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Abstract

In recent years, there has been a growing concern for fluid spill from hydraulic cylinders in the offshore oil and gas industry. To
diagnose the leakage from hydraulic cylinders, there have been attempts made in literature using fluid and pressure-based
condition monitoring techniques. However, there have been limited attempts to monitor leakage from hydraulic cylinders using
acoustic emissions. Therefore, in this paper, an attempt has been made to understand the fluid leakage in the hydraulic cylinder
based on acoustic emissions. An experimental study was performed using a test rig (with a water-glycol as hydraulic fluid) which
closely replicates the operation of a hydraulic cylinder. As piston rod seal failure is the foremost cause for leakage, experiments
were performed using unworn, semi-worn, and worn piston rod seals. For each seal condition, experiments were performed for
five strokes at pressure conditions of 10, 20, 30, and 40 bar. In this study, the continuous acoustic emission signal was observed
for each hydraulic cylinder stroke. Acoustic emission data was analysed using different techniques such as time domain,
frequency domain, and time-frequency technique. By using acoustic emission features such as root mean square (RMS), peak,
skewness, median frequency, and mean frequency, it was possible to identify and separate non-leakage and leakage conditions in
the test rig. By using AE bandpower and power spectral density features, it is also possible to identify the leakage due to semi-
worn seal and worn seal in the test rig. This study lays a strong basis to develop a real-time monitoring technique based on
acoustic emissions to monitor the health of piston rod seals used in the hydraulic cylinder in the offshore industry.
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1 Introduction

Hydraulic cylinders are indispensable in the offshore oil and
gas (O&QG) industry. Hydraulic cylinders are used for material
handling, clamping units, skidding systems, heave

>4 Vignesh V. Shanbhag
vigs@norceresearch.no

< Rune Schlanbusch
rusc@norceresearch.no

Thomas J. J. Meyer
thme @norceresearch.no

Leo W. Caspers
leo.caspers @boschrexroth.nl

Norwegian Research Centre AS, Jon Lilletuns vei 9 H, 3. etg,
4879 Grimstad, Norway

2 Bosch Rexroth B.V., Kruisbroeksestraat 1, 5281, RV
Boxtel, The Netherlands

compensation and tensioning and oil drilling equipment.
Leakage from the hydraulic cylinders is a major concern for
the O&G industry. One of the primitive causes of leakage
from the hydraulic cylinders is due to failure of piston rod
seals. Piston rod seals are used for fluid sealing and are placed
inside the cylinder head. The piston rod seal is pressed against
the cylinder rod, preventing the fluid to flow from the cylinder
head [1]. Untimely failure of the piston rod seals can lead to
severe consequences such as fluid spill, machine downtime,
and repair cost. Replacing the seal before the point of cata-
strophic failure is less expensive compared with the seal re-
placement after the point of failure [2]. As the piston rod seal
is placed inside the cylinder head, visual inspection of seal
degradation is difficult. A real-time continuous inspection
method of seal degradation will enable condition monitoring
of hydraulic cylinders on this aspect.

Condition monitoring of hydraulic cylinders reduces ma-
chine downtime and maintenance cost. Numerous condition
monitoring studies have been conducted to monitor the failure
of hydraulic cylinders. For example, Goharrizi et al. [3] and
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Tang et al. [4] investigated internal leakage in hydraulic actu-
ators using pressure sensors. Goharrizi et al. [3] used a
wavelet-based method to identify internal leakage inside a hy-
draulic actuator. Wavelet decomposition of the pressure signal
was performed using multiresolution signal decomposition and
a quadrature mirror filter technique. The RMS feature from the
level two detail wavelet coefficients was observed to show
sensitivity to the healthy and faulty conditions. Tang et al. [4]
used energy from the frequency bands after wavelet decompo-
sition to classify the severity of leakage conditions. Ng et al. [5]
monitored the wear of hydraulic components using hydraulic
oil contamination analysis. Oil from a construction machine
was tested using portable particle counters according to ISO
4406 and using an inductively coupled plasma or optical emis-
sion spectroscopy equipment (ICP/OES). In comparison, it
was observed that ICP/OES offers higher resolution compared
with the standards defined in ISO 4406 in terms of measuring
the size and quantity of metallic particles. Ramachandran et al.
[6] performed prognostic studies of rotary seals using the
torque metre. Torque signal was analysed using statistical
time-domain features such as mean, RMS, peak, and square
mean rooted absolute amplitude (SRA). Using the time-
domain features, it was possible to understand different stages
of seal wear such as healthy, slightly worn, significant wear
and failed condition. Helwig et al. [7] investigated condition
monitoring of hydraulic systems using the linear discriminant
analysis to identify the type and severity of faults. Pressure,
flow, temperature, electrical power, vibration, fluid parameter
monitoring, and particle contamination sensors were used in
this study. Statistical features such as median, variance, skew-
ness, and kurtosis were used as an input to the linear discrim-
inant analysis. From the literature, it is evident that a sufficient
number of studies have been conducted to monitor defects in
hydraulic cylinders using different sensors. However, limited
attempts have been made to monitor hydraulic cylinder using
acoustic emissions (AE).

