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It is a key problem to study thermal barrier coatings (TBCs) insulation and followed
stresses for the coated blade. This article focused on the insulation characteristics of TBCs
by coupling heat transfer and flow with a multilayer blade. We found that the coated
blade can benefit more in the decline of average temperature than the decline of max-
imum temperature, compared to the uncoated case. Temperature fluctuation on TBCs
surface is evident. The inlet temperature of main flow (Tin) more than the heat transfer
coefficient of cooling passages (hcool) impacted the fluctuation. And there is a non-
homogeneous distribution of the temperature decline (ΔT) across the coatings around the
blade. At the suction side and the head, ΔT was generally higher than that of the pressure
side and the tail. The TBCs thickness and Tin can affectΔTmore than hcool. We suggest that
in the sequential TBCs stresses simulation the actual temperature distribution should be
prescribed.
& 2016 Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Thermal barrier coatings (TBCs) have been widely used to protect the hot components of the gas turbine, such as
combustion, guide vane, and turbine blade, for the low thermal conductivity and well corrosion resistance [1,2]. TBCs
normally consists of four layers including top coating (TC), thermally grown oxide (TGO), bond coating (BC), and substrate
(SUB). Due to the differences of material properties and harsh environment in service, residual stresses always develops in
the layers and result in coatings failure [3]. In the elevated temperature, the oxide diffusion and reaction with the aluminum
gradually conduces the TGO growth, which accelerates the coatings failure [4,5]. Thermal mismatch and TGO growth are
regarded as the major factors responsible for general failure of TBCs. Many investigations concentrated to explain the failure
mechanism after thermal cycles [6–15].

However, the computational models of previous literatures based on the two dimensional periodic unit cannot cover the
entire turbine blade geometry and the corresponding working conditions. Ranjbar-far et al. [14,15] built a model of TBCs
considering the non-uniform temperature distribution, but the limit of the scale restricted the application to the whole
blade.

Finite element method (FEM) has been used for blade heat transfer analysis. Tietz and Koshel [16] simulated three
dimensional steady state temperatures distribution of a blade without TBCs using a FEM code. Kumar and Kale [17]
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computed blade temperature field with a single layer TBCs considering radiation. But for these FEM model, the surface
conditions such as wall temperature and heat transfer coefficient are required to be assigned, which was difficult to
measure. Currently the couple of gas flow and heat transfer has been used to calculate the blade temperature with the
conjugate heat transfer method (CHT) at the fluid-solid interface (FSI). Bohn et al. [18–20], York et al. [21,22], and Dong et al.
[23] studied the couple of gas flow and heat transfer using CHT. The major advantage of CHT is that it is required no
boundary conditions on FSI.

But numerical simulation on actual turbine component with multilayered TBCs encounters troubles in two aspects. One
is the geometry dimension difference between the thickness of TBCs and the component space scale. The other is the
complex actual service condition. The big dimension difference tends to induce difficulties in constructing the multilayered
blade and bring cumbersomeness in meshing and simulation. Yang et al. [24], Zhu et al. [25], and Tang et al. [26] have made
good efforts to build the actual blade with multiple layers. Yang et al. [24] and Zhu et al. [25] ignored the gas flow en-
vironment. In the latest work [26], the computational fluid dynamics (CFD) and conjugate heat transfer method (CHT) were
used to calculate the temperature of TBCs considering the cascade flow and heat transfer conditions.

However, under the couple of gas flow and heat transfer, insulation characteristics of TBCs and surface temperature
fluctuation of the blade were paid little attention, but it is important to assess insulation of TBCs and stresses distribution in
aerodynamic environment. Temperature dependences of the material properties and the thermal load history can result in
unique residual stresses.

In this paper a cascade computational model with multilayered blade was built, coupling the gas flow, heat transfer, and
inner cooling by CHT technology. The effects of inlet temperature, inner passage heat transfer coefficient, and coating
thickness on TBCs insulation performances were studied. Meanwhile the surface temperature fluctuation was also discussed.
2. Numerical methods

