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Predicting the Creep—Fatigue life of a high-pressure gas turbine blade considering

Fluid—Structure interaction
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ABSTRACT: To study the multiaxial low-cycle creep-fatigue life of high-pressure turbine blades, a
multiaxial low-cycle fatigue life prediction model based on a new critical plate damage parameter is
presented in this paper. First, by performing a three-dimensional thermal-structural coupling analysis
of high-pressure turbine blades, the stress and strain distributions under different loadings including
centrifugal force, thermal loading, and aerodynamic loading were obtained. Then, the multiaxial low-
cycle fatigue life prediction model and the Larson-Miller equation were applied to predict the fatigue
life and creep life of the blade separately. In addition, to investigate the fatigue damage mechanism
in creep-fatigue interaction under high temperature conditions, the experimental methods available
in previous studies were applied, and the creep-fatigue interaction life prediction model was also
developed simultaneously Furthermore, the results of creep-fatigue life prediction indicated that in case
of considering the creep-fatigue interaction, the life of the gas turbine blade was reduced by 43.7% ,
compared to the case where the interaction was not considered. Also, the maximum fatigue damage was
concentrated at point A and the maximum creep damage was concentrated at point B. Finally, the results
revealed that the multiaxial low-cycle fatigue life prediction model was reasonable and the creep-fatigue
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interaction should not be ignored.

1- Introduction

Turbine blades are critical components of aero engines,
and their structural integrity directly affects engine safety,
reliability, and service life [1]. During operation, blades
experience complex loading conditions, including low-
cycle fatigue caused by cyclic thermal-mechanical loads
and creep damage induced by sustained centrifugal forces
at elevated temperatures. The combined effects of harsh
service environments, multiaxial stress states, material
properties, and manufacturing processes significantly
complicate fatigue and creep failure mechanisms, making
life prediction challenging[2-5]. Although extensive
research has been conducted on fatigue and creep life
prediction, a comprehensive and universally applicable
model has not yet been established[6-10]. Existing
approaches, such as equivalent strain, energy-based, and
critical plane methods, exhibit limitations in accurately
capturing multiaxial fatigue behavior and creep—fatigue
interaction  effects[11-16].  Consequently,  accurate
evaluation of creep—fatigue interaction remains a key
challenge in turbine blade life assessment, motivating the
development of improved multiaxial life prediction models
for engineering applications.

*Corresponding author’s email: shahani@kntu.ac.ir

2- Methodology

In the present study, comprehensive fluid flow and heat
transfer analyses were conducted using ANSYS, in which
a computational domain fully consistent with the turbine
blade geometry was established. A conjugate heat transfer
(CHT) framework was implemented at the fluid—structure
interface, accounting for heat conduction within the fluid and
convective heat transfer across the fluid—structure boundary.
Subsequently, the blade surface temperature distributions,
defined in terms of spatial coordinates and corresponding
temperature values, were exported to ABAQUS and
employed as thermal boundary conditions for the structural
heat conduction analysis. Following this step, thermal and
centrifugal loads were applied to the structural model, and
the resulting stress fields were obtained. Overall, the stress
analysis was performed within a one-way fluid—structure
interaction paradigm. The service life of turbine blades
subjected to complex thermo-mechanical loading conditions
depends not only on the local stress and strain states at the
evaluation locations but also on the corresponding temperature
levels. Based on the blade temperature distribution and stress—
strain responses during the primary operating cycle, together
with experimentally observed failure statistics under service
conditions, critical evaluation locations were identified for
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Fig. 1. Blade temperature contour.

the investigation of fatigue damage mechanisms. Point A
corresponds to the location of maximum stress at the edge
plate, whereas point B represents the location of maximum
strain within the blade body (figure 1 & 2 & 3). Subsequently,
the fatigue life of the gas turbine blade at evaluation points A
and B was predicted using critical plane-based fatigue models
and the results were compared with available experimental
data. Finally, the creep—fatigue life of the gas turbine blade
was evaluated both with and without considering creep—
fatigue interaction effects.

3- Result & Discussion

Table 1 demonstrates that the fatigue life predicted by
the modified Shang-Di—Guang equation yields the most
conservative estimates, whereas the Smith—Watson—Topper
(SWT) model provides the highest fatigue life values. In
contrast, the Shang—Di—Guang equation predicts intermediate
fatigue life results. Among the considered models, the fatigue
life predicted using the modified Shang—Di—Guang equation
exhibits the closest agreement with the experimental data.
The results further indicate that, as reported in Table 1, the
minimum fatigue life occurs at the blade root. Consequently,
this region should be regarded as a critical component in the
inspection, maintenance, and optimization of turbine blades.