An advantage of AE-based condition monitoring is that
AE signals are sensitive to damage on the microscopic
level and largely not affected by the environmental noise
or machine vibrations due to their high frequency range,
which is normally between 50 kHz and 2 MHz [8]. AE-
based condition monitoring has been used to detect and
localize leakage in different applications. For example,
Morofuji et al. [9] analysed the AE signal to detect leakage
from a water tank. Using the AE amplitude features, it was
possible to distinguish water leakage and corrosion condi-
tions. Ahadi et al. [10] used AE to detect leakage through
plastic pipes. Due to the high frequency range of the AE
signal, it was possible to identify the natural frequency of
the pipe, splash, and environmental noise. There have also
been attempts to monitor leakage in hydraulic cylinder
using AE. For example, Chen et al. [8] used AE to monitor
leakage in water hydraulic cylinders. AE features such as
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count, RMS, and power spectral density were used to mon-
itor leakage in hydraulic cylinders.

From the literature, we can note that very few attempts
have been made to monitor leakage due to piston rod seal
failure of the hydraulic cylinder using AE. Therefore, in
this study, leakage resulting from the failure of the piston
rod seal of hydraulic cylinders will be investigated using
AE. Different AE features were analysed to determine the
AE feature that can separate the piston rod seal conditions
(unworn, semi-worn, and worn seal) in the seal flange ir-
respective of the pressure conditions. To meet the objec-
tive, a series of experiments were conducted using unworn,
semi-worn, and worn piston rod seals. For each seal con-
dition, experiments were performed at different pressure
conditions. To separate the non-leakage and leakage con-
ditions of piston rod seals, the AE signal was analysed
using AE features such as mean, RMS, peak, kurtosis,
skewness, mean frequency, median frequency, power spec-
tral density, and bandpower.

2 Experimental details
2.1 Experimental setup

Experiments were performed on a test rig with a hydraulic
cylinder head. The setup used in this study closely replicates
fluid leakage conditions that are typically observed in a hy-
draulic cylinder. Figure 1a and b represent the circuit diagram
and schematic view of the setup that was used for the exper-
imental study. The test rig consists of an electromechanical
cylinder, which uses a spindle and nut to convert rotation to
translation and a servomotor to drive the spindle. The motor is
equipped with an encoder to control the rod position. The rod
and the head of this cylinder are designed to simulate the
situation of a hydraulic cylinder. The rod travels through a
pressurized flange that contains the elements normally found
in the head of a hydraulic cylinder such as bearing strips and
seals. As shown in Fig. 1c, piston rod seals were placed at both
ends of the cylinder head to act as fluid sealing and with three
bearing strips in between to withstand arising side loads,
which are not present in this setup. A hydraulic power pack
supplies the pressurized fluid to the flange. The pressure is
controlled by a pressure control valve. To perform the condi-
tion monitoring studies, only the upper piston rod seal was
replaced with unworn, semi-worn, and worn piston seals.
The seal name was Stepseal 2A supplied by Trelleborg sealing
solutions. Figure 1d represents the piston rod seals used in this
study. The unworn seal had no scratches, the semi-worn seal
had very minor scratches, and the worn seal had major
scratches.

