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Abstract

In this paper, for the detection of wear particles in lubricating oil roads, by
analyzing the particle belt motor, a mathematical model of the oil circuit
electrostatic sensor considering the dielectric constant is proposed. At the
same time, the concept of spatial sensitivity and visual field is introduced. The
influencing factors of the position of the charged abrasive particles, the axial
length of the sensor and the radial radius were studied respectively. The in-
fluence of each variable on the sensitivity was obtained, and the accuracy of
the mathematical model was also verified. The simulation results show that
reducing the radial radius of the sensor can effectively increase the spatial
sensitivity of the electrostatic sensor; the larger the axial length L of the elec-
trode, the higher the sensitivity, and the more uniform the cross-sectional
sensitive field distribution; in the axial and radial directions, the larger the
shaft diameter ratio, the more sensitive the sensor is and the more sensitive it
is.
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1. Introduction

In the past, bearings in industrial rotating machinery caused arcing due to arc

voltage and shaft current, and in the actual operation, it was impossible to ob-
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serve the mechanism of electric corrosion in real time, and the motor was easily
damaged. Non-contact monitoring of the contact damages sites and products of
the mechanism using electrostatic induction technology [1] [2]. The principle is
based on the metal contact pair which is generated on the surface during contact,
scratching, falling off, crack propagation, and formation of a white layer and a
phenomenon of trace static. This technology enables real-time monitoring of the
surface condition of the part, which gives the maintenance plan ample prepara-
tion time and makes predictive maintenance possible.

Aero engine Lubricating Oil Road Abrasive Monitoring is the monitoring of
bearings, gears and other lubricating components of engines and wind turbine
gears, and predicts the impending failure of lubricating components, thereby ef-
fectively predicting the life of components in order to protect the engine and
gearbox, safety, saving maintenance costs and maximizing economic benefits.
Therefore, it is one of the important components of the engine and its gearbox
condition monitoring system.

Oil analysis is an effective means of monitoring wear and tear. When the en-
gine is operating with the gearbox, it is often found in the lubricating oil that the
lubricating parts of the engine and the gearbox begin to wear. For example, the
lubricating parts of the engine and the gearbox are slid, fatigued or creeped, and
the small bucks will peel off the substrate to form abrasive particles and flow
with the lubricating oil. Therefore, the formation of abrasive particles is the re-
sult of failure of the friction surface, and the abnormal amount or large abrasive
particles found in the oil monitoring indicate excessive wear or fatigue failure of
the components in the engine and the gearbox.

In the past, the oil monitoring of the machine was to collect oil samples on
site, and went to the laboratory to complete the analysis. After the analysis, the
data was sent to the on-site maintenance personnel and decision makers. Due to
the large amount of time required to transfer oil samples and data, it takes sever-
al hours to complete an oil sample analysis, and up to two months. According to
the survey, 50% of the off-line analytical oil samples showed no problems, and
45% of the offline analytical oil samples showed that the failure was about to oc-
cur, and only 5% detected serious problems. In this way, not only does it con-
sume a lot of manpower and material resources, but it is also difficult to guaran-
tee the timeliness of the data. According to the National Aeronautics and Space
Administration (NASA) study, the oil-abrasive monitoring method is more re-
liable than the vibration analysis method widely used in aeronautical engines in
the wear failure analysis method. The wear state can be directly obtained by
monitoring and analyzing the abrasive grain information [1] [2]. Electrostatic
sensors are a new type of sensor for abrasive particle monitoring in aircraft en-
gine oil systems. Compared with the traditional abrasive particle monitoring
technology, real-time online monitoring can be realized, and the sensor struc-
ture is simple to install and convenient. The oil system electrostatic sensor was

first developed by the British company Stewart Hughes and has been applied to
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the F-35 engine lubricating oil road surface monitoring system [3].

The research on the basic characteristics of electrostatic sensors is mainly fo-
cused on the gas-solid two-phase flow detection method. Gajewski, Yan et al [4]
[5] [6] used simulated analysis and experimental methods to measure the con-
centration and velocity of transported particles, while Xu et al proposed an im-
proved electrostatic sensor measurement model. The model does not exhibit
specific mathematical expressions, using finite element software for simulation
analysis [7] [8]. Huang et al established a point charge model on the lube road
and verified that the electrical signal is similar to the theoretical analysis voltage
output of the analog monitoring experimental station. Mao et al improved the
mathematical model of the electrostatic sensor by equivalently equating the point
charge into a ring shape, and verified the correctness of the mathematical model
in the calibration experiment.