Tables 2 and 3 present the creep—fatigue life of the gas
turbine blade at the selected evaluation points. A comparison
of the fatigue life at point B between Tables 2 and 3 clearly
indicates that incorporating creep—fatigue interaction effects
lead to a significant reduction in the predicted turbine blade
life. The results demonstrate that, when creep—fatigue
interaction is considered, the turbine blade life decreases by
approximately 43.7% compared with the case in which such
interaction effects are neglected. These findings highlight that
the inclusion of creep—fatigue interaction has a substantial
impact on the life reduction of turbine blades and therefore
should be explicitly incorporated into life prediction models
as well as maintenance and inspection planning strategies.
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4- Conclusion

In this study, a comprehensive model for predicting the
low-cycle fatigue life and creep interaction fatigue of high-
pressure gas turbine blades are presented. The proposed
model is developed based on a new multi-axis critical plane
damage parameter and considers the simultaneous effects of
thermal, centrifugal and aerodynamic loadings in real turbine
operating conditions. With the help of coupled fluid-structure-
thermal numerical analysis in ANSYS and ABAQUS
software, the stress, strain and temperature distribution in
the blade were extracted and critical points were determined.
The results indicated that the maximum equivalent stress and
strain were about 916 MPa and 0.0067, respectively, and the
most damage was concentrated in the tenon area. Based on
the proposed model, the blade fatigue life was estimated to be
about 2692 hours and about 1515 hours considering the creep-
fatigue interaction, which indicates a 43.7% reduction in life
due to the creep-fatigue interaction. These results indicate
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Table 1. Determination of blade life based on 3 methods.

Assessment position in SWT Shang-Di-Guang Modified Shang-Di-Guang Experiment life cycles
blade (life cycles) (life cycles) (life cycles) [34]
A 13966 10853 7367 7542
B 17820 13848 9400 8358
Table 2. Determination of blade creep-fatigue life.
Assessment Single-cycle Single-cycle Actual life
. ) Total damage
position fatigue damage creep damage h
A 1.357 x 10+ 2.52 x10* 3.87x 10+ 4306.6
B 1.064 x 10+ 5.13x 104 6.19x 10+ 2692.5
Table 3. Determination of blade creep-fatigue life considering interaction
Assessment Single-cycle Single-cycle Creep fatigue Actual life
. Total damage
position fatigue damage creep damage Interactive damage h
A 1.357 x 10 2.52 x 104 5.49 x 10 9.39x 10 1780
B 1.064 x 104 5.13x 10+ 4.806 x 10 1.1x 1073 1515

that ignoring the creep-fatigue interaction can lead to an
overestimation of the component life. Overall, the proposed
model is able to accurately predict the actual blade behavior
under complex operating conditions and can be applied as a
basis for optimizing the design, inspection, and maintenance
planning of gas turbines.
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Table 2. Materials specifications at different temperatures.
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Fig. 3. Fluid domain including the blade geometry.
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Fig. 5. Inlet temperature boundary condition in terms

Fig. 4. Applying boundary conditions.
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Table 5. Boundary conditions of the fluid domain of the gas turbine blade.
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Fig. 7. Blade stress contours.

Jobee 5 yShis 8 smscsp ol iy 4 A S5V S5
Ao (S)abis 3 Joles 25 5 JSWLEAVENY | iy ()b (>
A el LBV il g it dlal ol 3 G55 eonen (J ISl
Jlail g5 oy nl e g oals &) (Lad axino) o ad) 5> dindey
@ a2gil WS e Jos )18 S 8 S ale o ol Ll 4 ad)
b () aais > goae o @l g« DZ125 U SGle oles
Joda wolwly ( JKwLEaANS i diiig 5 0,8 Slw doj0 AVe (slod
e 13 039y JISbSEAYY Lyl Lod ol el sk plSoil Y
a5 030 53 9yilil sl o3le b plSoxil 1 e Jaleo (55 5Slas
gaw Jobo sbe 3 Jolao (25,5 S il punlys Sy S
0y 5)lid gaw Jsb albe g oy aday cculpl e300 &) 0 )Lt
Ol s (B35 (Sailly g 43208 (S gl Vb Sy b (2
o yos Swoin 9 Pl 2Ll lagite (niste Olsea (Sl

g oo 4id)S o )

yeo¥

G: Static Structural
Imported Body Temperaty
Time: 1.3

Unit: *C

9/17/2025 4:36 AM

810.53 Max
778.84
74714
71545
683.76
652.06
620,37
588.67
556.98
525.29 Min

oy Sld HeulS 5 JSW

Fig. 6. Blade temperature contour.
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Fig. 9. Blade meshing in the structural analysis.

