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Abstract: A mechanical seal is a common type of rotating shaft seal in rotating machinery and plays
a key role in the fluid seal of rotating machinery, such as centrifugal pumps and compressors. Given
the performance degradation caused by the wear to the face of the contact mechanical seal during
operation and the lack of effective predictive maintenance monitoring methods and evaluation
indexes, a method for measuring the acceleration of the mechanical seal face’s vibration was pro-
posed. The influence of face performance degradation and rotational speed change on the tribo-logical
regime of the mechanical seal was investigated. The proposed fault detection model based on support
vector data description (SVDD) was constructed. A mechanical seal face degradation test rig verifies
the usability of the proposed method. The results show that in the mixed lubrication (ML) regime,
the vibration sensitivity of the face increases with the increase in rotational speed. With the decrease
in the face performance, the vibration-sensitive characteristic parameters of the face in-crease and
change from the ML regime to the boundary lubrication (BL) regime. The incipient fault detection
model can warn about incipient faults of mechanical seals. Here, the axial detection result predicted
that maintenance would be required 10.5 months earlier than the actual failure time, and the radial
and axial detection results predicted required maintenance 12 months earlier than the actual failure.

Keywords: mechanical seals; tribological regime; condition monitoring; rotating machinery

1. Introduction

Mechanical seal is a common form of rotating shaft seal for rotating machinery and is
used to seal the pressurized fluid around the rotating shaft in various industrial fields [1].
Mechanical seals are one of the core power components of high-end rotating equipment in
the fields of nuclear power, petrochemical, aerospace, marine equipment, etc., and play a
decisive role in the safe and stable operation of the main engine [2].

In the daily maintenance of pumps and other equipment, the maintenance workload
of mechanical seals accounts for 30% of the total workload, and about 70% of maintenance
costs for centrifugal pumps are used on repairing sealing faults [3]. In summary, the
reliable and stable operation of mechanical seals is essential for the routine operation of
equipment and the safe production of enterprises. However, there are technical bottlenecks
in the prediction of the remaining working life of mechanical seals and the prevention
of mechanical seal leakage [4]. The most common causes of seal failure include dry
running, abrasives in seal fluid, sludge and bonding, thermal and mechanical distortion,
coking, sleeve damage, o-ring damage, carbon ring erosion, etc. Incorrect seal design,
incorrect installation, and operation mistakes are the most common reasons [5]. Due
to the lack of effective mechanical seal condition monitoring in engineering technology,
catastrophic accidents caused by mechanical seal leakage occur frequently. The failure of
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mechanical seals often leads to severe losses and may even lead to catastrophic combustion,
explosion, leakage of harmful media, and accidents [6]. To ensure the continuity and
safety of industrial production while reducing production costs, it is necessary to perform
predictive maintenance on mechanical seals [7]. An effective maintenance strategy can
avoid unplanned production stops, reduce costs, and possibly even extend the life of
mechanical seals [8].

In recent years, many scholars have conducted research on the monitoring and im-
provement of the performance of mechanical seals. KOU [9] established a two-dimensional
axisymmetric thermal–fluid–solid-coupling mathematical model of contact mechanical
seals, used the finite difference method to solve the control equations of fluid pressure
and temperature on the seal face, and used the finite element method to determine the
thermal deformation state of the seal. Tomioka [10] found by measuring friction torque,
leakage amount, and surface roughness that as the surface roughness increases, the leakage
decreases, and the frictional loss torque increases. ZHANG [11] built a friction and wear
experimental system for rotating seals. It was found that wear would lead to a decrease in
the mechanical properties and sealing performance of the seals. DUAN [12] believed that
due to friction and wear, the leakage of seals gradually increases over time. TAKAMI [13]
used the thermal analysis method to monitor the mechanical seal and explored the influ-
ence of thermal conductivity, operating temperature, and the heat convection coefficient
on the temperature distribution of the mechanical seal face. LUAN [14] conducted a heat
transfer analysis on mechanical seals using fin theory to estimate the contact and surface
temperatures between seal rings. MOHSEN [15] proposed the concept of load sharing to
study the behavior of mechanical seals under mixed lubrication conditions. The advan-
tage of this method is that various parameters, including fluid properties, sliding velocity,
surface roughness, friction coefficient, temperature effect, and other effective factors, can
be considered simultaneously. The above scholars’ theoretical research on the tribological
behavior of mechanical seals in relation to factors such as face thermal deformation, sur-
face roughness, surface temperature, and so on has laid a theoretical foundation for the
development of mechanical seal condition monitoring.

