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Numerical Modeling of Thermal Stress of Thermal Barrier Coatings on a Turbine Vane
with Film Cooling Structure
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Abstract: Based on the non-homogenous temperature field of a film cooling turbine vane, the thermal stress of coatings was
modeled considering the thermally growing of oxidation and plastic and creep behavior of the alloy. The results show that the
high temperature zones are in the posterior of the suction side and pressure side, as well as the edge of the endwalls near the
cascade inlet. The coatings provide a 30 C decline of the maximum temperature of the alloy in the body of the vane. At the
beginning, thermal stresses concentrate in larger area in the coatings and maybe more prone to induce early crack. However,
the plasticity and creep behavior of the alloy release the thermal stresses of the coatings and alloy with the working time
accumulation. The thermal stresses reach stable in 200—400 h. In the body of the vane, the thermal stresses of TC concentrate
in the zones nearby the tailing edge, the zones with max curvature at the suction side, and the zones at the leading edge but
adjacent to the endwalls. In the endwalls, the stress first concentrates in the zones near the cascade inlet and the zones near the
film cooling holes at the upper endwall. However, the stress only concentrates in the zones near the film cooling holes at the
upper endwall with the working time accumulation. In the thermally growing zones, TGO thickness reaches 4.79 um after 400 h,
which results in intensive thermal stresses and maybe trigger spallation.
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(a) Geometry of the turbine vane

(b) Coatings on airfoil

(c) Coatings on endwalls
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Fig.1 Geometry of the turbine vane and corresponding coatings
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Fig.2 Sketch of flow passage division of the vane cascade
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Table 1 Basic geometry parameters of the vane

Basic parameter Value
Height / mm 90
Chord / mm 92

Setting angle / (°) 50
Spacing / mm 70

(a) Mesh of fluid domain in single passage

Inlet for film cooling of the Inlet for inner convection of the
body of the vane body of the vane

3 AR AN

Fig.3 Coolant inlets at the bottom of the vane
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(b) Magnification of marked area in (a)

(c) Mesh of coatings in single passage

(d) Magnification of marked area in (c)
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Fig.4 Mesh of fluid domain in single passage
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(a) Actual vane

(b) Actual coating

(c) Magnification of marked area in (b)
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Fig.5 Mesh of solid domain in thermal stress calculating
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Table 2 CFD boundary conditions of single passage

Boundary conditions

Description

Main flow inlet

Main flow outlet

Film cooling inlet at endwalls

Film cooling inlet in the body of the vane
Convective cooling inlet in the body of the vane
Period symmetry

FSI condition

Convective cooling of the outside of the vane

Hot gas, total temperature: 1 200 “C; Mass flow: 1.04 kg/s; Turbulence intensity: 10%
Average static pressure: 1.04 MPa

Coolant, total temperature: 500 ‘C; Blow ratio: 1.0

Coolant, total temperature: 500 ‘C; Mass flow: 0.07 kg/s

Coolant, total temperature: 500 ‘C; Mass flow: 0.05 kg/s

Passage-divided boundary at lateral side: Symmetry with respect to X-axis

All fluid-solid interface: heat transfer conservation, GGI mesh connection

Outside surface of the endwalls, heat transfer coefficient: 2 400 W/(m*-K), sink
temperature: 550 'C
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(a) Hoop constraint

4 MRBY

SRR U AR 20 o3 (I BAEIR B 3R, IRG
A H R MBS R AR S, AT
A A RARMRB . FRA TR I3 BT S H
N1, A AR BEAR AT e 28 SR o BOh 1,
PR TR YA S BEARTR A SR L
oI CFX A St 5H A5 SRS IOR R, H gk
7 ARTRDHIA

©=2.259x107°+6.334 x 1087-3.460

(1)
x 107172 +1.077x 10714713

(b) Axial constraint

F 6 AR AR L HR A

Fig.6 Displacement constraints conditions in stress calculation
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Table 3 Material properties of solid domain'

9,12,21]

Materials T/C A/ (Wm'K"Y  ¢/Jkg'K") E/GPa v a/(10°C™ o5/ MPa
20 1.0 483 48 0.10 9.0
TC(8YSZ)
1 000 22 0.12 12.2
20 25.2 857 400 0.23 8.0
TGO (0-Al203)
1 000 325 0.25 9.3
20 43 501 200 0.30 13.6 426
BC (MCrALY)
1 000 16.1 764 110 0.33 17.6 114
25 11.5 431 211 0.30 12.6 800
Inconel 617
1 000 25.4 632 139 0.30 16.3 300
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(b) Temperature of TC viewed from suction side

‘)\b

Q‘o\’\ \ Q&
‘\,{),q,b

ba ‘o
A N & "} PR
P EGPGEOTON

Temperature / K

(d) Temperature of TC viewed from lower endwall

5
6‘)" &
|

‘: “
] ‘) °) S N
@b(\@%ﬁ) o,Q o,'\cb Qk \ N ,b‘e

Temperature / K

(e) Temperature of alloy vane viewed from pressure side

‘) )
] “ Q ‘D °) S Q

‘o [ ‘b > \ N (9
g—;"@f’@ PO VUG

Temperature / K

(f) Temperature of alloy vane viewed from suction side

Bl 7 TCRBEANF-& SR
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Table 4 Decrease of alloy-wall temperature with coatings

Temperature decline /K Airfoil Upper endwall Lower endwall

Maximum temperature 30 44 33

Average temperature 25 49 44
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