
Experimental Investigation on the Internal
Clearance Induced Vibrations of Tapered Roller

Bearings for Condition Monitoring

Zewen Zhou1, Bingyan Chen1,2, Fengshou Gu1(B), Rongfeng Deng1, Yubin Lin1,
and Yousif Muhamedsalih1

1 Centre for Efficiency and Performance Engineering, University of Huddersfield,
Huddersfield HD1 3DH, UK

{zewen.zhou,f.gu}@hud.ac.uk
2 State Key Laboratory of Traction Power, Southwest Jiaotong University, Chengdu 610031,

China

Abstract. In this study, the influence of internal clearance on vibration char-
acteristics of tapered roller bearings (TRBs) was investigated for improving the
accuracy of bearing condition monitoring which includes identifying lubricity and
incipient wear. The experiments of a healthy TRB were conducted successively
under three rotational speeds and four clearance conditions. The root mean square,
FFT spectrum and envelope analysis were used to analyze the vibration signals.
The experimental results show that the internal clearance will cause the increase
of the vibration of the TRB and the appearance of the ball pass frequency of the
outer race (BPFO). Moreover, the clearance will cause a deviation between the
actual value of BPFO and the theoretical value, and the larger the clearance, the
larger the actual BPFO. The results provide an important reference for accurate
quantitative diagnosis of TRB clearances.

Keywords: Tapered roller bearings · Internal clearance · Characteristic
frequency deviation · Envelope analysis · Condition monitoring

1 Introduction

Rolling bearings are key components of rotating machinery, including deep groove
ball bearings, cylindrical roller bearings, tapered roller bearings (TRBs), etc. Rolling
bearings exhibit good performance under combined thrust loads and medium to high
speeds. Especially, TRBs are extensively used in wind turbines, helicopters, high-speed
trains [1], etc. During long-term service, the rolling bearings inevitably suffer from poor
lubrication and surface wear. The internal clearance reserved during assembly increases
accordingly, which will cause unpredictable vibrations and affect the system’s operating
performance. In recent years, a variety of signal processingmethods have been developed
for bearing condition monitoring, such as envelope analysis [2, 3], modulation signal
bispectrum [4], cyclic spectral analysis [5, 6], envelope ensemble average [7], phase
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space warping [8], stochastic resonance [9]. However, most of these studies focus on
localised faults rather than clearance changes due to mounting or frictional wear.

The internal clearances of the rolling bearings, including radial and axial clearance,
have been the research focus for a long time. Researchers have investigated the non-linear
dynamics caused by radial clearance in bearings, such as instability, chaotic bifurcation
and other complex phenomena [10, 11]. However, only fewer studies have been found to
focus on precise diagnosis and quantitative assessment of clearance, abnormal friction
and light wear of the rolling bearing. Recently, Wang et al. [12] established a dynamic
model to investigate the vibration characteristics of groove ball bearing with radial
clearance. Xu et al. [13] proposed a vibration model with six degrees of freedom and
concluded that radial clearance will cause the ball pass frequency of the outer race.
Accordingly, Xu et al. [14] studied the effects of radial clearance and radial loads on the
vibration amplitude of the rotor-bearing system.

In industrial applications, single-row tapered roller bearings are usually assembled
into double-rowbearings for greater load-carrying capacity [15]. Appropriate axial clear-
ance or preload is not only necessary for the normal operation of TRBs, but also con-
ducive to improving the support stiffness and operating accuracy of TRBs. Therefore,
quantitative diagnosis and accurate online monitoring of the internal clearance are of
great significance for industrial equipment. As mentioned above, most research works
mainly concentrate on deep groove bearings and cylindrical roller bearings. Few schol-
ars have studied the monitoring and diagnosis of TRB clearance in-depth, to the author’s
best knowledge, mainly due to the complex structure of TRB.

To fill in the gap, a TRB test rig was established (Fig. 1), and a series of experiments
were carried out onTRBswith four different internal clearances, inwhich three rotational
speeds and two load conditions were considered. The influences of clearance size and
shaft rotational speed on the bearing characteristic frequency shift and root mean square
(RMS) are studied. The results provide an experimental reference for accurate diagnosis
of the TRB clearance size.

Fig. 1. (a) Tapered roller bearing test rig, (b) test bearing and loading device.
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2 Description of the Experiment

2.1 Experimental Setup

To investigate the effect of internal clearance on the vibration characteristics of TRBs,
a TRB test rig was designed. Figure 1a displays the main components of the TRB
test bench, including a drive motor, coupling, main shaft, bearing pedestal and support
bearing, etc. The test TRB is located at the end away from the drive motor. Radial loads
can be set using the lever mechanism as shown in Fig. 1b. A vibration acceleration
sensor is installed above the bearing seat to collect the vibration acceleration signal of
the test bearing with a sampling frequency of 96 kHz. Data acquisition was performed
at a constant rotational speed and the acceleration signal was collected for 45 s in each
experimental condition.