Iy dlos ad Cuxdas &Sty o0 X = 006 alais &0y (S Caoms )l g
IS C =025 Job jo o sbo) lwg VWSS 50 a0 0 lis
A3 oy s ad s il e b Giole sld ) Jleasd

b Gt op Sl 4l ) (i 2lSen oyn lp
e Sy Sl anl 9y & c i onl @SB (s 390
slad G5 gl b LSS Jedos ilises glagloll slas (sl g i po3
bl 390 ilisee lagloll slasi (gl VS 5 (Sl ee 59,
IRod (olad (35 p3lie a0 U5 )lg05 oAb a5 9 ©8)5 )15
b oslil ol AVEDA 51 Lo oo 4,lS” gl 1) el 0

oy e (lacaadge (s 0 -0
O 4 ks wdoy G SL el cod g op s
3 Canbge Gl (slod 4 aSly )y (S 2b5)) cuBge > (155
g kel 2 3 0p -GS 5 o> @y @l elslp ol iy

(@) (@) cumdse 53 ¢ Sllas bumo 13 (355 sl ol ol uimen

EE, Max. Principal
(Avg: 75%)

+6.700e-03
+6.142e-03
+5.584e-03
+5.026e-03
+4.468e-03
+3.909e-03
+3.351e-03
+2.793e-03
+2.235e-03
+1.677e-03
+1.119e-03
+5.608e-04
+2.732e-06

Point B

Dy i yS HeBlE A U

Fig. 8. Blade strain contours.
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Fig. 11. Blade meshing in the heat transfer analysis. Fig. 10. Meshing of the blade domain.
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Fig. 12. Mesh Independence Investigation (Pressure Distribution Around Solid Blade).
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Table 6. Stress, temperature and strain values during

the loading cycle
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Fig. 15. Laboratory samples according to blade conditions.
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Fig. 16. Edge plane stress distribution contour
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Fig. 17. Blade body stress distribution contours
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Table 7. Experimental results of the simulated specimens under different loading spectra
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Table 8. Experimental results of the simulated specimens under different loading spectra.

Slaws obes S o)l Hley gyl &5 ey vy ool sles JSew ploy gpm lade Ll e
Som @RENSHL (s b SIS GS 4z, @) gisiks) T
\ePY OY/Y \1Ai TA- \
ys- Y — el
RIS AY/A <Ivo AN Y
Y
ay. £510 vI¥ A ¥ PR
AO- AD e
YVAP AERVAs Nl AR s

8yg9miar (515 3 (81 Sy dmio ol Juto Y
‘}.?‘ JJ;U u.;l.w‘ » WYY ) dolsw) w;—w Lgl.m)}wjl.?
LSL“C"-:-’é}" o L5‘°}L“_@;)‘)-'> s_i....l.a}f LS)L“"L‘*‘“ O Ogdxe

I¥Alsas o ((0) 5 (WL 0 b3

o. T ey
X Xy Xz X Xy XZ
0 Ty Ty Ty T Ny 7y (¥¥)
o Tzy %z Yox Vzy o B2
4R R 89y OB 5 ORI S OA JS2) olsids clamio 1o (15 slbailye (pmnd jslaie &

Fig. 18. Stress and strain on each plane LY Aot oolial (17 ) olas (rmizran 5 (VD )alolas 0 S3bs 5|

a; ]=cos0sin(|) a5 =sinfsind a 1 3=cos¢
a21=—sin0 a5, =cosd ay3 =0 (Yo)
az; =-cosOcosd a 32 =-sinfcos¢p a 33 =sing

02 02 a2
x' 11 12 ]32a11a]2 2a]2a13 ZaHaB oy
v'o| |ty @ty @ p32ayay, dayyays 2ajays Ty
2 lla?y, a?s, a?5 703192 293933 231933 :Z (v%)
' Ay Gphpy d130p3 100yt gy 13ay)taypays  dp3dy taypdys txy
prd3p App93p Gp3033appd31%dy a3y Ap3d3yFdydzz dy3az taypdss T)y;
47937 9p93y 13933 410377 A3y d13a3yTap a5 dp3ag Ty pags

ARY-R



VeFA L VYV dio NF-Y JL..J A D)LM QY 0y9d x).:.aS).:.Al «S.u&.a L;u.'.,\a.Q(o 4;).“.;

%107
3
=]
T 25 ‘
a
5 2
B
a5
o
=1
¥
7 0 'y
200
150 o 200
100 100 5
50 50
i 5]
=]

2.

llldx/z]
b
&

[§)

~

th

n

V(e #H1/3).(Ay

=4
tn

(7,
n'max
o

[*]
=3
S

150

(7) dolee (A)alass

.
b
g 2
< s A
=
E
*—
150

0.5
200
100 200
100
50
0 9 B
@ <)

() dslre (0)akais

2

max’
S

o= e oW

=3

[*3
=3
S

(0 (e, 2B (A 727!

(%) dolre (L)akaiis

(09 0 Agl; cuns 3 cunl Gursdus Hldged N KW

Fig. 19. 3D diagram of damage by angle &, ¢ .
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Table 9. Determination of blade life based on 3 methods.
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Table 11. Low-cycle fatigue life and single-cycle fatigue damage at blade assessment position.
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Table 12. Determination of blade creep-fatigue life.
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Fig. 20. Fatigue creep interaction diagram
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Table 13. Determination of blade creep-fatigue life considering interaction.
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