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ABSTRACT

The detection of metal debris in oil is very important for monitoring the machinery. Based on the electromagnetic
induction principle, a micro inductive sensor is designed and fabricated. This sensor is embedded in oil pipe asthe oil
circulates in the oil system. The micro-sensor can test more oil sample than other micro inductive sensor with micro
pipe. An analog on-line detection system is built and the detection experiments are carried out in this paper. The oil
samples with copper debrisand iron debris are detected separately. The size of debrisis between 88um and 100um. A
simulation is carried out to analyze the trace of debris in oil with the software of Comsol. The accurate position of
debrisin oil pipe can be obtained according to the ssimulation result. The position and the size of debris relate to the
inductance signal. With the accurate position of debris, the size of debris can be obtained according to the value of the
inductance signal. The study designs an inductive sensor, and it can do high-through sample detection. The smulation
gives a model to analyze the trace of metal debrisin oil. The method has reference value for forecasting mechanical
failure and monitoring the machinery. The simulation lays the foundation to study the distribution of metal debris. Itis
useful to study the relation between the size of debris and the inductance signal.
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INTRODUCTION

The mechanical device produces metal debris in wgrkThe metal debris always suspends in oil sysaeh

damages the mechanical device. Research showaltbat 80 percent of mechanical faults are causeabbgsion

failure and lubrication failure. About 82 perceftlmese failures are caused by debris [1]. Thearebereports of Shell
Company indicate that about 60 percent of mechbfziodis and 38.5 percent of gear faults are cabyeabrasion [2],
and the wear fault caused by particles takes 82péepf abrasion [3]. So the research of detectiatpl debris in oil
is important for monitoring the working conditiofi machinery. It is also useful to decreas the serimccident and
economic loss [4].

The debris detection can be classified into offtieéection and online detection. The offline detectethods have
some shortcomings such as long test cycle and dogh As a result, researches turn to focus omentiebris
detection recentlfp, 6]. The online debris detection includes theéhuds such as the online ferrography analysis, the
ultrasonic testing, the capacitance detection hadnductance test. The online ferrography anabmidves from the
traditional ferrography analysis. One online feragghy analysis method was designed by Hongfu Z{iolfirthe
method, the ferromagnetic debris in oil was absitbethe observation wall by electromagnet fordeethe debris
was observed and analyzed in real time by utilizimgroscope. However, this method is powerlessetecting
non-ferromagnetic debri8].The high frequency ultrasonic energy is introéld in the ultrasonic testing. The
ultrasonic energy propagates through the lubriodin the form of waves. When there is debrishia wave path, part
of the energy will be reflected. So, the size amel position of debris can be detected with theastinic testing.
However, the composition of the debris cannot beiobd by ultrasonic testing. In addition, the #arity of
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ultrasonic sensor is easily interfered by the tenauee of the lubricant [9].The capacitance detetection can get
the size information of debris through the capacitgachanges. It has advantages such as simpléusera@nd high
resolution. However, it is also unable to distirgubetween ferromagnetic debris and non-ferromagdebris [10].
Recently, the inductive sensor was used to deteet mhetal debris in lubricant. The principle is thae
non-ferromagnetic metal debris decreases the sémdoctance. On the contrary, the ferromagneticaimaebris
increases the sensor inductance. Therefore, th®niagnetic debris and non-ferromagnetic debris ban
distinguished according to the rise or the deatihthe sensor inductance, and the size of debrnideadiscriminated
in light of the change of inductance. A micro intiue sensor was designed based on the Coulter €obyti D [11,
12]. In the experiment, iron debris with the sizvieen 7pm and 104m is detected, and the changing rate of the
sensor inductance is between 0.091% and 0.167%eXperimental results indicate that the inductieeser has the
ability to detect tiny metal debris. However, them coil is twined in the oil pipe, so the oil gighould be thin.
Therefore, the oil that the inductive sensor caeatss too little to include the wear informatiof machinery. In
former work, the size of micro inductive sensopimized [13, 14] in order to make it a good stvigy. In this
paper, an optimized sensor is embedded into thiechrit pipe to detect metal debris in flowing ¥ilith this method,
a great deal of lubrication oil can be detectedabse the size of oil pipe is larger than other étide methodswith
micro pipe. The flowing copper debris and iron delwith the range between 88um and 100um are detéctthe
experiments. The flow trace simulation of metalritkein oil pipe is built by using the software obsol. In this
simulation, the flowing trace of debris is analyzed