2.2 Clearance Setting

The internal clearance of TRB is set by using shims of different thicknesses, as shown in
Fig. 2. The setting method of the internal clearance of the TRB is described as follows:
First, a shim with a certain thickness is inserted between the TRB and the fastening nut.
Next, tighten the nut and set a marker position. Then, loosen the nut and remove the
shim. Finally, tighten the nut to the marked position.

Fig. 2. Schematic diagram of the clearance setting.

2.3 Bearing Characteristic Frequency

Bearings in service are usually pre-set with a certain radial clearance and subjected to
a certain radial or axial load. The rolling element passes alternately through the load
zone, and the number of loaded rollers and the bearing stiffness varies periodically. In
the previous studies [12, 13], variable compliance (VC) frequencies, numerically equal
to BPFO, can be observed in the frequency spectrum of healthy bearings. The outer
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race fault characteristic frequency (BPFO) for a rolling bearing with a stationary outer
raceway is expressed as Eq. (1).

BPFO = Zfs
2

(
1− Dp

dr
cosα

)
(1)

where Z is the number of rollers, fs is the shaft rotation frequency, dr is the diameter of
roller, Dp is the pitch diameter, and α is the contact angle. The type of test bearing is
Timken 31308 in this study.

2.4 Experimental Conditions

To explore the effect of the internal clearance on the vibration characteristics of the TRB
under different operating conditions, experiments were carried out on the TRB with
different internal clearances under different rotational speeds and load states on the test
rig shown in Fig. 1. The experimental condition settings and nomenclatures for different
clearance conditions are given in Table 1.

Table 1. Experimental operation conditions.

Name Description Radial load (kg) Speed (1500 rpm)

PL Preload 5,10 50%, 75%, 100%

CL 50 Clearance 50 µm 5,10 50%, 75%, 100%

CL 100 Clearance 100 µm 5,10 50%, 75%, 100%

CL 150 Clearance 150 µm 5,10 50%, 75%, 100%

3 Experimental Results and Discussion

3.1 Signal Waveform

Figure 3 shows the vibration acceleration signals of TRBs with different internal clear-
ances under the load of 5 kg and three rotational speeds 50% (750 rpm), 75% (1125 rpm)
and 100% (1500 rpm). At each speed condition, repetitive impulse features can be
observed in the time domain signal waveform. Furthermore, the larger the internal clear-
ance of TRB, the higher the vibration acceleration amplitude. These results indicate that
the increase in the internal clearance of the TRB can exacerbate bearing vibration.

3.2 FFT Spectra

Figure 4 displays the FFT spectra of the vibration signals of TRB with different internal
clearances under the load of 5 kg and three rotational speeds 50% (750 rpm), 75%
(1125 rpm) and100%(1500 rpm). It can be observed that there are frequency components
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with large amplitude in the low-frequency band [0 Hz, 1500 Hz]. Figure 5 is the partial
enlargement of Fig. 4. The rotational frequency and its harmonics are clearly observed
in the frequency spectra, and their amplitudes increase with increasing rotational speed.
In addition, BPFO (with some differences from the theoretical value indicated by the
dotted line in Fig. 5) can be observed in the frequency spectra, and its amplitude increases
with the increase of rotational speed. Therefore, it can be concluded that the internal
clearance of TRB causes BPFO.

Fig. 3. Time waveforms under 5 kg load and different rotational speeds.

Fig. 4. FFT spectra under 5 kg load and different rotational speeds.
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3.3 Envelope Spectra

To clearly reveal the bearing characteristic frequencies, a frequency band [3000 Hz,
6000 Hz] containing bearing-related information was selected for envelope analysis.
Figure 6 shows the envelope spectra of the band-pass filtered signals of a TRB bear-
ing with different internal clearances. Although there is a certain difference between
the actual value and the theoretical value, the BPFO and its harmonics can be clearly
observed. This further confirms that the internal clearance of TRB causes BPFO.

Fig. 5. Partial enlargement of FFT spectra under 5 kg load and different rotational speeds.

To explore the effect of the internal clearance on the bearing characteristic frequen-
cies, the partial enlargement of Fig. 6 is exhibited in Fig. 7. An important finding is
that when the rotational speed is fixed, as the internal clearance of the TRB increases,
the actual BPFO gradually increases, that is, the difference from the theoretical value
increases gradually.

