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Abstract: Mechanical seal is a key component in industrial production, and its safe and reliable operation are very
important for the continuity of industrial production. There are many problems with the maintenance time of mechanical
seals. Premature replacement of seals will increase production costs, and vice versa, it will cause security risks due to
failure. Given the lack of an effective state monitoring method for the performance degradation caused by face wear of
contact mechanical seals in the process of use, a method for measuring the tribological behavior of mechanical seals by

face vibration acceleration was proposed. The test rig of the mechanical seal was built, the original waveform data of
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vibration acceleration of the stationary ring face was collected, and the tribological performance test of the mechanical
seal was carried out. By replacing four rotating rings with different face surface roughness to simulate the operation to
failure test of mechanical seal, the relationship between sensitive characteristic parameters of seal face acceleration and
the increase of wear degree of the face was explored. By changing the rotational speed, the variation law of the sensitive
characteristic parameters of the seal face acceleration with the rotational speed was explored, and then the evolution law
of the sensitive characteristic parameters of the mechanical seal face vibration with the tribological regime was
discussed. Based on the test data, the performance degradation evaluation method based on k-medoid clustering was
attempted to establish, and the evaluation standard of mechanical seal performance degradation was established. The
results showed that the face vibration acceleration monitoring method could be used to monitor the tribological regime
of mechanical seals. Fuzzy entropy, mean entropy and permutation entropy were three face vibration-sensitive
characteristic parameters that were sensitive to tribological regimes. With the increase of face wear degree, the face
tribological regime gradually transiteds from the mixed friction state to the boundary tribological regime. The fuzzy
entropy, mean value, and entropy of face vibration acceleration showed good sensitivity to the increase of face wear
degree, among which the fuzzy entropy was more sensitive to the change of face wear degree than the mean value and
entropy of arrangement. The fuzzy entropy, mean value, and permutation entropy of the face vibration of the stationary
ring increased linearly with the increase of rotating speed under the mixed friction state of the mechanical seal. The
fundamental frequency amplitude of the face vibration waveform increaseed with the increase of rotating speed, and the
change of the fundamental frequency amplitude of the radial vibration waveform was more sensitive. The failure
evaluation method of the mechanical seal was established. The three-dimensional vector coordinates of the original mean
value of axial, radial, and tangential face vibration data were calculated in real-time. The Euclidean distance between the
coordinates and the cluster center corresponding to the degenerate state was calculated. When the mechanical seal
performance degradation level reached IV, it indicated that the mechanical seal might fail. The above conclusions could
be used in engineering applications of seals. It was proved that the face vibration acceleration signal contained abundant
information about the change of microstructure in the dynamic process and was sensitive to the change of microscopic
motion in the elastic deformation. The face vibration acceleration measurement method monitoring of mechanical seals
could help workers assess the status of seals and determine whether and what interventions were needed. This had great

engineering value for the safe operation and life management of seals.
Key words: mechanical seal; seal face vibration; sensitive features; rotational speed; tribological condition

R R 0 3 ol B s 1 T R R 2 —,

43 %

AR 05 T e 5 SO0 55 S5 0B 560 1 7

B0 YIS TR LG T0% M T 5% B s e st i R
B B S N AR A S 2 TR R BT i %
SfE . Oy T ORIE T A P HOE SR A 22 4, (AN
BRARR A 7 A, 75 NS WU b i 1 34 AT S F 00
T RIS IRE.

WU o IR AR, o T3 s it e as i
L TARSRAT(RETE Ao 155 AR, ARG 5T g
WO TN IR TS AN B 7 X 3R A
(7] (R BE R RS R TRt BEHE 24T O, 5 LT
7 VA i L FEE ™ o T A JEE T i T P 3 T
PESEARAE" AR 7 R VA R v SR
() S A4 PR PR 1l DA b JBE R 24T D IR 5 VR AR AE L 21
TRESEEH.

PUBE B AR AT I RE P, S RSN 5 54 & F K
I R RGS AR D, i TV WU D 2
fich 713 760 A ) A A B PRI AR B B AR O, R

BT T AU B 5 AR 3l s R v,
EREEME 5 LI 32 BIEHE, SR T RSS20
T AN BEHE 24T IR

AR H B AR AR U T g T R 50 e R A
e B EE R A AT N T i, BRI T R4 A AT U
IRENFFIES AL, B TR BN UL 2 B B WU S B
BEFIRAS AR (R, 2 STV B 1 AR AL AN
U], SRR s P A B AR SRR 4.