From the current research status at home and abroad, Lubricating Oil Road
Particle Static Monitoring Technology [9] [10] [11] can detect component de-
gradation earlier than traditional vibration and temperature monitoring methods,
and can provide real-time monitoring information for PHM. Although experi-
mental studies have shown that the waveform of the monitoring voltage is related
to the nature of the charge carried by the particles, the electrostatic sensor can
distinguish the abrasive grains of the buckling block and the non-metallic ma-
terial, and qualitatively obtain the level of the monitoring voltage and the particle
size. The conclusion about the size, however, lacks a theoretical basis to explain
the relationship between the induced voltage waveform and the charged charac-
teristics of the abrasive particles, and lacks research on the relationship between
the abrasive charging characteristics and the abrasive material. Therefore, it is
necessary to improve the electrostatic monitoring of the lubricating oil particles.
The physical model, and using Coulomb’s law and Gauss’s theorem to establish a
mathematical model of the particle electrostatic monitoring system, so that it can
clearly indicate the relationship between the amount of electricity carried by the
particles and the output of the electrostatic monitoring system and the factors
affecting the relationship; Monitor the quantitative relationship between sensor

spatial sensitivity and particle size, sensor radius, and axial length.

2. Electrostatic Sensor

2.1. Electrostatic Sensor Structure and Induction Mechanism

In order to verify the input-output relationship between charged particles and
sensors, to understand the sensor mechanism and study the sensor characteris-
tics, it is necessary to establish the physical and mathematical models of the sen-
sor. The physical structure model of the electrostatic sensor is shown in Figure 1.
The sensor consists of a ring probe, an insulating layer and a metal shield. The
lubricating oil flows through a pipe made of an insulating material, and the an-
nular probe installed at the inner wall of the insulating pipe is used to sense an

electrostatic signal in the fluid, and the metal shielding layer is used to shield
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Figure 1. Schematic diagram of the electrostatic sensor and sensing mechanism.

external interference.

The mobile charge inside the electrostatic sensor probe can move freely in any
direction. When charged particles pass through the electrostatic sensor, the
moving charge within the sensor moves under the influence of external charges
until they reach the surface of the sensor probe. The movement of charge in the
sensor causes current flow through the signal line and the signal can be meas-
ured by the signal conditioner. The magnitude of the induced charge generated
can be obtained by the acquisition circuit. The amount of induced charge on the
electrode is amplified by the charge amplifier, converted into an analog voltage
signal, and then converted into a digital signal by an AID conversion circuit and
stored in a computer for analysis and processing.

The electrostatic sensor has a ring shape and a rod shape. The advantage of
the ring probe is that it does not interfere with the flow field and is simple to in-
stall. The disadvantage is that it is not sensitive to charged particles passing
through the center of the fluid, and is not suitable for the case where the diame-
ter of the fluid is large. The rod-shaped probe is usually mounted on the side of
the fluid conduit and inserted into the fluid. The advantage is that it can sense
the charged particles in the center of the fluid. The disadvantage is that it is not
easy to install, it needs to be perforated in the fluid pipeline, and the probe may

have a certain influence on the internal fluid.

2.2. Electrostatic Sensor Mathematical Model

When the lubricating oil flows in the pipe, it generates static electricity, which

affects the safety of the mechanical equipment. Scholars have proposed a num-
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ber of computational models for oil flow charging, with which the degree of oil
flow can be predicted. However, there are many factors affecting the electro-
chemical reaction involved in the interface of the tubing wall, and the mechan-
ism of action between the influencing factors is very complicated. The proposed
model often contains some variables that are difficult to determine in the actual
situation, which affects the model. Promote the application. Based on the ma-
thematical model of the electrostatic sensor based on the principle of point
charge electrostatic induction, Professor Yan emphasizes the dielectric constant
in the lubricating oil. Under the condition of the known velocity distribution of
the oil in the pipeline, the sensitivity characteristics of the electrostatic sensor are
studied. In Figure 1, the electrostatic effect of the charged charge on the charged
particles is not counted. Due to Coulomb’s law, the electric field strength at any

point on the point charge electrode is:

q
B dned? (0

where g is the size of the induced charge and d is the distance that the point
charge corresponds to the electrostatic field generated on the probe. The dielec-
tric constant of the lubricating medium is:

E =88, (2)

where &, is the permittivity of free space and ¢, is the relative permittivity. The
electric flux density D at a certain point in free space is the number of flux lines
on a curved surface perpendicular to the flux line divided by the area of the sur-
face, calculated as follows:
D=¢cE (3)
The induced charge Q of the entire probe is equal to the flux passing through
the closed surface where the probe is located.