In order to prevent sudden leakage accidents of mechanical seals, some domestic and
international scholars have carried out research on mechanical seal condition monitoring
technology. According to FAN [5], methods of mechanical seal condition monitoring
include operation parameter monitoring, acoustic emission, ultrasonic, dynamic behavior
measurement, and the acoustic noise of air propagation. Identifying the early failure of
mechanical seals is an important means to avoid premature failure. SUN [16] found that
the change in surface morphology is the main reason for the leakage of mechanical seals
when the preload is constant. The failure of seals usually causes additional vibration and
sound due to the direct contact of two sliding surfaces. Therefore, vibration monitoring is a
feasible method for mechanical seal condition monitoring. ANDERSON [17] developed a
monitoring device for mechanical seals that uses ultrasonic shear waves to determine the
state of the seal interface, thereby monitoring the friction state and wear degree between
the faces. The shear wave probe is installed on the back of the non-rotating seal ring.
Towsyfyan [18] used the acoustic emission (AE) method to study the tribological behavior
of mechanical seals by extracting the AE signals under the three failure modes of the health
status and the three failure modes of dry running, spring failure, and seal defects; the time
domain, frequency domain, and time–frequency domain analysis methods were used to
process the collected data, and by monitoring the prominent frequency bands, it was found
that the time domain and frequency domain characteristics of AE signals can be effectively
used to determine the lubrication status and incipient fault detection of mechanical seals.
HUANG [19] employed the acoustic emission method to investigate the state evolution of
the dry gas seal during the start-up process. The root mean square value of the acoustic
emission signal showed obvious periodic characteristics, and the state evolution process of
the seal was divided into four stages. HUANG et al. [20] conducted an analysis on the root
mean square (RMS) value of the acoustic emission (AE) signal from the gas seal pair, and
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observed that the AE RMS value was higher when the angle of the titled rotor increased
compared to when it decreased. REDDYHOFF [21] employed AE technology to measure
changes in liquid film thickness between the faces, revealing a correlation between load
variations and alterations in liquid film thickness.

There are some limitations in the condition monitoring technology of mechanical seals
based on acoustic emission signals. The main limitations are as follows: acoustic emission
technology is mainly used in the condition monitoring of non-contact mechanical seals,
and the application scenarios of contact mechanical seals for centrifugal pumps are subject
to many restrictions [17–19]. FAN [22] pointed out that the low signal-to-noise ratio of
acoustic emission signals has been identified as the main obstacle to the application of
condition monitoring for mechanical seals in pumps.

LEE [23] installed an acoustic emission sensor and accelerometer on the surface of
the mechanical seal shell, and studied the applicability of the acceleration signal in the
condition monitoring of the mechanical seal. By comparing the acoustic emission signal
and the acceleration signal, it was found that the acceleration signal is more effective for
wear monitoring than the AE signal. It is believed that wear leads to a change in lubrication
state. The contact area of asperity decreases with an increase in seal surface wear, while the
signal-to-noise ratio of the acoustic emission signal decreases. CHITTORA [24] installed
vibration sensors outside of the pump casing to monitor the health status of the bearing
and seal using vibration analysis, and utilized the fault characteristic frequency signal to
identify the condition of the mechanical seal. LUO [25] installed sensors on the pump
casing to measure the vibration signal of the centrifugal pump with mechanical seal face
damage. It was found that the wear of the mechanical seal produces a high-frequency
vibration signal. The method of collecting vibration signals outside the pump casing to
identify the condition of mechanical seals is easily affected by factors such as bearing
damage, shaft bending, and significant axial displacement, rendering it unreliable.

The incipient fault detection of rotating machinery parts based on the vibration signal
analysis method has been widely used. Common incipient fault detection methods include
the convolutional neural network method [26], deep belief neural network [27], long
short-term memory neural network [28], transfer learning [27] and support vector data
description method [29–31]. These methods have been successfully used for the detecting
incipient faults of rotating equipment components, such as bearings and gears, but the
research on the incipient fault detection of mechanical seals based on vibration signal
analysis has not been reported.

In this paper, a method for measuring the vibrational acceleration of the mechanical
seal face is proposed. A vibration acceleration sensor is installed on the stationary ring
of the mechanical seal to acquire data on the mechanical seal’s vibration acceleration.
The relationship between the tribological regime of the mechanical seal, the performance
degradation of the face, and the rotational speed was studied in conjunction with the
Stribeck curve. An incipient fault detection model for the mechanical seal was established,
and a mechanical seal test rig was built to verify the proposed method.

2. Theoretical Model
2.1. Structure of Mechanical Seal

The structure of common mechanical seals is shown in Figure 1. The mechanical seal
consists of several components including the following: (1) rotating ring end cover, (2) shaft
sealing, (3) drive pin, (4) rotating ring, (5) stationary ring, (6) gland plate, (7) lock sleeve,
(8) spring, (9) push ring, (10) stationary ring sealing, and (11) rotating ring sealing.
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Figure 1. Mechanical seal structure.

2.2. Face Vibration Acceleration Source Mechanism

Due to the varying thickness of the liquid film between the faces, mechanical seals
operate in different tribological regimes, i.e., boundary lubrication (BL), mixed lubrication
(ML), and hydrodynamic lubrication (HL) regime depending on the operating conditions
that are characterized by the well-known Stribeck curve, as shown in Figure 2.
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Figure 2. Stribeck curve.

