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Abstract

:

The diagnosis of blade crack faults is critical to ensuring the safety of turbomachinery. Blade tip timing (BTT) is a non-contact vibration displacement measurement technique, which has been extensively studied for blade vibration condition monitoring recently. The fault diagnosis methods based on deep learning can be summarized as studying the internal logical relationship of data, automatically mining features, and intelligently identifying faults. This research proposes a crack fault diagnostic method based on BTT measurement data and convolutional neural networks (CNNs) for the crack fault detection of blades. There are two main aspects: the numerical analysis of the rotating blade crack fault diagnosis and the experimental research in rotating blade crack fault diagnosis. The results show that the method outperforms many other traditional machine learning models in both numerical models and tests for diagnosing the depth and location of blade cracks. The findings of this study contribute to the real-time online crack fault diagnosis of blades.
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1. Introduction


Turbomachine blades are subjected to centrifugal force, airflow excitation, and thermal stress when working in high-temperature, high-pressure, and corrosive environments. Therefore, it is easy for cracks, wear, corrosion, and other risks to develop on the blades, which would hasten high-cycle fatigue failure or potential fracture, shorten the service life, and endanger the safety and operational stability of the turbine [1]. The aircraft compressor blade of China Southern Airlines flight CZ3739 cracked in 2014, causing the engine to catch fire in the air. An engine explosion on a United Boeing 777 happened in February 2021, caused by the fatigue fracture of two fan blades of the PW4000 engine, which damaged the magazine and caused the explosion. According to statistics, blade damage caused 70% of forced-stop accidents in turbines in the United States until 2008 [2].



There are many ways to monitor the real-time status of blade crack faults. Spitas et al. [3] measured the change in potential difference by placing three electrodes on the specimen’s surface to obtain the shape parameters of the crack. However, this method required attaching electrodes to the surface of the specimen, and the measurement in the rotating state was not independently verified. Krause et al. [4] detected damage to wind turbine rotor blades by using audio classification techniques, but the technique was ineffective for monitoring blades with progressive cracks or in a cabinet with loud airflow. Abouhnik et al. [5] proposed the empirical decomposition characteristic strength level (EDFIL) method for the diagnosis of blade cracks by measuring the real-time vibration of the wind turbine. However, this method was an indirect measurement, which was not able to measure vibration energy concentrated in the blade, such as in a blade–impeller system with a strong rotor stiffness.



The acquisition sensors are not in contact with test blades but are installed around the blades, which is called the non-contact vibration measurement method. This method, which is simple in structure and does not affect the original blade quality, stiffness, and other performance parameters, can detect the vibration state of all circled blades and has gradually become a research focus in the field of blade vibration detection. Intermittent phase [6], laser holography [7], acoustic response [8], and blade tip timing [9] are some examples. Blade tip timing (BTT) technology is developed on the basis of the frequency modulation method. The arrival times of the blade to the displacement sensor mounted on the casing are recorded, and the vibration parameters of the blade can be obtained by analyzing the difference between the recorded times. BTT has the advantages of a simple structure and easy installation. It only needs to arrange the sensor in the casing to monitor the vibration status of all circled blades and does not affect the blades. Due to the sparsity of sampling, the BTT signal is severely undersampled, so it needs a recognition algorithm for data processing to further obtain the vibration parameters, which is also the main drawback of the blade tip timing technology.



