

  energies-15-06880




energies-15-06880







Energies 2022, 15(19), 6880; doi:10.3390/en15196880




Article



Theoretical and Numerical Study on Thermal Insulation Performance of Thermal Barrier Coatings



Chao Gao 1,2, Yang Liu 1,2,3, Ruquan You 2,4,*[image: Orcid] and Haiwang Li 2,4





1



School of Energy and Power Engineering, Beihang University, Beijing 100191, China






2



National Key Laboratory of Science and Technology on Aero Engines Aero-Thermodynamics, Beihang University, Beijing 100191, China






3



Wuhan Second Ship Design and Research Institute, Wuhan 430205, China






4



Research Institute of Aero-Engine, Beihang University, Beijing 100191, China









*



Correspondence: youruquan10353@buaa.edu.cn







Academic Editor: Alessandro Del Nevo



Received: 21 August 2022 / Accepted: 15 September 2022 / Published: 20 September 2022



Abstract

:

In this article, a theoretical 1-D heat transfer model and conjugate heat transfer numerical simulation was carried out to evaluate the thermal insulation of TBCs under different factors. The relationship of temperature-drop between the inner or outer surface of thermal barrier coating (TBC) was investigated by conjugate heat transfer numerical simulation. The effect of TBC and the coupling between the internal and external heat transfer are obtained, which indicates that TBC and film cooling can both contribute to an overall cooling performance. In addition, the combination of the two results are better results than the two alone. However, the two weaken each other’s contribution to the overall cooling performance. Meanwhile, unlike the effect of film cooling, the change in the internal heat transfer coefficient basically does not affect the thermal insulation effect of coatings. Furthermore, sensitive analysis on the different levels of film cooling and coating’s thermal insulation was conducted to the overall cooling effectiveness, with the blowing ratio ranging from 0.25 to 0.5, thermal resistance ratio ranging from 3 to 9, and the internal heat transfer coefficient ranging from 5000 W/(m2∙K) to 15,000 W/(m2∙K). The results reveal that near the exit of the film hole, film cooling plays a major role in the overall cooling effectiveness. However, with the increase in dimensionless distance, the contribution of coatings and the internal heat transfer coefficient to overall cooling effectiveness gradually increases, especially the contribution of coatings.
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1. Introduction


To obtain a higher power output, the turbine inlet temperature (TIT) has been rapidly increasing over the past decades [1], which causes unbearable working conditions for the turbine blade. To date, the TIT is more than 2000 K, which is far beyond the allowable temperature of the current materials of turbine airfoils [1].



Thus, the development of turbine cooling techniques and the improvement of materials are key factors for the safety of aero-engines [2]. In the past decades, with technological progress, the TIT has increased significantly, among which, 30% comes from the progress of materials and processing technology, and 70% comes from advanced cooling technology and thermal barrier coating (TBC). Hence, it is significant to master the combined effects of TBC and cooling technology [3,4,5].



TBCs are used widely in turbine blades due to the superior thermal insulation performance of ceramic materials [6]. In 1953, NASA put forward a protective system for coating high temperature-resistant and high thermal-insulated ceramics on the surface of superalloys. It was reported that TBCs with a thickness of 250 µm can reduce metal substrate by 110~170 °C, which is equal to the sum of the development of superalloys in the past 30 years to improve the thermal-bearing capacity [7]. Thus, TBCs have been receiving wide attention in recent years.



The US Pratt & Whitney company Meier SM (East Hartford, CT, USA), Gupta D K [8] systematically conducted the successful ground engine test of the first turbine blade of PW2000, and obtained a ceramic thermal efficiency under EB-PVD spraying. An experimental evaluation of thermal benefits of TBCs that focused on the metal substrate temperature of ceramic and non-ceramic coated blades, displayed that blades with a 5 mil coating had an operating temperature-drop of up to 139 °C in hot spots compared to uncoated blades. Davidson, F.T., Dees, J.E. et al. [9] investigated the interaction between TBCs and various film cooling configurations with the thickness and thermal conductivity of TBCs in the coupled heat transfer model being matched with the thickness and heat of the engine. The result revealed that adding TBCs to the blade surface can increase the blade surfaces’ overall cooling effectiveness downstream of the coolant hole by 0.25 compared to the one without film cooling. Additionally, due to the change in blowing ratio, TBCs significantly inhibited the change in overall cooling effectiveness by reducing the adverse effects of coolant jet separation. Padture et al. pointed out, when accepted by Science in 2002, that the application of 100–400 μm thick thermal barrier coatings (TBCs) can reduce the metal temperature by 100–300 °C [10].