0=¢D-ds (4)

where dS'is a microelement surface size anywhere on the sensor surface and x is
the radial position of charged particles. The axial position z of charged particles
can be obtained by:

z=vt (5)

where v is the speed of movement of charged particles, and ¢ is the movement

time of charged particles.

2.3. Electrostatic Sensor Spatial Sensitivity

The sensitivity of the sensor is defined as the ratio of the output of the sensor to
the input. For easy identification, the peak value of the signal pulse can be de-
fined as the output value of the sensor. Then, the sensitivity of the electrostatic
sensor can be expressed as the ratio between the induced charge and the amount
of the abrasive particles when the abrasive grains pass through the center section

of the electrode. Formula can be expressed as:
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o

q

S:

P

(6)

Through the analysis of mathematical models, combined with the above deri-
vation, the closed surface formed by —Z/2 to L/2 utilizes Gauss’s law, and the

sensitivity generated by the entire probe is given by:

‘ ‘ = R—xcos¢ z+L ~ z—L a4
wh P () [(2+L)2+F2(x,¢)}5 [(z—L)2+F2(x,¢)J;

%

F(x.$)=(R* +x* ~2Rxcos )~ )

where R is the radius of the probe and L is half the axial length of the probe. Qis
the original charge of the point charge and g s the size of the induced charge.

2.4. Electrostatic Sensor Input and Output Characteristics

For electrostatic sensors, the input is the induced charge in the sensing region,
which can be measured using a suitable device, and the corresponding output is
the voltage signal that is collected and processed by the electrostatic sensing sys-
tem.
Figure 2 shows the actual equivalent circuit model of the electrostatic sensor
electrode. According to Kirchhoff’s law of charge
d‘I(t) -C du, (t) " u; (t)

dr dr R

€

where R=R,-R/(R,+R), C=C,+C,+C,. C,, R, are the equivalent ca-
pacitance and insulation resistance of the electrode, respectively, the equivalent
input capacitance and input impedance of the interface circuit, which is the dis-
tributed capacitance of the cable, which is the induced power on the electrode. If
the initial condition is zero, a Laplace transform on the above equation can be
obtained:

U, (S) SR

O(s) 1+sRC 1o

where U, (s) is the Laplace transform of the output voltage u,(¢) of the in-

terface, Q(s) is the Laplace of the electrostatic sensor output induced charge
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Figure 2. Electrostatic sensor equivalent circuit.

g S|
o
| S|

DOI: 10.4236/0alib.1104969

6 Open Access Library Journal


https://doi.org/10.4236/oalib.1104969

Z.L.Jin, F. Q. Zhang

q(t). If the condition |jwRC|<1 is satisfied, then Equation (10) can be sim-
plified to:

U, (jw)=jwRQO( jw) (11)

Then the time domain response is:
u,(1)=R——= (12)

Equation (12) shows that the input voltage of the interface circuit is propor-
tional to the rate of change of induced charge on the probe (inductive current),
so the interface circuit is resistive. In relatively clean environments, charge mea-
surements from different laboratories using different instruments may result in
different absolute values due to cables, charge amplifiers, connectors, and the like.

However, the output voltage is always proportional to the coefficient R,

2.5. Field of View

Since the electrostatic sensor detects charge only in the sensing area of the de-
tector, the “field of view” is introduced as a basic and important parameter of the
electrostatic sensor. The field of view is defined as the measurable maximum
spatial range detected by the electrostatic sensor as it induces charge through the
sensing area of the sensor probe. The electrostatic sensor cannot detect an
out-of-range charge portion and is therefore a “blind zone” for the sensor. The
field of view is an important parameter that characterizes the range of the sensor
and can also be used to optimize the design of the electrostatic sensor.

It is assumed that the inductive point charge passes through the electrostatic
sensor at a constant radial position at a constant velocity v. When the level first
rises above the baseline, the peak starts from p;, and when the level returns to the
baseline level, the peak ends at p,. The duration from p, to p, is considered to be
the charge duration through the probe #, Therefore, the static television field m, at
the corresponding radial position can be calculated by the following equation [11].

m,=vt, (13)

Duration £, can be used 7, =7,,—¢, to calculate. The total field of view in
the axial direction of the sensor is a collection of this field. View all correspond-
ing radial positions. Since the field of view of the electrostatic sensor in the radial
direction is limited to the inside of the sensor, the field of view of the electrostat-
ic sensor is generally referred to as the axial range. Due to the symmetrical na-
ture of the ring probe, the field of view is the same on both sides of the center of
the probe. Therefore, the survey is only simplified for one side of the sensor. The

entire field of view can then be obtained and can be doubled by a half range.