In recent years, enterprises, research institutions, and universities have invested significant resources in the research of BTT technology in the field of turbomachinery, resulting in a wealth of research results and extensive experience in theoretical methods and engineering practice [10]. General Electric, Pratt &Whitney, and Rolls-Royce all applied BTT technology to the safety detection of engine blades [11]. At the Politecnico di Torino, the latest generation of BTT systems was used to identify the dynamic properties of rotating blade discs [12]. Madhavan et al. [13] adopted BTT to measure the abnormal vibration of an aeronautical gas turbine blade and applied it to detect blade damage. Hu et al. [14]. established the rotating integral blade disc detuning identification and model real-time calibration (BR-IDC) method based on BTT and achieved the online real-time detuning identification of rotating blade discs through experiments. Research on the acquisition of vibration parameters based on BTT signals has also been in progress. Imperial College proposed a sensor waveform analysis method based on BTT and clearance sensor waveform analysis methods (BLASMA) that can be used to determine single and multi-harmonic blade vibration parameters for asynchronous and synchronous vibrations [15]. Duan et al. [16] identified the blade arrival time using the rising and falling edges of the BTT signal and proposed a calibration procedure applicable to asymmetric BTT signals to improve the measurement accuracy. Lin et al. [17] proposed a multimodal blade vibration reconstruction algorithm to reconstruct the unknown multimodal blade vibration signal and also proposed a minimum requirement for the number of probes. Wang et al. [18] established an improved multi-signal classification (MUSIC) method to effectively identify the vibration frequency components in undersampled BTT signals.



The difficulty in analyzing blade fault signals stems not only from the fact that the blade fault is unpredictable and unknown but also from the fact that the early fault signal created during operation is latent. Fault diagnosis methods based on deep learning can efficiently analyze vast volumes of data, automatically extract data feature values, and generate correct diagnosis findings rapidly. The convolutional neural network (CNN) is one of the most successful deep learning approaches, employing local connections and shared weights to extract information features from data, while avoiding overfitting issues [19,20].



Research on blade fault diagnosis for undamped structures has gradually emerged recently. Gantasala et al. [21] proposed a method based on an artificial neural network (ANN) model to identify the location and quantity of ice mass on wind turbine blades, and this method correctly predicted the ice mass distribution along the blades. Joshuva et al. [22] applied machine learning to identify the impact of various blade failure circumstances on unit blades. Yu et al. [23] applied computational fluid dynamics and finite element analysis to numerically simulate the damage detection of single cracked blades and proposed an effective method to predict crack location and size based on the variation the natural frequency of wind turbine blades. Zhang et al. [24] proposed a method for detecting blade faults by fusing tip clearance information with BTT data, which was validated by 16 sets of experiments. The results showed that the classification accuracy reached 95%, which was significantly higher than traditional diagnostic methods. Wu et al. [25] used the k-means approach to classify faults in the BTT data of a titanium-bladed disk with cracks.



It is clear from the review above that BTT has attracted a lot of attention and research because it is currently the most effective technical method for detecting blade vibration [10]. Additionally, with the development of big data and artificial intelligence, deep learning-based detection methods have been successfully applied to the prediction of equipment faults. Due to this, the purpose of this research is to implement and enhance more effectively the application of intelligent diagnosis methods in blade fault vibration detection to improve blade fault diagnosis, as well as to extend the application of BTT in the field of blade fault diagnosis by using deep learning.



A fault diagnosis method for turbine blade cracks based on BTT and CNN is proposed in this research, which is validated in two ways: the numerical analysis of the intelligent diagnosis of rotating turbine blade cracks and the experimental examination of rotating blade crack fault diagnosis. The complete closed block diagram of the work is shown in Figure 1. The main contents mainly include:




	(1)

	
This research develops a numerical model of the concentrated parametric vibration of blades and a numerical model of the BTT signal acquisition. The measurement deviation and noise are also added to the BTT data. The blades with crack faults, crack locations, and crack depth under uniform speed conditions are diagnosed, and the study compares several machine learning approaches to confirm the detection accuracy of the proposed CNN fault diagnostic model.




	(2)

	
Rotating blade crack diagnosis tests based on BTT measurements are performed and validated using a finite element model. The blade crack position and depth are effectively detected under uniform speed conditions, supporting the proposed CNN fault diagnosis model even further.









The real-time monitoring of the blade vibration characteristics is required to reduce the risk of faults such as blade breakage and to increase blade vibration safety [10]. In this study, BTT is applied to determine the vibrational characteristics of cracked blades, and the CNN is used to automatically learn and extract fault signal features without relying on manual experience or signal analysis methods. This study gives a new perspective on fault detection in turbine blades and has great application potential for the intelligent health monitoring of blade discs. Additionally, it can be used to develop digital twin models [14] of blade discs and to predict the severity of blade cracks in real time.