However, in recent years, studies have shown that there is a large gap between the expectation of TBCs’ thermal insulation effect with its reality. Prasert, P. et al. [11] used numerical approaches to illustrate that TBCs’ thermal insulation was far less than expected, at only approximately 30 °C. At the same time, the thermal insulation performance of TBCs in practical applications was not up to expectation. Some aero-engine-related design departments pointed out that if the situation did not worsen, the thermal-bearing capacity of blades would not increase significantly after the application of TBCs. Unfavorable cases such as the peeling of TBCs and blockage of the film-holes appeared, which were not conducive to the cooling of blades [12,13]. Ekkad, S.V., Han, J.C. et al. [14] simulated the turbine blade leading edge model of TBCs’ peeling, and gave a detailed heat transfer distribution under the coating peeling off at different positions and angles on the leading edge of the blade. Experimental measurements used to acquire detailed heat transfer characteristics by transient liquid crystal technology indicated that the location and depth of the spallation (shedding) had a great influence on the local heat transfer distribution of the front edge. Maikell et al. [15] conducted experimental studies on the film-cooling effectiveness of the leading edge of turbine blades with or without sprayed TBCs and found that under the same conditions, the metal substrate temperature was significantly reduced after the TBC was applied. However, the exterior surface temperature of the coating was higher than the one without a sprayed coating by about a few K. Hence, how to evaluate the effect of the thermal barrier coating reasonably at this time became a difficult problem.



Therefore, the current use and evaluation standards of thermal barrier coatings (TBCs) suffer the following issues:




	
At present, the temperature-drop of the coating itself is used to evaluate the thermal insulation effect alone, and the temperature of the blade substrate is more concerned about the design and use of the engine, that is, the temperature-drop of the blade substrate caused by the spray coating, so the coating effect after actual application often fails to meet expectations.



	
The related research on the thermal insulation mechanism of the coating is insufficient. The coating relies on its high thermal resistance, but the heat conduction of the coating is just one part of the heat transfer between the inside and outside of the blade. The influence of layer thickness, thermal conductivity, and other factors on the thermal insulation effect cannot be combined with the internal and external heat transfer of the blade.








Combining the heat conduction of the coating with external gas heat transfer, external film cooling, and internal cooling is necessary to extract the thermal insulation mechanism of the coating, and then it is necessary to find out the relevant factors that affect the thermal insulation effect of the coating. In addition, it is necessary to refine the relationship between the temperature-drop of the coating itself and the temperature-drop of the metal substrate of the blade, and even further find out the relationship between the temperature-drop of the coating and the increase in the turbine inlet temperature (TIT).




2. One-Dimensional Theoretical Heat Transfer Model and Mechanism Analysis of TBCs


Figure 1 shows the schematic of heat transfer through a turbine vane with and without TBC by using a one-dimensional (1-D) heat transfer analysis model. For this model,    T g  ,    T c    are the temperatures of hot gas and cooling gas,    h 2    is the internal heat transfer coefficient,     h ′  1    and    h 1    are the external fuel gas heat transfer coefficient with or without TBC, respectively,     T ′   w 1     and    T  w 1     are the internal surface temperature of metal substrate with or without TBC, respectively,     T ′   w 2     and    T  w 2     are the external surface temperature of metal substrate with or without TBC, respectively, and     T ′   w 3     represents the external surface temperature of TBC.



