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Abstract: Performing online damage evaluation of blades subjected to complex cyclic loads based on
the operating state of a gas turbine enables real-time reflection of a blade’s damage condition. This,
in turn, facilitates the achievement of predictive maintenance objectives, enhancing the economic
and operational stability of gas turbine operations. This study establishes a hybrid model for online
damage evaluation of gas turbine blades based on their operational state. The model comprises a gas
turbine performance model based on thermodynamic simulation, a component load calculation model
based on a surrogate model, an updated cycle counting method based on four-point rainflow, and an
improved damage mechanism evaluation model. In the new model, the use of a surrogate model for
the estimation of blade loading information based on gas turbine operating parameters replaces the
conventional physical modeling methods. This substitution enhances the accuracy of blade loading
calculations while ensuring real-time performance. Additionally, the new model introduces an
updated cycle counting method based on four-point rainflow and an improved damage mechanism
evaluation model. In the temperature counting part, a characteristic stress that represents the stress
information during the cyclic process is proposed. This inclusion allows for the consideration of the
impact of stress fluctuations on creep damage, thereby enhancing the accuracy of the fatigue damage
assessment. In the stress counting part, the model incorporates time information associated with each
cycle. This concept is subsequently applied in determining the identified cyclic strain information,
thereby improving the accuracy of the fatigue damage evaluation. Finally, this study applies the
new model to an online damage evaluation of a turbine stationary blade using actual operating data
from a micro gas turbine. The results obtained from the new model are compared with the EOH
recommended by the OEM, validating the accuracy and applicability of the new model.
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1. Introduction

Gas turbines possess significant advantages such as high energy efficiency, strong fuel
adaptability, and low emissions of pollutants, making them advanced power equipment
for constructing a clean, low-carbon, safe, and efficient energy system. As one of the most
critical and complex components in gas turbines, the lifetime of blades directly impacts the
economic viability and stability of gas turbine operations [1]. The lifetime of blades is closely
related to the operational mode of gas turbines, the health status of various components,
the maintenance history, and other factors. Neglecting the impact of these factors in the
evaluation of blade lifetime can lead to the blade being out of repair and ultimately result
in severe operational accidents [2]. Real-time monitoring of blade lifetime degradation, the
fatigue—creep damage state, and providing appropriate maintenance recommendations
based on the evaluation results are crucial for the continuous safe operation of gas turbines.
In recent years, there has been increasing attention on online monitoring and the remaining
useful life prediction of gas turbine blades based on operational conditions [3-5].
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The method of damage evaluation based on operational conditions requires continu-
ous evaluation of the damage state of components based on real-time load information. This
involves utilizing sensor-measured parameters to monitor the stress and temperature infor-
mation of components under current operating conditions in gas turbines. By efficiently
processing real-time load data and incorporating different damage mechanisms, a precise
damage evaluation can be conducted. The existing evaluation methods can be mainly
classified into three categories: data-driven models, physical models, and hybrid models [6].
Data-driven models establish specific relationships between state parameters and variables
of interest by utilizing a large amount of historical operational data. S. Yang and X. Jiang [7]
used data-driven methods such as probabilistic statistics, signal processing, and artificial
intelligence to predict the remaining useful life of components based on equipment operat-
ing conditions. This approach reduces the complexity associated with physically analyzing
and modeling the components. However, pure data-driven methods face fundamental
challenges in providing interpretable, reliable, and practical solutions due to limitations
in data availability, the black-box nature of machine learning, and the diversity of opera-
tional conditions [8]. Physical models are mathematical descriptions or simulation models
constructed based on the physical principles and fundamental laws of a system. D. Zhou
and colleagues [9] established a physical model comprising a thermodynamic performance
simulation model, stress calculation model, thermal calculation model, and interactive
damage analysis model. They validated the accuracy of this model under specific operating
conditions. However, to ensure the real-time performance of the entire process, the authors
used a simplified model that has poor accuracy in calculating component temperature and
stress. Computational fluid dynamics (CFD) and finite element analysis (FEA) based on
physical models are commonly used methods for calculating component temperature and
stress [10]. However, the lengthy computational time of these methods limits their online
application [11]. Recently, the academic community has combined physical knowledge
with data-driven methods to establish hybrid models that can reduce high-order complex
simulation computations and mappings. This makes it possible to perform online CFD and
FEA. For example, Vasilyev and colleagues [12] proposed a hybrid modeling approach that
integrates FEA with machine learning. This method utilizes the computed results from FEA
as the training set for the machine learning model, enabling accurate and rapid prediction
of temperature information for gas turbine blades. They further incorporated a damage
assessment model to predict the remaining useful life of gas turbine blades. Dominiczak K.
and Rzadkowski R. [13] also utilized the finite element analysis results of a steam turbine
rotor to train a neural network for online prediction of component temperature and stress.