The mechanical seal is ideally located at the transition point from the ML to the HL
regime. However, during the seals’ operating life, a mechanical seal’s faces may wear and
deform due to temperature, pressure, and abrasive particles. The BL regime is an unwanted
operating regime for mechanical face seals because it generates excessive wear, dry rubbing,
and quick damage to the mating rings.

The tribological regime of the mechanical seal is related to the friction between its faces.
According to Newton’s second law, the acceleration of an object is proportional to the force
acting on it. Therefore, the vibration acceleration of the face is directly influenced by the
friction in its contact pair. Consequently, an analysis of the force model for compensation
rings in mechanical seals helps clarify the source mechanism behind this acceleration.

As shown in Figure 3a,b, the fluid control volume elements of the sealing face in
cartesian coordinates and polar coordinates are established, and the friction equations
under different friction regimes are listed according to the control volume elements.
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The force equation of the stationary ring under the fluid viscous shear friction and
asperity contact friction is established to explore the variation rule of the force of the
stationary ring during the evolution of tribological regime; analyze the main influencing
factors of the axial force, tangential force, and radial force of the stationary ring, and
clarify the source mechanism of the vibration acceleration of the face of the mechanical seal
under the influence of tribological behavior. The characters in Figure 3 are represented as
follows: U1, V1, and W1. They are the first face’s x-direction, y-direction, and z-direction
velocity vector. U2, V2, and W2 are the second face’s x-direction, y-direction, and z-direction
velocity vector. u(x, y, z), v(x, y, z), and w(x, y, z) are the velocity vector of fluid film in the
x-direction, y-direction, and z-direction. ρ(x, y, z) and µ(x, y, z) are the density of the fluid
and dynamic viscosity.

The friction equation of the fluid viscous shear friction is as follows:
The viscous shear forces along the x and y directions are shown in Equations (1) and (2):

τf x− f ull f ilm =
µU
h
− h

2
∂p
∂x

(1)

τf y− f ull f ilm =
µV
h
− h

2
∂p
∂y

(2)

where τf x− f ull f ilm is the shear stress in the x direction, τf y− f ull f ilm is the shear stress in the
y direction, h is the thickness of the fluid film, and p is fluid pressure.

The friction equation in the fluid viscous shear friction is shown in Equation (3).

Ff =
1

rm

∫ 2π

0

∫ r0

ri

(
µrω

h
− h

2
∂p
r∂θ

)
r2drdθ (3)

where Ff is friction force, rm is the average radius, r0 is the outer diameter of the stationary
ring, ri is the radius of the contact node, p is fluid pressure, ω is the rotational speed, θ is
the angle, h is the thickness of the liquid film.

The tangential contact friction equation of the asperity contact friction is shown in
Equation (4).

Fm =
1

rm

∫ 2π

0

∫ r0

ri

τmr2drdθ (4)

where Fm is tangential contact friction force, τm is the product of the local average contact
pressure and the empirical value of a contact friction factor, rm is the average radius, r0 is
the outer diameter of the stationary ring, and ri is the radius of the contact node.

In the running state, the mechanical seal’s dynamic behavior, such as angular swing
and axial oscillation of the rotating ring (which is tiny), and its tribological state, including
friction and wear on the face, may lead to performance degradation such as wear and de-
formation of the face. Consequently, this degree of degradation can impact the mechanical
seal’s tribological regime and alter the stationary ring’s dynamic behavior.

2.3. Face Incipient Fault Detection

The incipient fault detection model of mechanical seals adopts the single classification
algorithm Support Vector Data Description (SVDD) in machine learning. SVDD only
requires positive samples to train a sensitive outlier detection model [32]. Therefore,
SVDD is used in data-driven rotating machinery and widely applied in incipient fault
detection technology. This paper attempts to apply SVDD to the incipient fault detection of
mechanical seals for predictive maintenance.

Figure 4 shows the incipient fault detection model of the mechanical seal based on the
support vector data description (SVDD) established in this paper.
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Figure 4. Incipient fault detection model of mechanical seal face degradation.

The main steps of the incipient fault detection model of mechanical seal tribological
regimes proposed in this paper are as follows:

Step 1: Face vibration tribological regimes sensitive feature extraction
The data set of the vibration signal of the mechanical seal face under normal operation

history was collected, and the two-dimensional sensitive characteristic parameters of
tribological regimes were extracted.

Step 2: Train SVDD
The two-dimensional sensitive characteristic parameters of the tribological regimes

calculated in the first step were input into SVDD for training, and the center a and radius r
of the hypersphere containing standard samples were obtained.

Step 3: Calculate the generalized distance between the real-time online monitoring
data and the center of the hypersphere

The tribological regime two-dimensional sensitive feature of the face vibration data
under the real-time operation state was input into the SVDD trained in the second step to
obtain the generalized distance di from the center of the hypersphere.