2.1. Computational model and couple method

Aerodynamic cascade flow model and the stator blade (Mark II guide vane) originated from Hylton et al. [27]. The blade
has a constant cross section and ten coolant passages (marked with Arabic numeral 1–10 in Fig. 1). In the paper, three layers
(TC, TGO, BC) were added upon the outer surface. The thickness of BC and TGO are 150 mm and 10 mm, and TC is variable
from 100 mm to 300 mm. The boundary conditions were kept consistent with the experiment (run number 42) [27]; the
inner boundaries of coolant passages were listed in Table 1 [28]. But for exploring the influences of the variable aerodynamic
conditions on insulation of TBCs, the inlet temperature of main flow and the heat transfer coefficients of ten passages were
modified. Ideal gas assumption and mesh the fluid and solid domain in a uniform frame were adopted, keeping the grids
node to node align at interface, as shown in Fig. 1. To resolve the viscous boundary layer, Y plus value (yþ) of the grids
adjacent to the solid wall was less than 1. Mesh independence was done and a steady analysis was carried out using shear
stress transport turbulence model considering boundary transition. For realizing the couple of gas flow and heat transfer,
Fig. 1. Aerodynamic computational model and the local mesh (H0–H2, P0–P15, S0–S15, T0–T2 are the monitoring points at the head, the pressure side, the
suction side, and the tail, respectively).



Table 1
Boundary conditions of the ten coolants [18].

Coolant
number

Constant Temperature
T (°C)

Heat transfer coefficient
hcool W/(m °C)

1 63.39 1943.67
2 53.27 1881.45
3 59.68 1893.49
4 65.86 1960.62
5 45.95 1850.77
6 42.58 1813.36
7 53.26 1871.88
8 86.83 2643.07
9 87.89 1809.89
10 141.85 3056.69
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the solid domain should be assigned as the CHT domain. The two faces belong to fluid and solid domain at the FSI should be
prescribed an energy conversation conjugate domain interface conditions, respectively. Conjugate conditions on the FSI
provide continuity of the thermal fields by specifying the equalities of temperatures and heat fluxes of a solid body and a
flow at the vicinity of interface: Tþ¼T-, qþ¼q-.

The interface asperity between the solid layers is assumed to be perfect and no contact thermal resistance. The material
thermal properties of the layers are temperature dependent and listed in Table 2. The samples listed in Table 3 were
calculated through the coupled fluid and heat transfer method.

2.2. Validation of numerical method

For validating the methodology of the couple of gas flow and heat transfer currently utilized, we simulated the ex-
periment (run number 42) without TBCs by keeping the boundary conditions consistent with the experiment, and then
made a comparison with the experiment data shown in Fig. 2. Predicted non-dimensional surface temperature distribution
was compared with experimental data in Fig. 2(a). The prediction showed good agreement with the experiment at pressure
side (�1rXa/Car1). And there was an over-estimation for 0.12rXa/Car0.85 at suction side. The maximum error was
around 8.7%, which is acceptable to engineering application. Predicted pressure distribution was compared with experi-
mental data in Fig. 2(a). The prediction exhibited excellent agreement with the experiment results, validating the aero-
dynamic of the model. It was supported that the numerical method used currently was validated properly.
3. Results and discussion

3.1. Temperature distribution of SUB

As shown in Fig. 3, SUB experienced non-homogeneous temperature distribution in each case; the lowest temperature
Table 2
Material properties [14,15].

Material Temperature Thermal conductivity Specific heat Density Thermal expansion
T (°C) k (W/(m K)) C (J/(kg K)) ρ (kg/m3) α (10�6/°C)

TBC 25 1.05 483 5650 9.68
400 �

800 9.88
1000 10.34

TGO 25 25.20 857 3978 5.10
400 –

800 –

1000 9.80

BC 25 4.30 501 7320 –

400 6.40 592 12.50
800 10.20 781 14.30
1000 16.10 764 16.00

Substrate 25 11.56 582.2 7900 12.6
400 18.38 14.00
800 25.66 15.40
1000 29.30 16.30



Table 3
Simulation cases.

