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ABSTRACT
With the rapid development of machine learning in various fields, the machine learning method has been gradually

applied to aero-engine gas-path fault diagnosis technology. These are gas-path fault problems that have characteristic of
large volume of data, high dimension and strong randomness, that is exactly the key innovation point of using machine
learning to predict gas-path fault problems. It has been preliminarily developed in the field of gas-path fault diagnosis
now, which application value will be confirmed. Machine learning and gas-path fault diagnosis methods are taken as the
research background in this thesis. Firstly, the research progress of gas-path fault diagnosis methods for aero-engines is
expounded. Secondly, this is introduced the application principle and function that the fusion method of computational
fluid dynamics (CFD ) simulation gas-path parameters and machine learning algorithm in gas-path fault diagnosis
technology. Finally, the challenges and prospects of gas-path fault diagnosis methods the machine learning are discussed
profoundly.
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INTRODUCTION
Engine is the core of aero-aircraft power system. Flight safety will be seriously affected, once the performance

failure or sudden failure occurs. According to incomplete statistics, it was found that more than 90% of the problems of
aero-engine faults that were derived from the faults of engine gas-path components, and the maintenance cost accounts
for more than 60% of the overall maintenance cost of the engine[1]. Therefore, it is very necessary to develop a
diagnostic technology to obtain the location of the engine disease accurately and quickly. It is a great significance to
improve flight safety, reduce maintenance frequency and cost.

However, Prognostics and Health Management (PHM) technology can realize the prediction of system failure or
fault a period of time that complex gas-path systems at the end of the last century, and it provides accurately judgment
for the location and type of fault when a fault occurs[2]. The gas-path faults are identified, located and predicted by the
variation of gas-path characteristic parameters, thus, it provides a basis for the support maintenance center[3].

After investigation, it was found that the current aero-engine gas-path fault diagnosis technology still faces the
following difficulties[4]:

1) It is the vast majority of engine models still to be confronted with problems that the number of measured gas-path
parameters less than the number of unknown characteristic parameters, which were obtained the engine gas-path datum
by the sensors.

2) The deviation between the gas-path parameters and the noise measured by the sensor due to the gas-path fault is
of the same magnitude, so it is still a challenge to extract the characteristic parameters. Thus, the measured characteristic
signals are biased to some extent.

3) Gas-path fault testing is not only costs expensive, but also is up against many core technologies to be solved.
4) The core technology has not been solved yet that developing a reduced-order model for gas-path fault with strong

generalization ability, high accuracy, fast and low cost.
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5) No matter any advanced sensor is adopted, the impact of incomplete and uncertain measurement data cannot be
overcome.

Furthermore, it is not possible to gain the gas-path characteristic parameters of the whole flow field at various
moments that is due to the limitation of engine design requirements and sensor installation conditions, especially for the
fault monitoring of local small gas-path components, which still faces enormous challenges. And the data processing
is time-consuming and labor-consuming, which makes use of the current PHM technology, and it is unable to efficiently
to predict the gas-path health status of the engine[5]. Therefore, the current research status of the gas-path fault
diagnosis technology is reviewed in this paper, it proposes a fault diagnosis method based on the fusion of CFD
numerical simulation and machine learning, meanwhile, it is prospected that challenge and development trend of the gas-
path fault diagnosis methods.

RESULTS AND DISCUSSION

1 RESEARCH PROGRESS OF GAS-PATH FAULT METHODS

1.1 Introduction to aero-engine gas-path fault diagnosis technology
In 1972, Urban[6]first proposed the gas-path fault diagnosis of aero-engine. In order to solve the problem of the

disproportional relationship between engine state parameters and independent parameters, the nonlinear fault model was
simplified to a linear mathematical model. Passalacque put forward an improved Kalman filter (KF) linear model for gas-
path fault diagnosis in view of the shortcomings of the linear mathematical model method[7], such as neglecting the
processing of sensor deviation and noise characteristic parameters and over-reliance on linear assumptions.

Zadda implemented nonlinear GPA fault diagnosis using an iterative method in 1995. It not only improves the
prediction accuracy, but also solves the nonlinear relationship problem between the measured physical parameters and
known parameters. Singh came up with the fault map method in 1996[8],which overcomes the problem of missing
measurement parameters and measurement uncertainty to a certain extent.