The reasons for this phenomenon are discussed here. This could be explained by
the fact that the friction increases while the skidding effect decreases with the clearance
decreases. The premise of Eq. (1) is pure rolling and simple rolling assumptions. How-
ever, the contact behaviors of the rollers with the inner and outer raceways are related
to the internal clearance. The combination of rolling and sliding occurs on the contact
surface of bearing with large clearance, causing inaccurate results for Eq. (1).
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Fig. 6. Envelope spectra under 5 kg load and different rotational speeds.

Fig. 7. Partial enlargement of envelope spectra under 5 kg load and different rotational speeds.

4 Quantitative Analysis

4.1 Influence of Clearance on RMS Value

Figure 8 gives the effect of clearance on the RMS values of acceleration responses of the
tested TRB under 5 kg radial load. It can be observed that the RMS value of the bearing
vibration signal increases with the increase of the internal clearance at a specific speed.
For a given clearance of TRB, the RMS value shows an ascending trend when the speed
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increases. The reason is that the vibration intensity of the impulse response caused by
roller-race collisions not only increases as the clearance increases but is also positively
related to the shaft rotational speed.

4.2 Influence of Clearance on Characteristic Frequency Shift

To quantitatively evaluate the influence of the internal clearance of TRB on BPFO, the
relative error (Eq. (2)) between the theoretical result (ft) calculated by Eq. (1) and the
actual result (fm) obtained from the measured data is proposed as an evaluation metric,
as follows:

�f = fm − ft
ft

× 100% (2)

The larger the relative error, the greater the influence of the internal clearance of the
TRB on the BPFO. The relative errors of the characteristic frequency shift of fault-free
TRBs at different clearances and rotational speeds are calculated, as shown in Fig. 9.
At 50% speed, the relative error of the BPFO increases significantly from 0.5% to 4%
as the internal clearance becomes larger. A similar phenomenon can be observed at the
other two speed conditions, with the range of variation decreasing as the speed increases.
Another important finding is that the relative error of the BPFOdecreaseswith increasing
speed for larger clearance cases and conversely increases graduallywith increasing speed
for smaller clearance cases.

Fig. 8. RMS values of bearing vibration signals under 5 kg load.

4.3 Indicator for Clearance Size Evaluation

Based on the aforementioned analysis, the influence of the clearance on the character-
istic frequency shift and RMS value of vibration signal is comprehensively explored. A
two-dimensional chart was constructed to visualize the distribution differences between
different clearance cases. As shown in Fig. 10, the right-pointing triangle, circle and
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Fig. 9. Bearing characteristic frequency shift under 5 kg load.

diamond of the marker symbols indicate 50%, 75%, and 100% rotational speed respec-
tively. Different clearance cases are denoted by four different colors, as identified in the
legend.

For the smaller clearance cases (e.g., PL and CL50), the overall scatter distribution
is at the bottom left of Fig. 10, with small RMS and relative errors, both of which
are positively correlated with the rotational speed. For the larger clearance cases (e.g.,
CL100 andCL150), the scattered points all have horizontal coordinate values greater than
2%, indicating very serious slippage on bearing raceways. In addition, as the rotational
speed increases, the RMS values show a more significant increasing trend compared to
the smaller clearance cases. Figure 11 displays the scatter distribution of the vibration
characteristics under the 10 kg radial load, showing a similar regularity to that under
the 5 kg load. This means that it is possible to use these two parameters to diagnose the
changes in bearing clearances.

Fig. 10. Clearance indicator under 5 kg load.



1004 Z. Zhou et al.

Fig. 11. Clearance indicator under 10 kg load.

5 Conclusions

A methodology has been successfully implemented to set and measure experimentally
different internal clearances of a TRB. A series of experiments on a healthy TRB with
different internal clearances were carried out under different operating conditions. The
results show the following important findings: (1) the increase of the internal clearance
leads to the increased vibration of the TRB, causing the RMS of the bearing vibration
signal to increase; (2) the internal clearance of TRB will cause the BPFO and its har-
monics in the FFT spectrum and envelope spectrum, and their amplitudes increase as the
rotational speed increases; (3) the internal clearance of the TRB will cause the differ-
ence between the actual value of BPFO and the theoretical value, and the actual BPFO
increases with the increase of the internal clearance. Therefore, the deviation between
the measured value and the theoretical value of BPFO combined with the RMS value of
the bearing vibration signal can be used as an indicator of the TRB clearance condition.
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