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Mechanical seal is a kind of shaft sealing equipment. Face wear is one of the main causes of mechanical seal failure. Mechanical seal
condition is also related to the reduction of energy consumption and carbon emission. Therefore, we need to detect the centrifugal
pump seal condition. At present, vibration signal is a common method for fault monitoring and diagnosis of centrifugal pump. In
this paper, the vibration signal under the condition of damaged centrifugal pump seal is measured by studying the characteristics
of vibration signal after the end face damage of centrifugal pump. Statistical indicators such as RMS and kurtosis were taken to
analyze the average energy and shock wave energy of vibration signal. The time-frequency characteristics of vibration signal are
analyzed by frequency spectrum. The results show that there are a large extent variation of vibration amplitude in the direction of
base and axis and a weak variation of vibration amplitude in the direction of radial and vertical. With the increasing of ﬂow rate,
the RMS of vibration signal falls at ﬁrst, then keeps steady, and mounts at last when the ﬂow rate is over the design ﬂow rate. It can
be shown from the time-frequency spectrum that there is a shock wave and pause signals caused by the shock wave, which are
reﬂected by the higher frequency band components of the vibration signal that can provide a reference to the diagnosis of the
occurrence of damaged mechanical seal. From the analysis, the energy of vibration signal is related to the running condition, we
can ﬁnd that the occurrence of mechanical seal wear makes the centrifugal pump to produce high-frequency vibration signal, and
the axial vibration is the strongest and the instability in the ﬂuid makes the vibration signal produce high amplitude characteristics. Analyzing the vibration signal characteristics of centrifugal pumps with damaged mechanical seal is of great signiﬁcance
to ﬁnd the mechanical seal failure of the centrifugal pumps and adjust the operating parameters.

1. Introduction
Centrifugal pump is an important energy conversion and
ﬂuid transportation device [1]. Mechanical seal is mainly
composed of moving ring, static ring, compress element, and
sealing element. Failure of mechanical seal is one of the
common faults of centrifugal pump. Detection of mechanical
seal failure can realize early warning of faults and make
corresponding adjustments to the operation mode of the
pump and its system to reduce the frequency of mechanical
seal damage and other related faults, thus ensuring the longterm stable operation of the equipment, guarantee the normal

use of centrifugal pump, reducing the consumption of spare
parts and labor costs, and achieve certain economic beneﬁts.
Rotating machinery is of vital importance in the ﬁeld of
engineering [2]. Fault diagnosis of rotating machinery plays
a signiﬁcant role in the industrial production and engineering ﬁeld [3]. The vibration characteristics of centrifugal
pump during operation are related to the type, location, and
cause of the fault. It is a common method to monitor and
diagnose the fault of centrifugal pump by using vibration
signal. The bearing consists of an inner ring, an outer ring, a
support frame, and a rotating part. Each component may
have fault and produce high-frequency vibration, which
could be analyzed by vibration signal [4]. It can predict and
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diagnose the faults on the inner ring, outer ring, and rotor
components of the rolling axle load by determining [5].
Research members domestic and abroad have adopted a
series of methods to detect the mechanical seal damage. Li
et al. [6] proposed a new approach based on genetic particle
ﬁlter with autoregression can eﬀectively detect the contact
state of the seal end faces and has higher accuracy rates than
some other existing methods. Sun et al., based on the analysis
of the stationary ring’s output response results, obtained the
parameter selection scheme of noncontact mechanical seals
at high and low frequencies [7].
Unsworth et al. [8] analyzed the frequency spectrum of
motor current and voltage signal through Fourier transform
and realized the fault diagnosis of centrifugal pump seal.
Daraz et al. [9] used modulation signal spectrum to identify
the seal failure as it has the unique capability to demodulate
the signal along with noise reduction. Anderson et al. [10]
presented a monitoring system for liquid-lubricated seals
that avoids the problems with AE and other monitoring
systems. Cimbura [11] presented invention provides a shaft
seal that can operate remotely and monitor itself for failure.
Vibration analysis is necessary to detect and diagnose faults
of the pumping stations and to avoid any failure or malfunction [12]. Birajdar et al. [13] studied the fault diagnosis
of impeller damage by means of sound pressure level and
vibration spectrum analysis. Similar to vibration signal,
analysis of electrical signal is also a noninvasive method for
equipment fault diagnosis. Hernandez and Parlos [14] used
power spectral density to analyze the frequency domain of
motor current and power signal and analyze the current
characteristics of motor stator under diﬀerent mechanical
faults of centrifugal pump and realized the fault diagnosis of
centrifugal pump cavitation and impeller wear. Zhu et al.
[15] studied that the sealing performance is enhanced by
increasing the spacing of adjacent sealing sheets. Sakthivel
et al. [16] presented the use of decision tree algorithm for
fault diagnosis through statistical feature extracted from
vibration signals of good and faulty conditions. Awad et al.
aimed at the problem that the annular seal of ball valve in
hydropower plant sometimes does not work and proposed a
model which can explain the excitation mechanism and
estimate the hydrodynamic behavior [17]. Fribourg et al.
found that cooling pumps in high-power diesel engines will
experience high-level cooling vibration, which can lead to
mechanical seal problems in these pumps. Test equipment is
proposed to investigate this problem and obtain test results,
which can be widely used in mechanical seal design [18]. Yan
et al. revealed the evolutionary process of vortex shedding
and the ﬂow law around airfoils by superior performance
[19]. Multiphase ﬂow calculation and high-speed photography technology have been used to study the entrainment
of gas-solid ﬂow under diﬀerent inlet ﬂow rates [20]. Based
on the research method combining numerical calculation
and experiment, Yang et al. studied a typical mixed-ﬂow ESP
and obtains the pressure pulsation law inside the ﬁrst,
second, and third stages [21].
Until now, there are many research studies on the rigid
ﬂexible coupling of friction pair and bellows, but few research studies on the wear of moving ring and static ring.