Cui[9]et al. fused the collected multiple gas-path parameters information and genetic algorithm, which improved
the evaluation accuracy. Pedro H. S. Calderano[10] used the steepest descent method to detect and classify gas turbine
faults, and found this technology had high accuracy. Huang[11]et al. used the Bayesian feedback cloud model to analyze
engine performance parameters and the relationship between the gas-path performance parameters of the evaluation
model and the data collected by the sensor, which realizes the health state evaluation of the engine gas-path components.

In the 1980s, it was proposed that based on electrostatic induction engine gas-path fault on-line monitoring and
diagnosis technology, the healthy condition of the engine was judge by charged particles the change law of abnormal
signal the monitoring gas-path system. Thus, it could provide early warning capabilities of gas-path system fault, it does
not need a lot of disassemble or change the engine gas-path components location layout. As long as the electrostatic
sensors and signal processing equipment are installed at specific locations, online monitoring of engine gas-path faults
can be realized, which effectively expands the range of engine gas-path fault early warning and improves the evaluation
accuracy of fault diagnosis[12,13].

With the rapid development of artificial intelligence technology, some scholars use artificial neural network
technology to effectively solve the contradiction between the number of engine measurement parameters and type of
fault. Lombard[14]successfully applied back propagation network (BP) algorithm to the fault diagnosis of gas turbine
engines in 1995. The Australian Aerospace Navigation Research Laboratory took advantage of the probabilistic neural
network (PNN) fault diagnosis method and carried out a lot of experimental verification in the F404 turbofan
engine[15]. The artificial neural network (ANN) was used to explore the noise signal and bias ability of the sensor in
Ref.[16], then to be proposed that a series of diagnostic methods as antagonizing neural network and improving BP
neural network[17].

In 2001, NASA Green Research Center installed multiple sensors of pressure, temperature, speed and turbulence
intensity on C-17 transport aircraft, and it used information data fusion method to carry out fault diagnosis and analysis
on the acquired characteristic data[18].Chen[19]and Yuan[20]had successfully applied artificial neural network and
Dempster/Shafer (D-S) evidence theory method to aero-engine gas-path fault diagnosis technology. In 2016, a fault
diagnosis method based on kernel principal component analysis and wavelet neural network (KPCAWNN) was proposed
in Ref.[21], which was used to simulation analysis on training data and test data, it is found that this method has good
application value at the same time.

1.2 Development of the fusion method of CFD simulation and machine learning
So far the following three major research methods are used in the widely researched aircraft engine gas-path fault

diagnosis technology based on machine learning the domestic and overseas scholar. The commonly used methods for the
prediction of aero-engine gas-path parameters are shown in Figure 1.
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Figure1 Common methods of aero-engine parameter prediction
Model-based method refers to the establishment of a quantitative mathematical model of an engine. It is only

suitable for information sufficient systems that can be modeled and have sufficient sensors, and this requires sufficient
understanding of the mechanism and structure of the engine working process. Nowadays the typical approaches include
physical processes, nonlinear regression and smoothing formulas and so on. In the use process, due to the strong non-
linearity of the engine gas-path fault, the generalization ability and accuracy of the acquired gas-path fault model are
poor[22].

The data-driven method is to make use of the characteristic parameters of the gas-path system for research in
Ref.[23], which is suitable for databases containing huge amount of information and it is a method that with the most
research and the most extensive application as well. The common methods mainly include, for instance, artificial neural
network (ANN), grey theory, support vector machine (SVM)[24,25]and fuzzy system, etc. Practice has proved that SVM
could solve nonlinear high-dimensional space problems through a small number of samples by using statistical theory,
which has high generalization. ANN[26]could automatically find hidden feature information from big data, and it can
directly process the original form of data to obtain experience or knowledge, and then it predicted the future behavior of
complex nonlinear systems. ANN and SVM algorithms have a great potential in the field of gas-path fault diagnosis.

The method based on qualitative knowledge depends on the complete repository of the system, and it is suitable for
the information deficiency system where the mathematical model cannot or is not easy to be established and the sensor
information is insufficient. The expert system is currently the main method. It does not need to set up an accurate model,
but it directly introduces the characteristic parameters and integrates them into the expert knowledge and experience in
the engine field. However, it is a qualitative reasoning and prediction method, but it is unable to make quantitative
prediction, for example, there are defects that difficulty in acquiring knowledge, incomplete knowledge, poor
adaptability, etc. so its development is limited[27]. There were three methods of the advantages and disadvantages,
which is notable in Table 1.

