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ABSTRACT

Gearboxes are critical equipment in the vessel propulsion
system. Lubrication contamination caused by water ingress
or condensation is one of the major failure modes in marine
gearboxes leading to accelerated aging of lubricant, resulting
in accelerated wear of gearbox components such as bearing
and gears. This article presents a systematic evaluation of
moisture ingress sensitivity of three commercial online oil
quality monitoring sensors. A laboratory setup consisting
of an industrial multi-stage planetary gearbox is utilised for
the experimental studies. Furthermore, the gearbox vibration
signatures are analysed to investigate the sensitivity of vibra-
tion measurements to water ingress to determine the need for
oil quality monitoring when considering this specific failure
mode.

1. INTRODUCTION

Gearboxes are critical components in marine propulsion sys-
tems. Gearbox failures can result in significant breakdown
and towage costs that can potentially lead to millions of US
dollars in loss (The Swedish Club, 2018). In many cases,
repair of propulsion gearboxes in ships requires dry-docking
and hull teardown to access the equipment, and thus the re-
pairs are time-taking, resulting in longer downtimes. There-
fore, condition monitoring of gearboxes is an important as-
pect to ensure reliable and economical vessel operations.

Gearboxes can fail in several ways; for instance, faulty bear-
ings (Feng, Ma, & Zuo, 2016) and wear on gear teeth (Cao,
Zhang, Wang, Wang, & Peng, 2019) can result in breakdown.
These faults can be detected by means of non-invasive tech-
niques using vibration monitoring (Singh & Parey, 2019),
motor current measurement (Feng, Chen, & Zuo, 2019) or
acoustic emission (Elasha, Greaves, Mba, & Fang, 2017).
However, the oil itself can be analysed to detect early stage
faults in the gearbox as the material dislodged due to wear
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accumulates in the lubricant. In fact, oil debris monitoring
(ODM) can detect wear and chipping of gears with an ac-
curacy comparable to that of vibration signatures, with an
advantage of being insensitive to load variations (Dempsey,
2000). Typically, the vessels conduct an accurate oil qual-
ity assessment offline at a laboratory by sending a sample
(Sheng, 2016; Liu, Liu, Xie, & Yao, 2000). However, this is
largely inadequate for early fault detection and failure preven-
tion as the faults can progress significantly before the results
are obtained.

Today, there are several commercial sensors that can be in-
stalled either in a so-called kidney loop or in the oil sump,
to detect these ferrous or non-ferrous debris as well as other
particulate and fluid contaminants in oil (Zhu, Zhong, & Zhe,
2017). Online oil quality assessment for rotating machinery
has received considerable attention in research as well as in
the industry. Sheng (Sheng, 2016) analysed the efficiency
of using online monitoring of ferrous and non-ferrous de-
bris in wind turbine gearboxes. Myshkin et al. (Myshkin &
Markova, 2018) studied optical debris monitoring in indus-
trial applications for detection of ferrous debris. Dempsey et
al. (Dempsey & Afjeh, 2002) developed an integrated mon-
itoring system using wear debris measurement and vibration
analysis for gear health monitoring using fuzzy logic classi-
fier. However, moisture detection is relatively less addressed
and hence the central topic of this article.

Water in oil is one of the most destructive contaminants to
lubrication (Lancaster, 1990). Water can enter the oil from a
variety of sources such as a humid environment (Cen, Morina,
Neville, Pasaribu, & Nedelcu, 2012), absorption and conden-
sation (Cen et al., 2012). Water ingress (Soltanahmadi, Mo-
rina, van Eijk, Nedelcu, & Neville, 2017; Hamilton & Quail,
2011) cause the efficiency of the oil to diminish, reduce film
production and lead to corrosion (Hamilton & Quail, 2011).
With diminished oil quality, wear on bearing and gear sur-
faces accelerate significantly (Schatzberg, 1971). Hence, it is
important to detect water in the oil to avoid accelerated fail-
ure.

In this paper, three different commercially available sensors
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Table 1. Electromagnetic properties of oil and water (Lenntech, 2020; Archer & Wang, 1990; Engineering Toolbox, 2016;

Bock, 2014).

