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ABSTRACT 

As the two key technologies to enhance the performance 

of gas turbine, thermal barrier coatings (TBCs) and film 

cooling applied over the blade surface can efficiently protect 

the hot parts of gas turbine and improve the comprehensive 

properties of the blades. However, the different 

microstructural TBCs have significant effect on the thermal 

insulation properties of the conjugate heat transfer between the 

TBCs and cooling film. At the same time, those TBCs have 

varying degrees of disturbances to cooling film. In this work, 

columnar coatings and layered coatings with different micro 

structures were reconstructed respectively by using the quartet 

structure generation set (QSGS) algorithm. The influences of 

microstructural TBCs with different porosity, core generation 

probability and the length of elongated pores on conjugate 

heat transfer coefficient between TBCs and cooling film were 

herein discussed, together with the analysis by the developed 

numerical calculation program based on the lattice Boltzmann 

method (LBM). The results show that there is a great influence 

on conjugate heat transfer of fluid-solid interface under the 

micro structures of TBCs. The intensity of the conjugate heat 

transfer and the porosity of the TBCs are positively correlated, 

which the range of the intensity are approximately 2% in 

columnar coatings and 6% in layered coatings. The intensity 

of the conjugate heat transfer enhances with the increase of the 

nucleation centre formation probability in columnar coatings, 

which is opposite to that in layered coatings. The performance 

of the conjugate heat transfer between the layered coatings and 

the cooling film becomes better as the improvement of the 

pore size and the length of the elongated pore, while the 

columnar coatings shows the opposite trend. In addition, the 

results will also provide us a powerful guide to extend the 

cycle life of the turbine blades. 

Keywords: TBCs, Cooling film, Micro structure, Conjugate 

heat transfer 

INTRODUCTION 

Since entering the 21st century, the gas turbine has always 

been a hotspot in research on national defence and civil 

construction. The output power and operation efficiency of 

gas turbine, as well as the weight ratio of aircraft engine can 

be optimized with the improvement of inlet temperature. 

However, the parts of turbine blades and most combustion 

systems usually consist of nickel-based alloy and cobalt-based 

alloy. The performances of these alloys will become 

deteriorated with working temperature over 1000 ℃ (Darolia, 

2013; Cao et al., 2004; Padture et al., 2002). The application 

of thermal barrier coatings makes a significant increase in 

improving the working temperature of gas turbine. At the 

same time, the introduction of cooling jet over the blade 

surface can efficiently enhance the comprehensive 

performance of the blades as well as protect the hot parts of 

gas turbine (Davidson et al., 2014; Feist et al., 2003). 

The microstructures of TBCs will change in pace with the 

choose of different preparation techniques. There are two 

main preparation methods of TBCs at present (Bernard et al., 

2017; Rätzer-Scheibe and Schulz, 2007). One is atmosphere 

plasma spraying (APS), in which the coatings display a typical 

lamellar structure. The other one is electron beam physical 

deposition (EB-PVD), which makes the coatings present 
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column crystal structure. In addition, it is well known that the 

internal structure of the coatings is intimately linked with the 

coatings heat insulation performance, which in turn affect the 

effective thermal conductivity of coatings. It is of great 

importance to figure out the effect of the real microstructures 

of TBCs on the coatings heat insulation performance. The 

scanning electron microscopy (SEM) and Micro-CT system 

for APS and EB-PVD are widely applied to the reconstruction 

of two-dimensional (2D) and three-dimensional (3D) 

geometry model of coatings (Khoshkhou et al., 2016; Song et 

al., 2016; Wang et al., 2015; Chen et al., 2013; Maurel et al., 

2012; Shahbazmohamadi and Jordan, 2012). However, these 

two methods both are expensive, time-consuming and 

complicated. With the development of computer technology, 

it is now possible to reconstruct coatings by numerical 

simulation. (Wang and Pan, 2007) proposed the quartet 

structure generation set (QSGS) algorithm which can obtain 

different microstructural porous media without difficulty. For 

its operability of this method, QSGS algorithm has been used 

extensively (Wang et al., 2016a; Wang et al., 2016b; Wang et 

al., 2016d; Zhou et al., 2016; Wang et al., 2014; Wang et al., 

2007). 