2. Method


2.1. Numerical Model


The finite element model and the lumped parameter model are frequently used for the mathematical modeling of blades in scientific research or engineering analysis. The finite element model is based on real blade geometry. Therefore, the vibration analysis results are more detailed and accurate, but the computational time and resource consumption are very high. The lumped parameter model can only qualitatively describe the blade vibration characteristics. However, it can be programmed to analyze them quickly and provide a large and effective signal data set for failure vibration analysis.



A lumped parameter model for the combined cracked blade fault diagnosis problem is developed in this research, as shown in Figure 2. The whole circle blade model consists of 6 sectors, all of which are composed of 3 degrees of freedom, including the tip, body, and root of the blade, and 1 degree of freedom, including the rotor disk. The center of the rotor disk is connected to the rotor shaft to rotate the disk around the rotor shaft. The blade only vibrates in the direction of rotation. A dry friction-damping structure generates relative friction between the tips of adjacent blades based on their relative motion. The blades are modeled with 3 degrees of freedom in this work, which can demonstrate higher-order complex motion patterns in blade vibration. A total of four sensors are evenly distributed around the perimeter of the blades, with a 15° angle between them.



The lumped parameter model used in this study does not correspond to the experimental model because the lumped parameter model ignores a large number of real blade characteristics. Furthermore, in order to validate the method proposed in the study, the mutual influence factors between adjacent blades are added to the lumped parameter model, which is also different from the free blades used in the experiments.



The individual waveforms are separated from the sensor output based on the experimentally determined time-domain voltage signal and normalized to the original amplitude and pulse signal range according to the sensor probe size. As shown in Equation (1), the Fourier variation of the first four orders is retained to fit a waveform function of the relative distance between the blade and the sensor.


  U (  x  i , j    ) =  a 0  +   ∑  i = 1  n    a i  c o s ( i ω  x  i , j    ) +  b i  s i n ( i ω  x  i , j    )    



(1)




where    x  i , j      is the distance of the blade tip from the sensor center, i is the order of the harmonic wave,    b i    is the angular frequency,    a i    is the cosine term coefficient, and    b i    is the sine term coefficient.



Cracks are assumed to appear at random in the top, middle, and root of blades in the numerical model, and the variation in cracks regarding stiffness values at different sites is defined as crack severity  ξ . The stiffness value    k m    at the location where the crack appears on the blade can be calculated by subtracting the crack severity  ξ  from the harmonic value    k t   , as expressed by Equation (2):


   k m  =  k t  ( 1 − ξ )  



(2)







The problem of blade fracture combinations is examined in this research, where cracks may be present in more than one blade. Cracks are added randomly to the top, middle, or root of a blade, and this detection task is a classification task. Blade crack severity is a continuous variable in the range [0, 0.5], with 0 indicating no cracks and the corresponding detection task is a regression task.



The system parameter deviation    y  err     and signal noise    u  noise     are added to the BTT voltage signals in this study to make the signals derived from the numerical model resemble the real blade signals more. The noise is 30 dB of white Gaussian noise.



The deviation of the system parameters affects the magnitude of the blade vibration displacement amplitude, and the signal noise affects the extraction of the blade tip arrival time. System parameter deviations    y  err     include structural deviation    y  err  b   , blade tip deformation under centrifugal force     y ¯   err  b  (  f v  ( t ) )  , and sensor positioning deviation   Δ  y  err  s   , as in Equation (3):


   y  err   =  y  err  b  +   y ¯   err  b  (  f v  ( t ) ) + Δ  y  err  s   



(3)







In this study, it is assumed that the blade structure’s structural deviation    y  err  b    and sensor positioning deviation   Δ  y  err  s    are random variables in the range of [−0.5 mm, 0.5 mm]; the blade tip deformation     y ¯   err  b  (  f v  ( t ) )   =      f v    ( t )  2   /    10  5     ,    f v  ( t )   is the rotation frequency.