Materials

Electrical conductivity Relative permeability

Dielectric constant

Mineral oil
Water

6-10712S/m ~1
0.0005 — 0.05 5 /m

0.999902

2.1-24
87.9(0°C) — 55.5(100°C)

are tested for their ability to detect water in the oil besides
other contaminants. These sensors operate based on different
measurement methods: magnetic, electrical impedance and
inductive sensing. The aim is to determine the solution of
the three tested sensors that has highest sensitivity for water
ingress. In addition, the effect of water ingress on the vibra-
tion signature is also studied. Changes in vibration signature
in a fixed-axis gearbox was reported in (Brethee, Gu, & Ball,
2017), but the results indicate low sensitivity to diagnose wa-
ter ingress. Here, the vibration changes will be analysed on
a planetary gearbox rather than a fixed-axis one. The objec-
tive of this analysis is to determine a minimal sensor suite to
detect failures in gearboxes in addition to lubrication contam-
ination.

The rest of the paper is organized as follows. The effect
of water in oil is briefly discussed in Section 2. Section 3
introduces the test setup and the sensors involved for mea-
suring the water ingress. The following Section 4 explains
the methodology used for performing the tests. Results and
discussions are given in Section 5. Finally, conclusions are
drawn in Section 6.

2. WATER IN OIL

Water in oil is considered to be one of the most destruc-
tive contaminants resulting in failure of film formation be-
tween metallic contacts. A high amount of moisture con-
tent in oils can result in oxidation of oil, hydrogen genera-
tion, corrosion, and accelerated wear of metal components.
In the case of bearings, it was found to be the second most
destructive lubrication contaminant for bearings resulting in
reduction of bearing life by more than 100 times (Fitch &
Jaggernauth, 1994). While oils are hygroscopic in nature and
absorb a small amount of moisture from atmosphere, the ma-
rine water ingress, either as dissolved, from condensation,
free water, or leaks, can be particularly detrimental to the ro-
tating machinery due to dissolved salts. Free water forms
an emulsion which decreases lubricant load carrying capacity
(Stachowiak & Batchelor, 2013). Saturation limits depend on
chemical characteristics of the oil, additives, the oil condi-
tion (Needelman, Barris, LaVallee, et al., 2009), and the en-
vironment such as temperature and relative humidity (Troyer,
1998; Day & Bauer, 2007). For a detailed insight into the tri-
bological aspects of water in oil, the interested reader can re-
fer to (Cantley, 1977). Besides, the presence of water changes
the oil film quality in gear contacts, hence making it inter-
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Figure 1. Commercial magnetic oil quality sensor. Courtesy:
Gill SC (Limited, 2018).
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Figure 2. EIS sensor.
(Poseidon Systems, 2018).

Courtesy: Poseidon Systems

esting to study the impact of water ingress on the vibration
signature.

The presence of water changes the electrochemical properties
of the lubricant. The electric characteristics of the lubricant
and water are shown in Table 1. Due to the large discrep-
ancies in electrical characteristics between mineral oil and
water, the water ingress may be distinguishable using sen-
sors that can measure the dielectric constant or other electri-
cal properties. In this article, three types of oil quality sensors
shall be evaluated, shown in Table 2. The objective behind the
evaluation is to ensure the acceptable observability of water
ingress in lubrication with reasonable cost vs. benefit to fa-
cilitate economical fleet-level deployment of gearbox health
monitoring in vessels.

*  Magnetic sensor



Figure 3. Metallic wear debris sensor.
(Kittiwake, 2019).
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Table 2. Oil quality sensors in testing.

# Manufacturer Part no. Product description

1 Gill 4212-00-038 Magnetic oil condition sensor

2 Poseidon Trident QW3100 PS-0113-0200 Electrical impedance sensor for oil contamination

3 Parker Kittiwake AS-K19551-KW Inductive coil sensor for metallic wear debris detection

Courtesy: Parker

Sensor #1 is a magnetic sensor that can detect and col-
lect ferrous materials in the lubricant (Limited, 2018) as
shown in Fig. 1. The sensor consists of magnetic and
electromagnetic elements to attract and collect ferrous
debris in oil. The sensor can differentiate between fine
and course particles, where the boundary between fine
and course is around 1-2 mm. In addition, the sensor
also has a dielectric element which can detect change in
oil quality and oil level. The sensor is capable of detect-
ing presence of water in oil, but the claim is that the wa-
ter content should be at least at 10% concentration. The
magnetic sensor can either be mounted in the oil sump
within the gearbox or within the kidney loop. In fact,
this is the only one among the tested sensors that does
not require a kidney loop, and is thus suitable for gear-
boxes where adding such a loop is not feasible.

