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Abstract8

This Work Aims to Analyze, Through Computational Fluid Dynamics (Cfd)With the Concept9

of Conjugate Heat Transfer (Cht), the Effect of the Thermal Barrier Coating and the Cooling10

Systemon an Austenitic Stainless Steel Blade in Order to Evaluate the Temperature Behavior11

of the Material. Although this Steel Has a Lower Cost Compared Tto Super alloys, It has12

Similar Properties, Such as the Thermal Expansion Coefficient, Chemical Affinity and Melting13

Point. this Evaluation used Ansys® Cfx Software to Solve the Numerical Problem. the14

Systemis Validated by Comparing the Computational Results to an Experiment. Gas Turbine15

Blades have a Low Weight and an Elevated cost. this cost came Mainly from Both the16

Material used and the Sophisticated Coating and cooling Method. Thermal Barrier Coatings17

Associated to a Cooling System are Employed on Gas Turbine Blades to Increase the Lifetime18

of the Blade and the gas Turbine Performance.19

20

Index terms— gas turbine; blade; computational fluid dynamics (CFD); stainless steel; conjugate heat21
transfer (CHT); thermal barrier coating (TBC).22

1 Introduction23

owadays, gas turbines are used for power generation, mechanical drive, aircraft and marine propulsion [1][2][3].24
In this sense, the gas turbine performance must be improved. Increase of 1% in turbine efficiency can mean25
millions of dollars in savings for the electric power producer, thus providing electricity to its customers at a lower26
cost [4].27

From the thermodynamics viewpoint, the gas turbine performance can be improved mainly in two different28
ways, increasing both the turbine inlet temperature and the efficiency of the gas turbine associated with the29
working temperature of the blade material.30

The increase in the turbine inlet temperature means the request of using super alloys associated with a31
sophisticated thermal barrier coating and advanced cooling methods. Many research centers are looking to32
develop new materials, new thermal barrier coatings and more efficient cooling systems in order to increase the33
efficiency of gas turbines [7]. Figure 1 shows the cooling system used in this research work for the experimental34
study.35

In addition, the gas turbine blade operates in a harsh environment, where the components are subjected to36
corrosion and oxidation, centrifugal forces, high gas pressure, high gas velocity, high turbine inlet temperature37
and thermal and mechanical cycling, including fatigue and creep. All these issues are related to the most common38
failures in the turbine blades [8].39

In this context, the thermal barrier coatings (TBCs) are used not only to increase the turbine inlet temperature40
but also to extend the turbine blade lifetime [9]. TBCs have a complex multilayer structure, which usually consists41
of four layers: top coat (TC), thermally grown oxide (TGO), bond coat (BC) and metallic substrate. TGO is42
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5 B) COMPUTATIONAL DOMAIN AND NUMERICAL MODEL

formed between TC and BC due to reaction of oxygen and the aluminum present in BC [10]. Figure 1 shows this43
multilayer structure.44

1 Year 2019 components. The turbine inlet temperature is related to the blade material [5,6] and the limiting45
factor has been The cooling system uses the compressor bypass air, which is at a relatively lower temperature46
than the gases from the combustion chamber. This air flows through the internal passages in the blade or through47
the skin and ejects into the hot gas mainstream to protect the blade surface from the hot mainstream gases. This48
process creates a thin film of the coolant fluid (called film cooling). Figure 1 also shows the coolant fluid path49
inside the blade [11].50

Therefore, the metallic substrate is kept below the allowable temperature by using the cooling system and51
the thermal barrier coating [12]. In consideration of the commercial importance, the heat balance between the52
coated turbine blade, the cooling system, and a given intake temperature has been subject of many computational53
simulations.54

The simulation of a turbine blade is a complex 3-D problem, which requires a multidisciplinary approach,55
including fluid dynamics and structural analysis. For example, in the cooled turbines, the blade temperature56
can be calculated simulating the internal coolant fluid, external hot gas and metal conduction simultaneously57
by the conjugate heat transfer (CHT) method. The CHT method produce a more accurate approximation to58
the convective heat transfer, and thus the temperature could be predicted more accurately. This problem can59
be solved by determining the flow of the fluid around the blade, the fluid-solid interaction and the turbine blade60
response to thermo-mechanical loading [13][14][15].61

The restrict conditions for the static analysis occur when the parameters such as speed and temperature are62
in a steady state, the turbine is in full operation, and has a certain equilibrium, where there are no variations63
with time. However, from this analysis it is not possible to state its behavior at the start and the shutoff of the64
engine, or when there are variations in the time of some parameter [30].65