Gas turbine blades operate under extreme conditions and endure interactive cyclic
loading of various types. Research indicates that the main failure mechanisms of gas
turbine blades can be attributed to fatigue, creep, and the interaction between the two [14].
Indeed, these failure mechanisms are influenced by multiple factors, including the material
properties of the blades themselves and the external environment in which they operate [15].
The complexity of these processes makes it challenging for data-driven models to provide
a comprehensive explanation. To address this challenge, researchers both domestically
and internationally have proposed various damage assessment models for different failure
mechanisms. For evaluating fatigue damage, models such as the M-C model [16], the modi-
fied Morrow model [17], and the SWT model [18] have been developed. For assessing creep
damage, models like the L-M parameterized model [19] and constitutive models [20,21]
based on continuum damage mechanics have been proposed. Furthermore, researchers like
R. Green [22] have also utilized the theory of ductility exhaustion to evaluate the damage
caused by the fatigue—creep interaction. All the aforementioned models demonstrate that
the failure of materials is closely related to the loads they experience, such as temperature,
stress, and the duration of load application. However, the above-mentioned models require
specified material performance parameters at a given temperature to evaluate fatigue
damage. When there are fluctuations in temperature, the evaluation results may have
significant errors. Moreover, when evaluating creep damage, it is common to only consider
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whether the creep life meets the design requirements during the steady-state operation
of a gas turbine. It is assumed that the temperature and stress of the components remain
unchanged during this period. Indeed, C. Carney [23], based on power plant operational
data, found that even during steady-state operation, the loads experienced by components
undergo continuous fluctuations. These fluctuations can lead to the accumulation of creep
damage at different rates and can exacerbate fatigue damage in the components. There-
fore, it is imperative to research damage evaluation models and load-handling methods
specifically tailored to fluctuating loads. Traditional load handling methods [24-26] such
as rainflow counting, level-crossing counting, and peak counting require traversing the
entire load history and reconstructing the load spectrum to identify the maximum cycles as
accurately as possible. As a result, these methods are not suitable for online applications,
and the reconstructed load spectrum overlooks the impact of load sequence on life. This
oversight may lead to an inaccurate assessment of the damage state at specific time points.
To address the aforementioned issues, scholars both domestically and internationally have
made significant improvements to the rainflow counting method. Hui Hong [27] proposed
an online creep—fatigue damage assessment method that takes into account the behavior
of creep under fluctuating loads based on a four-point online rainflow counting approach.
This method broadens the counting range beyond full cycles and has been validated for ac-
curacy on high-temperature and high-pressure pipelines. Vahid Samavatian [28] also took
into consideration the online counting of half cycles, average temperature variations over
time, and the creep damage mechanism. They proposed a time-temperature-dependent
creep—fatigue online rainflow counting algorithm that enhances the accuracy of cycle count-
ing and the reliability assessment. However, the aforementioned methods only consider
the influence of stress fluctuations on fatigue damage and temperature fluctuations on
creep damage during cycle counting. Even when fluctuations in other loads are accounted
for during counting, the impact of such fluctuations on material damage is not taken
into consideration.

Building on the previous research, this study established a hybrid model for online
damage evaluation based on operating conditions. This study utilized results from CFD
and elastoplastic FEA as the training dataset. The input of the model is the operating
parameters of a gas turbine, while the output is the load information of a blade’s hazardous
zones. By incorporating these data, a machine learning model is constructed, which can
provide real-time feedback on blade load information based on the operational state of the
gas turbine. Furthermore, this study combines a fatigue damage evaluation model that
considers temperature fluctuations with a creep damage evaluation model that considers
stress fluctuations, along with an online cycle counting method that takes into account
temperature and stress fluctuations during the cyclic process. This integration leads to
improvements in the online rainflow counting method and the fatigue and creep damage
evaluation models. This hybrid model not only enables an online analysis of blade damage
based on the operating conditions of a gas turbine but also provides a reference for blade
structural strength verification during the design phase of a gas turbine.