The accurate extraction of the time of arrival from sensor signals is a fundamental requirement for performing research on BTT vibration measurement. The fixed voltage threshold method and the constant fraction crossing method are the two most commonly used methods. Due to the noise impact, these two methods often extract the incorrect BTT signal [26]. In order to obtain the signal accurately, this study proposes a BTT arrival time extraction method based on the linear fitting of the rising edge interval of the pulse voltage signal.



As shown in Figure 3, the signal’s rising edge curve in the absence of noise is theoretically a continuous process with an approximately constant slope. This method selects a truncated voltage interval within an interval Ua ~ Ub containing the threshold voltage along the rising edge of the voltage signal curve, uses linear least squares fitting to obtain the rising curve, and then intersects with the threshold voltage level to solve for the intersection point corresponding to the time of arrival (TOA). The blade shape in Figure 3 is a schematic diagram of a generalized blade to illustrate how to obtain the blade tip arrival time and is not the blade shape used in the experiment.




2.2. CNN


A 1-D convolutional neural network (CNN) structure for blade crack fault detection is designed in this research, as shown in Figure 4. The vibration signal of cracked blades, obtained by numerical simulation or experimental test, is the input of the CNN network. The kernel size of the downsampling layer is 11, the step size is 4, and the kernel channel size is 64. In this research, a 5-layer 1-D convolutional network with a kernel size of 5 is adopted. Multiple layers of small convolutional kernels can make the network deeper, resulting in better feature representation and contributing to better network performance [27]. The last layer of the fully connected layer consists of two parts: the upper layer with output size 4 is used to output the crack location feature, and the lower layer with output size 1 is used to output the crack depth feature. The weights for the loss functions of the classification and regression tasks are adopted to generate the loss function of the total task. Adam is used in the optimizer, and the initial learning rate is set to 0.001. MSE and CrossEntropyLoss are adopted as cost functions to predict the value and type, respectively.




2.3. Testing Device


In this study, the blade vibration testing system based on BTT is devised to obtain vibration signal data from real cracked blades. The system components are shown in Figure 5. The test platform mainly consists of a rigid support cast iron platform, a servo motor, and bearing support.



The height dimension is much larger than the width and thickness dimensions for free blades with long and thin geometries, such as compressor first-stage blades, fan blades, and turbine final-stage blades. In this study, to improve signal collectability and reduce the influence of noise, a simplified trapezoidal flat blade with a long and thin geometry is designed. In addition, the method can be extended to applications with characteristics similar to the blade design in this research, such as the compressor’s first-stage blade. The test blade is loaded in two ways: first, by centrifugal force in the rotating state, and second, by an airflow excitation force applied to the top position of the blade to cause vibration, which is also similar to the real blade loading conditions. The blade damage form in this research only includes crack failure, which has two characteristics: location and depth.



Straight blades are used for the test. The thickness of the blades is 1.2 mm, and the length is 120 mm. Cracks in this test are designed at three locations, including the top, middle, and root of the blade. The maximum machining depth of the blade crack is 30% of the depth of the section where the crack is located. The test speed is 1500 rpm.



The test object of this study is a full-circle model blade with a blade thickness of 1.2 mm and a blade length of 120 mm. The specific blade material and geometric parameters are shown in Table 1.



Figure 6 shows the installation position of the blade, the shape parameters of the blade, and the cracks in the root position.



The objective of this test is to detect the crack location and crack depth of the blade based on the BTT signal obtained from the cracked blade test. The vibration signal acquisition is affected by random errors such as sampling frequency, system device installation deviation, and noise.



The number of BTT data with random crack depths obtained for each crack location in the testing is set to 30, while one set of crack-free conditions is added for comparison. The test duration of each group is 90 s, and the data volume of the fault diagnosis input signal is increased 10 times by further averaging each group of test data into 10 segments of data samples.