In addition, the temperature-drop of the coating itself and the temperature-drop difference between the external surface of the metal blade with or without coating can be defined as   Δ  T 1    and   Δ  T 2    in Equations (1) and (2), respectively:


  Δ  T 1  =   T ′   w 3   −   T ′   w 2    



(1)






  Δ  T 2  =  T  w 2   −   T ′   w 2    



(2)







Through the 1-D heat transfer model, the heat flow without or with coating can be derived, as shown as  q  and    q ′    in Equations (3) and (4):


  q =    T g  −  T c     1   h 1    +    d 2     λ 2    +  1   h 2       



(3)






   q ′  =    T g  −  T c     1    h ′  1    +    d 1     λ 1    +    d 2     λ 2    +  1   h 2       



(4)







When the working conditions of hot gas and cooling gas are kept constant, through the relationship between heat flow and temperature, Equation (5) can be obtained:


     T ′   w 3   −   T ′   w 2   =         d 1     λ 1         d 1     λ 1    +  1    h ′  1    −  1   h 1      ×    1   h 1    +    d 2     λ 2    +  1   h 2         d 2     λ 2    +  1   h 2      ×  (   T  w 2   −   T ′   w 2    )    



(5)







The results show that the temperature-drop of the coating itself (  Δ  T 1   ) is proportional to the temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ). Additionally, this ratio is affected by the internal and external heat transfer coefficient, and the thermal resistance of the coating and metal blade.        d 1     λ 1         d 1     λ 1    +  1  h  ′ 1    −  1   h 1        mainly reflects the coating function, where,      d 1     λ 1      represents the thermal resistance of the coating, and    1    h ′  1    −  1   h 1      stands for the change in the external convection heat transfer coefficient caused by the use of the coating, and the term      1   h 1    +    d 2     λ 2    +  1   h 2         d 2     λ 2    +  1   h 2        is basically independent of the coating application.



When the coating causes the metal blade external surface temperature-drop    (   T  w 2   −   T ′   w 2    )   , it is necessary to ensure the same  η , which means, take     T ′   w 2     as    T  w 2    , and then the relationship between metal blade external surface temperature-drop by TBC application and the increase in turbine inlet temperature    (    T ′  g  −  T g   )    can be obtained as:


    T ′  g  −  T g  =    1    h ′  1    +    d 1     λ 1    +    d 2     λ 2    +  1   h 2         d 2     λ 2    +  1   h 2      ×  (   T  w 2   −   T ′   w 2    )   



(6)







Similarly, the function of the coating is reflected in its thermal resistance      d 1     λ 1      and the resulting external convection heat transfer coefficient    1    h ′  1     . Therefore, we can obtain the relationship between the temperature-drop of the coating itself (  Δ  T 1   ), which is a current evaluation of the TBC effect and the temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ), of which aero-engines really consider. Furtherly, we can obtain the corresponding increase in turbine inlet temperature. This has a certain reference value for understanding the thermal insulation mechanism of the TBC and can help to further establish a more reasonable evaluation of the TBC effect.




3. Numerical Calculation


In order to examine the relationship between the temperature-drop of the coating itself (  Δ  T 1   ) and the temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ), and to explore the heat transfer mechanism under the joint action of the coating and the internal and external heat transfer, we used ANSYS 16.0 software to make a series of numerical calculations. The coupled numerical solution can solve the fluid and solid calculation domain through different solvers, flexibly edit different calculation methods in different regions, and has great advantages in the coating insulation problem of multi-layer structures [16,17,18,19,20,21,22].



3.1. Computation Model


Figure 2 shows the calculation domain of the film-coating coupling effect model which is chosen as two-dimensional to reduce the calculation complexity. The domain consists of the gas side, TBC, and metal part, which is 33 mm long and 9.3 mm wide. Additionally, the thickness of TBC is 0.3 mm, the thickness of metal part is 3 mm, the diameter of film-hole is 0.4 mm, and the film-hole inclination angle is 30°.



As shown in Figure 2, hot gas convection heat transfer with TBC and cooling air enters the fluid domain from the film-hole to simulate the film-cooling effect; meanwhile, the convection heat transfer boundary conditions are set in the internal metal surface. Hence, the working state of the outer film heat transfer–TBC–internal heat transfer downstream of the film-hole can be approximately simulated.




3.2. Computational Technique


The computational domain is meshed by a structured grid and the boundary layer grid is locally refined on the film-hole and external surface of TBC in order to let first layer    y +  ≈ 1  . The simulation adopts the shear stress transport (SST) k-ω turbulence model, which has been employed and proven to be able to predict the temperature distribution of vane with film cooling [23,24,25,26]. To confirm mesh independence, we chose mesh numbers 107041 via the cases with mesh numbers ranging from 4554 to 157950 in Figure 3.