2. Blade Damage Evaluation Model

The gas turbine blade online damage evaluation model established in this study is
a hybrid model, as shown in Figure 1. This model includes a gas turbine performance
model based on thermodynamic simulation, a component load calculation model based
on a surrogate model, an improved cycle counting method based on the four-point online
rainflow counting method, and an improved damage mechanism evaluation model. The
inputs of the online blade damage evaluation model established in this study include
sensor measurements of environmental temperature/pressure, compressor inlet/outlet
temperature/pressure, and other parameters. Parameters that cannot be directly measured
using sensors are obtained with simulation using the gas turbine performance model,
such as turbine inlet temperature/pressure and fuel flow rate. The simulation results
from the performance model and the sensor measurements are used as inputs for the
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component load calculation model based on the surrogate model. Subsequently, the blade
load information is processed using the improved cycle counting method and serves as
input for the damage mechanism evaluation model. In this evaluation, the interactional
damage of the blade is evaluated based on the results of the creep and fatigue analysis.

Gas turbine
operating condition

—_— ’ Measured parameters |

,_L\,,; | Aerodynamic analysis |

a " Gas turbine N :> i
\peﬁormance model / | Temperature distribution l
S R 1

| Unmeasured parameters | | Static alnalysis |

L,, | Stress distribution |

" Load calculation model \<::| | Total strain distribution |

\_ based on surrogate model > i
P ’ Plastic strain distribution |
o

Updated online cycle counting based
on 4-point rainflow

Fatlgue_ damage ‘Interaction Creep_damage )
\._evaluation model \_ /evaluation model ~

| Online damage display

Figure 1. A simplified flow diagram of the online damage evaluation model.

2.1. Gas Turbine Performance Model

To calculate the blade load information, it is necessary to obtain parameters that cannot
be measured directly using sensors, such as turbine inlet temperature/pressure and fuel
flow rate. The aforementioned parameters can be derived with calculations using the
gas turbine performance model and the measured parameters from sensors. Therefore,
this study uses a modular modeling approach [29,30], where component models for the
compressor, combustion chamber, turbine, rotor, and other parts are established. Based on
the principles of mass conservation, energy conservation, and momentum conservation,
the thermophysical properties of the fluid are matched with the system. A no-deficit control
speed control logic is implemented to set the no-deficit regulation speed, and a gas turbine
performance simulation model is developed. A flowchart illustrating the process is shown
in Figure 2. The parameters deviating from the design point are obtained using referencing
characteristic curves.

2.2. The Load Calculation Model Based on the Surrogate Model

The construction of a surrogate model for obtaining real-time blade load information
in hazardous zones based on the operating condition of a gas turbine can be divided into
two steps.

The first step is to obtain a dataset for training the surrogate model using simulation
calculations. Among them, the temperature distribution of the blade is a prerequisite
for stationary analysis. It is necessary to first obtain the temperature distribution of the
blade under different operating conditions of the gas turbine using CFD. Then, based
on the temperature distribution of the blade, the stress distribution of the blade under
the current operating condition is calculated. Finally, the blade’s hazardous zones are
determined by integrating the results of both calculations. For a detailed analysis process,
please refer to Figure 3. It should be noted that in this study, FEA is conducted using
an elastoplastic model.
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Figure 2. A simplified scheme of the gas turbine performance model.
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Figure 3. Scheme of CFD and FEA.

The second step is to train the surrogate model based on the results of CFD and
elastoplastic FEA. The surrogate model is constructed based on an LSTM (long short-term
memory) neural network. The input of the model is the operating state parameters of the
gas turbine, and the output is the temperature information of the blade in the hazardous
zones. Similarly, using the operating state parameters of the gas turbine and the results
of the temperature calculation surrogate model as input, and the first principal stress,
equivalent stress, total strain, and plastic strain in the hazardous zones of the blade as
output, a surrogate model for stress calculation purposes is constructed. For a detailed
analysis process, please refer to Figure 4.
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Figure 4. Scheme of the surrogate model.

It should be noted that the von Mises stress obtained using FEA can only represent
the magnitude of the stress and not its direction. Throughout the operating cycle, the blade
experiences both tensile and compressive stresses, and failure to consider their respective
directions can result in significant errors in estimating the stress range. In this study, the
tensile and compressive states in the hazardous zone are determined based on the sign of
the maximum principal stress, c;. When ¢ > 0, the hazardous zone is subjected to tensile
stress, and when 0 <0, the hazardous zone is subjected to compressive stress.