Table 1 comparison of gas-path fault diagnosis methods

Method Predict object
Prediction
accuracy

Disadvantage Application scenarios

Methods based on Physical
model

Governing equations of
flow field and components

general
Generalization ability
and accuracy is poor

Ground test
and Off-line
analysis

Methods based on
Database model

Physical equations or a
large number of flow field

data
better Mass of data

Ground test
and flight

Methods based on
qualitative knowledge

rules

Small amount of flow field
data

better
Qualitatively

impossible to predict

Ground test
and Off-line
analysis

2 GAS-PATH FAULT DIAGNOSIS METHED BASED ON CFD SIMULATION AND MACHINE LEARNING
Up till now, the gas-path signal data of engines that support machine learning worldwide are basically derived from

sensors. However, the accurate location and faults type determination of gas-path faults depend on the accuracy of data
collected by sensors. And on account of the extremely complex and harsh working environment of the aero-engine gas-
path system, which has brought severe challenges to the installation and performance of the sensor. In the meantime, it is
a challenge that the feature extraction of the gas-path signal data by sensor. In short, the gas-path data collected by
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sensors may not reflect the real engine performance parameters, and it requires vast financial support to the experiment in
this field. Therefore, a gas-path fault diagnosis technology based on the fusion of CFD simulation and machine learning
is proposed.

2.1 Development of CFD simulation in gas-path fault diagnosis
As yet, the numerical simulation of aero-engine gas-path based on CFD mainly includes the simulation of pure flow

field, fluid-solid two-phase flow, fluid-solid thermal multi-physics field and fluid-solid electric multi-physical field. It
was calculated and simulated the overall flow field of a certain type of elastic engine in Ref.[28], and the working
conditions of the whole engine flow field were obtained through mesh splice, dynamic mesh technology, turbulence
model and engine working theory. The FLoEFD software was used to do the three-dimensional (3D) numerical
simulation research on the overall KJ66 turbojet engine in Ref.[29], the distribution law of Ma, pressure and temperature
of the whole engine is obtained, it establishes a relatively complete 3D machine performance research system to provide
technical support and ideas for the machine numerical simulation research. Aero-engine gas-path system of gas-solid two
phase numerical simulation was mainly single channel and multi-channel rotor blade and static blades, Zeng[30]et al.
adopted two guide blades and four rotors of the 3D model, which the temperature and the blade impact characteristics
was studied different size particles in the turbine flow passage along, and it is established the control equation that
neglected the Centrifugal force and Coriolis acceleration, etc. Simultaneously, the particle Stocks number was introduced
to describe the flow characteristics of the particle in the flow field. Zhang[5]did the relevant research, this was gas-solid-
electric multi-physical field coupling field in the nozzle, its principle was through the gas-path system of charged
particles the size of the abnormal charge to provide the basis and evaluation criteria for health status assessment. Hence,
it played a conclusive role of the movement rule of gas-solid two phase flow of the gas-path system for the electrostatic
monitoring technology. In China, the numerical simulation of gas-particle two-phase flow in the gas-path system of aero-
engine is usually the simulation between the turbine and the outlet of the tail nozzle or between some channels of the
turbine blade[5], there were few simulation study on gas-particle two-phase flow that considering turbine blades and the
tail nozzle.

Up to now, scholars had not considered the influence of vortex and radial centrifugal force of turbine rotor on
particle motion law in numerical simulation of gas-solid two-phase flow in aero-engine internal flow field, and no one
adopted machine learning to obtain the corresponding reduced order model for the 3D gas-solid two-phase flow of
particle flow and flow field variation rule of the engine in China. With the rapid development and application of artificial
intelligence fault diagnosis, rotating machinery[32] and flow field simulation. The method and principle will be applied
to the aero-engine gas-path fault diagnosis technology, the particle flow characteristics of gas-solid two-phase flow in the
engine internal flow field are extremely complex, nevertheless. Up till now, the research method which can accurately
reflect the particle flow characteristics is based on the CFD numerical simulation method. However, CFD numerical
simulation is time-consuming but not fit for the on-line monitoring and fault diagnosis of engine gas-path faults. So that
the advantage of it was got the utmost out of the accurate prediction the characteristic parameters the gas-solid two-phase
flow of the engine through machine learning, the health status of the corresponding components the engine was judged
by the change rules the flow field. Hence, the reduced-order model, once the machine learning algorithm network based
on flow field simulation characteristics parameters has been trained successfully, it will save calculation time and
resources in the practical application. So it is a strong application background and technical requirements that a reduced-
order model making use of machine learning methods of gas-solid two-phase flow characteristics for online monitoring
and health management technology of engine gas-path faults.