3. Results


3.1. Results of Lumped Parameter Model


3.1.1. Comparison of Results of Fault Diagnosis Models


In order to verify the effectiveness of the fault diagnosis model in this paper, Gaussian Process (GP), Support Vector Machines (SVMs), eXtreme Gradient Boosting (Xgboost), K-Nearest Neighbor (KNN), Random Forests (RFs) are compared with the CNN model proposed in this paper.



A total of four different cases are designed for the fault detection task based on whether system deviation and noise are factored in (conditions for system deviation and noise are described in Section 2.1). Figure 7 shows the accuracy results of the CNN model in this paper and five other machine learning algorithms for blade crack location detection. Compared with the other five machine learning models, the CNN model achieves the highest level of prediction accuracy in four cases: 91.7%, 88.0%, 91.1%, and 86.7%, respectively. The prediction accuracy of the other five machine learning models is significantly reduced, especially under complex conditions with system deviation and noise, while the CNN model in this paper still performs well.



Figure 8 shows the accuracy results of the CNN and five other machine learning methods for blade crack depth prediction. Similarly, in four cases, the CNN model developed in this study outperforms the other five models in predicting blade crack depth by 95.4%, 90.7%, 94.6%, and 87.5%, respectively.



Through comparison, the CNN model proposed in this research is better than the traditional machine learning model in multiple ways. The traditional machine learning model typically can only utilize a single task detection problem, whereas the CNN model can utilize a multi-task problem of crack location and depth at the same time. The detection accuracy of the CNN model established in this paper is significantly higher than that of the five different traditional machine learning models, and the CNN model shows stronger adaptability under system deviation and noisy working conditions.




3.1.2. Prediction of Blade Crack Location and Depth


This section shows the fault diagnosis results obtained by the CNN method in this study for four cases in terms of crack location and depth. The confusion matrix of the blade crack location detection results is depicted in Figure 9. Positions 0 to 3 indicate no crack, top cracks, mid cracks, and root cracks, respectively. In addition, the values in the matrix reflect the proportion of correct detections in the true value to the total number of results in that category. As shown in Figure 9, the classification of crack faults is weak for locations 2 and 3; locations 0 and 1 are better, and the classification results are more than 80% for each case. The results show that the CNN is very effective at this task. However, many crack faults are not diagnosed as cracks, since the crack fault characteristics are imparted upon the no-crack blades during the coupling action, leading to confusion in the diagnostic identification. It is evident from a comparison of Figure 9a–c that deviations have a stronger influence on crack fault prediction, particularly for the prediction of no cracks. Since noise has less impact on the identification method than systematic deviation does, system deviation directly affects the identification of blade vibration characteristics.



Figure 10 shows the blade crack depth prediction results for four different cases. It can be seen that the detection results in Figure 10a,c are relatively stable throughout the whole change in crack severity, and the errors are mostly within 10%, while the detection results in Figure 10b,d have larger errors between the predicted and real values due to system deviation and noise. The prediction accuracies are calculated to be 95.4%, 90.7%, 94.6%, and 87.5% for the four cases, respectively. Comparing Figure 10a–c, the noise has less impact on the prediction of blade crack depth. It is clear that the system deviation causes the data to have a more discrete distribution, increasing the error between the predicted and true values. The reason is that the system deviation directly affects the results of the BTT signal recognition.





3.2. Results of Experimental Measurement Data


3.2.1. Analysis of Blade Fault Vibration Characteristics


A finite element numerical analysis is adopted to obtain the blade modal and response characteristics under various crack location and crack depth conditions. From the numerical analysis results, the key characteristic parameters for fault identification can be obtained to guide the experimental design. In this study, the numerical model is verified by the variable speed sweep method.



The Campbell diagram of blade vibration and the modal vibration patterns for the first three orders of vibration are given in Figure 11. The result shows that the first-order resonance of the blade may occur between 500 rpm and 1500 rpm for integer multiples of the speed, with resonance points of 611.4 rpm, 739.9 rpm, 936.9 rpm, and 1292.0 rpm for the line of excitation from three to six, corresponding to vibration frequencies of 61.14 Hz, 61.66 Hz, 62.46 Hz, and 64.60 Hz.