At present, most of scholars lay emphasis on the effect 

of different coolant geometries on the film cooling 

performance such as the hole shape, hole angles and length-

to-diameter ratio (Lee et al., 2016; Prasad et al., 2014). The 

traditional numerical simulation combined with the solution 

of governing equations from macro perspectives is used as the 

main investigative means (Insinna et al., 2014; Wang et al., 

2013). However, studies on the conjugate heat transfer due to 

the presence and interaction of the microstructures within 

coatings from the microscopic view are scant. The different 

micro-structural parameters of the coatings have strong effects 

on thermal insulation properties (Wang et al., 2016c; Gao et 

al., 2015). For example, layered coatings prepared by APS 

present typical laminate structures with coarse surface. While 

columnar coatings prepared by EB-PVD show relatively 

smooth surface. Besides, the pores shape in columnar coatings 

is parallel to the heat transfer direction, which will have an 

influence on thermal insulation properties. Moreover, the 

micro structures of TBCs will affect the flow and heat transfer 

at the interface of TBCs and cooling film.  

In this work, the reconstructions of different micro-

structural thermal barrier coatings were obtained according to 

the QSGS algorithm. Meanwhile, the heat transfer 

characteristics between thermal barrier coatings and cooling 

film were analysed based on the developed numerical 

calculation program by adopting the lattice Boltzmann 

method. 

NUMERICAL RECONSTRUCTION OF TBCS 

The scanning electron microscope technology (SEM) is 

used to scan the cross section of coatings, which is a traditional 

method to obtain the reconstruction of 2D geometry model of 

coatings. However, it is very difficult to get the controllable 

microstructure distribution of the coating. In addition, it is 

very hard to get very thin slices for scanning the very small 

size of the pores in the coating. In order to obtain a rich set of 

different controllable 2D geometry models, a software 

program was developed for the geometry reconstruction of 

TBCs based on the quartet structure generation set (QSGS) 

algorithm.  

In this method, solid phase in multiphase material system 

is set as a growth phase and pore phase is set as a non-growth 

phase. By calculating the nucleation centre of the structure and 

making the nucleus grow in different directions, the porous 

medium of TBCs with a certain statistical regularity is 

obtained. The flow chart of QSGS is shown in Fig.1 and the 

detailed reconstruction process of 2D microstructure of TBCs 

is as follows: 

1) Randomly place the nucleation centre of the first 

growth phase according to the nucleation centre formation 

probability Pc in the set reconstruction area size. In this work, 

solid phase is set as the first growth phase and its 

corresponding matrix content is P. P is equal to one minus the 

porosity Ps and Pc should be smaller than P. Then some evenly 

distributed random numbers are generated on the internal of 

[0,1] and set the node where its random number is less than Pc 

as growth nucleus. 

2) According to the directional growth probabilities Pi of 

the i-th direction, the growth nucleus grows by Pi at the i-th 

direction, where i=1, 2…8. Regenerate adjoining nodes of 

different eight directions and set them as growth phase when 

the random number of the i-th direction is less than Pi. Then 

those new growth nucleuses continue to grow with the original 

probability. 

3) Repeat step 2 until the volume fraction of solid phase 

reach to the preset volume fraction P. Then digital grid file 

consists of 0 and 1 is generated, which 0 represents pore 

structure and 1 represents solid skeleton.  

 

Figure 1 Flow Chart of QSGS 
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MATHEMATICAL MODELS 

Based on the double distribution thermal lattice 

Boltzmann method, the two-dimensional 9-speed (D2Q9) 

model (Qian et al., 1992) was used to investigate the flow and 

heat transfer in this computational domain. This lattice 

Boltzmann method is suitable to analyse the mesoscopic flow 

and heat transfer in multi-phase medium and complex 

geometry boundary. The D2Q9 lattice velocity model is 

shown in Fig. 2. 