2.3. Updated Online Cycle Counting Based on the Four-Point Rainflow Counting Method

This study proposes an online cycle counting method that takes into account load fluc-
tuations during the cyclic process, based on the four-point rainflow counting method [28].
The algorithm takes the real-time load information of the hazardous zones of the blade as
input, which is calculated based on the surrogate model. The counting rules slightly differ
for different counting objects, and this study introduces them in two parts, one by one.

2.3.1. Temperature Counting

When evaluating creep damage, counting the incoming temperature information is
crucial. The characteristic stress, which represents the cyclic stress information, is chosen
based on the duration of the cycle. The detailed process is shown in Figure 5.

The updated cycle counting method for temperature counting primarily consists
of two parts: effective temperature extraction and extreme value identification, as well
as full cycle/half cycle determination and cycle counting. As shown in Figure 5, this
process begins with reading the input data, including the temperature value T and stress
value ¢ corresponding to the latest time point . The counting process begins when the
read temperature value T exceeds 30% of the melting point temperature of the metal
material. Once three data points are read, the extreme values can be identified. Assuming
the stress values of three consecutive temperature readings are Ty, Ty.1, and Ty,», if
(Tx+1 — Ti)(Txs2 — Tis1) <0, then Ty, is considered as an extreme value point, and it
should be stored in the extremum buffer. On the other hand, if (T},; — T )(Txs2 — Tk41) >0,
then Ty, is not an extreme value point and should be excluded from further consideration.
At the same time, the rainflow counting method based on four points requires at least four
extreme values before determining the cycle type. Let us assume that the four consecutive
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extreme values retrieved from the extremum buffer are Ty, T, T3, and T4. We can calculate
the differences as follows: AT; = | Ty — Tol, AT, = 1Ty — T3l,and ATy = 1 T3 — Tyl. If
AT, < AT7 and AT, < AT3, then it is considered as a full cycle. Otherwise, it is considered
as a half cycle and AT, represents the half cycle. This study refers to the references by
GopiReddy [31,32] on the rainflow counting method for online evaluation of creep damage,
where the relationship between load information and load duration in the case of full cycles
is proposed. This study introduces the concepts of cycle start time t1pegin, cycle end time
tTend, and cycle duration try,0q when considering full cycles. The calculation formulas are
as follows:

tT,begin =t (1)

I, -T;
tTend = | Ts— Ts (ts—t3)[ + 13 2)
tT,hold = tT,erld - tT,begirl (3)

where 1, tp, t3, and t4 represents the time corresponding to Tq, T, T3, and T4 respectively.
For half cycles, the calculation formula for the time information is as follows:

tT,begin =t 4)
tT,end =b (5)
tT,hold = tT,end - tT,begin (6)

Research has shown that for materials where the stress—strain curve is temperature-
dependent, the time required for the complete formation of local magnetic hysteresis loops
is crucial in the calculation of average temperature. Therefore, this study uses the concept
of equivalent mean temperature proposed by GopiReddy [31], which refers to the time-
weighted average temperature over the entire cycle. In the case of full cycles, the calculation
formula is as follows:

re 37 !Thegin (T3+Ty) trend —t3 (T3 +Ta)

mean

@)

tT,end - tT,begin 2 tT,end - tT,begin 2

In the case of half cycles, the equivalent mean temperature is directly taken as the
mean temperature of the two. The calculation formula is as follows:

T+ T
Trenean = ( . B 2) (8)

where T§ .., represents the equivalent mean temperature.

The characteristic stress represents a parameter that represents the cycle stress—time
history. In order to enhance the accuracy of creep damage evaluation, this study takes the
time-weighted stress over the entire duration of the identified cycle as the characteristic
stress of that cycle. Mathematically, it can be expressed as follows:

Scft

o= — " ——
tT,end - tT,begin

)

where o, represents the characteristic stress of the identified cycle and Ss_ represents the
area of the polygon in the c—t diagram.
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Figure 5. Flowchart of the updated online cycle temperature counting.

2.3.2. Stress Counting

When evaluating fatigue damage, the incoming stress information is counted, and a
characteristic temperature representing the cycle temperature information is selected based
on the cycle duration. The total strain and cyclic plastic strain are also determined based
on the duration of the cyclic loading. The detailed process is shown in Figure 6.