The mainstream and coolant film flow mediums are regarded as compressible ideal gases. The inlet boundary condition is set as the speed inlet boundary condition, the temperature of the main flow and film gas are set to 1082 K and 653 K, respectively, the mainstream inlet velocity is 20 m/s, and the coolant film flow inlet velocity is set up based on the blowing ratio. The outlet is set to a pressure boundary condition of 101,325 Pa, and the thermal conductivity of the coating refers to [27], which is set according to the different thermal resistance ratio. When the physical parameters of the coating material are set according to the metal, it is regarded as uncoated. The boundary condition of convective heat transfer is set on the inner surface of the metal, and the value of the internal heat transfer coefficient h2 is 5000~15,000 W/(m2∙K). The interface between the solid domain and fluid domain is set as a coupled heat transfer boundary condition. The remaining surfaces are set as adiabatic boundary conditions. All the boundary condition show in Table 1.




3.3. Parameters Setting


The film adiabatic cooling effectiveness    η t    and overall cooling effectiveness  η  is defined as:


   η t  =    (   T g  −  T  a , w    )     (   T g  −  T c   )     



(7)






  η =    (   T g  −  T  o w , b l a d e    )     (   T g  −  T c   )     



(8)







Furthermore,    T g    and    T c    are the temperatures of hot gas and coolant gas, respectively,    T  a , w     represents the adiabatic temperature of external TBC surface, and    T  o w , b l a d e     is the temperature of the external metal surface.



The blowing ratio M and thermal resistance ratio  γ  is defined as:


  M =      (  ρ u  )   c       (  ρ u  )   g     



(9)






  γ =      (   d λ   )    T B C        (   d λ   )    b l a d e      



(10)







Furthermore, the blowing ratio reflects the ratio of the mass flow of the film cooling airflow to mainstream hot gas, and the thermal resistance ratio reflects the ratio of thermal resistance of TBC-to-metal.



The temperature-drop of the coating itself   Δ  T 1    and the temperature-drop difference between the external surface of the metal blade with or without coating   Δ  T 2    were defined as:


  Δ  T 1  =  T  o w , t b c   −  T  o w , b l a d e    



(11)






  Δ  T 2  =   T ′   o w , b l a d e   −  T  o w , b l a d e    



(12)







Additionally,    T  o w , t b c     and    T  o w , b l a d e     represent the temperature of the external surface of TBC and metal, respectively, with TBC, and     T ′   o w , b l a d e     is the temperature of the external blade surface without TBC.





4. Results


The focus points of this paper are to: (1) Obtain the heat transfer mechanism of TBC by a 1-D model, which means that the temperature-drop of the coating itself (  Δ  T 1   ) is proportional to the temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ). (2) Discuss the thermal insulation effect of TBC by changing the blowing ratio M, thermal resistance ratio  γ , and internal heat transfer coefficient h2. (3) Analyze the sensitivity the above-mentioned factors to reveal the main factors that affect the thermal insulation effect of TBCs.



4.1. Numerical Verification of Temperature-Drop Equation


Figure 4 shows the variation of   Δ  T 1    and   Δ  T 2    at different BR under    h 2  = 10 , 000  W  /  (   m 2  · K  )    and   γ = 9  . It indicates that downstream from the film-hole, the temperature-drop of the coating itself (  Δ  T 1   ) and the temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ) increase significantly as the x/D increases, and then the increasing trend gradually slows down. As BR increases from 0.25 to 0.5, the value of   Δ  T 1    and   Δ  T 2    is reduced; however, there is not much difference between the variation of the two temperature-drops, which shows a relatively good corresponding relationship of the two.



In order to verify Equation (5), it is necessary to calculate the temperature-drop of the coating itself (  Δ  T 1   ) and the temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ) at x/D = 30 under different conditions. Table 2 and Figure 5 shows the comparison of the calculated and theoretical results, in which the temperature-drop ratio   Δ  T 1  / Δ  T 2    matches well under different BR and h2. However, there is a difference in value between the calculated results and theoretical results, which is because the computational model is not an ideal 1-D heat transfer model; thus, heat transferring is in a mainstream direction between the coolant gas in the film-hole with TBC and the metal part. In summary, Equation (5) verifies that variation law is basically the same as the temperature-drop of the coating itself (  Δ  T 1   ) and the temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ).




