a rounded corner with a radius of 1.5 mm is set. The thickness of TC and BC layers is 0.3 and 0.15 mm, respectively. They are uniformly coated on the substrate with a diameter of 28.5 mm. The mesh model with TC layer is shown in Fig. 3a. The mesh without TC layer is shown in Fig. 3b, in which the TC layer is set as a virtual layer. Because of the simple model structure and heat transfer process, the tetrahedral mesh can meet the calculation requirements.
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Figure 2: Geometry of the standard specimen of TBCs
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Figure 3: Mesh model of the standard specimen. (a) With TC layer, (b) Without TC layer

3.2 Materials and Boundary Conditions

Traeger et al. [28] conducted a thermal shock experiment on the standard specimen of TBCs. During the experiment, a thermocouple was used to collect the temperature data on the TC surface and inside the substrate, aiming to calculate the temperature of the TC-BC interface. The temperature data are given in Fig. 4.
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Figure 4: Temperature curves of TC surface and TC-BC interface [28]

Eleven characteristic points were selected from the measured data to describe the experimental temperature history of the TC surface, as illustrated in Fig. 4 and Table 1. Assuming that the temperature varies linearly between points, the temperature piecewise function is compiled into a subroutine as the boundary condition of the finite element analysis. The temperature boundary is imposed on the upper surface of the TC layer in the real wall thickness method and on the virtual surface of TC layer in the virtual wall thickness method. The cold source is set on the lower surface of substrate, and a convective heat transfer boundary is imposed on it. The convective temperature is 300 K, and the convective heat transfer coefficient can be calculated as 1500 W/(m2·K), using the differential heat conduction equation in Eq. (3):

q=λTClTC(TTC−TBC)=11h+lBCλBC+lSUBλSUB(TBC−TC)(3)

where q is the heat flux, TTC is the temperature of TC surface, TBC is the temperature of the TC-BC interface, and TC is the convective temperature. In the above finite element model, each layer of the solid material is set as an isotropic homogeneous material, and the material parameters related to temperature are listed in Table 2 [29].
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3.3 Results of Temperature Field

The transient calculation is carried out to simulate the temperature fields. The time step is set to 1 s, and each step is iterated 100 times to calculate the temperature field change of the standard specimen from 0 s to 400 s. Six moments are selected to compare the temperature field calculated using the real and virtual wall thickness method. The temperature fields of the two methods are almost the same, as shown in Fig. 5. The real wall thickness method can display the temperature field inside the TC layer, while the virtual wall thickness method cannot because the TC layer entity is not established.
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Figure 5: The temperature field of the TC-BC interface and the specimen’s longitudinal section. (a) Real wall thickness method, (b) Virtual wall thickness method

Figs. 6a and 6b respectively show the temperature values of each layer at different times by the real and virtual wall thickness method. The temperature trends and values of the two methods are very similar. The experimental data are compared with the TC-BC interface temperature calculated by the two methods, as shown in Fig. 7. The maximum error of the three sets of temperature data is less than 0.2%, which further verifies the accuracy and feasibility of the virtual thickness method.
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Figure 6: The calculated temperature field of each layer of the standard specimen. (a) Real wall thickness method, (b) Virtual wall thickness method
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Figure 7: The comparison of TC-BC interface temperature between gas shock experiment, real wall thickness method and virtual wall thickness method

4  Thermal Analysis of Simplified Coated Blade

4.1 Geometry and Meshing

The virtual wall thickness method is employed to analyze the temperature field of blade with a simplified coating in this section. The blade model in Fig. 8a refers to the first-stage guide vane of the aero-engine, which is used to establish a single-cycle geometry. In order to improve the cooling efficiency of the blade, cooling structures are set on the surface and interior of the blade. There are 423 air film holes on the substrate, which are divided into 16 columns and arranged in a staggered manner. Five rows of spoiler ribs on the inner wall of the blade and three rows of spoiler columns on the trailing edge are established to strengthen convective cooling and improve blade strength. Furthermore, a split slit is formed at the trailing edge. The geometry includes the fluid domain and the solid domain. The single-period fluid domain model is established along the fluid flow direction, as shown in Fig. 8b. In order to compare the difference between the real and virtual wall thickness method, the coating is simplified into one layer and calculated by two methods, as shown in Figs. 8c and 8d.
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Figure 8: The finite element model. (a) Turbine blade, (b) Fluid domain, (c) Blade model with substrate only, (d) Blade model with substrate and coating