For each seal condition, experiments were performed at 10,
20, 30, and 40 bar for five cylinder strokes in each. The motor
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Fig. 1 a Circuit diagram of cylinder setup. b Schematic view of hydraulic test rig, ¢ Front view of seal arrangement in cylinder head. d Piston rod seals

used in this study

encoder was used to record the number of hydraulic cylinder
strokes. There is a time gap of 1 s at the end of each hydraulic
cylinder stroke in between extraction and retraction and vice
versa. The remaining process parameters used in this study
were kept constant and are summarized in Table 1.

2.2 Data acquisition setup

The piston rod seal placed in the cylinder head was in
direct contact with the piston rod. Therefore, as shown in
Fig. 1b, the AE sensor was placed on the piston rod using
an adhesive bond and industrial duct tape to secure a good
signal path. The AE sensor used in this study was a mid-
frequency range sensor, having an operating AE frequency
range of 50-400 kHz and AE resonant frequency of
150 kHz (type: R15a, supplier: physical acoustics). The

Table 1 Process parameters

Seal material Polyether-based polyurethane elastomer

Coating on piston rod Cladded coating of a cobalt-based alloy

Seal size 195 x 180 x 6.3 mm
Fluid Water glycol

Speed 50 mm/s

Pressure 10, 20, 30, 40 bar

Stroke length 600 mm

Number of strokes 5

Seal condition Unworn, semi-worn, worn
Data acquisition speed 1 MS/s

Number of AE sensors 1

AE amplifier gain 40 dB

AE sensor was connected to the data acquisition setup via
a gain selectable pre-amplifier with selected gain of 40 dB
(type: 0/2/4-switch selectable gain single ended and differ-
ential pre-amplifier, supplier: physical acoustics). A con-
tinuous AE signal with a sampling frequency of 1 MS/s
was recorded for each experiment. Due to large file size,
at the end of five hydraulic cylinder strokes, the experi-
ment was stopped to allow the AE data to be recorded in
the computer memory. Figure 2 depicts the AE data acqui-
sition methodology adopted in this study.

2.3 Pencil lead break test

The Hsu-Nielsen pencil lead break test was performed at the
start of each experiment when the piston rod seal was replaced
in the cylinder head. The pencil lead break test was performed
to assess the effect of background noise on the AE signal and
to verify sufficient signal transfer between the AE sensor and
the cylinder head. For each pencil lead break test, a 2H pencil
lead with diameter of 0.5 mm was pressed against the piston
rod. From Fig. 3a, it is evident that the maximum AE ampli-
tude of the burst signal generated from the pencil lead break
test is very high compared with the machine noise (0-0.25
ms). Similarly, as observed in Fig. 3b in the time-frequency
representation of the AE signal analysed using short-time
Fourier transform (STFT), the AE power is dominant after
0.25 ms and is observed in the frequency range of 0—500
kHz. As observed in Fig. 3a and b in the time range of 0—
0.25 ms, the impact of background noise on the AE signal is
very minimal. If the similar amplitude of AE burst signal and
AE frequency distribution was not observed, then the AE
sensor was removed and fixed again with a sufficient amount
of adhesive bond.
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2.4 AE signal segregation and analysis

The AE signal was processed to segregate between each extrac-
tion and retraction of the cylinder. Similarly, the AE signal due
to the extension and retraction of the rod was segregated. For AE
signal analysis, the AE signals from the first and the last strokes
were excluded. Only the AE signals from the second, third, and
fourth strokes were considered for further AE analysis, to avoid
any starting and stopping phenomena in the data set.

The AE signals obtained from the movement of the piston
rod were analysed using different AE time-domain features
such as mean, root mean square (RMS), peak, kurtosis, and
skewness. To understand the frequency information of the pis-
ton rod seal, the AE signal was also analysed using the short-
time Fourier transform (STFT) technique. The AE signal was
also analysed using AE frequency domain features such as
mean frequency, median frequency, power spectral density,
and bandpower. The techniques used for AE analysis in this
study have been extensively discussed in literature [2, 11-13].
Therefore, only the application of AE features is discussed in
this study. The AE features were calculated for each stroke and
an average of the AE feature was estimated for each pressure
condition along with standard deviation to understand the ro-
bustness with respect to time-varying operating conditions.