Shock and Vibration
The main damage forms of mechanical seal are the wear of
seal face and rupture of dynamic and static rings. However,
for the mechanical seal system, the oscillatory properties of
related aspects are studied, mainly taking the shafting vibration as the main experimental direction, or only for the
vibration properties of a single component, but in the overall
mechanical seal system, the research work on vibration
problems is not enough.
This paper mainly studies the vibration characteristics of
the centrifugal pump under the normal and damaged
conditions of the dynamic ring and the static ring of the
mechanical seal. According to experiment, the change in
vibration character causes damage in mechanical seal of
centrifugal pump, which serves as a reference for understanding the vibration signal of the pump and predicting the
degree of damage on the mechanical seal.

2. Apparatus and Experiments
As shown in Figure 1, a closed-type experiment rig consists of
tank body, inlet and outlet pipes, electric valve, vacuum pump,
motor, electromagnetic ﬂowmeter, and pressure sensor. For the
collection of experimental data, ﬂow rate, inlet pressure, outlet
pressure, vibration acceleration signal, vibratory-accelerated
sensor are used to get the collection of vibration information of
pump body. The sensor has a measuring range of 5–60 Hz and
sensitivity of 1017 mV·(m2/s2). Acquisition card USB6364 has
been used to transfer data to the computer. The processing of
test data and the operation of the test system are controlled by a
computer.
In order to study the vibration rule of the centrifugal
pump with damaged mechanical seal, Ns � 88, IS-50-160-00
standard centrifugal pump was machined, and its basic
design parameters are as follows: ﬂow rate Q is 50 m3/h, lift
H is 34 m, rated speed N is 2 900 rpm, and eﬃciency is 72.8%.
This paper mainly studies the characteristics of diﬀerent
mechanical seals, selecting two mechanical seals of the same
material and model, the left two are the static ring and the
moving ring of the normal mechanical seal, the right two are
the static ring and the moving ring of the damaged mechanical seal, and the static ring of the damaged one is badly
damaged, and the moving ring has broken. We install two
seals in the centrifugal pump for performance test
experiment.
Mechanical seal wear monitoring is mainly based on
vibration signals, centrifugal pump head, and eﬃciency.
Vibration and noise are used to ensure the operation status
to monitor accuracy and betimes. The centrifugal pump seal
wear test is carried out by measuring the pump’s ﬂow, inlet
and outlet pressure, vibration signal, and other physical
quantities under diﬀerent working conditions. These measurable quantities are used to analyze and compare the
variation of pump performance curve after the test and the
characteristics of vibration signal after machine seal wear in
time domain and frequency spectrum under diﬀerent ﬂow
rates, in order to establish the relationship between mechanical seal wear and these characteristics. The experiment
is conducted on the test bench as shown in Figure 1(a).
Figure 1(b) shows the overall test, and Figure 1(c) shows the
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Figure 1: Test device. (a) Test circuit. (b) Test-bed. (c) Mechanical seal.

mechanical seal selected for the test. The result from the
analysis shows that the pump system leaks due to the damage
of the machine seal, and the internal ﬂow of the pump is
unstable, which leads to the lift and eﬃciency of the centrifugal pump head decreases, but the shaft power has no
obvious change.