3. Electrostatic Sensor Spatial Sensitivity Analysis

3.1. Axial Length Affects Sensitivity

The axial length of the electrode has an effect on the electric field distribution of
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the sensitive space of the sensor. Therefore, in order to determine the length of
the electrode, it is necessary to investigate the influence of the length of the elec-
trode on the distribution of the sensitivity of the electrostatic sensor. The sensi-
tivity of the sensor with the axial length of the electrode of 4 mm, 10 mm, 20 mm
and 40 mm was simulated by MAXWELL. The calculation results are shown in
Figure 3.

Figure 3 shows the variation of the sensitivity of the center cross section of
each probe in the radial direction in the case where the axial length of the probe
is different. It can be seen from the figure that when the axial length of the elec-
trode is increased, the value of the sensitivity of the radial position on the cross
section is increasing, but not in a proportional relationship. As the axial length of
the electrode increases, the sensitivity change parameter § gradually decreases,
that is, the sensitivity tends to be uniform, and the sensitivity of the sensor is also
increased, that is, the longer the electrode, the better. However, excessively in-
creasing the length of the electrode can cause significant spatial filtering effects,
and excessively increasing the axial length of the electrode can make the sensor
less robust and the sensor probe susceptible to bending. Under the condition of
ensuring the sensitivity and sensitivity of the sensor, the characteristics of the in-

tegrated sensor are finally selected to be 10 mm in axial length.

3.2. Effect of Ring Probe Radius on Sensitivity

The installation position of the inlet ring sensor determines that the ring should
be as close as possible to the pipe wall so that it does not affect the air flow field.
In order to investigate whether the sensor has an influence on the sensitivity in
the inlets of different diameters, the electrodes with diameters of 20 mm, 50 mm,
80 mm and 100 mm were simulated. Before the simulation, the finite element
model needs to be modified to adjust the air domain between the electrode cas-

ing and the electrode. The calculation results are shown in Figure 4.

3.3. Sensitivity Analysis in the Radial Direction

In order to further discover the influence of the radius and axial length of the

1 4 “4-L=4mm

7| -AL=10mm

2 --L=20mm

1.2/« =40mm
>
+
.; 1
R T
o
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0% 5 10 15 20 25
Radial position R (mm)

Figure 3. Radial center section sensitivity of electrodes with different axial lengths.
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electrostatic sensor on the sensitivity, select z = 0, x = 0.01, and use matlab to
obtain the influence of the two on the sensitivity.

As shown in Figure 5, in the radial direction, the range of the radius of the
electrostatic sensor 0.01< R <0.05 is selected, and the range of the axial length
0<L<0.1 is the sensitivity of the probe at different positions in the space.
Figure 5 shows the sensitivity distribution of sensors with different radii and
different axial lengths. From the figure, the size of the induced probe radius has
little effect on the sensitivity distribution trend of the induced probe, and the
sensitivity space increases slightly with the increase of the radius. According to
the same distance from the side of the probe, the sensitivity of the probes with
different radii is distributed along the axial position. It can be seen from the fig-

ure that in the same distance from the side, at the same axial position, the radius

1

=-D=20mm
--D=50mm
0.9 -A-D=80mm
-4-D=100mm

0.8 >

0.7 _—

Sensitivity
\
\

L/R

Figure 4. Radial center section sensitivity of different diameter electrodes.

z=0,x=0.01

NN

N

0.05

| 0 0.01 r

Figure 5. Effect of L and R on sensitivity in radial x=0.01.
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is large. The sensitivity of the sensor is relatively large.

The radial sensitivity distribution when two groups were selected (Z = 0.05, R
=0.05; L =0.0125, R= 0.05) is clearly as shown in Figure 6. The sensitivity gets
the maximum value at x = 0, which is the center of the pipe. The closer to the
tube wall sensitivity, the maximum is obtained. The larger the shaft diameter ra-

tio, the greater the sensitivity.

3.4. Sensitivity Analysis in the Axial Direction

As shown in Figure 7, in the axial direction, the range of the radius of the elec-
trostatic sensor is selected, and the range of the axial length is the sensitivity of

the probe at different positions in the space. Figure 7 shows the sensitivity

0.8
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=
305+
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03 *+ +F
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Figure 6. Sensitivity radial distribution at z= 0.
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I 0 0.0 r

Figure 7. The influence of Z and R on the sensitivity in the axial direction at z= 0.01.
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distribution of sensors with different radii and different axial lengths. It is ap-
parent in the picture that the longer the axial length, the greater the sensitivity.