3 Results and discussion

3.1 Leakage

Figure 4 presents the images of the piston rod surfaces from
the experiments conducted using unworn, semi-worn, and

Fig. 3 a Time-domain AE signal.

)

worn seals. In this study, the leakage was defined when the
water glycol was visible on the piston rod. For the unworn seal
condition, leakage was not observed (see Fig. 4a). For the
semi-worn seal, the leakage was visible on the rod as indicated
in Fig. 4b. Whereas, for the worn seal, the leakage was visible
on the piston rod surface and was also observed from the
leakage port (see Fig. 4c). As each test was performed for a
short duration (5 strokes), quantification of the leakage was
not performed in this study. This explanation of the leakage
condition will be used later to qualitatively correlate and de-
fine the AE signal and AE features for the unworn, semi-worn,
and worn piston rod seals.

3.2 AE signal from the rod

From Fig. 5, we can observe that the continuous AE signal
was observed for each stroke. Figure 5a represents the AE
signal obtained for five consecutive strokes. As observed in
Fig. 5b, each stroke (extension and retraction) lasted 25 s in
total. From Fig. 5c and d, we can observe that the extension
retraction strokes lasted for 12 s each. The AE amplitude
range for extension and retraction strokes was nearly the same
(= 0.2 V). From Fig. 5a, a similar AE amplitude range was
observed for extension and retraction for all the strokes for the
experiments conducted with unworn seal. Therefore, only the
AE signal analysed from the extension stroke is presented in
the remaining analysis.

3.3 AE signal from different seal conditions

To understand the behaviour of the AE signal for unworn, semi-
worn, and worn seals, the AE signal from the extension stroke

b Time-frequency representation
of AE signal from panel a using
STFT method
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Fig. 4 Experiments conducted using a unworn seal, b semi-worn seal, ¢ worn seal. (Note: leakage (in red) on the rod in panels b and ¢)

was analysed. Figure 6 represents the AE signal obtained from
extension stroke for the experiments conducted using unworn,
semi-worn, and worn seals. The AE amplitude for the unworn
seal is observed in the range of 0.1-0.2 V (see Fig. 6a). For the
semi-worn and worn seals, the AE amplitude is observed in the
range of 0.4-0.6 V (see Fig. 6b, c¢). From Figs. 4b and ¢ and 6b
and ¢, a good qualitative correlation can be observed between
the leakage conditions and the AE signal behaviour. By com-
paring the AE amplitude from the unworn and worn seals, it is
possible to identify non-leakage and leakage conditions of the
seal flange. However, the AE signal due to leakage from the
semi-worn seal and worn seal is not clear. Therefore, the AE
signal is further analysed using different techniques.

Fig. 5 AE signal from a)

3.4 AE analysis
3.4.1 AE time-domain features

Figure 7 represents the AE statistical features used to identify
non-leakage and leakage conditions of the seal flange in the
test rig. These AE statistical features were calculated using an
average of three strokes. From the AE time-domain features
such as mean, RMS, peak, and skewness, it was possible to
separate non-leakage and leakage conditions of the seal
flange. The behaviour of the AE features such as mean and
RMS for the semi-worn and worn seals are nearly the same.
From the AE statistical features for the unworn, semi-worn,

1b)

-

experiment conducted using
unworn seal, 20 bar pressure. a
Five strokes. b One stroke. ¢
Extension. d Retraction

Amplitude (V)

5 strokes 1 stroke

-
‘?(I)me - 100 0 5 10 15 20 25
Time (s
d) (s)

Amplitude (V)

Extension stroke

Retraction stroke

-1

Time (s) Time (s)

@ Springer



1732

Int J Adv Manuf Technol (2020) 109:1727-1739

Fig. 6 AE signal from extension
cylinder stroke for experiments

conducted at 40 bar using a
unworn seal, b semi-worn seal,
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and worn seal conditions (Fig. 7), irrespective of the pressure
conditions, the AE features such as mean, RMS, peak, and
skewness are able to separate the non-leakage (unworn seal)
and leakage (semi-worn and worn seals) conditions in the seal
flange. The standard deviation from Fig. 7 is minimal for all
the AE time-domain features. Therefore, the reliability of the
AE features such as mean, RMS, peak, and skewness is high
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and can be used to identify non-leakage and leakage condi-
tions of the seal flange.