3. Experiment Results and Analysis
3.1. Pump Performance Test under Diﬀerent Seal Failure.
According to the deﬁnition of pump head and eﬃciency, the
test obtained the data of wheel head and hydraulic eﬃciency
of centrifugal pump with normal seal end face and damaged
seal end face under each ﬂow rate, and the performance
curve is drawn as shown in Figure 2. By comparing the
performance curve of the damaged mechanical seal with that
of the normal mechanical seal, it could be seen that the wear
of the mechanical seal leads to the reduction of head and

eﬃciency. The main reason for this phenomenon is that the
head and eﬃciency of the pump are reduced due to the
increased ﬂow instability of the pump after sealing wear.
3.2. Analysis and Calculation of Experiment Uncertainty.
Due to the imperfect of the experimental method and
equipment, the inﬂuence of the surrounding, instrument
error, visual inspection, measurement procedure, and
measurement error of data is inevitable. Therefore, measurement uncertainty is used to characterize the magnitude of error. Uncertainty is divided into two categories:
random uncertainty and systematic uncertainty. Systematic errors are mainly caused by the limitations of measurement tools or methods. Accordingly, the systematic
errors can be reduced by improving the precision of the
measuring instrument and the measurement method. The
random errors are reduced mainly by increasing the
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Figure 2: Test device. (a) Head diagram. (b) Eﬃciency diagram.

number of measurements. The value of uncertainty can be
used to judge the accuracy and reliability of measurement
results.
Random uncertainty can be expressed by relative uncertainty ER [22]:
t Sx
√� × 100%.
ER � ± n−1
x n

(1)

In the formula, tn − 1 is conﬁdence coeﬃcient and the
conﬁdence coeﬃcient of 95% conﬁdence probability is
generally adopted.
3.2.1. The Synthesis of Random Uncertainty. At the design
condition, the random uncertainty of ﬂow is
EQ,R

t Sx
1.96 × 0.6303
√����� � ± 0.025%.
� ± n−1√� � ±
49.70 × 10000
Q n

(2)

The random uncertainty of head:
EH,R � ±

tn−1 Sx
1.96 × 0.06235
√����� � ± 0.037%.
√� � ±
32.41 × 10000
H n

(3)

The random uncertainty of torque:
ET,R

t Sx
1.96 × 0.055
√����� � ± 0.0048%.
� ± n−1√� � ±
22.36 × 10000
T n

(4)

The random uncertainty of rotate speed:
ET,R

t sx
1.95 × 2.56
√����� � ± 0.0016%.
� ± n−1
√� � ±
2971.49 × 10000
T n
(5)

The random uncertainty of eﬃciency:

���������������������
Eη,R � ± E2Q,R + E2H,R + E2n,R + E2T,R � ± 0.049%.

(6)

3.2.2. The Synthesis of Systematic Uncertainty. The systematic uncertainty mainly depends on the uncertainty of
measuring instrument.
The systematic uncertainty of the turbine ﬂowmeter used
in this experiment is
EQ,S � ± 0.2%.

(7)

Torque is directly reading amount by the instrument,
which depends on the test instrument used for the test:
EQ,S � ± 0.1%.

(8)

Uncertainty of rotate speed: in the test, using LabVIEW
to measure the rotation speed, the reference clock accuracy
of LabVIEW is 50 ppm (5 × 10−5); after calculation, the error
caused by this method is 1 × 10–7:
���������������������
2
2
(9)
Eη,S � ± 5 × 10− 5  + 1 × 10− 7  � ± 0.055%.
Uncertainty of head: the calculation of head is the accuracy of inlet and outlet pressure sensor, which is 0.25 level:
EP,S1 � EP,S2 � ± 0.025%.