2.2 Gas-path fault diagnosis method based on the fusion of flow field simulation and machine learning
In view of this, it is a problems that incomplete test data and unclear movement law of gas-particle two-phase flow

in aero-engine, at present, only the gas-particle two-phase flow in the turbine passage or in the tail nozzle is studied
separately, this research group proposed the CFD simulation of gas-particle two-phase flow in the aero-engine with the
combination of turbine rotor blade and tail nozzle. There is no doubt that the CFD numerical simulation method can have
the data of the entire flow field at arbitrary time. It breaks the shortcoming of collecting data of partial gas-path system
only by sensor for a long time. Firstly, a 3D model of micro-turbojet engine with turbine rotor is established and a
structured grid is divided. Secondly, there are the pure flow field under corresponding working conditions by
calculating that different temperature, pressure, speed and turbulivity etc. Then, it is calculated corresponding working
conditions that gas-particle two-phase flow field with diverse particle size, velocity, temperature and material, and the
movement and flow field parameters of particles under various conditions are obtained, the feature parameters are
extracted and grouped at the same time. Subsequently, by referring to the relevant machine learning algorithm, the
machine learning method is used to train above part of the flow field data. During the training, the first step is to train a
Particle trajectory reduced order model under variable working conditions. For example, if the temperature changes, the
pressure, the speed, the turbulivity and other working conditions remain unchanged, the second step is to train the
Particle trajectory reduced order model corresponding to variable working conditions. so as to get the particle trajectory
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reduced-order model representing the movement law of gas-solid two-phase flow field in the case of gas-path fault,
meanwhile, it is calibrated of the reduced-order model that another part of simulation result. Eventually, the healthy state
of the engine is judged by the variation range of the parameters, which the required engine gas-path flow filed parameters
is directly used to acquire of the particle trajectory reduced-order model, and the fault location and fault type can be
easily, quickly and accurately obtained by the particle distribution location and distribution concentration. It is applied to
the on-line monitoring and diagnosis that aero-engine gas-path faults. The technical route adopted in this project is shown
in Fig.2.

Figure 2 Technical route of fusion of flow field simulation and machine learning
In addition, he solution of hydrodynamics problems based on machine learning techniques usually follows the

following steps: Firstly, we should make clear the extraction and type of gas-path characteristic parameters. Secondly, it
is determined that theoretical relationship between the form of input and output and characteristic variables, when
adopting machine learning method. Then, the network structures are designed according to the different goal parameters
distribution forms, the corresponding network structure and activation function are designed, which determined to make
fault reduced-order model with strong generalization ability and high precision. Next, the machine learning algorithm is
determined, meanwhile, the corresponding loss functions and training process are designed, and the network structures
and parameters setting are adjusted by means of the verification results and training model. Thus, we get the ideal
algorithm network structure. Finally, the algorithm network application interface is designed so that it’s practical
application. A flow chart for based on machine learning to predict the motion law of flow field, which is shown in Fig.3.

Figure 3 Computational flow field diagram based on machine learning to predict flow field motion law

2.3 Technical challenges in the fusion of flow field simulation and machine learning
1) Challenges of computational grid generation technology
According to the survey, high-quality grid generation accounts for 60% -70% of the whole CFD simulation cycle.

Now, however, the topology division of structural grid is extremely complex, and the generation technology of
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unstructured grid and corresponding boundary layer is very time-consuming and difficult, which is still a challenge to the
high-quality grid division of complex gas-path system. In addition, in which the CFD numerical simulation is carried out
on the whole gas-path system, it involves the static field and the motion field, so it is difficult to merge the grids between
the flow fields as well. It is still the bottlenecks of flow field simulation of gas-path system that the grid generation and
adaptive technology. Since 2015, American Institute of Aeronautics and Astronautics (AIAA) has organized seminars that
future grid generation technology and adaptive technology for many times. In 2016, NASA CFD Vision 2030 proposed
the reconstruction of adaptive grid[33]. Sandia National Laboratory of geometry and mesh generation workshop has
been held the roundtable on grid generation in 2017 and 2019.