 

Figure 2 D2Q9 Lattice Velocity Model 

The evolution equation for the density distribution 

function f and thermal energy density distribution g derived 

by He et al. (He et al., 1998) with the Bhatnagar-Gross-Krook 

collision model and simplified by Peng et al. (Peng et al., 

2003) are as below:  
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Where the 
x  and 

t  are space step and time step 

respectively. For standard lattice Boltzmann method, the 

values of 
x  and

t  are 
x =

t =1. 
f  is the momentum 

relaxation time and 
g  is the energy relaxation time. 

For two-dimensional D2Q9 lattice, the equilibrium 

density distribution function eqf  and the equilibrium thermal 

energy density distribution function eqg  can be calculated by 

the following equations:        
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   Where 
i  is the weighting coefficient and 

0 =4/9, 
i

=1/9 (for i =1,2,3,4) and 
i =1/36 (for i =5,6,7,8). The 

internal energy density is = RT  . Meanwhile, 

0= / 1= 3x tc RT    and 
0T represents the average 

temperature. 

The speed configuration for D2Q9 model is as below:    
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 (7)                      

Finally, the macroscopic density, velocity, temperature 

and heat flux can be obtained by the following equations: 

i

i

f   (8) 

i i

i

u e f   (9) 

i

i

g   (10) 

In this work, the heat transfer coefficient h was applied 

to represent heat transfer intensity between TBCs and cooling 

film, where h can be calculated as follows. 

   /inerface s f inerfaceq T T h T T      (11) 

Where   represents the thermal conductivity, 

 W/ m K  and   is the thickness of coatings, m. 
inerfaceT  

represents the interface temperature between TBCs and 

cooling film. 
fT  is the surface temperature of cooling film, 

K. 
sT  is the underlying surface temperature of coatings, K. 

BOUNDARY CONDITIONS 

The boundary conditions of this model are shown in Fig.3 

and detailed processing formats are as follows. 

 

Figure 3 Schematic Diagram of TBCs and Boundary 
Conditions 
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Flow Boundary Conditions 

Upper boundary   

The horizontal velocity of the gas flow was 
mu  m/s 

which was set to a constant value, and the vertical velocity was 

0 m/s. Then the non-equilibrium extrapolation scheme was 

used in the upper boundary. 

 Bottom boundary  

For solid boundary, there was    ,0 ,0 0u i v i  . 

Therefore, suitable bounce-back scheme was set as bottom 

boundary. 

 Left and right boundary 

This region can be set as periodic unit for the micro-scale 

calculation region, and its corresponding boundaries can be set 

as periodic boundary, when the velocity and density of the 

flow have little variation between the left inlet and right outlet. 

Solid-fluid interface boundary 

The bounce-back scheme was commonly adopted in the 

boundary between the fluid and the complex porous solid 

skeleton.  

Thermal Boundary Conditions 

 Upper and bottom boundary   

The fluid temperature 
fT  and solid temperature 

sT  

were set to constant values respectively. Therefore, non-

equilibrium extrapolation scheme was applied because this 

scheme was usually used for constant temperature boundary.  

 Left and right boundary 
The assumption that there was no heat transported 

between left and right boundary was established, where 

/ 0T x   . 

Calculation conditions 
For the heat transfer process in two-dimensional porous 

medium, the heat conduction plays an important part in solid 

skeleton. The convection heat transfer in the air of pores can 

be neglected for the pore size is much less than solid skeleton. 

At the same time, an assumption was made that the radiation 

heat transfer in the air of pores can be ignored as well. 