Step 4: Online detection of early fault points
Determine the r size of di and online, such as di > r, which is the suspected incipient

fault point. If the number of consecutive alarms exceeds the number of a dynamic array of
the composite moving window, di~di+n-1 > r, it is determined to be an incipient fault point.

The SVDD algorithm is a single classification algorithm whose purpose is to map
the training data into a high-dimensional space and find a hypersphere with the smallest
volume in the high-dimensional space so that the training data can be included in the hy-
persphere as much as possible. Data belonging to this class resides outside the hypersphere.
Its mathematical model is constructed as follows:

Given a training sample xi = {x1, x2, · · · , xi}, where i is the number of samples, a
hypersphere is defined containing almost all samples of the target class. The relaxation
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factor ξi is introduced to improve the algorithm’s robustness to the training samples. At
this time, the SVDD optimization problem is described as follows:

min ε(R, a, ξi) = r2 + C∑
i

ξi

st. ‖xi − a‖2 ≤ r2 + ξi
ξi ≥ 0

(5)

where a is the center of the hypersphere, r is the radius of the hypersphere, and C is the
penalty coefficient (C > 0), which is used to weigh the number of abnormal training samples
(number of out-of-sphere samples) and the size of the hypersphere. To solve the above
optimization problem, the following Lagrangian equation is constructed:

L(r, a, αi, ξi) = r2 + C∑
i

ξi−

∑
i

αi
{

r2 + ξ2 − (x2
i − 2axi + a2)

}
−∑

i
γiξi

(6)

where αi, γ i(αi, γi ≥ 0) is the Lagrangian multiplication operator, let the partial derivative
of r, a, ξ i be 0, and obtain the following:

∂L
∂R = 0 : ∑

i
αi = 1

∂L
∂a = 0 : a = ∑

i
αixi

∂L
∂ξi

= 0 : C− αi − γi = 0

(7)

When the sample point is inside the hypersphere, αi = 0. When the sample point is on
the boundary of the hypersphere, then 0 < αi < C. When the sample point is outside the
hypersphere, then αi = C. The samples on and within the boundaries of the hypersphere
are called support vectors.

Substitute Formula (6) into Formula (7) to obtain the following optimization function:
maxL = ∑

i
αiK(xi, xj)−∑

i,j
αiαjK(xi, xj)

s.t. 0 ≤ αi ≤ C, ∑
i

αi = 1
(8)

where K(•) is a Gaussian kernel function, and its expression is as follows:

K(xi, xj) = exp(−
‖xi − xj‖2

σ2 ), σ > 0 (9)

In high-dimensional space, the radius r of the hypersphere can be calculated from the
distance from the support vector (xsv) on the interface of the hypersphere to the center of
the hypersphere:

r2 = ‖φ(xsv)− φ(a)‖2 = K(xsv, xsv)−
2∑

i
αiK(xi, xsv)+∑

i,j
αiαjK(xi, xj) (10)

For a single test sample z, its distance from the center a can be expressed as:

d = ‖φ(z)− φ(a)‖ = K(z, z)−
2∑

i
αiK(z, xi)+∑

i,j
αiαjK(xi, xj) (11)

During the anomaly detection process, the extracted normal training samples are
inputted into SVDD for training, resulting in a hypersphere that contains normal samples;
in the actual application process, Formula (11) can be used to obtain the generalized
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distance d between the real-time detection samples and the center of the hypersphere. It is
shown that when d ≤ r, the sample is normal, and when d > r the sample is abnormal.

The key step in incipient fault detection is to identify the sensitive characteristics of
face vibration tribological regimes. The specific steps are as follows.

Most current research uses time domain, frequency domain, and time-frequency
domain features in vibration signals to characterize the degradation state of rolling bearings,
gearboxes, etc. [33–35], but this approach has not been applied to the research of mechanical
seals. To effectively evaluate the incipient fault detection and health status evaluation of
mechanical seals, it is necessary to identify eigenvalues that are sensitive to mechanical seal
failure and provide effective parameters for further research. In this paper, we calculate
the original waveform data of the stationary ring vibration signals from mechanical seals
in the time domain, frequency domain, and time-frequency domain using the calculation
method [36] shown in Table 1. The representation method for entropy feature is shown in
Table 2.

Table 1. Time domain and frequency domain calculation method.