(10)

Systematic uncertainty of the head measured by the two
pressure gauges:
����������
(11)
Ep,s � ± E2p,s1 + E2p,s2 � ± 0.35%.
The uncertainty of eﬃciency:
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Eη,R � ± E2Q,R + E2H,R + E2n,R + E2T,R � ± 0.4154%.
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3.2.3. The Synthesis of Overall Uncertainty. The overall
uncertainty of the ﬂow:
��������������
���������
EQ � ± E2Q,S + E2Q,R � ± 0.2%2 + 0.025%2 � ± 0.2%.
(13)
The overall uncertainty of the head:
����������������
����������
2
2
EH � ± EH,S + EH,R � ± 0.035%2 + 0.037%2 � ± 0.051%.
(14)
The overall uncertainty of the rotate speed:
�����������������
���������
En � ± E2n,S + E2n,R � ± 0.005%2 + 0.0016%2 � ± 0.0052%.
(15)
The overall uncertainty of the eﬃciency:
�����������������
���������
Eη � ± E2η,S + E2η,R � ± 0.049%2 + 0.4154%2 � ± 0.4182%.
(16)
Through the calculation of the above uncertainty, it can
be found that the uncertainty of the test data is small, which
further indicates that the test results are stable and reliable.

4. Time-Domain Analysis of Experiment Data
4.1. Analysis of Experiment Data in Time-Domain Results.
The time-domain processing is mainly about waveform
processing of vibration signals, and the ﬁltering is the main
way to process signals. Firstly, MATLAB is used for linear
average of data to remove the interference of random signals.
Then, four digital ﬁlters with low pass, high pass, band pass,
and band stop functions are used. Figure 3 shows the timedomain characteristics of the axial vibration signal. Comparing the vibration signals before and after the mechanical
seal damaged, it was found that the axial vibration signals
were signiﬁcantly enhanced after the mechanical seal has
been damaged, and the radial, base, and longitudinal trends
were small. As Figure 3 shows, the axial vibration amplitude
of the centrifugal pump is large after the mechanical seal is
damaged, and all of them are irregular vibration. The
maximum extreme value is hundreds of times of the normal
machine extreme value.
4.2. Statistical Analysis of Experiment Data. RMS analysis is
commonly used for analyzing data in signal processing,
mainly analyzing the average eﬀective energy of the signal.
RMS:
�����

1 N 2
(17)
Tmax �
X .
N K�1 K
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Figure 3: Axial vibration time-domain diagram of vibration signal.

In this formula, XK is measurement value of vibration
signal, K � 1, 2, 3, . . .. . ., N [23].
Figure 4 shows the vibration energy curve of diﬀerent
damage seal and healthy seal in the whole working condition
range. The ordinate in the ﬁgure represents the root mean
square of the vibration acceleration and the abscissa represents the full ﬂow for each experiment.
According to the four curves, the overall trend is with
the increase of ﬂow rate, and the vibration energy of the
damaged mechanical seal decreases ﬁrst and then increases. Figure 4 shows the axial direction vibration intensity is the most, the vibration intensity of base, radial,
and longitudinal decreases successively, and the longitudinal vibration intensity is the weakest. The axial variation is mainly aﬀected by the impact of the ﬂowing water
and leakage of the pump system due to the damage of the
mechanical seal, resulting in unstable ﬂow inside the
pump and uneven distribution of pressure causes more
intense vibration.
With the increase of the ﬂow rate, the average energy
of the vibration signals before and after mechanical seal
wear shows the trend of decreasing ﬁrst and increasing
later, then staying ﬂat, and then rising again. The main
reason is that when the centrifugal pump is running at a
low ﬂow rate, there will be secondary back in the pump.
The repeated collision between the secondary back liquid
and the outlet liquid makes the centrifugal pump impacted by the liquid and produces a strong vibration.
When the ﬂow rate of the centrifugal pump increases, the
ﬂow in the pump tends to be stable, and then the vibration
intensity of the centrifugal pump decreases. The analysis
shows that for small ﬂow rates, the pump ﬂow is very
unstable with signiﬁcant backﬂow and intense local
abrasion, and as the particle concentration increases, the
ﬂow resistance increases [24, 25]. At low ﬂow rate, centrifugal pump vibration is mainly caused by ﬂuid ﬂow
instability induced vibration. With the increase of ﬂow,
the ﬂow in the pump tends to be stable, and the balance
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Figure 4: The vibration intensity varies with the ﬂow curve. (a) Base RMS of vibration signal. (b) Radial direction RMS of vibration signal.
(c) Axial direction RMS of vibration signal. (d) Vertical direction RMS of vibration signal.

between the ﬂuid-induced vibration decline and the
mechanical vibration increase caused by the increase of
ﬂow makes the vibration of the whole centrifugal pump
change in a small range.

