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ABSTRACT 
Of all fluid film bearing types, tilting pad bearings offer the 
optimal rotordynamic stability due to their excellent 
stiffness and damping characteristics. Due to the reduction 
in cross-coupling stiffness, tilting pad bearings are ideal for 
use in high-speed and high-load turbomachinery 
applications, such as industrial compressors and steam/gas 
turbines. In this investigation, we propose the method to 
diagnose the main failure mode of tilting pad journal 
bearings such as babbitt metal wear and pivot wear in 
bearing pads. Various experimental cases for bearing wear 
were precisely implemented through a high-speed rotating 
test rig operating at 10,200 rpm. The vibration and 
temperature data were obtained through a condition 
monitoring system and various features from shaft vibration, 
bearing metal and lubrication temperature data were 
extracted for the fault diagnosis. In this study, we have 
shown that even defects due to the abrasive wear of fluid 
film bearings including general rotor faults, such as 
unbalance, misalignment and rubbing, can be accurately 
diagnosed.   

1. INTRODUCTION

In industrial turbomachinery, such as steam / gas turbines 
and compressors, bearings are one of the most critical key 
elements for the reliable operation of the rotating system. 
Since these turbomachinery require high-speed and high-
load capacity, oil lubricated bearings are generally used. 
Among them, tilting pad bearings which provide the highest 
rotordynamic stability has been widely used in many 
applications. In recent decade, PHM (Prognostics and health 
management) researches on rotating machines have been 
studied by combining with machine learning and artificial 
intelligence, and this research trend is expected to 
accelerated along with the development of IIoT (Industrial 

internet of things) technology and big data with the advent 
of the forth industrial revolution era. The data-based PHM 
researches on rotating machines have been investigated 
because of high diagnostic efficiency, despite the inherent 
difficulty of requiring hazardous experiments to obtain the 
fault data. However, most of the existing researches 
(Nembhard et al. (2015), Jung et al. (2017)) rarely simulate 
the lubrication characteristics of a practical rotating system 
because they use relatively low-speed rotating data for 
rotor-bearing systems supported by simple bearings. Also, 
the referred studies have focused only on the fault diagnosis 
of a rotating shaft in rotor-bearing systems. 

In this study, we propose a method to diagnose abrasive 
wear of tiling pad bearings in addition to general fault 
diagnosis of the rotating shaft. For this purpose, a high-
speed rotating simulator equipped with tilting pad type oil 
lubricated bearings (Branagan (2015)) mostly used in 
practical industry applications were designed and 
manufactured for our PHM research. Fault data were 
obtained by precisely simulating unbalance, misalignment, 
and rubbing, which are representative shaft fault modes. The 
abrasive wear and pivot wear of the bearing were also 
simulated and used to diagnose the bearing failure. The 
characteristics of the acquired data were extracted in time 
and frequency domain, and temperature data related to 
bearing metal and lubrication were also extracted. We 
verified the classification accuracy by applying various 
machine learning algorithms and confirmed that the 
extracted temperature characteristic is the most important 
factor in diagnosing fault mode of bearings. 

2. EXPERIMENTAL SET UP

As shown in Fig. 1(a), the experimental facility is built to 
conduct the high-speed and high-load rotating experiments. 
The facility consists of a driving system, rotor-bearing 
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system, data acquisition system, lubrication system, cooling 
system and monitoring system. The weight of rotor is 105 
kg and the maximum rotating speed is 15,000 rpm. The 
rated speed used in this experiment is 10,200 rpm and tilting 
pad bearings have five pads. This type of bearing is 
typically installed to carry a static load in between pads 
(LBP) shown in Fig 1(b). 

(a) 

(b) 

Figure 1. (a) Experimental facility and (b) tilting pad 
bearings inserted with RTD sensors. 

In this study, we experimentally simulated three types of 
shaft fault modes, such as mass imbalance, misalignment, 
and rubbing, as well as two types of bearing fault modes, 
such as bearing metal wear and pivot wear. The unbalance 
fault was implemented according to the standard (ISO 1940-
1) by adding an additional known mass and a thin steel shim
was inserted down to the base of bearing pedestals to give
the desired misalignment effect. The rubbing fault was
induced using the contact of a labyrinth seal made of

aluminum. The local wear of the bearing metal was partially 
offset by 10, 20, and 30 μm, and the pivot wear of the tilting 
pad was machined to a level of 20 μm by grinding as shown 
in Fig. 2.  

Figure 2. Configuration of the worn bearings 

The vibration response of the rotor is measured by four 
proximity probe in mutually perpendicular ( 45 ~ 45   ) 
directions. The bearing metal temperatures are measured by 
six RTD sensors inserted into tilting pads (pad 1, 2, 4) and 
lubrication temperatures, such as oil supply & discharge 
temperature, are measured by thermocouple sensors. All 
data were acquired in a 10,200 rpm steady-state condition 
for 120 seconds (60 seconds for the training data and 60 
seconds for the testing data). 

3. RESULTS

A supervised learning is usually applied to the fault 
diagnosis of rotating machinery. In this study, as shown in 
Table 1, eight time-domain features, eight frequency-
domain features and five temperature features were selected 
to separate the obtained data into their respective fault 
modes. Seven machine learning algorithms, such as k-
nearest neighbor (KNN), decision trees, naïve Bayes, 
discriminant analysis, support vector machine, bagged trees 
and artificial neural network, were applied to classify the 
data. In Table 2, it is shown that the best diagnosis result is 
provided when bearing metal and lubrication temperature 
related features are used with time and frequency features. 
This is because fault modes, such as misalignment and 
bearing wear, that cause oil film thickness changes are 
highly sensitive to temperature change. Therefore, it is 
important to carefully monitor the fine temperature changes 
of the bearings. Figure 3 shows the classification results by 
using bagged trees algorithms for the six states of normal, 
unbalance, misalignment, rubbing, bearing metal wear and 
pivot wear. 
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Table 1. Time, frequency and temperature features 

Table 2. Classification results using seven machine learning 
algorithms 

Figure 3. Classification results for health state 

4. CONCLUSION

In this study, we have shown that wear of fluid film 
bearings can be accurately diagnosed, including common 
rotor defects such as unbalance, misalignment and rubbing. 

The specific achievements in this investigation may be 
summarized as: 

1. An experimental test rig for high-speed and high-load
rotating machinery equipped with tilting pad type oil
lubricated bearings was constructed.

2. The fault data of the worn oil lubricated bearings were
obtained and used for the first time to diagnose the fault
of high-speed rotating machinery.

3. It is important to use the bearing temperature data in
addition to the vibration data to fully detect the failure
mode of the rotating machinery.
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