Feature Formula Feature Formula

Mean value F1 = 1
N

N
∑

i=1
xi

Waveform index F13 = F2
|xi |

Root contact-mean-square F2 =

√
1
N

N
∑

i=1
x2

i
Peak indicator F14 = F12

F2

Root amplitude F3 = ( 1
N

N
∑

i=1

√
|xi |)

2
Pulse indicator F15 = F12

|xi |

Absolute value F4 = 1
N

N
∑

i=1
|xi | Margin factor F16 = F12

F3

Skewness F5 = 1
N

N
∑

i=1
( xi−x

σ )3 Skewness factor F17 = F5
F3

8

Kurtosis F6 = 1
N

N
∑

i=1
( xi−x

σ )4 Kurtosis factor F18 = F6
F4

8

Variance F7 =

√
1
N

N
∑

i=1
(xi − x) Average frequency F19 =

∑K
k=1( fk X(k))

∑K
k=1 X(k)

Standard deviation F8 =

√
1
N

N
∑

i=1
(xi − x)2 Gravity frequency F20 =

√
∑K

k=1( f 4
k X(k))

∑K
k=1( f 2

k X(k))

Maximum F9 = max(xi) Root mean square frequency F21 =

√
∑K

k=1( f 2
k X(k))

∑K
k=1 X(k)

Minimum F10 = min(xi) Frequency standard deviation F22 =

√
∑K

k=1[( fk− f19)
2X(k)]

K

Peak F11 = max(|xi |) Entropy
F23−39 = −

2i

∑
j=1

pj log2 pj

pj =
Ei,j
E

Peak-to-peak F12 = F12 − F11

Table 2. Entropy feature representation method.

Feature F23 F24 F25−27 F28−29 F31−33 F34−36 F37−39

Entropy
Wavelet
energy
entropy

Wavelet
singular
entropy

Sample
entropy

Information
entropy

Permutation
entropy

Fuzzy
entropy

Dispersion
entropy

The original eigenvector set composed of 39 features is calculated, and the arc tangent
normalization of Formula (1) is used to eliminate the difference in the size of each eigenvalue.

x∗ =
a tan(x)× 2

π
(12)
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Calculate the monotonicity, correlation, and robustness of each characteristic index [37,38].
The value range of each index is [0, 1]. The corresponding calculation formulas are
Formula (2)~Formula (4), respectively.

mon(X) =

∣∣∣∣ n
∑

i=1
ε(xi − xi−1)−

n
∑

i=1
ε(xi−1 − xi)

∣∣∣∣
n− 1

(13)

where X = (x1, x2, · · ·, xn) is the health index time series, ε(x) =
{

1 x ≥ 0
0 x < 0

is the unit step

function, and n is the total sample size of the health index.

Corr(x) =
|n∑ xiti −∑ xiti|√[

n∑ x2
i − (∑ xi)

2
]
−
[[

n∑ t2
i − (∑ ti)

2
]] (14)

where X= (x1, x2, . . . , xn) is a certain condition monitoring indicator sequence, and
T= (t1, t2, . . . , tn) is the corresponding monitoring index time series.

Rob(X) =
1
n∑ exp(− xi −

∼
xi

xi
) (15)

where
∼
xi is the trend sequence of the corresponding state monitoring index sequence, This

paper uses the five-point cubic smoothing method to obtain the trend sequence.
Bring the calculated three indicators into the calculation formula of sensitivity [39] to

measure the sensitivity of the evaluated indicators to the degradation of the mechanical
seal. The calculation formula is shown in Formula (16).

Sens = w1Mon(X) + w2Corr(X) + w3Rob(X) (16)

Among them, Sens is the sensitivity index, wi is the attribute weight of a single state
monitoring index, and different indexes correspond to different attribute weights due to
their different characteristics.

To eliminate the influence of human factors, the sensitivity value of each characteris-
tic parameter is calculated using the entropy-weight-based sensitivity feature screening
method [40].

3. Experimental Approach

The test platform of the contacting single mechanical seal is shown in Figure 5a,b,d. It
consists of seal testing devices, hydraulic and cooling systems, data acquisition systems, and
a variable frequency motor. Turbine oil was used as the lubricating medium for the similar-
ity test, with its main characteristics being high stability and strong load-bearing capacity.

The seal test device consists of a cartridge mechanical seal and a sealing test chamber.
The main components are stationary, and the rotating rings made of silicon carbide.

The installation position of the triaxial acceleration sensor is shown in Figure 5. The
triaxial acceleration sensors are installed in the groove on the back of the stationary ring,
and they indirectly receive vibration signals generated by the axial, radial, and tangential
forces from the friction pair through the stationary ring.

The data acquisition system comprises a vibration-collecting data acquisition card and
a computer for data acquiring and storing data. The LabVIEW virtual instrument installed
and set up on the computer to measure signals in the time, frequency, and time-frequency
domains. Figure 5c displays various sensors utilized in the test, while Table 3 provides
detailed parameters of each data acquisition card and sensor.
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The hydraulic and cooling systems include an oil tank, a lubricating oil circulation
pump, an oil cooler, and a cooling water circulation pump, and the lubricating oil pressure
can be adjusted by the outlet regulating valve of the circulating oil pump.

The test rig was driven by an electric motor with an adjustable rotational speed of up
to 6000 rpm.
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Table 3. Data acquisition components and sensors specifications.