Thetest principle of inductive sensor

The principle of detecting metal debris with mianductive sensor is shown in figure 1. The micrd sorrounded by
protective film is deposited into the oil pipe. Taevill be an alternating magnetic field aroundiiero coil while the
alternating current flow the coil. The relation Wween current and the magnetic field is shown inrfigl(a). The
magnetic field will be affected while non-ferromagic metal debris passes through the micro coi], [ibich is
shown in figure 1(b). Then eddy current is genefratehe metal debris because of the alternatingnmtic field. The
direction of the magnetic field generated by edalyent is opposite to the magnetic field generatethe micro coil.
Therefore, it makes the magnetic field of the micoil decrease. The decrease of the magnetic fiaices the
reduction of the sensor inductance. So, the eqaivahductance of the coil decreases while the fearmmagnetic
metal debris passes through it. The magnetic Bélthe micro coil with ferromagnetic metal debigsdescribed in
Figure 1(c). The ferromagnetic debris also causegtldy current effect, which decreases the aildtance. But the
ferromagnetic metal has large permeability, andnhgnetic induction will increase due to the maigiagibn effect.
The magnetization effect is greater than eddy ouéect, so the inductance of micro coil will irase because of
the large permeability of debris [16]. Therefoiee material of the metal debris can be recognizedrding to the
increase or the decrease of the inductance. Thistietize can be identified by the quantity ofunthnce’s change.

Non-ferromagnetic debris Ferromagnetic debris

[CICKCYOMEIIT )

(a) The coil with no debris (b) The test of norréenagnetic debris (c) The test of ferromagnetiaideb
Fig. 1: Thetest principle of theinductive sensor

S

(a) The model of micro coil in pipe (b) The entity of coil and pipe
Fig. 2: Themicro coil and the pipe

The on-line detection of metal debris

The micro coil and the oil pipe are shown in fig@reThere are 10 circles and 1 layer of the miaih d@he inner
diameter of the micro coil is 4Qfh and the outer diameter is 16@9. The coil is made of copper line, whose diameter
is 6Qum. The coil is covered with polyimide which is ugegrotect it from being damaged from oil and jgdas. The
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size of copper debris and iron debris are seldutddleen 88m and 10Q0m because the metal debris below @iads
meaningful in reflecting the wear condition of meh[17]. The copper debris comes from particlepure copper
block and the iron debris is from the particle®d#C. In the experiment, the two kinds of metalriebre mixed into
one kind of NO.1 vacuum pump oil separately, and hmetal particles mix with 10 ml lubrication oil.

The principle of the on-line experiment is showrfigure 3. The micro coil is connected to the Agil&4980 LCR
testing instrument. The inductance signal of miood can be detected by the testing instrument, thedsignal is
stored in the memorizer. One side of the pipe cotsn® the injector and the other side is put th®oil pool. The
injector is fixed on the heel block, and the balekeis fixed at the slide block. The motor rotaaed makes the back
plate move along the sliding rail. The moving batde pushes the injector, so the oil in the iMecan be pressed
into the pipe finally. The driver, the power and ttontroller connect with each other, they formabmstrol unit. With
the help of control unit, the velocity of the odrcbe regulated by adjusting the frequency of twdroller.

Agilent E4980 LCR testing
m

Fig. 3 : Thedraft of the on-line experiment system

The photograph of on-line experiment system is shiomiigure 4. The Agilent E4980 is set to the mdHs-Rs’. The

test frequency is set as 2MHz and the voltage ld&déehe coil is set as 1V. For this setup, th@oese time of the
inductance measurement is about 6ms. In order ke ithee oil flow smoothly, the frequency of the aolifer is set as
500Hz when the power of the motor is consideredffie setup, the flow rate of oil is 6.8ml/min.&telocity of the

oil can be obtained with formula 1.
Q =nR?v (1)

Here,Q s the flow rateRis the inner radius of the pipe an the velocity of oil. In the experiment, the valofR is
1mm, and the value @ is 6.8ml/min. So the velocity of the oil can béccdated. Its value is 0.06m/s.

2013/03/21

Fig. 4: The photograph of on-line experiment system

The experimental result of detecting iron debrshiswn in figure 5. The positive impulses indidéizt the equivalent
inductance of the micro coil increases when tha @ebris flows through it. The changing rate of ithductance is
about 0.025%. The on-line detection of copper deisrshown in figure 6. The negative impulses iattichat the
equivalent inductance of the micro coil decreadesnithe copper debris flows through it, and thengheg rate of the
inductance is between -0.013% and -0.017%. Therethe ferromagnetic debris and the non-ferromagean be
distinguished through the positive impulse andtbgative impulse. The heights of the impulsesguari 6 and figure
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7 are different. This is because the size of nuhtis and the distance between debris and th@ midrare different.

The size of debris and the distance between mataed the debris relate to the inductance sighiden the distance
between micro coil and the debris is accurate sibe of debris can be obtained according to thadtahce signal.
The distribution of metal debris is studied in slation work preliminarily. The relationship betwete size of debris
and the signal will be researched in future work.
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Fig. 5: Theon-linetest of iron debris
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Fig. 6: The on-linetest of copper debris

Theflow field smulation of experimental system

The flow field simulation model of experimental ®m is built with the software of Comsol. The fletate of oil
relates to Reynolds number. The calculation egnaifdReynolds number is shown in formula 2. In éxeeriment,
the kinematic viscosity of oil is about 90cst, #ebocity of oil is set as 0.06m/s and the diamefqipe is set as 2mm.
So the value of Reynolds number can be obtaineld foitmula 2. Then the flow state of oil can be @onéd as
laminar flow. The particle tracing module is addietd the simulation. For this setup, the trace efahdebris can be
studied.