1 RIEES

NI &

P (@) 3, BT IS E T WU B 2 AT
SRR &, LA DU B LR AR AR R 4
TEVE R G A R G LA R AR R AE R AL
ISR AR 5 0 ORI BB, il
DU (R WU 25 6 (i) P 37 X 0 s AL . A

1.1



11

RIS, 55 He T v AR B U B BE R A AT IRt 7T 1301

(@)

Mechanical seal test rig

Equipment level

Lubricating oil
circulating pump

Sensor level DAQ level

_.%f_>

Triaxial ICP
accelerometer

NI 9234
DAQ card

Sever

Thermocouple NI 9213
temperature sensor DAQ card

(b) Temperature
sensor

Stationary
ring

Rotating
ring

\ Triaxial ICP

accelerometer

(C) Temperature hole

Acceleration hole

Fig. 1 Tribological behavior test rig of mechanical seal: (a) general view of the mechanical seal tribological behavior test rig;
(b) industrial mechanical seal with sensors; (c) installation position diagram of the sensor on the stationary ring
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Table 1 Surface roughness measurement
value of rotating ring

Ring number Surface roughness, R,/um

1# 0.07
2# 0.09
3# 0.20
4# 0.32
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Fig. 2 Rotation ring exterior diagram: (a) 1#, (b) 2#, (c) 3# and (d) 4#
B2 BRSNS : (a) 14 (b) 24 (c) 3#, (d) 4#

®
Fig. 3 Rotation ring surface micrographs: (a) 1#, (b) 2#, (c) 3# and (d) 4#
K3 FIREIEHMLZIRF : (2) 14, (b) 24, (c) 3% (d) 4#
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Table 2 Constant speed test sample information

Ring File size (time unit: 10 s) Sample file
1# 1200 X~ 11\ Z,
2# 1200 X Yon 2,
3# 1200 X3 I8 Z
4% 1200 XY Zy

®3 TERFREHAESR

Table 3 Variable speed test sample information

Speed/(r/min) File size (time unit: 10 s) Sample file
1 000 700 K5+ Yss Zs
1150 700 Xov Yon Zg
1350 700 Xp Y3n Z;
1 650 700 Xo~ Yn Zg
2100 700 Xov You Zg

=4 B,
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Table 4 Time domain, frequency domain and entropy calculation method

>§

Paramaters Formula Paramaters Formula
1< F
Mean F,= v Zx,- Waveform index Fi3= —2
o L]
1 & Fiz
Root contact-mean-square N Z x12 Peak indicator Fla= N
2
i=1
Root amplitude ! i | Pulse indicator Fi5= F
— NP =
N & ! [2xi]
1 i Fiy
Absolute value — [ x| Margin factor Fig=—
N i=1 Fs
N -
1 xi—x\3 Fs
Skewness Fs=— ( ! ) Skewness factor Fi1=—
TN ; o F g
N -
1 Xi—x\* Fe
Kurtosis Fg=— ( ! ) Kurtosis factor Fis=—;
6 N ; o F g
K
| D, X ()
Variance F7=4|— Z (x;i—X) Average frequency Fio9= —x
N & D, X
N S X(k)
Standard deviation % Z (x;—%)? Gravity frequency Fao = Zk:l ( )
i=1

Maximum

Minimum

Peak

Peak-to-peak

Fy = max(x;)

F]() = min(x,-)

F11 = max(|x;|)

Fia=Fi-Fy

\Zk 1 szX(k)

W

L, ()
Root mean square frequency Fyp = e
N 2 X
K 2
Frequency standard deviation Fo = Z k=1 [(fk = fio) X (k)]
22 = K
Entropy F,=- ijlogzpj

Note: Fyrepresented the characteristic value of vibration acceleration, N denoted the number of data file groups, x;denoted the time domain sequence of the

signal, iwas the serial number of the time domain sequence of the signal, X represented the mean value of vibration acceleration data in time series, X(k)was

the spectral amplitude, K was the number of spectral lines, f was the frequency of the signal, k was the serial number of discrete values in time domain, and

pjwas the jth variable probability.
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Table 5 Entropy characteristics

Symbols Specifications
£y Wavelet energy entropy
Foy Wavelet singular entropy
Fos.a7 Sample entropy
Fig30 Information entropy
Fi133 Permutation entropy
Fi436 Fuzzy entropy
Fi39 Dispersion entropy
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Table 6 Sensitive features

Specifications Symbols Sensitivities
Fuzzy entropy F3y 0.341 642
Mean Fi 0.335 528
Permutation entropy Fs 0.332 426
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Fig. 5 Degradation curves of axial, radial and tangential sensitive features: (a) fuzzy entropy,

(b) mean value and (c) permutation entropy
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(b) mean value and (c) permutation entropy
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entropy evaluation criteria
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