According to the real flow condition in high temperature blade 

of gas turbine, the surface temperature of cooling film 
fT  

was set to 1485 K, and the underlying surface temperature of 

coatings 
sT  was set to 1117 K. The characteristic 

temperature 
mT  can be calculated as   / 2m s fT T T   in 

this work. The thermal conductivity of solid skeleton 
s  and 

cooling film 
f  were 2.43 and 0.0807  W/ m K  

respectively. The coating thickness 
s  was chosen as 0.33 

mm and the thickness of cooling film 
f  was chosen as 0.4 

mm. The horizontal velocity of the gas flow was 
mu  = 23 

m/s. For layered coatings, the corresponding relaxation time 

f  was chosen as 0.568. The value of energy relaxation time 

for the solid 
gs  and gas flow 

gf  were 0.547 and 1.915 

respectively. Meanwhile, for columnar coatings, the 

corresponding relaxation time 
f  was chosen as 0.602. The 

value of energy relaxation time for the solid 
gf  and gas flow 

gf  were 0.570 and 2.608 respectively. In this work, 

standardization was performed at the heat transfer coefficient 

h by taking the heat transfer coefficient of compact solid 

skeleton (Ps=0) 
0h  under the same condition as reference, 

where 
0h  = 1310.96 

2W/m . Then dimensionless heat 

transfer coefficient 
0/h h  was obtained. 

RESULTS AND DISCUSSION 

Typical reconstruction 

The reconstruction of TBCs are shown in Fig.4, 5 and 6. 

Fig.4 illustrates layered coatings and columnar coatings 

with different porosities. The white area in the figure 

represents solid skeleton and the black area among solid phase 

represents pores of coatings. It is clear that the black area 

increases with increasing of porosity. In Fig. 4 (a) and (b), they 

are layered coatings which take lamellar structures as 

characteristics. The pores parallel to the surface of the 

coatings. In Fig. 4 (c) and (d), they are the columnar structure 

coatings with column crystal microstructure. The porosities 

distributed along vertical direction. 

   
(a) Ps=0.05                (b) Ps=0.25 

Layered coatings (Pc=0.05) 

   
(c) Ps=0.05               (d) Ps=0.25 

Columnar coatings (Pc=0.05) 

Figure 4 TBCs with Different Porosities 

Fig.5 shows coatings with different pore sizes. In Fig. 5 

(a) and (b), the porosities of layered coatings are 10%. The 

growth probability on the 1 and 3 direction is set to 0.02, and 

it is 100 times that on other 6 directions. The pore size is 

resized by a change of the nucleation center formation 

probability Pc. As can be seen from the figures, with the 

increasing of Pc, the distribution of solid skeleton and pores 

are more homogeneous. In Fig. 5 (c) and (d), the porosities of 

columnar coatings are 10%. The growth probability on the 2 

and 4 direction is set to 0.02, and it is 100 times that on other 

6 directions. The change of pore sizes is similar to that of 

layered coatings. 
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(a) Pc=0.05                (b) Pc=0.5 

Layered coatings (Ps=0.1) 

     
(c) Pc=0.05                (d) Pc=0.5 

Columnar coatings (Ps=0.1) 

Figure 5 TBCs with Different Pore Sizes 

Fig.6 illustrates coatings with different length of 

elongated pores. The porosities of coatings are all 5% and the 

nucleation center formation probability are all 0.05. In layered 

coatings of Fig. 6 (a) and (b), the growth probability on the 1 

and 3 directions are set to 0.002 and 0.2, which are 10 and 

1000 times that on 2 and 4 directions, respectively. As can be 

seen from the figures, the pore shape becomes flat with the 

increase of the growth probability on the 1 and 3 directions. In 

columnar coatings of Fig. 6 (c) and (d), the growth probability 

on the 2 and 4 directions are set to 0.002 and 0.2, which are 10 

and 1000 times that on 1 and 3 directions, respectively. As 

seen in the figures, with the increase of the growth probability 

on the 2 and 4 directions, the pore is elongated and its external 

connectivity is enhanced as well. 