The mesh model is established based on the geometry, as shown in Fig. 9. The meshes near the blade boundary layer are refined to ensure that the Y+ of the surface is able to meet the requirements of turbulence model. The structure of cooling cavity is complex, so it is necessary to refine the mesh of the ribs and air film holes. The periodic meshes are generated on periodic boundary surfaces to ensure that the nodes on boundaries correspond to each other. Tables 3 and 4 record the mesh size and quality of each region in the two models, respectively. Table 3 shows that the virtual wall thickness method can improve the mesh quality by 20% with the same average element mesh size. Table 4 shows that the virtual wall thickness method can reduce the number of meshes by 76.7% under the same mesh quality. It can be seen that the virtual wall thickness method can significantly reduce the number of meshes, improve the mesh quality, and save modeling time. This advantage is more evident for thin-walled structures such as TBCs, because meshes in thin-walled areas tend to increase the aspect ratio and the number of surrounding meshes, reducing the overall mesh quality.

[image: images]

Figure 9: The finite element model of turbine blade
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4.2 Boundary Conditions and Calculation Method

The substrate and coating are considered to be isotropic materials. The density, specific heat and thermal conductivity of the simplified coating are taken as the weighted average of each layer. Without considering thermal radiation, the inlet and outlet boundary conditions parameters are listed in Table 5. The surfaces of the blade and the air film holes are set as the no-slip coupling boundary, and the hub and the casing surface are set as the convective heat transfer boundary. The convective heat transfer coefficient and free flow temperature of the upper and lower end faces of the flow field channel are set to 1500 W/(m2·K) and 800 K, respectively, which are obtained from experimental measurements. The two sides of the flow field are set as the rotation period boundary.
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The flow field and temperature field of the turbine blade are calculated and analyzed using the fully implicit discretization of the equations and the coupled solver of ANSYS Fluent commercial fluid dynamics software. The shear stress transport (SST) model is selected as the turbulence model. According to the actual operating conditions of the turbine and the results of Menter [30] and Ho et al. [31], the SST model has a better performance compared to SA, RNG, k-ε turbulence models. The calculation method adopts the couple algorithm, and the research state is steady state. When the residuals of each item are lower than 10−4 and the temperature of the monitoring point no longer changes, the calculation is considered to be converged [32]. Under the same computing power, the real wall thickness method takes 307 min to complete the calculation, while the virtual wall thickness method takes 198 min, saving 35.5% of the calculation time.

4.3 Validation of Virtual Wall Thickness Method Using Blade Model

In order to describe the temperature field conveniently on the blade surface, profile lines at 25%, 50% and 75% blade heights are illustrated in Fig. 10. Fig. 11a shows the temperature field of the two methods on the section with 50% blade height. It can be clearly found that there is a large temperature gradient caused by film cooling between the turbine blade and the incoming gas and a low-temperature line caused by tail splitting slit behind the trailing edge of the blade. By comparing the two temperature fields, it can be seen that setting the virtual wall thickness will not affect the temperature distribution of the fluid. Figs. 11b and 11c show the temperature field of the coating surface and the substrate surface obtained by the two methods, respectively. The highest temperature occurs at the leading edge, and the temperature in the suction surface (SS) and pressure surface (PS) are relatively low due to the effect of air film cooling and internal cooling. The overall temperature fields are similar, indicating that the virtual wall thickness method has certain feasibility.
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Figure 10: The profile lines at 25%, 50% and 75% blade heights
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Figure 11: The temperature field of turbine blades. (a) 50% blade height section, (b) Coating surface, (c) Substrate surface