3.4.2 AE time-frequency analysis

The window size for the time-frequency analysis using the
STFT technique depends on the type of application [14, 15].
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Therefore, an attempt was made to determine the appropriate
window size for the STFT analysis of the AE signal. Figure 8
represents the STFT analysis of the AE signal obtained from
the semi-worn seal at the pressure condition of 30 bar, for the
different window size of 64, 100, 128, 256, and 512. From
Fig. 8a—e, it is evident that, with the increase in window size,
the time resolution deteriorates as longer window size tends to
average more compared with the shorter windows [16]. In a
comparison of STFT plots for window sizes 100 and 128, the
time resolution of the AE signal is good; however, the low-
intensity peaks highlighted in Fig. 8b are not clearly visible in
Fig. 8c. Also, with a further decrease in window size (Fig. 8a),
the time resolution becomes coarse and computation time in-
creases. Therefore, the window size of 100 is selected for the
STFT analysis in this study.

Figure 9 represents the time-frequency representation of
the AE signal obtained from the test rig with unworn, semi-
worn, and worn seals for the pressure conditions of 10, 20, 30,
and 40 bar. From the Fig. 9a and d, for the unworn seal, we
can observe that there are two frequency bands in the AE
frequency range of 0-30 kHz and 50-100 kHz. These AE
frequency bands are likely due to the events that occur due
to bearing strips and piston rod seals in the cylinder head, as
shown in Fig. 1c. Similarly, from the time-frequency plot for

b)

Window size=64

Frequency (kHz)

2 4 6 8 10 2 4

Time (s)

Window size=256

N
(=]
o

Frequency (kHz)
)
o

Window size=100
Peaks

the experiments conducted using semi-worn seal (Fig. 9e—h)
and worn seal (Fig. 9i-1), there are two AE frequency bands
(0-30 kHz and 50-200 kHz). It is important to note that the
power intensity in the AE frequency range of 0-30 kHz nearly
remains the same for the tests conducted with unworn, semi-
worn, and worn seal. The power intensity in the AE frequency
range of 50-100 kHz in Fig. 9e-h and i1 is higher when
compared with that in Fig. 9a—d. This indicates that, due to
the wear in the piston rod seal, the power intensity increases.
Therefore, it is possible to identify the non-leakage (unworn
seal) and leakage (semi-worn and worn seal) conditions in the
hydraulic test rig. However, from the qualitative observation
of time-frequency plots in Fig. 9e-h and i1, the difference is
power intensity in the AE frequency range of 50-100 kHz of
the leakage due to semi-worn seal and worn seal being not
clear. Therefore, further AE analysis is required to understand
the quantitative difference between unworn seal in test rig and
leakage due to semi-worn and worn seal in the test rig.

3.4.3 AE frequency features
In Fig. 9, from the STFT plot, it is difficult to quantify the

difference due to leakage from the semi-worn and worn seal.
Therefore, AE power spectral density is calculated to quantify

c)
Window size=128

Power (dB)

Window size=512

Power (dB)

2 4 6 8 10
Time (s)

Fig.8 Time-frequency analysis using STFT technique at window size ofa 64, b 100, ¢ 128, d 256, e 512. (Note: Window type for STFT analysis: Kaiser,

seal: semi-worn, pressure: 30 bar)

@ Springer



Int J Adv Manuf Technol (2020) 109:1727-1739

Unworn: 20 Bar

400
300
200

100 /&

AR R S a7 K el R

2 4 6 8 10
Time (s)

Semi-worn: 20 Bar

400

300

200

Frequency (kHz)

100
AN a0 A e

Time (s)

500

Worn: 10 Bar Worn: 20 Bar

400

Band 2 300
200

100

2 4 6 8 10
Time (s)

500

400

300

200

100

500

400

300

200

100

d)
500 -55
Unworn: 30 Bar Unworn: 40 Bar gpes
400
65
300 708
]
200 75 3
a
-80
i " i 100
TN B (R R T V Y eS| -85
0 -90
Time (s)
500 -55
Semi-worn: 30 Bar Semi-worn: 40 Bar 60
400
65
300 208
§
200 L
-80
R AR A 100 PRGN R RO I
st ) el sl v v o daivnclll -
: 0 ' -90
2 4 6 8 10 2 4 6 8 10
Time (s) Time (s)
500 -55
Worn: 30 Bar o Worn: 40 Bar 60
65
o
300 702
]
200 75 3
o