5. Spectrum Analysis of Test Data
Using the power spectrum to analyze the vibration signal can
determine the optimum working parameters of the pump
and ﬁnd the faults and positions in the pump. Power
spectrum is the average value of energy ﬂow in unit time and
frequency unit interval in the whole-time process. MATLAB
was used to estimate the autocorrelation of the ﬁltered vibration signal, and then we used fast Fourier transform;

ﬁnally, the power spectrum of the vibration signal was
obtained by using the power spectrum function.
The vibration power spectrum is shown in Figure 5.
Mechanical seal wear has a great inﬂuence on the vibration
spectrum analysis of centrifugal pump. The power spectrum
amplitudes of normal seal and damaged seal are diﬀerent in
magnitude. According to the test results, the vibration signal
energy of the damaged mechanical seal reached the maximum at 300–500 Hz. The power spectrum of the pump was
usually in a stable state at 1000–5000 Hz. It can be seen from
Figure 5(a) that the vibration signals in the base direction are
relatively scattered. The vibration in the direction of the base
was caused by interaction of many factors, such as blade
frequency and unbalanced impeller, rotor unbalance, and
others, which causes relatively dispersed low frequency
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Figure 5: Vibration power spectrum. (a) Base direction power spectrum of vibration signal. (b) Radial direction power spectrum of
vibration signal. (c) Vertical direction power spectrum of vibration signal. (d) Axial direction power spectrum of vibration signal.
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vibration. The vibration signals from Figure 5(d) are more
concentrated than those from Figure 5(a) and are concentrated in the blade frequency accessories. Axial vibration was
mainly caused by the reaction of ﬂuid on the blade when the
blade worked on the ﬂuid. Other vibration signals had little
inﬂuence on axial vibration. Therefore, axial vibration signals were concentrated near the blade frequency. The reasons for the occurrence of high-frequency vibration signals
after mechanical seal has been damaged lie in the ﬂow instability of the ﬂuid enhanced in case of leakage due to
mechanical seal wear, which leads to the asymmetric ﬁeld on
the impeller and pump body, thus inducing the high-frequency vibration. Under the condition of mechanical seal,
strong wave and microjet produced high-frequency vibration. At the same time, the sensor may obtain massive pulse
signals. Therefore, it can be observed that the vibration
intensity of high-frequency signals in the same frequency
band along the direction of time was strong or weak. Mechanical seal wear also has induced high-frequency vibration
of other parts, which has been transmitted to the base and
reﬂected in the time-frequency diagram, resulting in appearance of multiple discrete high-frequency components.
Comparing the longitudinal vibration signals before and
after the mechanical seal failure, it can be seen that the
mechanical seal failure causes high-frequency vibration
signals in the longitudinal direction, which are concentrated
at 1500–2500 HZ.
According to the time-frequency analysis, when the
mechanical seal is not damaged, the vibration signals are
mainly concentrated at low frequency, mainly below
1000 HZ. After the mechanical seal is damaged, high-frequency vibration signals are generated in both the base
direction and the longitudinal direction, which are aﬀected
by many factors, while the longitudinal direction is mainly
concentrated at 1500–2500 HZ. The high-frequency vibration signals can provide reference for fault diagnosis of
mechanical seal.

6. Conclusion
In this paper, the centrifugal pump is taken as the research
object, the test data are collected and processed by LabVIEW, and the vibration acceleration signals collected in the
test are analyzed in time domain and frequency spectrum,
and the following conclusions are drawn:
(1) The measurement of vibration signal is related to the
installation position of the sensor. Comparing the
vibration signals at the base, vertical, axial, and base
directions, it can be seen that axial vibration is
stronger and it is greatly aﬀected by mechanical seal
wear. The energy of vibration signal is related to the
running condition; when the ﬂow rate is lower than
0.3Q, the instable ﬂuid ﬂow will cause stronger vibration. When the ﬂow rate exceeds the design
condition, the mechanical vibration is strengthened,
resulting in the rapid increase of vibration energy in
the direction of the base.

(2) In time-domain analysis, the axial vibration is the
strongest and the instability in the ﬂuid makes the
vibration signal produce high amplitude
characteristics.
(3) The occurrence of mechanical seal wear makes the
centrifugal pump to produce high-frequency vibration signal. There is almost no vibration signal
higher than 1 000 Hz in centrifugal pump before the
mechanical seal wear, but massive high-frequency
vibration signals are generated after mechanical seal
wear. High-frequency vibration signals higher than 1
000 Hz can provide certain reference value for mechanical seal diagnosis of centrifugal pump.
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