Several researchers have applied the conjugate heat transfer on turbine systems. Bohn et al. [16,17] made66
conjugated calculation in a turbo machinery and investigate leading edge film cooling. Bohn et al. [18] shows67
that the conjugated calculation gives a more accurate temperature distribution and the predicted life span of the68
component is more plausible.69

This work aims to analyze through computational fluid dynamics (CFD) with the concept of conjugate heat70
transfer (CHT), the effect of the thermal barrier coating of an austenitic stainless steel gas turbine blade. Although71
this steel has a lower cost compared to super alloys, it has similar properties, such as the thermal expansion72
coefficient, chemical affinity and melting point [19][20][21]. Thus, the stainless steel AISI 304 and AISI 316 can73
be used as a blade alternative substrate. An experiment has been performed where the turbine blade was placed74
in a furnace, simulating the gas turbine work environment in order to validate the results of the simulation.75

2 II.76

3 Methodology a) Materials77

The metallic substrate used in this work consisted of the stainless steel AISI 316. The stainless steel blade was78
shaped by machining, and the final dimensions are shown in Figure 2. The TBC consisted of a layer of Ni Cr79
AlY as the bond coat and an yttria-80

4 SS PS81

Film Cooling Channels TC TGO BC METAL stabilized zirconia (YSZ) as the top coat. All coatings were82
deposited using combustion thermal spraying.83

5 b) Computational domain and numerical model84

The shape of the rotor blade was based on a GT-100 gas turbine design [22]. The blade has six coolant passages,85
a constant cross section, to allow film cooling. The blade has 85 holes on the pressure and suction surfaces.86
The construction details are shown in Figure 3. In this paper, multiple layers were added over the metallic87
substrate, i.e. the bond coat NiCrAlY was added upon the metallic substrate and the top coat YSZ was added88
upon the NiCrAlY. The thicknesses of the BC and TC were 100 ?m and 500 ?m, respectively, in accordance89
with Clarke et al. [23]. The section of the 3D computational multi-block grid mesh of the gas turbine blade is90
shown in Figure 4. This figure shows the elements of the solid domain, where the orange layer is the top coat,91
the green layer is the bond coat and the gray part is the stainless steel. The fluid domain is also shown in Fig. 4.92
The computational domain is comprised of the fluid regions around and inside the blade and the solid material93
domain of the TBC and the metallic substrate. Both tetrahedral and hexahedron cells are applied at the interface94
between the external fluid/YSZ and internal fluid/substrate. The grids of the interface between the solid domain95
and the fluid domain surface must be the same, and to improve the viscous boundary layer, the y+ was close to96
one [24].The total number of cells is 7,292,331, including 3,611,007 cells in the fluid domain and 3,681,304 cells in97
the solids domains (metallic substrate and the thermal barrier coating). The numerical analyses were performed98
using the commercial software ANSYS CFX V.16.0, based on the finite volume method, and applying the CHT99
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method. A steady-state analysis was fulfilled using shear stress transport turbulence model, also known as SST100
komega model, considering boundary transition and the perfect gas law was used as the equation of state [25].101

6 c) Governing equations -CFD Problem102

The governing equations for the computational fluid dynamics are based on Navier-Stokes equations. In this103
sense, three transport equations are used to solve the problem [26]. The mass conservation is:???? ???? + ??(??104
??) = ??(1)105

The momentum conservation is [26]:??(?? ??) ???? + ??(?? ?? × ??) = ????? + ???? + ?? ??(2)106
In addition, the energy conservation is [26]:??(?? ?? ?????? ) ???? ? ???? ???? + ??(?? ?? ?? ?????? ) =107

??(?? ?? ð��?”ð��?”) + ??(ð��?”ð��?” ? ??) + ?? ? ?? ?? + ?? ??(3)108
The conjugate heat transfer analysis made a heat balance between the convection in fluids (external and109

internal fluid) and the conduction in solids. The convection and the conduction equations are [25]:Convection:110
???? ???? + ????(??) = ??(4)111

Conduction:???? ???? = ??????(????ð��?”ð��?”)(5)112
The conjugate heat transfer also uses the energy conservation equation (equation 3) for fluid and solid domains113

in the same matrix. Then, the interfaces between fluids and solids can be treated in an implicit way by discretizing114
the energy flux. Therefore, the continuity of the temperature distribution between every interface is respect at115
each iteration [25].116