Type Parameter

Sound and vibration input module
Maximum sampling rate: 51.2 KS/s.
Analog input voltage range: −5 V–5 V.
IEPE incentive: 2 mA.

Triaxial ICP accelerometer

Sensitivity: 10 Mv/g.
Range: ±500 g pk.
Resolution: 0.003 g rms.
Frequency response: 2–5 kHz.

Measurement Methods

Considering that a 40%~50% degradation of the mechanical seal occurs after approxi-
mately six months, the mechanical seal degradation test takes a significant amount of time
to complete [41]. The lubrication condition of the laboratory is good, and the operating con-
dition is stable, so it is difficult to complete the performance degradation test of the whole
life cycle of the mechanical seal in a short time. Therefore, four rotating rings with different
wear degrees with different running times on the same equipment were collected and used
to simulate the degradation process of end face performance due to increased wear.

The sealing faces are numbered as (a) (b) (c) and (d) according to the degree of wear,
ranging from slight to severe. Figure 6 displays the appearance of the four rotating rings
and their surface morphology measured by an automatic imager. The surface roughness of
the four rings measured by the roughness meter is shown in Table 4. Among them, ring
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(a) is a new ring. According to the on-site records of the oil station, the operation time of
ring (b) is 1 year, the operation time of ring (c) is 1.5 years, and the operation time of ring
(d) is 2 years. Generally, when using ring (d), the mechanical seal has a large leakage.

Lubricants 2023, 11, x FOR PEER REVIEW  6  of  12 
 

 

 

Figure 6. Surface topography of rotating ring: (a) ring (a). (b) ring (b). (c) ring (c). (d) ring (d). 

   

Figure 6. Surface topography of rotating ring: (a) ring (a). (b) ring (b). (c) ring (c). (d) ring (d).

Table 4. Surface roughness measurement value of rotating ring.

Ring Number Surface Roughness Ra/µm

1# 0.07
2# 0.09
3# 0.20
4# 0.32

The values of the sensors installed on the stationary ring were collected during the
test. The test is divided into four stages, and each stage uses a rotating ring and is run for
a certain period to collect corresponding data. After completion, the machine is stopped.
And we wait for the cavity and medium to cool down to room temperature. Then, we
disassemble the mechanical seal, and replace different rotating rings with higher wear
degrees. The motor speed is set to 3000 rpm for each test step, with a duration of 2.2 h per
step, while maintaining a constant pressure of 0.2 MPa in the test chamber lubricating oil.

4. Results
4.1. Vibration-Sensitive Characteristic Parameter Characterization of Face Tribological Regimes
4.1.1. Original Waveform Data of Face Vibration Acceleration

Three sets of face vibration data were collected for each of the four test groups. The
sampling time for each sensor was set to 1 s, and a set of data files was saved every 10 s.
Since each group testing time was 2.2 h, the length of data for each measuring point is
800, and the total length of degraded data composed from all four experiments is 3200.
The vibration data consists of acceleration measurements collected by the sensors in axial,
radial, and tangential directions. A detailed description of the test data can be found in
Table 5.

Table 5. Explanation of experimental data.

Type Measuring Point Length Degeneration
Data Length

Sampling
Frequency (kHz)

Waveform Data
Length

Face degradation
Axial

800 3200 25.6 25,600Radial
Tangential

The original vibration waveform data diagram of the face vibration acceleration is
shown in Figure 7. As the face performance degrades, the amplitude of the face vibration
acceleration increases.
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Figure 7. Original vibration acceleration waveform of face.

4.1.2. Face Vibration Acceleration Sensitive Characteristic Parameter

The 39-dimensional time domain, frequency domain, and time-frequency domain
sensitive feature values of the original waveform data of the face vibration are calculated
according to Table 1. The sensitive feature screening method is used to screen the features
sensitive to the tribological behavior of mechanical seals, and the sensitive feature values
of the mechanical seal face vibration are determined based on the sensitivity of Table 6.

Table 6. Eigenvalue sensitivity.

Feature F1 F2 F3 F4 F5 F6 F7 F8
Sensitivity 0.3355 0.3136 0.3043 0.3083 0.1896 0.2190 0.2897 0.3121

Feature F9 F10 F11 F12 F13 F14 F15 F16
Sensitivity 0.2710 0.2577 0.2734 0.2643 0.3299 0.2669 0.2810 0.2851

Feature F17 F18 F19 F20 F21 F22 F23 F24
Sensitivity 0.1225 0.3029 0.3216 0.2768 0.2973 0.3005 0.2557 0.2720

Feature F25 F26 F27 F28 F29 F30 F31 F32
Sensitivity 0.3129 0.2938 0.3306 0.1370 0.2147 0.0975 0.3038 0.3324

Feature F33 F34 F35 F36 F37 F38 F39
Sensitivity 0.1733 0.3416 0.3219 0.3322 0.3100 0.3168 0.1586

The fuzzy entropy, which is the most sensitive to the tribological regime, is utilized for
verifying the test data. Entropy represents the sum of all microscopic states of an object
in a certain macroscopic state. Fuzzy entropy serves as a measure of fuzzy uncertainty
and is employed to quantify the uncertainty associated with information or a system.
Consequently, fuzzy entropy can effectively express the uncertainty related to mechanical
seal face vibration.