The test speed is set to rise from 0 rpm to 1600 rpm with a uniform acceleration for 96 s and a maximum speed frequency of 26.67 Hz. As shown in Figure 12, the Campbell diagram of blade vibration is obtained using wavelet analysis based on the measured strain gauge’s time-domain signal. It can be seen that the blade resonates at multiple multiples in the speed range.



Table 2 gives the results of the measured intrinsic frequencies of the strain gauges at each octave, which is very close to the numerical analysis results, with a maximum error of 2.8% for the numerical analysis of the blade vibration frequencies.



In the numerical model, the natural frequencies at nine uniform depths from 1/30 to 9/30 were analyzed at each crack depth, considering the crack locations at the top of the blade, the middle of the blade, and the root of the blade, respectively.



Figure 13 shows the variation curve of the natural frequency of the cracked blade’s first, second, and third-order vibration modes with crack depth. When the crack is in the middle and root positions of the blade, the modal frequency decreases as the crack depth increases. In addition, when the crack is in the top position, the blade modal frequency slightly increases as the crack depth increases. The reason is that the influence of the actual blade crack processing mode reduces the quality of the blade tip position. According to the results, the natural frequency of the blade can be applied as a sensitive parameter to indicate the condition of the blade crack. In the same crack depth case, the blade modal frequency is more sensitive to cracks appearing at the root of the blade.




3.2.2. Results Comparison of Different Fault Diagnosis Models


Similarly, this paper compares the performance based on experimental data of SVM, Xgboost, KNN, RF models, and CNN. Figure 14 shows the results of the prediction accuracy of crack location and crack depth. The maximum accuracy of traditional machine learning methods for crack location and depth detection is 85.7% and 66.3%, respectively, while the prediction accuracy of the CNN is 91.6% and 88.2%. Compared to several other machine learning models, the CNN designed in this study has better accuracy in detecting blade crack location and crack depth.



The confusion matrix of crack location classification for the test set is shown in Figure 15a. Furthermore, the classification accuracy for the blade crack failure location is high. Only part of location one (the crack in the top) is incorrectly predicted as a crack in other locations, which also contributes to its relatively low prediction accuracy. The main reason may be the small effect of crack position one on blade frequency and the small difference in vibration amplitude of the cracked blade, which also corresponds to the results in Figure 13. Figure 15b shows the density statistics of the relative errors in the test results. The bar graph represents the density of distribution within each error interval, and the curve represents the Gaussian distribution of relative errors. When the width of the curve is smaller and the centerline is closer to 0, it indicates that the predicted results are more accurate. From the figure, it can be seen that the error of most of the predicted values of the crack degree is within ±20%.






4. Conclusions and Forecast


A CNN-based blade crack detection and analysis method is proposed to improve the low accuracy of blade fault diagnosis in rotating turbine blade vibration. Fault signal features can be automatically extracted and learned, and the high workload and uncertainty of traditional manual extraction are eliminated. Secondly, the numerical analysis of blade crack vibration measurement based on BTT is carried out. The numerical model of the sensor output voltage signal is established, and the effectiveness of the CNN fault diagnosis model in predicting the blade crack location and extent under the conditions of simulating the actual measurement deviation and noise is verified. The results show that the proposed CNN model can be applied to the complex problem of crack fault detection in untuned turbine blades. Finally, the vibration measurement of the rotating blade crack faults based on BTT is studied, and the results verify the effectiveness of the proposed CNN fault diagnosis model for the intelligent diagnosis of blade crack location and depth. The summarized conclusions are as follows.



	(1)

	
A fault diagnosis method for blade cracks based on convolutional neural networks has been developed. This method detects blade crack faults by deeply mining the data features of the input signal, and this method is anti-interference and noise-resistant.