7 d) Boundary conditions -CFD Problem117

The inlet mass flow for the external fluid was fixed as 0.5kg/s. The angular velocity of the blade was 3,600rpm.118
The inlet temperature of the coolant fluid was set at 127 º C, the inlet mass flow of the coolant fluid was set as 4%119
of the inlet mass flow of the external fluid, i.e. 0.002kg/s. Four values were used for the turbine inlet temperature:120
900ºC, 1000ºC, 1100ºC and 1200ºC. The inlet temperature profile was used to emulate a real combustor outlet121
profile, as known as, the Radial Temperature Distortion Factor (RTDF), as can be seen in Figure 5 [25]. The122
thickness of the bond coat and the top coat were set as100µm and 500µm. The interface between the solid layers123
is assumed to be perfect and without contact thermal resistance. The solver was performed to a single blade,124
and periodic conditions were applied to the lateral limitations of the fluid domain. Nevertheless, the results from125
this solver could be applied to several blades composing the rotor stage of the turbine. For the static structural126
analysis, the governing equations are based on the equilibrium equations [26]127

On the 3D-Hook’s Law [26]:? ? ? ? ? ? ?? ?? ?? ?? ?? ?? ?? ???? ?? ???? ?? ????? ? ? ? ? ? = ?? (?? +128
??)(?? ? ????) ? ? ? ? ? ? ?? ? ?? ?? ?? ?? ?? ?? ?? ?? ? ?? ?? ?? ?? ?? ?? ?? ?? ? ?? ?? ?? ?? ?? ?? ??129
?? ? ???? ?? ?? ?? ?? ?? ?? ?? ? ???? ?? ?? ?? ?? ?? ?? ?? ? ???? ? ? ? ? ? ? ? ? ? ? ? ? ?? ?? ?? ?? ??130
?? ?? ???? ?? ???? ?? ???? ? ? ? ? ? ?(9)131

And on the strain-displacement relations [26]:?? ?? = ???? ???? (10)?? ?? = ???? ????(11)?? ?? = ????132
????(12)?? ???? = ???? ???? + ???? ????(13)?? ???? = ???? ???? + ???? ???? (14)?? ???? = ???? ???? +133
???? ????(15)134

Therefore, there are 15 equations (from equation (6) to equation (15), equation ( 9) has six equations in a135
matrix form) and 15 unknowns, which must be evaluated.136

8 f) Boundary Conditions -Static Structural Problem137

The static structural analysis was supplied by The base of the blade was supposed to be rigid, since it is fixed to138
the disc, and it is imposed a given rotation of the shaft of 3600 rpm.139

9 g) Experimental Procedure and validation of the numerical140

method141

The experiments were performed in a furnace powered by combustion gases from LPG (Liquefied Petroleum Gas)142
firing. The burning was made by a blowtorch. In this set-up, the blowtorch was placed in a position that only143
the combustion gases pass through the blade. In order to keep the heat inside the furnace, the space between the144
blowtorch and the leading edge of the blade was covered by refractory bricks. A schematic draw of the furnace is145
show in Figure 6. The static structural analysis was supplied by the computational fluid dynamics solution. The146
forces created by the fluid will be the input parameters, and the material properties, as shown in Table 2, would147
be applied for each material. The inlet temperature was measured by a thermocouple close to the leading edge148
of the blade. Moreover, the internal temperature was measured by three thermocouples that were inside in three149
cooling channels. One thermocouple was inside the channel close to the leading edge, another thermocouple was150
inside the channel close to the middle of the blade and another one into the channel close to the trailing edge.151

In order to record the temperature, the thermocouples were coupled to a Eurot herm 2132 system.152
The validation of the simulation was based on the comparison between the values found in the experiment and153

in the simulation. Table 3 shows the errors between the simulation temperature and the experimental temperature154
at leading edge, intermediate region and the edge. The simulation has a good fit to the experiment showing an155
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15 PS

adequate degree of accuracy with the reality predicted by the experiment. The maximum error occurred in the156
trailing edge at 900°C.157

10 III.158

11 Results and Discussion159

In the following paragraphs, the main aspects regarding the influence of each turbine inlet temperature on the160
stainless steel blade for the simulation and the furnace experimental will be evaluated.161