100 ; g
1 s . i 10 AN 1L . -85

2 4 6 8 10

Time (s) Time (s)

Fig.9 Time-frequency analysis using STFT technique at pressure condition of 10, 20, 30, and 40 bar for a—d unworn seal, e-h semi-worn seal, and i-1

worn seal

the difference between the non-leakage condition in the test
rig and to quantify the difference between the leakage due to
semi-worn seal and worn seal in the test rig. Figure 10 repre-
sents the AE power spectral density plot for the unworn, semi-
worn, and worn seals. The magnitude of the AE frequency
plot for the experiments conducted using unworn, semi-worn,
and worn seals is nearly the same in the AE frequency range of
0-30 kHz for all the pressure conditions. Therefore, similar to
Fig. 9, we can reconfirm that the AE frequency range of (030
kHz) is due to bearing event in the cylinder head and not due
to the event occurring due to piston rod seal interaction. For all
the pressure conditions, the magnitude of the frequency plot of
worn seal > semi-worn seal > unworn seal is in the AE fre-
quency range of 50-100 kHz. For the non-leakage condition
(unworn seal), the maximum magnitude of the peak is = 0.2e
—6, and for the leakage condition with the semi-worn and
worn seals, the maximum magnitude of the peak is = le—6
and ~ 1.2e—6 respectively. However, with increasing pressure,
a small drop occurs in the value of the maximum magnitude of

@ Springer

the peak for the leakage conditions with the semi-worn (= 0.8¢
—6) and worn seals (= 1e—6). This minor drop in the maximum
magnitude of the peak may be due to variation in friction
conditions at the piston rod seal and piston rod interface due
to leakage. By using AE power spectral density feature, it is
possible to identify the unworn seal condition, leakage due to
semi-worn seal, and leakage due to worn seal. As it is time
consuming to calculate and analyse the AE power spectral
density for a large number of strokes that is typically observed
in the industries, an attempt is made to further analyse using
other AE frequency features (mean frequency, median fre-
quency, and bandpower) that can be used for continuous mon-
itoring of seal wear condition.

Figure 11 represents the AE frequency features calculated
for each stroke for all the pressure conditions. The behaviour
of AE mean frequency and median frequency feature is sim-
ilar to that of AE time-domain features where it is possible to
identify the non-leakage (unworn) and leakage conditions
(semi-worn and worn). In Fig. 11b, the AE median frequency
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For clarity the AE frequency range has been capped to 0-200 kHz)

feature of the semi-worn and worn seal is nearly the same. In
Fig. 11c, the AE bandpower of worn seal > semi-worn seal >
unworn seals for all the pressure conditions. For the
bandpower feature, the standard deviation is also minimal
for the unworn, semi-worn, and worn seals and at each pres-
sure conditions. Therefore, AE bandpower can be used for
continuous monitoring of the piston rod seals in the hydraulic
test rig.

4 Discussion

4.1 AE features for continuous monitoring of seal
wear

Table 2 represents the summary of AE features that can be
used to understand non-leakage and leakage conditions in the
seal flange and leakage due to semi-worn and worn seals.
From Figs. 7, 8, 9, and 11, the values of the AE features for

the worn seal are lower compared with the values of the AE
features of the semi-worn seal. This may be due to the severe
leakage as shown in Fig. 4c. During the leakage due to semi-
worn seal, the fluid film between the piston rod seal and piston
rod can act as a sealing element (hydrodynamic lubrication)
resulting in the speed of the fluid and the piston rod of the
same order of magnitude. However, in the case of heavy leak-
age due to worn seal, the fluid travels faster than the rod and
cannot be recovered by the so-called back pressure effect.
According to Tan et al. [12], the leakage acts as liquid seal
and makes the stroke smoother resulting in lower signal
strength. From Fig. 7a and b, the AE features mean and
RMS for the worn seal are higher compared with the semi-
worn seal, and the AE mean and RMS rise at pressures above
30 bar. This is likely due to change in friction conditions at the
piston rod seal and piston rod interface with increasing oper-
ating pressure condition. Also, the AE RMS is an energy-
based feature which is more suitable to interpret the change
in AE signal compared with AE peak, kurtosis, and skewness
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0-200 kHz based on AE frequency distribution observed