The change curve of fuzzy entropy of brand-new ring (a) at 3000 rpm is shown in
Figure 8.
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Figure 8. Fuzzy entropy curve of rotating ring test.
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In Figure 8, during the initial stage of the mechanical seal, the seal ring is in the
running-in stage. In the tribological regime, the BL and the fuzzy entropy value decrease
from its highest point. Then, it transitions to the ML regime, where the fuzzy entropy value
reaches its lowest point. Finally, in HL regime, the fuzzy entropy value gradually increases,
along with the trend of the Stribeck curve.

This provides compelling evidence that the mentioned method of measuring face
vibration acceleration can accurately represent the tribological behavior of mechanical seals
and, therefore, can be utilized for precise seal monitoring.

4.2. Mechanical Seal Face Performance Degradation Detection and Incipient Fault Early Warning

The two-dimensional sensitivity characteristics were selected as inputs for the incipient
fault detection model and the health status assessment model, based on the sensitivity
values provided in Table 6. The chosen features are fuzzy entropy F34 and mean value F1.

This method calculates the selected fuzzy entropy and mean value as two-dimensional
features. It takes 800 sets of data files of a rotating ring as normal data, inputs them into
SVDD for training, and obtains the center a and radius of the hypersphere containing
normal samples r. It then inputs a total of 3200 sets of data with mechanical seal face
degradation sensitive features into the trained SVDD to obtain the generalized distance di
from the center of the hypersphere. The magnitude of di and r is judged, and if di > r, it is
considered a suspected incipient fault point.

The calculation results of the mechanical seal incipient detection model are shown
in Figure 9. The model detects 1061 points, 801 points, and 801 points as the incipient
fault detection points in the three directions, respectively. Based on the actual operation
time of the sealing ring introduced above, we can consider the 3200th sample time in
this experiment as the failure time of the seal. Therefore, the SVDD-based incipient fault
detection model for mechanical seal face vibration acceleration can detect the early fault
time of a mechanical seal in advance. Among them, the axial detection result is earlier than
actual operation time by 10.5 months, while the radial and axial detections are earlier by
12 months.
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Figure 9. Incipient fault detection of mechanical seal.

5. Discussion
5.1. The Variation Law of Sensitive Characteristic Parameters of Face Vibration Acceleration with
Rotational Speed

The test design of the face vibration acceleration data acquisition, with the mechan-
ical seal rotation rate changing, contains five stages, with the rotation rates of 1000 rpm,
1150 rpm, 1350 rpm, 1650 rpm, and 2100 rpm, respectively. The duration of each stage is
two hours. The pressure in the test chamber constant at 0.4 MPa. A pair of new rotating
and stationary rings are used for the test. Numerical vibration data in axial (Z), radial (Y),
and tangential (X) directions were collected for each stage.

The circumferential friction (in the polar coordinate system) of the friction pair in a
mechanical seal increases with an increase in rotating speed, and the vibration acceleration
on the face of the stationary ring also increases with an increase in rotating speed. Figure 10
illustrates how the vibration-sensitive characteristic parameters of the mechanical seal’s
face change with its rotation speed. As shown in Figure 10a,b, as the speed increases, the
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fuzzy entropy value rises from 0.1 to about 0.7, and the mean value rises from 0.1 m/s2

to about 0.8 m/s2. Both the fuzzy entropy and mean value exhibit a linear increasing
trend with increasing speed, and this changing trend is consistent across axial, radial, and
tangential directions.
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Figure 10. Change curve of face-sensitive characteristic parameters with rotational speed.

Figure 11 shows the curve of the fundamental frequency amplitude of the face vibra-
tion waveform changing with the rotation speed. As the mechanical seal’s rotational speed
increases from 1000 rpm to 1150 rpm, 1350 rpm, 1650 rpm, and 2100 rpm, the corresponding
waveform’s vibration acceleration amplitudes are calculated as20 Hz, 23 Hz, 27 Hz, 33 Hz,
and 42 Hz, respectively. The amplitude face vibration waveform is plotted accordingly. The
fundamental frequency of a vibration signal represents the lowest oscillation frequency of
a free oscillation system, and its amplitude serves as an important indicator for assessing
equipment performance. As shown in Figure 11, the fundamental frequency amplitude of
the face vibration waveform increases with increasing rotation speed, particularly, radial
vibration waveform exhibits greater sensitivity to changes in tangential and axial vibrations.
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Figure 11. Variation curve of fundamental frequency amplitude of face vibration waveform changing
with speed.