12 a) Thermodynamics -Furnace162

Table 4 shows the gas turbine blade internal temperatures of the wall close to the leading edge, to the blade center163
and to the trailing edge. The differences between the turbine inlet temperature and the measured temperatures164
are shown in Figure7.This figure shows that blade center has high temperature difference because the cooling165
system effect is high at the blade center. 7 shows that the coating and the cooling system was able to reduce166
approximately 315°C on the cooling channels close to the leading edge, decrease approximately 373°C on the167
blade center and reduce 295°C on the trailing edge. Thus, the cooling system has great influence over the blade168
center and low significance over the trailing edge.169

13 b) External Aerodynamics170

The surface oil flow of each turbine inlet temperature are similar to each other. Then, the surface oil flow of171
the blade in the pressure and suction side, is shown in Fig. 8. The stagnation line is close to the leading edge.172
Then, the flow is separated, part goes to the suction side and other part goes to pressure side, generated by the173
horseshoe vortex (green arrows) that appears next to the leading edge. The Figure 8 L E A D I N G E D G E174
B L A D E C E N T E R T R A I L I N G E D G E175

14 TEMPERATURE DIFFERENCE [ºC]176

TIT of 900ºC TIT of 1000ºC TIT of 1100ºC TIT of 1200ºC (a) (b) Then, it can be concluded that the temperature177
directly influences the velocity due the kinetic energy increase.178

Table 6 show the maximum and minimum flow velocity (external and internal) for each gas turbine inlet179
temperature. Comparing the Figure 9 and Table 6, the maximum external flow velocity occurs on the suction180
side, and the minimum external flow velocity on the pressure side close to the film cooling. Concerning the internal181
air cooling, the minimum occurs at the cooling channel without the film cooling channels, and the maximum is182
reached at the boundary between the external and the internal fluids.183

c) Thermodynamics -CFD Every solution was converged between 800-1000 interactions with 45-55 hours of184
computation. The residuals of u-momentum, v-momentum and wmomentum were of order of 10 -4 and the185
residual of the mass was the order of 10 -5 .186

The conjugate heat transfer obtained the blade temperature distribution. The temperature distribution of187
the substrate at the suction side and pressure side are shown in Figure10. This figure shows the temperature188
distribution for each turbine inlet temperature. In addition, Figure 11 shows the temperature distribution for189
the blade at each span.190

These figures show that the temperature distribution indicates that the suction side (SS) temperature is lower191
than the pressure side (PS) because the flow on the suction side was accelerated. As a result of the turbine inlet192
temperature profile, the gas temperature was higher at the blade mid-span, then the temperature was higher193
at the inlet blade mid-span. There is a lower temperature region at the root, where the coolant fluid is colder.194
The temperature distribution of the blade can be captured in Figures 10 and 11. From Figure 10, it can be seen195
clearly that hot spots exist at the leading edge and the trailing edge of the blade. Hot spot at the leading edge196
of the blade is observed at the mid-span (50% span) where the temperature of the gas flow is highest due to197
the turbine inlet temperature profile. The trailing edge hot spot is observed at 70% span of the blade where the198
cooling system is inefficient, and where the flow is converged due to tip leakage flow mentioned above. The gas199
flow vortexes affect the temperature distribution on the blade suction side and pressure side.200

15 PS201

Then, the temperature increases gradually in a perpendicular direction to the blade rotation axis, the temperature202
drops sharply at blade center next to the root, indeed at this region the cooling has higher effectiveness. However,203
the cooling system is more effective at the TIT of 900°C. The thermal load on the suction side and on the pressure204
side declines gradually toward the mid span and rises gradually on the way to the trailing edge of the blade. In205
spite of that, the temperature reaches a maximum close to the leading edge at the mid-span while the minimum206
is next to the blade middle root. Table 5 shows the maximum temperature for each turbine inlet temperature207
and for each solid material. The operating temperature of the AISI 316 austenitic stainless steel is 925°C for a208
constant temperature situation and 870°C for a variable temperature situation. The Table 5 and the experimental209
results of the furnace and the simulation, one can verify that the blade did not reach the temperature limit of210
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operation for a constant temperature situation at the turbine inlet temperature of 900, 1000, 1100 and 1200ºC.211
And the metallic substrate did not reach the temperature limit for a variable temperature situation. The thermal212
barrier coating and the cooling system reduces significantly the metal temperature.213

16 d) Static Structural Analysis214

Static structural analyses can be solved by the determination of the fluid-structural interaction and the turbine215
blade response due to mechanical loading provided by the fluid. In other words, the inlet parameters were216

Obtained by fluid-solid interaction. It is used the pressure and temperature distribution given by the numerical217
solution through the dynamic computational method. The behavior of the fluid over the blade may be imported218
and this solution becomes the contour conditions of the structural analysis. The stresses distribution is shown in219
Figure 12.220