[8]. In the previous study of condition monitoring of water
cylinders [8], the AE frequency distribution from the power
spectral density due to leakage was observed in AE frequency
range of 50-190 kHz and 190-300 kHz. The peak of frequen-
cy magnitude was observed at 120 kHz. However, in this
study using AE frequency analysis (time-frequency and fre-
quency features), it was possible to define the AE frequency

Table 2 Summary of AE features that can be used to understand seal
degradation in test rig

Features Leakage vs  Leakage due to semi-worn
non-leakage seal and worn seal
RMS Yes No
Peak Yes No
Kurtosis Yes No
Mean Yes No
Skewness Yes No
Median frequency Yes No
Mean frequency Yes No
Bandpower (50 to 200 kHz) Yes Yes
Power spectral density Yes Yes

@ Springer

range from the power spectral density feature due to the bear-
ings (030 kHz) and due to the piston rod seal (50-100 kHz)
in the cylinder head. The peak magnitude of the AE frequency
was observed between 55 and 70 kHz (Figs. 10 and 11). The
peak magnitude due to non-leakage in seal flange (unworn
seal) was observed in the AE frequency range of 55-60 kHz
and the peak magnitude due to the leakage in the seal flange
(semi-worn and worn seal) was observed to be between 63
and 70 kHz. The difference in the AE frequency range due to
seal wear defined in this study and the study performed by
Chen et al. [8] is due to a number of factors such as test rig,
fluid type in the test rig, speed and pressure adopted during the
experiments, and type of AE data acquisition used for the
study. By comparing AE frequency domain features such as
mean frequency and bandpower with power spectral density
plot (Figs. 10 and 11a, b), the peak magnitude of the power
spectral density plot is dominant in lower frequency for the
worn seal when compared with that of semi-worn seal. At
pressure condition of 40 bar, in the power spectral density plot
(Fig. 10d), a dominant magnitude peak can be observed at
76 kHz for the worn seal condition. This is likely due to a
change in friction condition between the piston rod seal and
piston rod at 40 bar. This magnitude peak at 76 kHz has
contributed to the increase in the bandpower feature and mean
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frequency feature at 40 bars (Fig. 10a, c). Also, in the presence
of wear, several resonant components are present in the fre-
quency spectrum [17]. The presence of these resonant fre-
quency components in between the continuous AE signal dis-
tribution has likely contributed to the increase in AE
bandpower and magnitude peak in the power spectral density
[15, 17, 18]. For the non-leakage condition (unworn seal), the
observed magnitude peak in the power spectral density plot
(Fig. 10) is due to normal friction conditions between the
piston rod seal and piston rod during the piston rod movement
in the test rig. For the leakage condition (semi-worn and worn
seal), the magnitude peak increases with seal wear, because of
the energy generated due to leakage as well as due to the
friction conditions between the piston rod seal and piston
rod during the piston rod movement in test rig. This increase
in energy with an increase in seal wear can be also observed in
the AE bandpower feature. Therefore, due to these reasons,
the AE bandpower and power spectral density features show
an increment in the AE feature values with the increase in seal
wear condition (worn seal > semi-worn seal > unworn seals)
when compared with the other AE features. Irrespective of the
pressure conditions, the AE bandpower feature and power
spectral density are able to identify the non-leakage (unworn
seal) and leakage conditions (semi-worn and worn seal) in the
seal flange. The AE bandpower and power spectral density
feature are also able to identify and separate the AE features
due to leakage from semi-worn and worn seals in the cylinder

head. Therefore, AE bandpower feature and power spectral
density can be used for the continuous monitoring of seal wear
in the hydraulic cylinder.