4.2. TBC–Film Cooling Combined Effect and Factor Analysis


Figure 6 shows the results of    η t   ,   Δ  T 1   ,   Δ  T 2   , and  η  with and without TBCs at different BR under    h 2  = 15,000  W  /  (   m 2  · K  )    and   γ = 9  . Figure 6a shows that the overall cooling effectiveness  η  is best at M = 0.5 with TBC under different BR and with or without TBC. By comparing the two working conditions of film cooling only and TBC–film cooling combined, it can be found that the TBC can slow down the film-cooling effect as x/D increases, thus, making the temperature distribution tend to be uniform. Comparing the four conditions of film cooling without TBC, film cooling alone, TBC alone, and the two together, all scenarios can contribute to the overall cooling effectiveness, and the combined effect of the two is better than that of each alone. This indicates that the coupling effect of TBC–film cooling is the best, and that TBC can be designed in combination with film cooling to work together.



However, when comparing Figure 6b,c, it can be found that    η t    becomes highly smaller as the x/D increases, and then the decreasing trend gradually slows down; this variation rule is contrary to the variation rules of   Δ  T 1    and   Δ  T 2   , indicating that TBC and film cooling may weaken each other’s effect. Figure 6a illustrates that TBC has a poor thermal insulation effect at the near-exit of the film-hole with high cooling effectiveness, while at a distance, TBC has a significant effect. It further reveals that TBC and film cooling can be integrated to have a better cooling effect than each alone, but they can only play an effect of   “ 1 ” + “ 1 ” < “ 2 ”  .



Figure 7 points out that the overall cooling effectiveness  η  is best at M = 0.5 with TBC under h2, varying from   5000  W  /  (   m 2  · K  )    to   15,000  W  /  (   m 2  · K  )   , and with the increase in h2, the  η  is improved under all conditions. By comparing the overall cooling effect of M = 0.5 without TBC and M = 0.25 with TBC, it can be obtained that the former at a location near the exit of the film-hole is higher than the latter, while the two are equal distally under    h 2  = 5000  W  /  (   m 2  · K  )   . With the increase in h2, the gap between the two at the near-exit of the film-hole narrows, while the  η  of the former is lower than the latter distally, and the gap becomes increasingly larger. Hence, it can be demonstrated initially that the effect of variation of the internal heat transfer coefficient h2 on the BR and TBC may not be consistent.



Figure 8 depicts the gap between the overall cooling effectiveness  η  of M = 0.5 and M = 0.25, defining    (   η  M = 0.5   −  η  M = 0.25    )   . It shows that the gap    (   η  M = 0.5   −  η  M = 0.25    )    with TBC is smaller than the one without TBC, meaning that TBC weakens the effect of BR on the overall cooling effectiveness  η ; thus, TBC weakens the effect of film cooling on the overall cooling effectiveness. Figure 9 shows the gap between the overall cooling effectiveness  η  with and without TBC    (   η  T B C   −  η  W i t h o u t   T B C    )    under different h2. It demonstrates that the gap    (   η  T B C   −  η  W i t h o u t   T B C    )    becomes smaller with increasing BR under different internal heat transfer coefficients, meaning that the increase in BR weakens the effect of TBC on the overall cooling effectiveness  η ; thus, the improved effect of film cooling weakens the effect of TBC on the overall cooling effectiveness. These two points further prove that TBC and film cooling can only play an effect of   “ 1 ” + ” 1 ” < “ 2 ”  .



Furthermore, Figure 8 and Figure 9 show that the variation of internal heat transfer coefficient does not affect the gap between the overall cooling effectiveness  η  of M = 0.5 and M = 0.25    (   η  M = 0.5   −  η  M = 0.25    )    and the gap between the overall cooling effectiveness  η  with and without TBC   (   η  T B C   −  η  W i t h o u t   T B C    )   under different x/D. However, Figure 8 demonstrates that the gap between the overall cooling effectiveness  η  of M = 0.5 and M = 0.25    (   η  M = 0.5   −  η  M = 0.25    )    becomes smaller with increasing h2 whether it is with TBC or not, meaning that an increase in h2 weakens the effect of BR on overall cooling effectiveness  η . Furthermore, it can be shown in Figure 9 that the gap between the overall cooling effectiveness  η  with and without TBC    (   η  T B C   −  η  W i t h o u t   T B C    )    is basically unchanged under h2, varying from   5000  W  /  (   m 2  · K  )    to   15,000  W  /  (   m 2  · K  )   . Thus, the variation of the internal heat transfer coefficient basically does not affect the contribution of TBC on the overall cooling effectiveness.