The nodes’ temperature on the same blade profile line is extracted, as shown in Fig. 12. It can be seen that the calculation results of the two methods are basically consistent, and the maximum temperature difference appears at the trailing edge area of the SS. The temperature difference and error of each position under two calculation methods are recorded in Table 6. The maximum temperature difference between the two calculation methods is 31.14 K. The reason for the difference may be that the virtual wall thickness can only calculate the one-dimensional heat conduction equation in its normal direction, and the deviation occurs when there is a large heat flow in the horizontal direction. It can be calculated that the average temperature difference of each profile line is 2.53 K–11.05 K, and the average error is 0.21%–0.93%. Therefore, the method of virtual wall thickness can be used to calculate the temperature field of turbine blades.
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Figure 12: The temperature distribution of substrate and coating at three blade heights calculated using two calculation methods. (a) and (b) 25% blade height at the substrate and coating surface, (c) and (d) 50% blade height at the substrate and coating surface, (e) and (f) 75% blade height at the substrate and coating surface
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4.4 Analysis of Blade Temperature Field

The virtual wall thickness method is applied to analysis the temperature field of turbine blade. Fig. 13 shows the temperature distribution of the substrate and coating surface along the blade profile at three blade heights (0 represents the leading edge, positive values to 1 represent the SS, and negative values to −1 represent the PS). It can be seen that the temperature distribution characteristics of the substrate and the coating are similar. The highest temperature appears at the leading edge of the blade, the lowest temperature appears at the SS, and the average temperature of the PS is higher than that of the SS. The highest temperature occurs at 25% height of the blade because of the joint action of external flow field and internal cooling channel. The temperature at 50% height of blade is the lowest among the three heights, because the cooling air flow rate in the middle area is the highest, resulting in the best cooling effect [15]. In addition, the profile line passes through the air film hole with lower ambient temperature, so there are many abrupt points on the temperature curve.
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Figure 13: The temperature distribution on the blade profile at 25%, 50% and 75% blade heights. (a) Substrate surface, (b) Coating surface

The thermal insulation effect of the TBCs at each position can be described by comparing the surface temperature of the substrate and coating at different blade heights, as shown in Figs. 14a–14c. It can be seen that the thermal insulation effect of TBCs at the blade’s leading edge is the most obvious. Fig. 14d illustrates the thermal insulation temperature difference of TBCs at different positions. The maximum thermal insulation temperature difference occurs at the leading edge of the blade. The thermal insulation effect of TBCs near the air film hole is the least obvious, which is because the air film cooling dominates the region, and reduces the heat flux density.
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Figure 14: The thermal insulation effect of the coating at different locations of the blade. (a) 25% blade height, (b) 50% blade height, (c) 75% blade height, (d) Insulation temperature at different heights

5  Thermal Analysis of Substrate-Coating System

5.1 Finite Element Model

The substrate-coating system is composed of a load carrying substrate, a ceramic layer TC, a metallic layer BC, and an oxide layer TGO that forms between TC and BC. Commonly, TGO formed during the high-temperature oxidation has the maximum thickness of about 10–50 μm [33]. When complex blades are analyzed, the cross-scale membrane structure is challenging to carry out in the process of mesh generation. In order to meet the appropriate aspect ratio, the number of meshes near the cross-scale region will increase sharply, which greatly reduces the computational efficiency. However, using the virtual wall thickness method can easily solve this problem.

The temperature field of the substrate-coating system is calculated in this section using the virtual wall thickness method. The finite element model is shown in Fig. 15. The thickness of TC, BC and TGO is set to 0.25, 0.125 and 0.01 mm, respectively [34]. The substrate is the real wall, and the BC, TGO and TC layers are virtual walls with uniform thickness. The material parameters of each layer are shown in Table 2. The boundary conditions of the model are shown in Table 5. Due to the existence of a multi-layer virtual layer, the method of shell heat transfer model is adopted. The three-dimensional thermal differential equation is calculated by setting the virtual thickness and material parameters of each layer.
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Figure 15: The finite element model of blade with multi-layer coating structure

5.2 Temperature Field of Each Layer

The temperature field of each layer of substrate-coating system is shown in Fig. 16. The average surface temperature of TC, TGO, BC and SUB is 915.31, 890.35, 889.94 and 888.63 K, respectively. The temperature distribution of the surface of each layer along the blade profile at 50% blade height is shown in Fig. 17. It can be seen that the TC layer has the best thermal insulation effect because of its low thermal conductivity, but the thermal insulation effect of other layers is not apparent. Each layer shows the trend of high temperature at the leading edge of the blade and low temperature at the suction surface and pressure surface. The maximum and average insulation temperatures of each layer are shown in Table 7. The maximum insulation temperature of TC layer is 172.01 K. The thermal insulation effect of BC layer is higher than that of TGO layer, but it can be ignored compared with TC layer. The average insulation temperature of each layer decreases significantly compared with the maximum insulation temperature. This is because the heat flow on the suction surface and pressure surface is low and the temperature difference of each layer decreases. From the average insulation temperature of each layer, it can be calculated that the thermal insulation proportion of TC, TGO and BC is 93.55%, 1.54% and 4.91%, respectively. TC layer plays a crucial role in the thermal protection of blades.