The updated stress counting method for cycle counting mainly includes three parts:
peak identification and removal of invalid amplitudes, determination of full cycle/half
cycle and cycle counting, matching characteristic temperature, and deformation mechanism
determination. As shown in Figure 6, the process starts with reading the input data, which
includes the temperature value T, stress value o, total strain value ¢,, and plastic strain
value gp, corresponding to the latest time point ¢. The peak identification process is similar
to temperature counting in nature. The purpose of removing invalid amplitudes is to
eliminate insignificant fluctuations in damage accumulation. The determination of invalid
amplitudes requires a threshold value H to be defined. This threshold value H is influenced
by multiple variables such as gas turbine structure, operating speed, output power, etc.
The value of H varies under different conditions. It should be noted that the determination
of the threshold value H does not affect the method proposed in this study.
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The determination of cycle types and temperature counting also follows a similar
approach. When the full cycle condition is satisfied, the maximum stress of the cycle is
given by omax = max(oy, 03), the stress amplitude is calculated as 0, = (loy — 031)/2,
the mean stress is determined as om = (02 + 03)/2, and the cycle count is incremented
by 1. The points 0, and o3 are removed, while 01 and ¢4 are retained. The process then
continues by reading a new incoming data point and restarting the identification process.
The relationship between the loaded information and the loaded time during the reference
temperature counting is considered, leading to the introduction of the concepts of cycle
start time # pegin, cycle end time £ enq, and cycle duration £ po1q specifically for full cycles.
These concepts are illustrated in Figure 7, and their calculation expressions are as follows:

to‘,begin =t (10)

0y — 03
torend = ‘(74 ~ o (ts —t3)[ + 13 (11)
tcr,hold = tc,end - tc,begin (12)

where 1, tp, t3, and t4 represents the time corresponding to o, 0, 03, and o4 respectively.
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When the half cycle condition is satisfied, the maximum stress of the cycle is given by
Omax = Max(cy, 07), the stress amplitude is calculated as 05 = (101 — 03 1)/2, the mean stress
is determined as o = (01 + 02)/2, and the cycle count is incremented by 0.5. The point oy
is removed, while 05, 03, and o4 are retained. The process then continues by reading a new
incoming data point and restarting the identification process. The calculation formula for
the time information of the cycle in this case is as follows:

to‘,begin =h (13)
toend =12 (14)
tc,hold = to,end - tG,beg'm (15)

The characteristic temperature refers to the parameter that best represents the temper-
ature history of the identified cycle. It is important to note that temperature directly affects
various properties of the material, and different materials may have different criteria for
selecting characteristic temperatures. In this study, the maximum temperature experienced
throughout the entire process from the start to the end of the identified cycle is considered
as the characteristic temperature of that cycle. Therefore, the characteristic temperature of
the cycle is determined as follows:

Te = maxT (t(y,begin/ tc,end) (16)

where T represents the characteristic temperature of the identified cycle.

The plastic strain generated during plastic deformation of a material is the primary
factor contributing to fatigue damage. When a material undergoes elastic deformation, the
plastic strain is zero. This study incorporates the time information of the identified cycle
and provides the following formula for calculating the cyclic plastic strain in relation to the
total strain:

Agpa = €pa,end — €pa,begin (17)

Agy = €aend — ga,begin (18)

where €, eng Tepresents the plastic strain at the end of the cycle, &5, pegin represents the
plastic strain at the beginning of the cycle, Aepa denotes the range of plastic strain identified
in the cycle, €, eng represents the total strain at the end of the cycle, €, pegin Tepresents the
total strain at the beginning of the cycle, and Ae, denotes the range of total strain identified
in the cycle.
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2.4. Creep-Fatigue Damage Evaluation Model

This study conducts real-time damage evaluation of a blade based on the load infor-
mation obtained using the online cycle counting method. During the damage evaluation,
the damage caused by various damage mechanisms is considered independently to de-
couple the effects of each mechanism. In the evaluation of creep damage, the influence
of temperature and stress fluctuations is taken into account. In the evaluation of fatigue
damage, the influence of temperature fluctuations is considered.

2.4.1. Creep Damage Evaluation Model

Creep damage evaluation in engineering typically considers only the damage caused
by the steady-state operation of gas turbines while ignoring the creep damage resulting
from load fluctuations during steady-state operation and non-steady-state operation. As a
result, this approach can lead to significant errors in the evaluation results and goes against
the original intention of maintenance based on the operational status of gas turbines.