Figure 10 shows the effect of thermal resistance ratio  γ  on the overall cooling effectiveness at different BR under    h 2  = 10 , 000  W  /  (   m 2  · K  )   . This indicates that the overall cooling effectiveness  η  improves with the thermal resistance ratio  γ  increasing at different BRs. However, while the thermal resistance ratio becomes larger, the effect on the overall cooling effectiveness of the same increase in thermal resistance ratio becomes smaller. Furthermore, comparing the effect of  γ  on  η  under different BR illustrates that with the BR increasing, the  η  improves under each  γ , while the improvement caused by an increase in the same  γ  results becomes smaller; thus, indicating that the increase in BR weakens the influence of the variation of the thermal resistance ratio on the overall cooling effectiveness.



Figure 11 shows the effect of the thermal resistance ratio  γ  on the overall cooling effectiveness at different h2 under M = 0.375. It shows, as mentioned above, that the overall cooling effectiveness  η  improves with the thermal resistance ratio  γ  increasing at different h2. However, while the thermal resistance ratio becomes larger, the effect on the overall cooling effectiveness of the same increase in the thermal resistance ratio becomes smaller. Meanwhile, the  η  improves under each  γ  with the increase in h2. Figure 12 shows the gap between the overall cooling effectiveness  η  of   γ = 9   and   γ = 3      (   η  γ = 9   −  η  γ = 3    )    under different BRs and h2. It reveals that the gap    (   η  γ = 9   −  η  γ = 3    )    is basically the same at the same BR with the variation of h2; thus, the increase in the internal heat transfer coefficient can improve the overall cooling effectiveness as a whole, but will not affect the improvement of  γ  on the overall cooling effectiveness. In addition, Figure 12 can further illustrate that an increase in BR weakens the effect of  γ  on the overall cooling effectiveness  η ; thus, the improved effect of film cooling weakens the effect of TBC on the overall cooling effectiveness.




4.3. TBC–Film Cooling Combined Effect and Multiple Factors Sensitivity Analysis


Due to the complex mechanisms of aero-engines, there are many factors that affect the performance of the engine with the mechanism having not been clarified. In order to solve many ‘bottleneck’ problems of the engine, it is often necessary to find the key factors that affect the problem among many influencing factors. At this time, sensitivity analysis is increasingly used in the research of aero-engines, especially related research on the analysis of the effects of multiple factors of internal and external coupled heat transfer.



Williams, R. et al. [28] analyzed the sensitivity of the overall cooling effect of the scheme coupled by film cooling and internal cooling at the suction surface of the turbine blade; additionally, they connected the Biot number Bi and internal and external heat transfer coefficient with the overall cooling effectiveness by deriving formula, and then tested it by numerical simulation and through the experiment. Prapamonthon, P. et al. [29] used numerical approaches to obtain the separate and combined effects of surface roughness and thermal barrier coating on the vane cooling performance; in addition, thermal sensitivity was used to analyze the roughness height and TBC based on the volume basis in the roughness height, with the range extending from 5 to 120 µm. Wang, C. et al. [30] studied present quantification analysis of the impact of geometric uncertainty on film cooling performance at the blowing ratio of 0.5 and 1.5; in addition, they pointed out that the increase in blowing ratio results in the increase in the uncertain degree of adiabatic film-cooling effectiveness by numerical and experimental studies and the Monte Carlo simulation. Zyla, B. et al. [18] studied a 1-D theoretical model to acquire the influence of parameters on the performance of TBCs, and established a 3-D model of guide vane with TBC based on the fluid–solid coupling method to evaluate the thermal insulation effect and thermal stress of TBC. Wang, J.H. et al. [31] studied the combined effects of the internal element layout, coating thickness and cooling air amount on the metal and TBC surface temperatures, and obtained that when adopting the TBCs with   B  i  T B C   / B  i  m e t a l   ≤ 3.0   relative to the coolant amount and TBC thickness, the sensitivities of cooling effectiveness with internal layout were non-significant.