Thickness of TC hTC (μm) Inlet temperature Tin (°C) Heat transfer coefficient hcool (W/(m °C))

727 1000 1300 0.8hcool 1.0hcool 1.2hcool

100 √ √ √ √ √ √
200 √ √ √ √ √ √
300 √ √ √ √ √ √

Fig. 2. Comparison with the experiment: (a) comparison of the temperature on surface (b) comparison of the pressure;
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zone is at the head between the cooling passages 2 and 3; the highest temperature zone is at the tail; and the suction side is
hotter than the pressure side. The tendency of the SUB temperature distribution and the positions of the highest and lowest
temperature were consistent with the original experiment. It is a proof of the accuracy of our results. As Tin rising (Fig. 3(a)),
the hotter zones (4600 °C) gradually broaden at the head, the suction side, and the tail for a given hTC.; and with hTC



Fig. 3. SUB temperature distribution: (a) 1.0 hcool, at different Tin; (b) Tin¼1300 °C, at different proportion of hcool.
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increasing, the hotter area is reduced by the coatings, especially at Tin¼1300 °C. On the other hand, as the proportion of hcool
increasing (Fig. 3(b)), the hotter range (4600 °C) shrinks gradually for a given hTC; and the hotter zones are visibly nar-
rowed with rising of hTC. These results suggest that the conditions of the main flow and inner coolant can affect the SUB
temperature distribution, and thickened TC can decrease the hotter range.

The maximum, average and minimum temperature of SUB (Tmax, Tave, and Tmin) are presented in Fig. 4. Tmax, Tave, and Tmin

all slope up with Tin. Tmax has the fastest rate (Fig. 4(a)). Tmax, Tave, and Tmin all slope down with the proportion of hcool, and
Tmin slightly drops faster than others (Fig. 4(b)). It seems that Tmax and Tmin are more sensitive to Tin and hcool, respectively.
As shown in Fig. 4(a) and (b), a considerable decline of Tave relative to the uncoated blade is brought in each cases. For
example, in the cases hTC¼100–300 mm at Tin¼1300 °C, Tave are lowered by 41.0–113.3 °C than the case without coatings
(Fig. 4(a)). The temperature reduction is similar to the reference [29], in which a full coating of ZrO2-Y2O3 over a NiCoCrAlY
bond coat was applied and obtained the metal temperature reductions ranged from 28 to 139 °C.

No significant drops of Tmax can be found when TC is thin (hTC¼100 mm), until hTC reached 200 mm or more (Fig. 4(a) and
(b)). Thus, we can conclude that the coated blade can benefit more in the decline of Tave (ΔTave) than the decline of Tmax

(ΔTmax), compared to the uncoated case.
For the coated cases in Fig. 4(a), ΔTmax and ΔTave between different TC thicknesses both have a growth following the

rising of Tin. At a given Tin, as hTC thickening from 200 mm to 300 mm it acquires more effects on ΔTmax and ΔTave than the
case thickening from 100 mm to 200 mm, presented in Table 4. On the other hand, ΔTmax and ΔTave versus the proportion of
hcool are relatively kept stable, and the average values are about 14.6 °C and 22.4 °C, respectively (Fig. 4(b)). It is likely that
the flow conditions (Tin) impact TBCs insulation more than the cooling conditions (hcool), and the thicker TBCs can benefit
more than that of the thinner TBCs.

3.2. Temperature of TBCs

3.2.1. Average temperature on surface of TBCs
As show in Fig. 5, there are obvious differences in the average temperature on surface of TBCs (Tave,sur). With TC



Fig. 4. Maximum, minimum, and average temperature of SUB: (a) 1.0 hcool, at different Tin; (b) Tin¼1300 °C, at different proportion of hcool.

Table 4
Growth of ΔTmax and ΔTave with TC thickening (1.0 hcool, at different Tin).

Tin (°C) ΔTmax ΔTave

First thick-
ening (100–
200 mm)

Second
thickening
(200–
300 mm)

First thick-
ening (100–
200 mm)

Second
thickening
(200–
300 mm)

727 5.1 6.6 11.6 15.0
1000 8.8 11.3 15.7 20.0
1300 13.3 15.9 21.0 24.7
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thickening from 100 mm to 300 mm, the difference on Tave,sur reaches 15 °C at Tin¼1300 °C (Fig. 5(a)). As Tin rises from 727 °C
to 1300 °C, Tave,sur rises more than 440 °C (Fig. 5(a)). As the proportion rises from 0.8 to 1.2, Tave,sur descends more than 60 °C
(Fig. 5(b)).
3.2.2. Temperature deviation on surface of TBCs
The temperature deviation (D) of on surface of TBCs was defined as the formula, (Tsur-Tave, sur)/Tave, sur*100%, where Tsur is

the point temperature of the surface. As shown in Fig. 6, there is an evident temperature fluctuation on surface of TBCs.
Generally, the negative value of D is about at the pressure side P1–P12, in where the peak value reaches nearly �30% at P8;



Fig. 5. Average temperature (Tave) of TC surface: (a) 1.0 hcool, at different Tin; (b) Tin¼1300 °C, at different proportion of hcool.
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the positive value of D is about at the whole tail and the suction side S2–S15, in where the peak value reaches nearly 40% at
T1. It can be inferred that the suction side and the tail can produce thicker TGO than other parts in the higher temperature.