Electrochemical impedance spectroscopy sensor

Sensor #2 shown in Fig. 2 uses electrochemical impedance

spectroscopy (EIS) to estimate the health of the lubri-
cant (Poseidon Systems, 2018). The EIS measurement
technique applies AC voltage and measures the resulting
current to determine the impedance. Performing this at
different voltage frequencies allows for identifying the
impedance frequency response of the lubricant.

The impedance is dependent on the lubricant type and the
amount of contaminants. Since metallic debris generally
has a higher electric conductivity compared to lubricant,
the impedance should decrease when the lubricant is con-
taminated with metallic debris. Water also inherit higher
electrical conductivity than most lubricants. In addition
to this sensing technology, the sensor can also detect the
relative humidity in the lubricant thanks to a dielectric
element. The EIS sensor is reported to be a versatile oil
quality sensor capable of detecting magnetic and non-

Magnetic
! sensor
Electrical
impedance
sensor
J

Two-stage
planetary

gearbox i
¢

Figure 4. Test-bench consisting of two-stage planetary gear-
box for seeded fault tests with three types of online oil moni-
toring sensors.

Figure 5. 3D printed sensor block for sensors 1 and 2.

magnetic debris as well as other contaminants such as
soot and humidity in engine oils (Fecek, 2017).

Metallic wear debris sensor

Sensor #3, shown in Fig. 3, is a metallic wear debris
sensor (MWDS) that is mainly relevant for detecting fer-
rous and non-ferrous metal in the lubricant (Kittiwake,
2019). The sensor measures the electromagnetic proper-
ties of the lubricant using an inductive coil technology.
This also results in reading of the electrical conductiv-
ity and magnetic permeability of metal particles in the
lubricant. The sensor can report the particle count, the
number of particles per minute (ppm), and also whether
the particles are ferrous or non-ferrous. This sensor does
not have a dedicated measurement for water ingress, and
the results may not be relevant for this particular study.
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Figure 6. Three tests with water ingress. 0.25 mL of water is
added every 120 seconds, up to a total of 2 mL. (a) Vibration
RMS; (b) Oil temperature measured using sensor 2 (Poseidon
Trident).

3. EXPERIMENTAL TEST SETUP

A laboratory test setup shown in Fig. 4 was built to evalu-
ate several failure modes in electromechanical drives. The
test setup consists of a ’two-stage planetary gearbox’ with
a gear ratio ¢ = 48.1, driven by a 1.1 kW three-phase in-
duction motor. The gearbox is coupled to a bevel-planetary-
helical ’load gearbox’ with a gear ratio of ¢ = 27 through a
1 : 1 open spur-gear coupling. The load gearbox is driven
by 3 kW three-phase induction motor. Both the motors are
inverter-fed and controlled in closed-loop using commercial
controllers. An oil circulating loop, the so-called kidney loop,
is connected to the planetary gearbox to recirculate the lubri-
cant in the gearbox using a DC oil pump. The three oil quality
sensors are placed in the loop for online oil quality measure-
ments. Sensors 1 and 2 are mounted on a 3D printed sensor
block shown in Fig. 5, while sensor 3 is connected directly
in the loop. Besides, an accelerometer with a range of £20
g’s and sensitivity of ~ 100 mV/g is installed on the gearbox
to measure radial accelerations for vibration analysis. The
testing procedure is described in the following section.

4. TESTING METHODOLOGY

Initially, the gearbox was flushed, and fresh oil was added.
Water is added in small portions using a syringe to check the
sensor sensitivity at small increments of water ingress. The
amount of water is calculated based on a required ppm value.
The tests are conducted when the oil and gearbox are at room
temperature. The experiment was repeated three times with
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Figure 7. Three tests with water ingress. 0.25 mL of water
is added every 120 seconds, up to a total of 2 mL. Other vi-
bration features are checked (a) Kurtosis; (b) Skewness; (c)
Peak-to-peak; (d) Crest factor.

fresh oil to assess the repeatability of the results. The gearbox
combined with the recirculation loop holds 1.5 L of VG 150
gear oil. This amount is the basis for performing the exper-
iments, as the oil saturation levels are based on ppm values.
To ensure that enough water is added to saturate the oil, up to
1300 ppm of water is added, which is 2 mL.