The Larson-Miller parameter method [33] is widely applied for evaluating creep
damage, and it is the most commonly used approach. For the hazardous region of the
blade, the expression is as follows:

_ T(C +log(t))
L(o) = 1000

(19)
where t; is stress rupture time or time to failure, T is the blade material temperature, o is
the stress at the corresponding zone, C is the material constant, and L is the Larson—-Miller
parameter (LMP).

Finally, the ratio of the cycle t1p)q to t; is used to quantify creep damage. The total
creep damage is calculated by linearly summing up the creep damage for each cycle based
on the Miner linear damage rule [34]. The representation is as follows:

. . -1
De=Y thh(llc;@) -y (exp 10(% - C>) T, hold (1) (20)

where D, represents the total creep damage.

2.4.2. Fatigue Damage Evaluation Model

As mentioned above, effective full-cycle and half-cycle were identified during stress
counting, and the characteristic temperature of each identified cycle was determined, as
well as the damage mechanism caused by each cycle on the blade. This section will match
the appropriate damage evaluation models based on the blade’s damage mechanism.

When the blade does not undergo plastic deformation, this study uses the SWT model,
which considers Ae,, 0max, and temperature fluctuations for damage evaluation. The
representation of the SWT model [18] is as follows:

2
0./
OmaxA€a = %(ZNf)Zb + s/fC’f/(ZI\]f)b—H: (21)

where 0} represents the fatigue strength coefficient, b represents the fatigue strength expo-
nent, £; represents the fatigue ductility coefficient, ¢ represents the fatigue ductility expo-
nent, and N¢ represents the maximum number of cycles under the current load condition.

In (21), (Tf', E, b, s’f, and c are all functions of temperature. In this study, considering the
influence of temperature fluctuations on fatigue damage, the aforementioned parameters
are selected based on the characteristic temperature identified for each cycle.

When plastic deformation occurs in the component, this study uses a new model [35]
that takes into account the influence of Agpa, A¢a, and Tmax on cyclic damage. Furthermore,
the model introduces a function f(T) to describe the effect of temperature variation on
fatigue life. The form of the temperature correction term in the new model and the
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validation of its accuracy were previously completed in prior work. It is represented
as follows:
1g2N; = 1g A +nqlgAepa + nolgAes + n3lgomax (22)

where A represents the correction term considering the influence of temperature and n;~n3
are undetermined constants.

Finally, for full cycles, the reciprocal of the maximum number of cycles under the
current load condition is used as the fatigue damage for that cycle. However, for half
cycles, only half of the reciprocal of the maximum number of cycles under the current
load condition is used as the fatigue damage for that cycle. According to the Miner linear
damage rule, the total fatigue damage is calculated by linearly summing up the fatigue
damage for each cycle. It is represented as follows:

n

Di=) ——=C( (23)
f Z N; (1) ( )
where D¢ represents the total fatigue damage, n represents the number of cycles for the i-th
cycle, and C(i) is a constant used to determine the type of the i-th cycle, which takes the
value of 1 for a full cycle and 0.5 for a half cycle.

2.4.3. Creep—Fatigue Interaction Damage Evaluation Model

There exists a complex interaction between fatigue and creep; thus, fatigue damage
and creep damage at a given point cannot be considered separately. To address this,
numerous damage evaluation models have been proposed by scholars both domestically
and internationally, such as the strain energy density depletion model [36] and the modified
ductility exhaustion model [37]. One of the evaluation models based on the fatigue—creep
damage assessment chart [38] can dynamically display the evolution of fatigue—creep
damage state, making it highly suitable for online assessment of the health condition of a
blade, as shown in Figure 8. It can be mainly divided into three parts: the axis representing
accumulated fatigue/creep damage, the life criteria line determined with experimental
data, and the safe zone and failure zone distinguished by design criteria.

1
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0 0.2 0.4 0.6 0.8 1
Accumulated fatigue damage, D;

Figure 8. Creep—fatigue damage evaluation chart.

3. Experiment and Discussion

This study validates the feasibility of the established online blade damage evaluation
model based on operational data of a micro gas turbine in the “cold start-steady state-
shutdown” operating mode. The design parameters of the micro gas turbine are presented
in Table 1, while the operational data for the “cold start-steady state-shutdown” mode are
illustrated in Figure 9.
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Table 1. Micro gas turbine parameters.