The axial sensitivity distribution when two groups are selected (Z = 0.02, R =
0.01; L=0.02, R= 0.04) is clearly as shown in Figure 8.

As can be seen from Figure 8, the electrostatic sensor is located at the same
radial length, and the distance from the sensor to the z-axis is further, that is, the
closer to the sensor wall, the higher the spatial sensitivity of the electrostatic
sensor, and vice versa, the lower the spatial sensitivity. At the same time, as the
radial length of the electrostatic sensor becomes longer, the spatial sensitivity of
the sensor is lower at the same radial position. It can also be understood that the
greater the ratio of the axial length to the radial diameter of the electrostatic
sensor, the higher the spatial sensitivity.

Figure 5, Figure 6, and Figure 7 confirm each other, thus demonstrating the
correctness of the spatial sensitivity formula, and thus the mathematical model
established in this paper is correct. In addition, the spatial sensitivity of the elec-
trostatic sensor is also affected by factors such as the moving speed of the
charged abrasive particles, the thickness of the insulated pipe and its dielectric
constant, and these influencing factors are independent of the physical proper-

ties of the electrostatic sensor itself.

4. Spatial Sensitivity Distribution Characteristics

According to the mathematical model of the electrostatic sensor, when x = 0, the
electrostatic sensor obtains the maximum sensitivity at x = 0, which is of great
significance for the study of axial sensitivity. The factors that affect the spatial
sensitivity of the electrostatic sensor in the axial direction are mainly the posi-
tion of the charged abrasive particles and the axial length and radial radius of the
sensor. The axial length and radius influence of the sensor have been obtained
by simulation. Since the electrostatic sensor has a radial symmetry characteristic,

when the charged abrasive grain passes through the electrostatic sensor sensing

1_

o o
o 0

Spatial sensitivity
(==}
=

0.2

-0.1 -0.08 -0.06 -0.04 -0.02 0 0.02 004 0.06 0.08 0.1
z/m

Figure 8. Axis distribution of sensitivity at x = 0.
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area at a certain position in the radial direction of the sensor, the axial length of
the sensor Under the condition of L constant, the sensitivity of the sensor is only
related to the relative position of the charged abrasive particles in the radial di-
rection. For the convenience of observation, let x= 0, L= 0.01 m, and obtain the
axial distribution of the electrostatic sensitivity of the electrostatic sensor as
shown in Figure 9.

Inside the probe, it can be seen from Figure 9 that the closer the radial posi-
tion is to the probe wall, the higher the spatial sensitivity and the sensitivity has a
maximum at the central axis of the pipe, consistent with the previous conclu-
sions. If the trajectory of the point charge (abrasive grain) in the radial position
cannot be known, only the sensing area of the sensor near the axis can be se-
lected, that is, the sensor probe of the sensor is embedded in the insulating layer,
and only the static sensitivity of the oil is allowed. The flow is changed in a gent-
ly changing area, and the output of the sensor can be approximated regardless of
the influence of the radial position. This has important guiding significance for

the design of the sensor.

5. Conclusions

1) Reducing the radial radius of the sensor can effectively increase the spatial
sensitivity of the electrostatic sensor. The closer the charged particles are to the
wall surface of the pipe in the radial position, the higher the spatial sensitivity.
The installation of the electrostatic sensor close to the monitoring surface during
installation can effectively improve the electrostatic sensor sensitivity. The sensi-
tive field of the sensor is greater than the axial length of the probe, so no sources
of interference can occur in the sensitive field.

2) The larger the axial length L of the electrode, the higher the sensitivity, the
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Figure 9. Axial sensitivity distribution of electrostatic sensors.
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more uniform the distribution of the sensitive field of the section, and the cor-
responding range of the axial sensitive space; but the electrode is too long, the
sensor is facing the fluid space due to the electrostatic filter effect of the electros-
tatic sensor. The high frequency signal of the structure loses its responsiveness,
causing significant spatial filtering effects, making the sensor less robust and the
probe susceptible to bending. The axial length of the electrostatic sensor must be
chosen reasonably.

3) The larger the axial diameter ratio in the axial direction and the radial di-
rection, the more sensitive the sensor is and the more sensitive it is. The value of

the shaft diameter ratio should be as large as possible.
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