During testing, the total amount of water is added in 8 steps
of 0.25 mL. In this way, the sensors can be checked for their
ability to detect water ingress early. The water used is reg-
ular (potable) tap water. The oil circulation pump moves
5.5 L/min, which makes the circulation time of 1.5 L to be
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Figure 8. Comparing FFT of vibration signal between baseline and adding 2 mL of water. The first four harmonics of the mesh

frequency of both stages are shown as the stapled lines.
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Figure 9. Comparing FFT near mesh frequency of vibration
signal between baseline and adding 2 mL of water. (a) Cen-
tered around 1st mesh harmonic; (b) Zoomed in of highest
red-stapled peak in subfig (a).

roughly 16 seconds. Within a time frame of 120 seconds,
the oil should have been circulated 7.5 times, which should
be enough for the water to properly mix in the oil. There-
fore, more water is added in steps every 120 seconds. The
induction motor is run at a near-constant speed of 600 rpm,
where small speed fluctuations may occur due to inadequate
controller performance at low speeds.

5. RESULTS AND DISCUSSIONS

As mentioned in the testing methodology, three tests of water
ingress are performed to assess the repeatability. These three
tests will be referred to as “Test 17 through “Test 3” in this

section. In addition, there is a “Baseline” reference where no
water is added over the same test duration. For each test, the
motor vibration and oil condition sensors are measured for
the duration of adding the 2 mL in steps. That is a total of
120 seconds + 8 times 120 seconds, totalling 1080 seconds.

The vibration signal is first analysed to determine whether it
is suitable for early water ingress detection. The vibration sig-
nal is split into segments of 1.2 seconds, and the root mean
square (RMS) is calculated for each segment using the fol-
lowing:

(D

where z is the vibration segment and [N is the number of sam-
ples in the segment. Figs. 6 (a) and (b) show the vibration
RMS from accelerometer, and oil temperature measured us-
ing sensor 2, respectively. As seen, the RMS values are rang-
ing between 2 and 2.4 m/s? and appears to be slightly depen-
dent on the current oil temperature. On tests 1-3, the RMS
value increases slightly from start till finish, which could in-
dicate a change in condition. However, as the baseline RMS
also increases over time, we cannot conclude that the RMS
increase occurs due to water ingress. The increase may be
due to the temperature increase, which reduces the viscosity,
hence reducing oil film thickness increasing the vibration en-

ergy.

To further validate that the vibration signal is not largely de-
pendent on water ingress, several other vibration features are
calculated and shown in Fig. 7.

Here, the kurtosis (measure of impulsivity), skewness (mea-
sure of asymmetry), peak-to-peak and crest factor (measure
of extreme peaks) are calculated over the duration of the tests
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Figure 10. Ferrous particle flow measured with sensor 3 dur-
ing test 1. The legend entries indicate size ranges in um.

using the following equations:

Kurtosis(x) = py/0? )
Skewness(z) = p3 /0> 3)
Peak-to-peak(z) = max(z) — min(x) 4)
Crest factor(z) = max(z)/RMS(x) . Q)

where 114 and 3 are the fourth and third central moment of z,
respectively and o is the standard deviation of x. As shown
in the figure, are no significant changes in these features from
adding water to the gearbox. Only the kurtosis value in 7 (a)
is changing slightly over time, but so does the baseline mea-
surement. Therefore, we cannot conclude that these features
will aid in detecting early water ingress.

To further investigate any changes in vibration signature, the
frequency spectrum is acquired using the fast Fourier trans-
form (FFT). To limit the differences in temperature, one vi-
bration segment of 120 second is taken between 960 seconds
and 1080 seconds of the baseline, and the same time window
of test 3, since the temperature is similar in Fig. 6 (a). In
this time window, O mL and 2 mL water ingress is compared.
The two spectra are shown in Fig. 8, where the blue line is
baseline at 0 mL, and red stapled is after adding 2 mL water.