2) Better type of machine learning algorithm
There are various machine learning algorithms supporting gas-path fault diagnosis, which has its own advantages so

far. How to choose an algorithm suitable for describing gas-path fault reduced-order model is facing a huge test. This
requires learning from experience and repeated training. It is a huge challenge to train some gas-path fault reduced-order
model that can characterize the actual working conditions as far as possible.

3) Construction of high fidelity flow field database
Machine learning training gas-path fault reduced-order model relies on a large number of flow field simulation

results to construct database. If we want to obtain a high precision and strong generalization ability of the reduced-order
model by machine learning methods, we will need to show a huge amount of real working condition of CFD simulation
data, so the structure of the boundary condition of simulation put forward higher request, hence, the structure of the high
fidelity flow field data of machine learning training model and calibration of the model has a vital role.

4) Strong model generalization ability
It is still a great difficulty to train fault reduced-order model with strong generalization ability and high precision, on

account of aero-engine gas-path fault parameters complexity and strong nonlinearity.

2.4 Technology Application
Engine gas-path fault diagnosis technology based on the fusion of flow field simulation and machine learning is

playing an irreplaceable role in engine safety assurance and lower maintenance costs. It is mainly reflected in the
following aspects:

(1) Through the gas-solid two-phase flow simulation data and machine learning algorithm of the engine gas-path
system, which could be quickly and accurately located of the movement trajectory and distribution law of abnormal
particles, it provided a new research method for the aero-engine gas-path electrostatic monitoring technology and breaks
through the bottleneck problem of the electrostatic monitoring and fault diagnosis research at present .

(2) It was the reduced order model that may input immediately variable parameters, and then the location and type
of fault is obtained fleetly and accurately. Furthermore, the cost of monitor maintenance and health management is
reduced to a great degree.

(3) The reduced-order model of gas-path fault obtained by this technology, which can provide empirical data for
sensor development and installation. Therefore, to a certain extent, the arrangement of sensors is optimized to obtain the
engine gas-path more accurately and efficiently.

3 DEVELOPMENT TREND
Future research directions and development trends of machine learning diagnosis technology for aero-engine

gas-path faults can be summarized as follows:
(1) Real-time. It provides timely feedback on the health status of complex gas-path systems, and the real-time

diagnosis is needed to replace the existing periodic and itinerant diagnosis. So far it has been actualized partly to utilize
sensors, yet there are still many challenges that to realize efficient real-time. Different machine learning algorithms are
used for repeated training through a large number of data until the gas-path fault reduce order model reflecting the actual
working conditions is trained, which can come true real-time in a certain sense.

(2) Model precision.The fault model trained by machine learning needs to consider various factors such as
temperature, pressure, speed, height, material degradation performance and unexpected factors. Different machine
learning methods are used for repeated training through a large number of data until the gas-path fault model reflecting
the actual working conditions is trained.

(3) Intelligence. The engine gas-path system has the ability of self-diagnosis, self-prediction and self-adaptation. It
can achieve rapidly and accurately self-diagnosis. That is, when in the absence of human intervention, it requires the
training of reduced order model with strong generalization ability. Therefore, some functions of intelligent fault diagnosis
will be improved to a large extent.

(4) Digital twinning. A novel research method has been proposed for aero-engine gas-path fault diagnosis and
machine learning technology by aero-engine digital twin technique. By means of the physical model of high fidelity and
the simulation data of multiple working conditions, some virtual model is reconstructed to simulate and predict the
engine gas-path faults.
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(5) Economization. It will bring down the test cost in significant measurement. In addition, it provides more
accurate data for maintenance as well. Furthermore, it is the maximization of operating economic benefits.

CONCLUSIONS
In this contribution, the development of machine learning-based aero-engine gas-path fault diagnosis technology has

been reviewed at present, which introduces the current main gas-path fault data-driven machine learning methods, and it
summarizes the main problems existing in machine learning gas-path fault diagnosis methods and the core technologies
to be solved.The development trend of the gas-path fault diagnosis technology based on the fusion of flow field
simulation and machine learning for aero-engine is prospected, which conducive to objectively understand the current
research status. And then some relevant insights are put forward that new methods and theories of aero-engine gas-path
fault monitoring and diagnosis. Hence, it will require the joint efforts of academia and industry to realize this technology.
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