4.2 Comparison of AE features proposed in this study
with the other sensor features proposed in literature

In literature, a number of features from pressure, vibration,
torque, force, and AE sensors have been proposed to monitor
seal wear (Table 3). Among all the sensors that have been used
to diagnose seal wear in hydraulic cylinders in literature, the
pressure sensor is most widely used. The pressure-based fea-
tures from the Hilbert Huang transform (HHT) technique have
shown the capability to detect leakage as low as 0.124 L/min.
The application of torque sensors to monitor seal wear in
hydraulic cylinders is limited as hydraulic cylinder involves
linear motion. Maximum tension force feature from force sen-
sor has shown good sensitivity in diagnosing wear in recipro-
cating seals [30]. The vibration-based feature dVBrms has
shown the capability to diagnose the change in loading con-
ditions in hydraulic cylinders and can be applied to distinguish
between unworn and worn seals. Chen et al. [8] proposed AE
rms to diagnose leakage due to seal wear in hydraulic cylin-
ders. It is important to note the sensor-based features proposed
in literature are mainly from the experiments performed under
controlled laboratory conditions. The AE features proposed in
the study (AE bandpower and power spectral density) has

Table 3  Summary of sensor-based features proposed in the literature to understand seal degradation
Sensor Literature Signal processing technique Defect identified Sensor-based features proposed
in the study
Pressure Anetal. [19] Extended Kalman filter Internal and external leakage Residual pressure error
Goharrizi et al. [3, 20,21] Wavelet transform Internal fluid leakage and For internal fluid leakage, RMS
external fluid leakage value of level two wavelet coefficient
For external fluid leakage, RMS
value of level four wavelet coefficient
Zhao et al. [22] Fluid leakage levels Wavelet packet energy variance
Tang et al. [4] Internal fluid leakage Energy from frequency bands
Goharrizi et al. [23] Hilbert Huang transform Fluid leakage Instantaneous magnitude of the first IMF
Garimella et al. [24-26]  Adaptive robust observer Lack of supply pressure State estimation error
Vibration Tan et al. [27, 28] and Time-domain and frequency Fluid leakage due to seal wear dBVrms
Yunbo et al. [29] domain features
Acoustic Chen et al. [8] RMS
cmission Shanbhag et al. * Time-domain, frequency Bandpower and power spectral density
domain features, and
STFT technique
Torque Ramachandran et al. [2]  Time-domain features Mean, RMS, Peak, and SRA
Force Ramachandran et al. [30] Support vector machine with Maximum tension force

particle swarm
optimisation technique

* Methodology developed in this paper
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shown very good sensitivity in detecting non-leakage and
leakage conditions in the seal flange, and leakage due to
semi-worn and worn seals despite the noise from the linear
bearings, present in the cylinder head, and also noise from the
spindle, which is driving the piston rod. The AE features pro-
posed in this study also involve low complexity in the data
processing compared with techniques used for pressure and
force sensing in the literature (Table 3). Therefore, this AE-
based condition monitoring methodology represents a prom-
ising approach to perform further work using stud mounted
AE sensors for large hydraulic cylinders [31] or by mounting
AE sensor on the clevis part of the small hydraulic cylinders,
to continuously monitor seal wear under industrial conditions
and also to develop prognostics-based models to determine
remaining useful life of the seal from the point where the seal
starts to degrade.

5 Conclusion

This study investigated the wear state of hydraulic cylinder
seals using AE on a test rig. Experiments were conducted
using different wear states of the piston rod seal under differ-
ent pressure conditions. A continuous AE signal was observed
for each hydraulic cylinder stroke. From the AE analysis:

* Using AE time-domain features such as mean, RMS,
Peak, and skewness and frequency domain features such
as mean frequency and median frequency it is possible to
identify and separate non-leakage and leakage conditions
in the test rig.

*  From the time-frequency analysis and power spectral den-
sity features, the AE frequency information of the seal
wear was observed in the AE frequency range of 50-100
kHz. The peak magnitude due to non-leakage condition in
seal flange was observed in the AE frequency range of 55—
60 kHz and due to leakage condition in seal flange was
observed in the AE frequency range of 63—70 kHz.

+ Using AE bandpower and power spectral density feature,
it is possible to understand non-leakage condition in the
seal flange, leakage due to semi-worn seal, and leakage
due to worn seal.

The results observed from this study can be of direct inter-
est to any industry using hydraulic cylinders to develop real-
time monitoring based on AE to monitor seal wear and fluid
spill from the hydraulic cylinders.
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