     
(a) P1,3=0.002                (b) P1,3=0. 2 

Layered coatings (Ps=0.05, Pc=0.05) 

     
(c) P2,4=0.002                (d) P2,4=0. 2 

Columnar coatings (Ps=0.05, Pc=0.05) 

Figure 6 TBCs with Different Length of Elongated 
Pores 

Effect of porosity  

The effect of different porosities which vary from 5% to 

20% of layered and columnar coatings on the conjugate heat 

transfer between TBCs and cooling film is shown in Fig.7. The 

nucleation centre formation probability is set as Pc=0.01. In 

layered coatings, the growth probability on the 1 and 3 

directions are set to 100 times that on 2 and 4 directions, which 

the growth probability on the 2 and 4 directions are 100 times 

that on 1 and 3 directions in columnar coatings inversely. 

 

Figure 7 Effect of Porosity of Layered and 
Columnar Coatings 

According to Fig.7, the intensity of the conjugate heat 

transfer and the porosity of both layered coatings and 

columnar coatings are positively correlated. For layered 

coatings, the change rate is about 6%. This is mainly because 

that the conjugate heat transfer coefficient is related with the 

geometric factors of solid surface and the flow condition of 

fluid. As the porosity increases, the pores increase in number 

which makes the solid surface become more roughness 

correlatively. This change will result in the strengthening of 

the intensity of the vortex, thus leads to stronger flow 

disturbance. Therefore, the intensity of the conjugate heat 

transfer is enhanced simultaneously. While for columnar 

coatings, the change rate is around 2%. The conjugate heat 

transfer effect in columnar structure is less affected by 

porosity than that of layered structure, which is mainly 

because the pores in columnar TBCs are perpendicular to the 

surface of the coatings and has little influence on surface heat 

transfer and convection process. 

Effect of core generation probability  

Fig.8 illustrates the effect of core generation probability 

of layered and columnar coatings on the conjugate heat 

transfer between TBCs and cooling film. The value of porosity 

is 15%. The growth probability Pi on different eight directions 

are set as P1,3=100P2,4,5-8=0.02. The nucleation centre 

formation probability Pc changes between 0.005 and 0.1. 

 

Figure 8 Effect of Core Generation Probability  
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For the layered structure coating, the heat transfer 

intensity between coatings and cooling film shows a gradual 

reduced trend from Fig.8. Under certain circumstances that 

porosity in coatings is constant while ensuring a certain 

volume, the solid skeleton generation cores increase with the 

increasing of core generation probability. The distribution of 

crystal is more homogeneous in coatings. The pore diameter 

gets smaller accordingly. Therefore, well-connected and 

effective insulated-pores cannot be formed within the coatings 

which leads to poorer thermal insulation properties. The 

interface temperature between TBCs and cooling film 

decreases as well as the heat transfer quantity. According to 

Eq. (11), the conjugate heat transfer coefficient thereby 

reduces. 

Conversely, while for the columnar structure coating, the 

heat transfer intensity presents a significant increasing trend 

from Fig.8 with increasing core generation probability. The 

pore diameter gets smaller with the same condition in layered 

coatings. The number of cores grows more correspond to 

coatings in unit thickness. Compared to the reduced diameter 

of single pore, the rising number of pores apparently 

contributes more. Moreover, the pores shape is parallel to the 

heat transfer direction in columnar coatings. Thus, in the heat 

transfer process of unit thickness columnar coatings, the pores 

surface ratio increases which leads to better thermal insulation 

properties. Therefore, the conjugate heat transfer coefficient 

thereby increases.  

Effect of the length of elongated pores  

The effect of the length of elongated pores of layered and 

columnar coatings on the conjugate heat transfer between 

TBCs and cooling film is shown in Fig.9. The porosity of both 

two kinds of coatings is set to 15% and the nucleation centre 

formation probability is 0.01. In layered coatings, the growth 

probability on the 1 and 3 directions range from 0.0002 to 0.2 

and the growth probability of the other six directions are all 

set to 0.0002. While in columnar coatings, the growth 

probability on the 2 and 4 directions range from 0.0002 to 0.2. 

Similarly, the growth probability of the other six directions are 

all set to 0.0002. 