From Figure 12, it can be seen that the highest values of von Mises stress occur close to the base of the221
blade, in the region of the coating, with values of 333.92 MPa, 333.58 MPa, 334.32 MPa and 327.33 MPa, at222
temperatures of 900°C, 1000°C, 1100°C and 1200°C, respectively. The maximum deformation is located at the223
blade top and the deformation has the tendency to elongate and twist the blade. Therefore, this region can be224
more susceptible to thermo-mechanical fatigue and coating cracking, causing coating failure.225

IV.226

17 Conclusions227

Simulation and experiment were conducted in order to predict the turbine blade temperature distribution. The228
aim was to verify the stainless steel temperature and behavior under cooling and the thermal barrier coating229
effect on the thermal insulation.230

From the experimental results of the furnace and the simulation, it can be concluded that the blade did not231
reach the temperature limit of operation for a constant and variable temperature situation at every turbine inlet232
temperature.233

The effect of the thermal barrier coating, with the cooling system, is to decrease the temperature of the steel234
by approximately 160ºC for each turbine inlet temperature. The cooling effect was very high at the regions close235
to blade center and close to the blade root.236

The structural analysis shows that the blade got a tendency to develop a coating crack in the region close to237
the base. The stresses at the blade develop a deformation that elongate and twist the blade.238

The stainless steel blade withstands the temperature distribution and the stress load applied. In conclusion,239
the austenitic stainless steel can be used as a turbine blade. 1240
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Figure 2: Figure 1 :
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Figure 3: Figure 2 :
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Figure 4: Figure 3 :
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Figure 5: Figure 4 :
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Figure 6: Figure 5 :
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Figure 9: Figure 6 :
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Figure 10: Figure 7 :
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Figure 14: Figure 9 :
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12

Figure 16: Figure 12 :

1

Material Temperature
(°C)

Thermal
Conductivity
(W/m.K)

Specific
Heat
(J/kg.K)

Specific
Mass
(kg/m 3 )

Thermal
expansion
coefficient (10
-6 /°C)

25-100 1.05 483 5,650 9.68
Yttria-
stabilized

400 – – – –

Zirconia 800 – – – 9.88
1000 – – – 10.34
25-100 4.30 501 7,320 –

NiCrAlY 400 800 6.40 10.20 592 781 —- 12.50 14.30
1000 16.10 764 – 16.00
25-100 16.3 500 8,000 17.5

Stainless
Steel

400 – – – 17.5

AISI 316 800 – – – –
1000 – – – –

Figure 17: Table 1 :
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???? ???? ???? + ???? ???? ???? + ???? ??
????
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Figure 18: :

2

Material Temperature T (°C) Elastic Modulus E
(GPa)

Poisson Coeffi-
cient ?

Yttria-stabilized Zirconia
(YSZ)

25 -100 400 -1500 222 180 0.25 –

NiCrAlY 25 -100 800 231 -226.5 117 0.30 –
Stainless Steel AISI 316 25 -100 – 193 – 0.30 –

Figure 19: Table 2 :

3

Turbine Inlet Tempera-
ture (°C)

Error in Leading Edge (%) Error in Blade Center (%) Error in Trailing Edge (%)

900 6 8 9
1000 3 4 4
1100 7 5 3
1200 5 4 6

Figure 20: Table 3 :

4

Turbine Inlet Tem-
perature

Temperature Lead-
ing

Temperature Blade Temperature in
Trailing

(°C) Edge (°C) Center (°C) Edge (°C)
900 598 538 623
1000 687 601 701
1100 782 753 811
1200 875 816 884

Figure 21: Table 4 :
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5

Turbine In-
let Temper-
ature (°C)

Minimum velocity (m/s) Maximum velocity (m/s)

900 External: 120 Internal: 24 External: 586 Internal: 282
1000 External: 168 Internal: 24 External: 617 Internal: 310
1100 External: 310 Internal: 24 External: 696 Internal: 354
1200 External: 343 Internal: 24 External: 749 Internal: 378

Figure 22: Table 5 :

6

Turbine Inlet Maximum tempera-
ture of

Maximum tempera-
ture of

Maximum temper-
ature of

Temperature (°C) AISI 316 (°C) NiCrAlY (°C) YSZ (°C)
900 694 737 739
1000 739 810 838
1100 789 856 919
1200 849 936 1036

Figure 23: Table 6 :
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