In summary, in the ML regime of mechanical seal, the fuzzy entropy and mean value
of the face vibration of the stationary ring increase linearly with an increase in rotating
speed. The amplitude of fundamental frequency for face vibration waveform increases with
increasing rotating speed, while the change in amplitude for radial vibration waveform is
more sensitive.

5.2. The Variation Law of Vibration Acceleration Sensitivity Characteristic Parameters in the
Process of Face Performance Degradation

The two-dimensional face’s vibration-sensitive characteristic value increases accord-
ingly as the degradation degree of the mechanical seal face increases, as shown in Figure 10.
According to the Stribeck curve, the mechanical seal face is in the ML regime with a low
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wear degree, low viscous shear force, small load, and small corresponding friction coeffi-
cient at the a and b ring regimes. In the c and d ring stages, there is an increase in contact
between micro convex bodies on the face, resulting in an increase in tangential force, load,
and friction coefficient of the face. Consequently, there is a change in the tribological regime
from the ML to the BL regime for the mechanical seal.

The two-dimensional sensitive features represent the tribological state of the mechani-
cal seal face and are shown in Figure 12. As the wear degree of the face increases, there is an
upward trend in the changing pattern of fuzzy entropy in the axial, radial, and tangential
directions Among them, tangential fuzzy entropy is more sensitive to changes in wear
degree. In both b and c ring tests, fuzzy entropy in all three directions exhibits a wide
oscillation. In the early stage of the c- ring, fuzzy entropy in all three directions shows a
wide oscillation before steadily increasing. In both a and b ring tests, there is little change
in wear degree on the face and no obvious average change trend; however, during c and d
ring tests, the mean value significantly increases but still exhibits a wide oscillation during
the c- ring test.
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Figure 12. Degradation curves of sensitive features.

In summary, as the degree of face wear increases, the tribological regimes on the face
gradually transition from the ML regime to the BL regime. Both the fuzzy entropy and the
mean value of face vibration acceleration exhibit good sensitivity to the increase in face
wear degree, with fuzzy entropy being more sensitive than the mean value.

6. Conclusions

A method for measuring the tribological regime of mechanical seals based on face
vibration acceleration was proposed, and models for detecting incipient faults and assessing
performance degradation were established. The relationship between the tribological
regimes of mechanical seals and changes in face degradation and rotation speed was
explored. The effectiveness of the proposed method was verified by constructing a test rig
to degrade mechanical seals. The main conclusions are as follows:

(1) At the start-up stage of the mechanical seal, the tribological regime is initially BL and
then transitions to ML. As the face wear degree increases, the tribological regime
gradually shifts from ML to BL. The fuzzy entropy and the mean value of face
vibration acceleration exhibit better sensitivity to increasing face wear degree, with
the fuzzy entropy being more sensitive than the mean value.

(2) Under the mechanical seal’s ML regime, both the fuzzy entropy and the mean value
of stationary ring face vibration increase linearly with rotating speed. The amplitude
of fundamental frequency in the face vibration waveform also increases with rotating
speed, while the change in amplitude of t radial vibration waveform is more sensitive.

(3) The incipient fault detection model based on SVDD was established using the fuzzy
entropy and mean value indexes of the face vibration acceleration. The test data can
be used to detect the incipient fault of the mechanical.

In this study, the research on the vibration acceleration of the face of the mechanical
seal has only been explored preliminarily, and there are still some shortcomings. The
following two aspects will continue to be studied.
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(1) It aims to investigate the law governing the change of sensitive characteristic param-
eters of vibration acceleration on the mechanical seal face with respect to pressure,
temperature, compensation spring force, and friction torque between the faces.

(2) The method of measuring face vibration acceleration is applied in engineering practice
to explore the accuracy and robustness of the proposed incipient fault detection model
under actual working conditions.
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Abbreviations
Abbreviation Definition
SVDD Support vector data description
AE Acoustic emission
RMS Root mean square
BL Boundary lubrication
ML Mixed lubrication
HL Hydrodynamic lubrication
U1 The first face’s x-direction velocity vector
V1 The first face’s y-direction velocity vector
W1 The first face’s z-direction velocity vector
U2 The second face’s x-direction velocity vector
V2 The second face’s y-direction velocity vector
W2 The second face’s z-direction velocity vector
u(x, y, z) The velocity vector of fluid film in the x-direction
v(x, y, z) The velocity vector of fluid film in the y-direction
w(x, y, z) The velocity vector of fluid film in the z-direction
ρ(x, y, z) The density of the fluid
µ(x, y, z) The dynamic viscosity of the fluid
τf x− f ull f ilm The shear stress in the x direction
τf y− f ull f ilm The shear stress in the y direction
H The thickness of the fluid film
P Fluid pressure
Ff Friction force
rm The average radius
r0 The outer diameter of the stationary ring
ri The radius of the contact node
ω The rotational speed
θ The angle
Fm Tangential contact friction force
τm The product of the local average contact pressure and the empirical value

of a contact friction factor
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