This paper adopts the sensitivity analysis method of orthogonal experimental design in Design of Experiments (DOE). Orthogonal experimental design uses a standardized orthogonal table to rationally arrange experiments and uses mathematical statistics to analyze experimental results scientifically and deal with multiple factors. Its advantage is that it can clarify the influence of each factor on the test index through a few experiments with strong representativeness, determining the priority of the factors, and gives the optimal parameter combination [32,33,34]. This paper uses orthogonal experimental design to analyze the contribution sensitivity of three forms of external film heat transfer, thermal barrier coating heat insulation, and internal heat transfer to the overall cooling effect under a designed working condition. Specifically, using the variation of the blowing ratio   M = 0.25 ~ 0.5  , the thermal resistance ratio   γ = 3 ~ 9  , and the internal heat transfer coefficient    h 2  = 5000 ~ 15,000  W  /  (   m 2  · K  )    to represent the effect of external film cooling, thermal insulation of TBCs and the effect of internal heat transfer, respectively, can analyze the sensitivity of the above influencing factors on the overall cooling effectiveness.



The above influencing factors are divided into low, medium, and high levels, and the overall cooling effect at three different dimensionless distances x/D is chosen as the evaluation index to sensitivity analysis—the result is shown in Figure 13. It shows that film cooling plays a major role in the contribution of the overall cooling effectiveness near the exit of the film-hole, at x/D = 10, while the contribution of TBC is small. However, the contribution of TBC and the internal heat transfer coefficient to overall cooling effectiveness gradually improves as the x/D increases, among which the contribution of TBC improves significantly. The results reveal that TBC has a poor contribution on the overall cooling effect for the area near the exit of the film-hole where the effect of film cooling is good. However, the contribution becomes larger at a distance from the film-hole where the effect of film cooling is poor, on which we should spray TBCs to protect the metal blade.





5. Conclusions


This paper establishes a 1-D heat transfer model to evaluate the thermal insulation of TBCs under different factors. It is necessary to find the relationship between the temperature-drop of the coating and the temperature-drop difference between the external surface of the metal blade with or without coating in order to find the shortcomings of current evaluating standards for TBCs and obtain a more reasonable standard in evaluating the thermal insulation effect of TBC. Furthermore, it is necessary to verify the correlation formula by numerical simulation and find the combined effect with thermal insulation of TBCs and internal and external heat transfer. Then, it is necessary to obtain the influence of them and analyze the sensitivity of their effect on the overall cooling effect. The following are specific conclusions:




	(1)

	
We theoretically obtained and numerically verified the relationship between the temperature-drop of the coating itself (  Δ  T 1   ). This is a current evaluation of the TBC effect and temperature-drop difference between the external surface of the metal blade with or without coating (  Δ  T 2   ), of which aero-engines really consider. Further, we obtained the corresponding increase in turbine inlet temperature. This has a certain reference value to understand the thermal insulation mechanism of the TBC, and can help to further establish a more reasonable evaluation of the TBC effect.




	(2)

	
TBC and film cooling can be integrated to have a better cooling effect than each alone, but they can only play an effect of   “ 1 ” + ” 1 ” < “ 2 ”  . However, the gap    (   η  M = 0.5   −  η  M = 0.25    )    with TBC is smaller than the one without TBC, which means that TBC weakens the effect of BR on the overall cooling effectiveness  η , that is, TBC weakens the effect of film cooling on the overall cooling effectiveness. Meanwhile, the gap between the overall cooling effectiveness  η  with and without TBC    (   η  T B C   −  η  W i t h o u t   T B C    )    becomes smaller, with BR increasing under a different internal heat transfer coefficient; thus, meaning that the increase in BR will weaken the effect of TBC on the overall cooling effectiveness  η , that is, the improved effect of film cooling will weaken the effect of TBC on the overall cooling effectiveness. These two points further prove that TBC and film cooling can only play an effect of   “ 1 ” + ” 1 ” < “ 2 ”  .