   

Figure 9 Effect of the Length of Elongated Pores  

For layered coatings, with the increasing of growth 

probability along directions of 1 and 3, pores are gradually 

elongated in horizontal direction. Because of the lamellar 

structures in layered coatings, the defects and pores between 

the interfaces are perpendicular to the heat transfer direction. 

the defects and pores surface ratio per unit thickness increases 

with more elongated pores formed, which could enhance the 

heat-insulating properties. The interface temperature between 

coatings and cooling film increases as well as the conjugate 

heat transfer coefficient. At the same time, as seen in Fig.9, 

the increasing range of heat transfer decreases when the length 

of elongated pores exceeds a certain value. The mainly reason 

is that, in this condition, the depth of defects and pores which 

direct contact with the surface coatings reduces because of 

stretched defects and pores. The disturbances to cooling film 

caused by those defects and pores is not long enough to be 

produced which will make a change mitigation on the 

conjugate heat transfer coefficient.  

Instead, the intensity of the conjugate heat transfer in 

columnar coatings becomes weakened with the pores being 

stretched in a vertical direction. By the reason of parallel 

direction between pores and heat transfer, it is difficult to form 

effective flow after the fluids infiltrate into pores. Moreover, 

intense vortex cannot be formed as well, which will cause the 

fluid flow to be steady. Therefore, the intensity of the 

conjugate heat transfer is reduced. In contrast to layered 

coatings, the conjugate heat transfer effect in columnar 

structure is less affected by the length of elongated pores and 

the change rate is approximately 2%.  

CONCLUSIONS 

In this work, based on the quartet structure generation set 

(QSGS) algorithm, the reconstructions of different micro 

structures of thermal barrier coatings (TBCs) were obtained. 

The heat transfer characteristics between cooling film and 

TBCs were analysed according to the developed numerical 

calculation program based on the lattice Boltzmann method 

(LBM).  

1) The different pore structures of TBCs have a strong 

influence on the conjugate heat transfer of fluid-solid 

interface.  

2) For the layered coatings, the intensity of the conjugate 

heat transfer enhances with the increase of porosity. The 

range of the intensity are approximately 6%. However, 

the nucleation center formation probability is negatively 

correlated with the intensity of the conjugate heat transfer. 

At the same time, the bigger the pore size is and the longer 

the length of the elongated pore is, the better the 

performance of conjugate heat transfer becomes. 

3) For the columnar coatings, the intensity of the conjugate 

heat transfer strengthens with the increase of porosity and 

the range of the intensity are about 2%. The nucleation 

center formation probability also shows the conspicuous 

positive correlation with the intensity of the conjugate 

heat transfer. Meanwhile, the performance of the 

conjugate heat transfer between the columnar coatings 

and the cooling film becomes worse as the improvement 
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of the pore size and the length of the elongated pore, while 

the layered coatings shows the opposite trend. 

NOMENCLATURE 

TBCs   thermal barrier coatings 

QSGS   quartet structure generation set  

LBM   lattice Boltzmann method 

APS   Atmosphere Plasma Sprayed 

EB-PVD  Electron Beam Physical Vapor Deposition 

SEM   Scanning Electron Microscopy 

x    space step 

t    time step 

f    momentum relaxation time  

g    energy relaxation time 

gs    energy relaxation time for the solid  

gf    energy relaxation time for gas flow 

eqf    equilibrium density distribution function  

eqg    equilibrium thermal energy density distribution 

   function 

i    weighting coefficient 

    thermal conductivity (
1 1W m K   )  

s    thermal conductivity of solid (
1 1W m K   ) 

f    thermal conductivity of cooling film (W·m-1·K-1) 

    thickness of coatings (m) 

s    coating thickness (m) 

f    thickness of cooling film (m) 

inerfaceT    interface temperature between TBCs and cooling 

   film (K) 

fT    surface temperature of cooling film (K)  

sT    underlying surface temperature of coatings (K) 

mu    horizontal velocity of the gas flow (m/s) 

h   heat transfer coefficient (
1 1W m K   ) 

0h  heat transfer coefficient of compact solid skeleton  
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