As shown in Fig. 6(a), the maximum difference of D between each case is less than 5.0%. With hTC rising, D has a positive
growth at S0–S14 and H0–H2, but a negative growth at P0–P15–T0–T2–S15. As shown in Fig. 6(b), there is a distinct dif-
ference of D at P12–P14, S0, and H0, where the peak value reaches 13.4%. With Tin rising, D has a positive growth at H1–H2–
P0–P10 and S2–S14, and a negative growth at S0–S2 and P10–T0–T1. But at T1–T2–S15–S14 the difference of D is tiny. As
shown in Fig. 6(c), the largest difference of D reaches 7.7% at the tail T1–T2. As the proportion rising, the difference of D has a
positive growth at P0–P14, and a negative growth at H0–H2 and S0–S15–T2–T0–P15.

These results support that hTC slightly affects the temperature fluctuation on surface, and the main flow conditions affect
the surface fluctuation more than the inner cooling conditions.

3.2.3. Temperature decline of TBCs
The temperature decline (ΔT) from TBCs surface to the depth of 460 mm is shown in Fig. 7. There is a non-homogeneous

distribution ofΔT around the blade. Generally,ΔT at the suction side and the head was higher than at the pressure side and
the tail. The minimum value is about at T0, and the maximum value was about at S6.

As shown in Fig. 7(a), with hTC rising, the growth of ΔT at the suction side and the head was more than other parts. The
growth of ΔT with hTC rising from 100 to 200 mm was a bit more than the rising from 200 to 300 mm. For example, the
maximum growth ofΔT at S6 was 46.9 °C and 39.8 °C for the rising 100–200 mm and the rising 200–300 mm, respectively. As
shown in Fig. 7(b), with Tin rising, the growth of ΔT at the suction side and the head was generally more than other parts.



Fig. 6. TBCs Surface temperature deviation relative to the average value: (a) 1.0 hcool, Tin¼1300 °C, at different hTC; (b) 1.0 hcool, hTC¼200 mm, at different Tin
(c) Tin¼1300 °C, hTC¼200 mm, at different proportion of hcool.
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But at pressure side P12–P15, ΔT in the case Tin¼1300 °C is slightly lower than the case Tin¼1000 °C. As shown in Fig. 7(c),
with the proportion of hcool rising, the growth of ΔT was relatively small, and the suction side it slightly more than other
parts.

Compared Fig. 7(a)–(c), the rising of hTC exhibited more notable influence in ΔT, especially at the suction side and the
head. As mentioned in Section 3.1, both the suction side and the tail are the hotter area. It can be infer that, to improve the
hot-resistant, thickening the TBCs at the suction side may gain remarkable protection, but not so evident at the tail.
4. Conclusions

This paper has studied the insulation effects of TBCs through SUB and TC temperature distribution. The following
conclusions have been obtained:



Fig. 7. Temperature decline across 460 mm depth from TBCs surface: (a) 1.0 hcool, Tin¼1300 °C, at different hTC; (b) 1.0 hcool, hTC¼200 mm, at different Tin; (c)
Tin¼1300 °C, hTC¼200 mm, at different proportion of hcool.
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(1) The coated blade can benefit more in ΔTave than in ΔTmax, compared to the uncoated case. The flow conditions (Tin),
rather than the cooling conditions (hcool), impacts the insulation effects of TBCs.

(2) Temperature fluctuation on TBCs surface is evident. hTC can affect the temperature fluctuation on surface more slightly,
but Tin can affect the fluctuation a bit more than hcool. As these conditions varying, the variation of fluctuation is not
constant all over the blade surface.

(3) There is a non-homogeneous distribution of ΔT around the blade. At the suction side and the head, ΔT was generally
higher than at the pressure side and the tail. The rising of hTC exhibit more notable influence in ΔT, but the influence is not
consistent around the blade. We suggest that the sequential TBCs stresses simulation prescribe actual temperature distribution.
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