[image: images][image: images]

Figure 16: The temperature field of each layer. (a) TC surface, (b) TGO surface, (c) BC surface, (d) SUB surface
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Figure 17: The surface temperature distribution of each layer along the blade profile at 50% blade height
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6  Conclusion

This paper firstly compares the simulation results and experimental data. It preliminarily verifies the accuracy and feasibility of thermal analysis using virtual wall thickness method. Secondly, the obvious advantages of the virtual wall thickness method in analyzing the temperature field of the blade are proven, when compared with the real wall thickness method. Finally, the temperature fields of the substrate-coating system are discussed in detail. The main conclusions are as follows:

(1)   Compared with the real wall thickness method, the virtual wall thickness method can improve the mesh quality by 20%, reduce the number of the mesh by 76.7%, and save the calculation time by 35.5%. The average calculation error of the virtual wall thickness method is 0.21%–0.93%, which can be used for the thermal analysis of coated turbine blades.

(2)   The temperature at the blade leading edge is the highest, and the average temperature of the blade PS is higher than that of the SS. The blade surface presents a high temperature at both ends and a low temperature at the middle height, due to the influence of the cooling gas flow rate. The thermal insulation effect of coating at the blade’s leading edge is the most obvious. Coatings near the air film holes provide the least thermal insulation.

(3)   The TC layer has the highest thermal insulation effect at the leading edge of blade, which is 172.01 K. The thermal insulation proportion of TC, TGO and BC is 93.55%, 1.54% and 4.91%, respectively, in the substrate-coating system. Therefore, TC layer plays a key role in the thermal protection of blades.
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Table 3: The parameters of the two models with the same average element mesh size

Part Model with coating (real wall) Model without coating (virtual wall)
Air 17465631 16321999

Substrate 10129667 10062171

Coating 2660188 /

Total 32768918 28137907

Quality 0.25 0.30
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Table 4: The parameters of two models with the same mesh quality

Part Model with coating (real wall) Model without coating (virtual wall)
Air 17465631 5785897

Substrate 10129667 1417373

Coating 2660188 /

Total 32768918 7628354

Quality 0.25 0.25
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Table 7: The maximum and average insulation temperature of each layer of TBC

Layer Maximum insulation temperature, K Average insulation temperature, K

BC 5.12 1.31
TGO 3.31 0.41
TC 172.01 24.96
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Table 1: The eleven feature points and their corresponding temperatures

Time, s 0 15 25 37.5 40 50 300 325 337.5 350 400
Temperature of TC, K 303 1023 1273 1521 1533 1573 1573 523 402.8 323 303
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Table 6: The temperature difference and error of each location under two methods

Height Profile AT,.., K Average of AT, K Average of error
25% Substrate 26.353 11.046 0.93%
Coating 18.868 2.528 0.21%
50% Substrate 31.141 7.805 0.67%
Coating 36.049 8.987 0.77%
75% Substrate 25.928 3.847 0.33%

Coating 28.419 5.546 0.47%
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Table 2: Materials properties used in the finite element simulation [29]

Parameters Substrate  BC TGO TC
Temperature, K 20-1100 20-1100 20-1100 20-1100
Density, kg/m® 8500 7380 3984 3610
Specific heat, J/(kg-K) 440 450 755 505
Thermal conductivity, W/(m-K) 88-69 5.8-17 10-4.1 2-1.7
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Table 5: The boundary parameters of fluid domain under steady-state condition

Parameters Type Total pressure, kPa  Total temperature, K
Inlet of main gas flow  Pressure inlet 2330 1860
Inlet of cooling airflow  Pressure inlet 2370 800

Outlet of main gas flow Pressure outlet 1700 1600
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