The most interesting part is the increased energy at the mesh
frequency, as decreased oil performance could increase mesh-
ing vibration energy. In Fig. 8 the harmonics of meshing fre-
quency of the two stages inside the planetary gearboxes are
shown as stapled lines, as indicated by the legend. There is
no apparent energy increase at the harmonics of the mesh fre-
quency itself, but there are some other peaks that appear to
have increased in value, especially near the first harmonic of
meshing at stage 1. This area is shown more clearly in Fig. 9

(a).

The four peaks seen to the right of the meshing frequency
in Fig. 9 (a) are possibly not related directly to the plane-
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Figure 11. Three tests with water ingress. 0.25 mL of wa-
ter is added every 120 seconds, up to a total of 2 mL. (a) Oil
impedance; (b) Oil resistance; (c) Oil humidity; (d) Oil con-
dition trigger.

tary gearbox but due to the spur gear coupling between the
planetary gearbox and the load gearbox shown in Fig. 4,
and the sub-band spacing between the four peaks matches
the meshing frequency of this spur gear. As this lab setup
is newly setup, this spur gear may not have been properly
aligned, hence creating high vibration energy at this meshing
frequency. The notable peaks in 9 (a) may, therefore, be am-
plitude modulations of the meshing vibration of stage 1 inside
the planetary gearbox. Even if this is the case, the energies at
these peaks can still be compared further. The highest valued
peak near 141.8 Hz is shown further in Fig. 9 (b). While the
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Figure 12. Continuation of test 3 test after adding 2 mL of
water. (a) Vibration RMS; (b) Oil temperature at sensor 2; (c)
Water ingress content.

red-stapled line has a higher maximum value, it appears to
be less spread than the blue baseline plot. Hence, the energy
content may actually be the same around this frequency, just
more spread on the baseline measurements, which makes it
hard to determine any real changes between the baseline and
2 mL water ingress test.

The data from the commercial oil quality sensors are also
analysed to determine which is best suited for early detection
of water ingress. First, we investigate the least probable one
for water ingress, namely sensor 3 the Parker Kittiwake. This
sensor is mostly used for detecting ferrous and non-ferrous
metallic debris. However, it is investigated to determine if its
measurements are affected by the water ingress since the oils
impedance may change. Fig. 10 shows the resulting mea-
surements from this sensor.

Measured ferrous sediments in the range 70-100 um increases
in the beginning of the test, but slowly decreases near the
end. The other sizes are mostly static or periodic over the
test. However, there is no clear indication that the sensor is
affected by the water ingress, since none of the values are in-
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Figure 13. Continuation of test 3 test after adding 2 mL of
water. (a) Oil impedance; (b) Oil resistance; (c) Oil humidity;
(d) Oil condition trigger.

creasing over time. The sediments in range 70-100 pm may
be decreasing since sensor 1 from Gill is magnetic and cap-
tures ferrous particles as they pass the sensor. The origin of
these sediments is not known, but may stem from gear fa-
tigue.

Finally, sensors 1 and 2 are checked for their response to the
water ingress. Fig. 11 shows the available measurements rel-
evant for water ingress. Subplots (a), (b) and (c) are the oil
impedance, oil resistance and humidity percentage reported
by sensor 2 Poseidon Trident, respectively. Subplot (d) is a
binary trigger given by sensor 1 from Gill that should, ac-
cording to the manufacturer (Limited, 2018), turn positive if
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Table 3. Comparison of the three commercial sensors with respect to water ingress detection

Property Sensor 1 Sensor 2 Sensor 3
Cost X 3X 10X
Sensitivity Can detect large water ingress Egrgls}; Secﬁi%ﬁé&?y?;rges Does not indicate any changes to
to water (>10% of the oil) before reaching 1000 ppm water ingress
. Flexible; Can be installed either Can be installed only in a kid- . . .
Insaallatlon in oil sump ney loop. Additional housing or ggigg&?ggﬁﬁ%ﬁi?lklfélelﬁggp’
mode or in a kidney loop drilling necessary greq
EIS is capable of detecting . - —
Low cost; Can collect ferrous de- multiple contaminants. Qual- glegalglu};:r% ee(;‘;tasl lgfgél%usagtzlgt%?
Advantages bris itative indication of contami- dicatine tvpe of material and
to avoid pump damage nants in terms of resistance and ng fyfp .
impedance severity of fatigue
Accuracy of the measurement
depends on the ability :
Disadvantages to attract magnetic particles, Skilled personnel necessary  to Expensive and specialized

interpret the results

therefore,
sensitive to sensor location

water content exceeds 10 % (100 000 ppm). As seen in Figs.
11 (a) and (b), there is no clear trend of the impedance or
resistance plots that would indicate a large change in oil con-
dition. However, while this sensor is sampled at a rate of
10 Hz, the steps in measurement values indicate that there is
some internal filtering in the sensor, and it is possible that us-
ing a longer settling time than 120 seconds may reveal that
these values would change in a more affirmative way.