Parameter Value
Power generation/MW 2
Power generation efficiency /% 25.7
Pressure ratio 7.5
Exhaust flow rate/(Kg/s) 10.1
Turbine inlet temperature/K 1223
Exhaust temperature /K 803
120 120
— Core speed — Power
100 | gr=y= 4 100
~ [
\ e
< %0 180 X
=] e’
g 5
g, 60 4 60 =
o >
B <
= 40 40
o
20 4 20
.l— 0
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0 2000 4000 6000 8000 10,000 12,000
Time (S)

Figure 9. The operational data of the micro gas turbine.

In this study, the turbine stationary blade of the selected gas turbine is chosen as the
research object for simulation and calculation. The turbine stationary blade is made of a
certain nickel-based high-temperature alloy, and its fatigue and creep properties are shown
in Figures 10 and 11. Referring to the operational data in Figure 9, a total of 245 typical
transient points, where there are abrupt changes in speed and power, are selected. The open-
source finite element software CalculiX (http://www.calculix.de, accessed on 28 September
2023) is used for temperature field calculation and stationary analysis. The temperature
field calculation is performed based on the 2D computational method, while the stationary
analysis uses an elastic—plastic finite element model. To mitigate the computational time
cost, only 1/29 of the entire turbine stationary blade is selected for analysis. The mesh
structure of this selected portion is illustrated in Figure 12. Based on the calculation
results of the 245 transient points, it is determined that the leading edge of the turbine
stationary blade is the critical region. The distribution of the load at steady state is depicted
in Figure 13a—d.

This study determines the tensile and compressive states of the hazardous zone based
on the positive and negative values of the maximum principal stress. The distribution of
maximum principal stress for a certain transient point during the start-up, steady state, and
shutdown processes is illustrated in Figure 14. It should be noted that in this study, the gas
turbine is considered to be in a shutdown state when it no longer outputs power. However,
at this stage, the temperature of various components remains high, which may result in
residual stress. The damage caused by residual stress is not taken into consideration in
this study. Based on the above analysis and considering Figure 14, it can be assumed that
the hazardous zone of the gas turbine stationary blade is subjected to compressive stress
throughout the “cold start-steady state-shutdown” process.
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Figure 10. Schematic diagram of the fatigue properties of the turbine stationary blade material.
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Figure 11. Schematic diagram of the creep properties of the turbine stationary blade material.

Figure 12. The mesh structure of the turbine stationary blade.
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Figure 13. The (a) temperature, (b) equivalent plastic strain, (c) equivalent total strain, and (d) equivalent
stress distribution of a certain transient point at steady state.
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Figure 14. The maximum principal stress distribution of a certain transient point at (a) cold start,
(b) steady state, and (c) shutdown.

During the entire operational process, the load on the turbine stationary blade under-
goes continuous variations, while the selected transient points can only reflect the load
information at the current moment. To obtain the load information of the turbine stationary
blade throughout the entire operational process, this study uses the aforementioned load
calculation model based on the surrogate model. It is worth noting that while the turbine
stationary blade is a non-rotating component, the motion of the rotor driving the moving
blade increases fluid turbulence within the turbine, enhances heat exchange between the
fluid and various components, and consequently influences the temperature distribution
of the turbine stationary blade [39]. The model takes the selected typical transient points’
power, rotational speed, fuel flow rate, and temperature/pressure at the inlet/outlet of the
turbine as inputs, and outputs the simulated load information of the identified hazardous
zone. The surrogate model is trained accordingly. The training set and test set are divided
in a ratio of 7:3, and the model’s test results are shown in Figure 15a—d. The results show
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that the MAPEs of the surrogate model in calculating temperature, total strain, plastic
strain, and stress are all less than 10%, indicating that the accuracy of the surrogate model
is within an acceptable range. Finally, using the surrogate model, the loading condition of
the turbine stationary blade in the hazardous zone throughout the entire “cold start-steady
state-shutdown” process is obtained by traversing, as shown in Figure 16.
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Figure 15. Comparison between simulation results and surrogate model results: (a) temperature,
(b) equivalent plastic strain, (c) equivalent total strain, and (d) equivalent stress.
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Figure 16. The load information of the turbine stationary blade in the hazardous zone throughout
the entire “cold start-steady state-shutdown” process: (a) stress and temperature and (b) total strain
and plastic strain.