	(2)

	
The accuracy of traditional machine learning models such as GP, KNN, RFs, SVMs, and XGBoost for cracked blades is much lower than that of the CNN model proposed in this paper. Moreover, traditional machine learning models perform poorly in deviation conditions and are difficult to adapt to the actual complex testing environment.




	(3)

	
Based on the proposed CNN crack detection model, a crack detection analysis for the rotating blade tip timing numerical model with cracks is constructed. The results show that the crack fault can be effectively identified by this method considering system deviation and signal noise. For the given four cases, the prediction accuracy of crack location is 92.9%, 87.7%, 90.8%, and 85.8%, respectively, while the prediction accuracy of crack depth is 95.4%, 90.7%, 94.6%, and 87.5%.




	(4)

	
The effectiveness of the CNN fault diagnosis analysis model has been verified by rotating blade crack detection test BTT data. The method can effectively detect the crack location and depth condition. The detection accuracy of the crack location is 91.6%, and the detection accuracy of the crack depth is 88.2%, which has a higher diagnosis level compared to the other machine learning models.







Vibration stress is an important parameter for the reliability of turbine blades. In subsequent research, the research on vibration stress detection of rotating blades based on the blade tip timing system will be developed to realize the inversion of the vibration stress of actual cracked turbine blades and to establish a blade safety monitoring method based on dynamic stress.
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Figure 1. The complete closed block diagram. 






Figure 1. The complete closed block diagram.
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Figure 2. The lumped parameter model. 
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Figure 3. Method for obtaining blade tip arrival time. 






Figure 3. Method for obtaining blade tip arrival time.



[image: Applsci 13 01102 g003]







[image: Applsci 13 01102 g004 550] 





Figure 4. Convolutional neural network structure. 
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Figure 5. BTT test system structure. 
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Figure 6. Test blades and crack locations. 
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Figure 7. Prediction accuracy of blade crack location by different deep learning models (case 1: No system deviation and No noise; case 2: System deviation and No noise; case 3: Noise and No system deviation; case 4: System deviation and Noise). 
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Figure 8. Prediction accuracy of blade crack depth by different deep learning models (case 1: No system deviation and No noise; case 2: System deviation and No noise; case 3: Noise and No system deviation; case 4: System deviation and Noise). 






Figure 8. Prediction accuracy of blade crack depth by different deep learning models (case 1: No system deviation and No noise; case 2: System deviation and No noise; case 3: Noise and No system deviation; case 4: System deviation and Noise).



[image: Applsci 13 01102 g008]







[image: Applsci 13 01102 g009 550] 





Figure 9. Confusion matrix of blade crack location detection results. 
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Figure 10. Regression curve of blade crack degree detection results. 
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Figure 11. Campbell diagram of modal frequency of model blade. 






Figure 11. Campbell diagram of modal frequency of model blade.



[image: Applsci 13 01102 g011]







[image: Applsci 13 01102 g012 550] 





Figure 12. Campbell diagram of variable speed strain signal based on wavelet analysis. 
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Figure 13. The first three orders of natural frequency of the blade at different crack depths. 
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Figure 14. Prediction accuracy of different deep learning models. 
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Figure 15. Detection results of crack location and depth of 1500 rpm blade. 
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Table 1. Material and geometric parameters of the blade.
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	Project
	Parameter





	Material
	ASTM 1045



	Number of blades
	12



	Disc diameter/mm
	120



	Height of blade/mm
	138



	Height of the bottom of the blade/mm
	62



	Top length/mm
	34.4



	Bottom length/mm
	20



	Thickness of blade/mm
	1.2
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Table 2. Experimental and numerical analysis of blade vibration frequency results at each octave.
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	Frequency Multiplication
	3
	4
	5
	6





	Numerical prediction/Hz
	64.60
	62.46
	61.66
	61.14



	Experimental measurement/Hz
	62.84
	62.49
	61.04
	60.83



	Numerical error/%
	2.80
	−0.05
	1.02
	0.51
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