	(3)

	
The overall cooling effectiveness  η  improves as the thermal resistance ratio  γ  increases. In addition, when the thermal resistance ratio becomes larger, the effect on the overall cooling effectiveness of the same increases as the thermal resistance ratio becomes smaller. Furthermore, by comparing the effect of  γ  on  η  under different BRs, it illustrates that with the BR increasing, the improvement caused by an increase in the same  γ  results in it becoming smaller; thus, indicating that the increase in BR will weaken the influence of the variation of the thermal resistance ratio on the overall cooling effectiveness. Meanwhile, the gap    (   η  γ = 9   −  η  γ = 3    )    is basically the same at the same BR with the variation of h2, which means that the increase in the internal heat transfer coefficient will basically not affect the improvement of  γ  on the overall cooling effectiveness.




	(4)

	
We chose the overall cooling effect at three different dimensionless distances x/D as the evaluation index to analyze the sensitivity of the variation of the blowing ratio   M = 0.25 ~ 0.5  , the thermal resistance ratio   γ = 3 ~ 9  , and the internal heat transfer coefficient    h 2  = 5000 ~ 15,000  W  /  (   m 2  · K  )    to represent the effect of external film cooling, thermal insulation of TBCs, and the effect of internal heat transfer, respectively. We analyzed the sensitivity of the above influencing factors on overall cooling effectiveness. It was found that film cooling plays a major role in the contribution of the overall cooling effectiveness near the exit of the film-hole, at x/D = 10, while the contribution of TBC is small. However, it was found that the contribution of TBC and internal heat transfer coefficient to overall cooling effectiveness gradually improves as the x/D increases, among which the contribution of TBC improves significantly.
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Figure 1. 1-D heat transfer model. 
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Figure 2. Computation Model. 






Figure 2. Computation Model.
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Figure 3. Mesh independence. 
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Figure 4. (a,b) Distribution of   Δ  T 1    and   Δ  T 2    at different BR under    h 2  = 10 , 000  W  /  (   m 2  · K  )   ,    γ  = 9  . 
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Figure 5. Computational and theoretical data of   Δ  T 1  / Δ  T 2    under different conditions. 
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Figure 6. Results under    h 2  = 15,000  W  /  (   m 2  · K  )    and   γ = 9  ; (a) distribution of  η  with or without TBC at different BR under    h 2  = 15,000  W  /  (   m 2  · K  )    and   γ = 9  ; (b) distribution of    η t    at different BR under    h 2  = 15 , 000  W  /  (   m 2  · K  )    and   γ = 9  ; (c) distribution of   Δ  T 1    and   Δ  T 2    under    h 2  = 15 , 000  W  /  (   m 2  · K  )    and   γ = 9  . 
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Figure 7. Distribution of  η  with or without TBC at different BR and h2 at   γ = 9  . 






Figure 7. Distribution of  η  with or without TBC at different BR and h2 at   γ = 9  .
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Figure 8. Distribution of    (   η  M = 0.5   −  η  M = 0.25    )    at   γ = 9   under different h2. 
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Figure 9. Distribution of    (   η  T B C   −  η  W i t h o u t   T B C    )    at different BR under   γ = 9   and different h2. 
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Figure 10. Effect of  γ  on  η  at different BR under    h 2  = 10 , 000  W  /  (   m 2  · K  )   . 
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Figure 11. Effect of  γ  on  η  at different h2 under M = 0.375. 
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Figure 12. Distribution of    (   η  γ = 9   −  η  γ = 3    )    under different BRs and h2. 
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Figure 13. Sensitivity analysis result at three x/D. 
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Table 1. Boundary Condition.
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	Boundary
	Condition





	Mainstream inlet
	    T g  = 1082    K  ,    u g  = 20    m  / s   



	Mainstream
	    P ∞  = 101,325    Pa    



	Coolant film inlet
	    T c  = 653 K ,  u c  = 5 ~ 10    m  /  s    w i t h   B R   



	Inner surface
	   Convection    h 2  = 5000 ~ 15 , 000  W  /  (   m 2  · K  )    
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Table 2. Computational and theoretical data of   Δ  T 1  / Δ  T 2    under different conditions.
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	Case (x/D = 30)
	Computation
	Theoretical





	Case1: H2 = 5000 M = 0.25
	1.01
	1.47



	Case2: H2 = 10,000 M = 0.5
	1.28
	1.65



	Case3: H2 = 15,000 M = 0.375
	1.49
	1.85
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