Based on the overall structural arrangement, component material selection, and op-
erating conditions of this micro gas turbine, the threshold value H for stress counting is
set at 10 MPa, and the threshold value Ty, for temperature counting is set at 450 °C. The
data in Figure 16 are sampled every second. The updated cycle counting method based
on the four-point online rainflow counting method is used in this study to perform cycle
counting on the inflow load information. By applying the obtained real-time temperature
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spectrum and stress spectrum to the damage evaluation model, the fatigue damage Dy of
the micro turbine stationary blade during the process is calculated as 1.3065 x 10~#, and
the creep damage Dy is calculated as 1.6303 x 10~%. In this study, a bilinear criterion is
temporarily established to evaluate the interaction between the two types of damage, as
shown in Figure 17. It should be noted that the provided lifetime criterion in this study
is hypothetical. To determine an accurate lifetime criterion, relevant experiments need to
be conducted.
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Figure 17. Fatigue—creep damage assessment chart.

The OEM recommends that the major overhaul cycle for this micro gas turbine under
base load conditions is 32,000 h or 700 start—stop cycles. The calculation formula for the
EOH of this micro gas turbine is shown below:

EOH = Cstart [Nstart + Cload changeN load change + CtripZ\[ trip] + CstressCrue1 Time (24)

where Cgiart is the start-up weighting factor, Ngtart is the start-up count, Cigaq change 18
the load change weighting factor, Nigad change 1S the load change count, Cyyp is the trip
weighting factor, Ny;p is the trip count, Cstress is the stress weighting factor, C is the fuel
weighting factor, Time is the actual operating hours.

Based on (24), it can be determined that, after undergoing the aforementioned process,
the damage Dogy to the micro gas turbine stationary blade is calculated as 4.475 x 10~%.
The OEM’s recommended value is slightly higher than the calculated results of this model,
possibly because the OEM considers erosion, abrasion, oxidation corrosion, or other damage
mechanisms when calculating the damage to the blade.

4. Conclusions

This study established a hybrid model for gas turbine blade online damage evaluation
based on operating conditions. This model includes a gas turbine performance model
based on thermodynamic simulation, a component load calculation model based on a
surrogate model, an improved cycle counting method based on the four-point online
rainflow counting method, and an improved damage mechanism evaluation model. Based
on the experimental data for the “cold start-steady state-shutdown” for a micro gas turbine,
an online evaluation of the damage to the turbine stationary blade was conducted. The
evaluation results of the model compared with the EOH suggested by the OEM showed a
relative error of 34.37%, which preliminarily verified the practicality and feasibility of the
model. This model can be applied to condition-based maintenance of gas turbine blades
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and other components. The same modeling approach can also be used in other fields such
as online assessment of power semiconductor damage.

The novelty and originality of this study can be primarily categorized into two

main parts:

When obtaining blade load information based on gas turbine operating parameters,
the new model utilizes a surrogate model instead of the traditional physics-based
model. This improves the accuracy of blade load calculations and ensures real-time
performance. However, the variable operating conditions, uncertain start/stop modes,
and component degradation in gas turbines can all affect the blade load distribution.
Incorporating these factors to build more complex surrogate models will be performed
in our subsequent work.

Regarding the online cycle counting method, the new model enhanced the conven-
tional four-point online rainflow counting method to accommodate the counting of
results from elastic—plastic analyses. Moreover, the inclusion of time information
during cycle counting allows for the precise recording of load fluctuations, thereby
providing accurate input conditions for a subsequent damage assessment. In addition,
the online cycle counting method and damage evaluation model complement each
other. Designing corresponding characteristic tests for different materials and finding
the relationship between load conditions and their damage evolution can also improve
the accuracy of the entire model.
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Nomenclature

OEM  original equipment manufacturer

EOH  equivalent operating hours

LSTM  long short-term memory

CFD  computational fluid dynamics

FEA finite element analysis

T temperature

Tm melting point temperature

Thean equivalent mean temperature

So—t the area of the polygon in the o —t diagram
tr stress rupture time

L(o) Larson-Miller parameter

Te characteristic temperature

t time

H threshold for invalid cycle determination
E elastic modulus

N fatigue cycle count

Dy fatigue damage

Dc creep damage

Dopm  damage recommended by the OEM
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Greek letters

Oe characteristic stress of the identified cycle
Omax maximum stress

Omin minimum stress

Oa stress amplitude

Om mean stress

€pa plastic strain

£, total strain

A range

Subscripts

T temperature counting
o stress counting

begin  cycle start time

end cycle end time

hold  cycle duration
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