Re=vd /y (2)

Here,Reis Reynolds numbey,is the velocity of oild is the diameter of pipe, and is the kinematic viscosity of oil.

The flow trace of iron debris is simulated with Biddel. The intersecting surface of the micro ceisor is selected
as the model plane. As shown in figure 7, the wiatgangle indicates the wall of pipe, the yell@stangle indicates
the intersecting surface of the micro coil, anddinele particles indicate metal debris. In thedation, the length and
the width of pipe are set as 10mm and 2mm sepgrdte¢ model of micro coil is deposited at the eewif the pipe.

For the model of micro coil and the protective layiee length of its intersecting surface is set.&snm and the width
is set as 120m.

The materials of models are shown in table 1. Treyconfirmed according to the real experimentrdeoto make
the simulation accuracy. The mesh generation ofrtbdel is set as the fine scale. The right side dihpipe is set as
the entrance of oil and debris, the left side bfi¢he pipe is set as the exit, and the other laresset as a boundary
condition of bound-back. The velocity of oil is s&t 0.06m/s. The density of the iron debris isasef800kg/rhand
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the diameter is set as 10@. Eight particles are set to enter the entrandbepipe every 0.005s and these particles
are set as uniform distribution to the entrancee @ésign of the solver is revised in order to matehlaminar flow
field with the particle tracing module.

Fig. 7: The diagrammatic sketch of simulation model

TABLE 1 : Materialsof smulation models

Name Materials
Micro coil | Copper
Pipe Teflon
Iron debris| DT4C
Ol NO.1lvacuum pump oil

The distribution of oil velocity is shown in figu& As a well know conclusion, the oil at the cemtkthe pipe has a
faster velocity than the oil at the both side beeanf the friction and the adhesion between the wiall and flow oil.
When the oil passes through the coil, its velogiilybe changed. The micro makes the velocity déttbse to the coil
decrease. On the contrary, the velocity of oilame positions is increase. The highest changel ektcity is from
about 0.07 m/s to more than 0.09m/s. Since debspends in the oil, knowing the velocity distrilmutiof oil is
helpful for analyzing the trace of debris.

A 0.0929

Fig. 8: The velocity distribution of the oil

The traces of particles are shown in figure 9. Twter of the entrance line is set as the origiooafrdinates. The
direction that the debris flows is set as X axid #re upward direction of the pipe in figure 8é¢ as Y axis. The unit
is set as millimeter and the center of the micribisat the coordinate of (5, 0). Then 4 tracegah debris are given
out as an analysis. These particles are releasbd aame time and they are all at the positivection of Y axis. The
original distance between the coil and the pasielee 0.815mm (H1), 0.565mm (H2), 0.315mm (H3) @é&5mm
(H4) separately at the entrance of the pipe.

When debris releases from the entrance, it tenflsvioto the center place of pipe where the oibedly is larger than
that at the former position. When metal debris @asisrough the micro coil, the distance betweemisi@nd the micro
coil will increase. The increase of the distanadifferent while the position of debris in pipenist the same. From the
simulation, it can be seen that the change of HD.B59mm and the change of H3 is 0.064mm as cangpé#re
highest position when it passes though the micilongth the original position of the debris. H2 ahid also changes
with different value. These changes indicate thatttace of debris relates to the time the delmgsfin pipe and the
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impediment of micro coil. Also, the property of aihd the size of pipe bear on the trace of debris.

—H1=0.815mm
—H2=0.565mm
1k —H3=0.315mm H
——H4=0.065mm
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Fig. 9 : Thetracesof debriswith different position

The trace of metal debris is studied in the sinitatpreliminarily. This work is beneficial for obténg the
distribution of debris when it flows through theilcd he distribution and the size of debris reltdethe inductive
signal. Therefore, according to the clear distitinytthe relationship between the changing rateodfs inductance
and the size of debris can be obtained in futunkwo

CONCLUSION

The micro inductive sensor with a good sensitivitymade in this paper by studying the former redeaf the
optimization. This sensor is deposited into pipdétect the flowing metal debris. The method ipjirous to detect
more sample oil than other inductive sensor. Theaehas the ability to detect the debris withgize from 8g&m to
100um, which is suitable for monitoring the machinérie software of Comsol is used to build a simulatimdel to
study the trace of debris. The simulation indicaled the distance between debris and the coilimélease when it
flows through the coil. According to the simulati@sult, the distribution of debris in pipe carshedied. Through the
distribution, the size of debris can be connectedhe changing inductance signal. So the size bfislean be
obtained at last. These researches have referage for actualizing the on-line test of metal delwith micro
inductive sensor and monitoring the machinery.
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