Fig. 11 (c) shows the humidity percentage which changes al-
most proportionally with the addition of water ingress. Here,
the values are clearly changing compared to the baseline. Ini-
tially, on test 1 and 2, the humidity rises from roughly 50%
to 80-100%, while the baseline measurements show a con-
stant humidity. However, it is apparent that the gearbox was
not properly flushed between test 2 and 3, since the humidity
starts at 100%. In any case, tests 1 and 2 show that this type
of measurement is superior to the previously shown results
for detecting early water ingress.

The last measurement is the oil condition trigger of sensor 1,
which is shown in Fig. 11 (d). As expected, this trigger does
not activate since the water content is too low, which makes
this sensor unsuitable for early water ingress detection.

To force larger changes in sensor measurements, a lot more
water is added after the end of test 3. The aim was to trig-
ger the oil condition measurement of sensor 1 from Gill. To
this end, up to 160 mL of water was added to the gearbox,
which results in roughly 10% water content in the oil. Fig. 12
(a) shows the water ingress, where a lot more water is added
rapidly after the last 0.25 mL step at 1080 seconds. In addi-
tion to this, Fig. 12 (b) shows the vibration RMS, and Fig.
12 (c) shows the oil temperature. The RMS value increases

a little bit after adding significantly more water, but not by a
lot, which makes it still not clearly indicative of water ingress.
The temperature also increases slightly over time, which is to
be expected since the test lasts longer. In hindsight, the RMS
values would be easier to analyse if the oil temperature was
brought to a steady state before adding water.

Finally, responses of sensors 1 and 2 are tested in this ex-
tended water ingress test. Fig. 13 shows the results when
adding the extra water content. The impedance measurement
in Fig. 13 (a) is erratic and even increases slightly near the
end of the test, indicating a poor sensitivity to water ingress.
On the other hand, the resistance in Fig. 13 (b) actually de-
creases quite significantly, which does indicate severe water
ingress. This is attributed to the electrical conductivity in Ta-
ble 1, as water leads current at a much lower resistance than
typical mineral oil. The humidity measurements are, not sur-
prisingly, still capped at 100% as shown in Fig. 13 (c). Near
the end, after nearly 120 mL of water is added to the gearbox,
the oil condition trigger on Sensor 1 turns from 0 to 1 in Fig.
13 (d). This is indicative of severe water ingress up to 10%,
which is quite substantial. Ideally, water ingress should be
detected long before reaching this high concentration.

Overall, theses tests show that the humidity measurement from
sensor 2 is the most sensitive to water ingress, and the second
most sensitive is its resistance measurement. Further, the vi-
bration signature did not show a clear change due to water
ingress. A more detailed comparison of the sensors with re-
spect to their utility for water ingress detection is detailed in
Table 3.
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6. CONCLUSIONS

Water ingress in marine gearboxes can lead to rapid degrada-
tion in these critical components. In this article three com-
mercial oil quality monitors are tested for their sensitivity to
water ingress detection. Besides, the effect of water ingress
on vibration measurements is also investigated. This is pri-
marily to justify the additional expense of oil quality monitor-
ing sensor on these systems in addition to vibration measure-
ments, which are becoming commonplace. The investigation
has shown that vibration monitoring alone may not be able
to detect water ingress. Among the online oil quality moni-
toring sensors, the electrical impedance spectroscopy sensor
appears to be the most sensitive to water ingress. In partic-
ular the humidity reading has the highest sensitivity of the
acquired measurements. Given the criticality of this failure
mode based on the vessel history, a cost vs benefit analysis
may be conducted prior to large scale deployment of these
sensors. In the future, the authors aim to test these sensors
on ferrous and non-ferrous debris to further evaluate the ben-
efits of incorporating these sensors in a condition monitoring
system for marine gearboxes.
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