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Abstract 
Monitoring of lubricant oil quality plays an important role in assessment of aircraft engine 
health condition. Generally, sensors attached to the lubricant pipeline are used to detect the 
wear debris in lubricant and determine the health condition of aircraft engine. However, the 
most current debris detection methods are off-line and require a complex set-up. Therefore, it 
is urgently necessary to develop reliable online monitoring methods to effectively detect wear 
debris. Capacitive sensor has some advantages such as high resolution and high accuracy 
for precision measurement, small size and designability for in-situ monitoring. Based on the 
capacitive theory, this study focuses on designing a cylindrical capacitance sensor installed 
on lubricant pipeline in order to monitor lubricant oil debris in aircraft engine. The principle 
of the cylindrical capacitance sensor is based on the permittivity of the lubricant oil. When 
the debris enters into the lubricant, the relative permittivity of the debris material change the 
capacitance of the sensor, which causes the variation or fluctuation of the collected signals. 
Three key issues on designing the cylindrical capacitance sensor are discussed in this paper. 
The first issue involves with how to integrate the cylindrical sensor with the lubricant 
pipeline. The second issue concerns how to design a sensor with better performance. The 
process of numerical simulation is performed to determine the optimal parameters of sensor 
structure. The last issue is how to build an experiment system to illustrate the effectiveness of 
the proposed cylindrical capacitive sensor for in-situ monitoring the debris in lubricant. 

 
1 INTRODUCTION 

Aircraft engine, as a core component, is directly related to the performance of aircraft and 
the safety of crew [1]. The continuous online health monitoring of engine is an important way 
to ensure its stability and reliability in the service. Lubricant oil monitoring is a key to engine 
health monitoring [2]. The continued flowing lubricant oil is used to not only reduce the 
temperature, but also transport the debris produced by mechanical wear. The debris not only 
affects the performance of lubricant oil, but also indicates some faults of the mechanical 
system in the engine. It is an important research to monitor the oil debris in the engine. 

Two methods for monitoring engine lubricant oil can be divided into two kinds: off-line 
and on-line. Off-line oil monitoring includes Ferrography [3], Spectroscopy [4], Grey target 
theory pattern recognition [5], Fuzzy logic model [6], Sediment test and wear metal analysis 
[7] and so on. Off-line oil monitoring has been widely used in the early stage. With the 
increasing requirement in engine health monitoring, the on-line oil monitoring has become a 
hot research field. 
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On-line oil monitoring methods include micro sensor [8], electromagnetic sensor [9], 
ultrasonic particle monitoring [10] and so on. Each method has its advantages and 
disadvantages. The micro sensor method has less influence on the properties of the aircraft 
engine itself, but its processing is complex and costs too much. The electromagnetic sensor is 
used to monitor the debris in the magnetic field, but it is easy to be affected by the airborne 
electrical system. Ultrasonic particles method has better monitoring function for small size 
debris, but the large size debris may be ignored, and once large size debris appeared, it 
usually will have a more serious impact on the engine [10]. Based on the above, this study 
puts forward a kind of capacitance sensor to monitor the debris. 

Capacitive sensor has been widely used because of its good temperature stability, simple 
structure, strong adaptability, good dynamic response, noncontact measurement and other 
advantages. There are many types of capacitive sensors, such as variable dielectric constant, 
variable distance, and variable area. This paper focuses on the study of the capacitive sensor 
with variable dielectric constant. The basic principle is that the debris gets into the oil and 
result the change of the dielectric constant of oil, which will lead to the change of capacitance. 
Hence, we can use the change in capacitance to characterize whether the oil contains debris 
or not. Currently, some basic research on the capacitive sensor with variable dielectric 
constant have been performed [11,12]. However, there is no work involved with pipe-like 
capacitance sensor used in aircraft engine, especially on the mechanism and sensitivity of 
capacitive sensor. This study develops a cylindrical capacitive sensor that is suitable for the 
lubricant oil pipeline of aircraft engine, and discusses its mechanism and sensitivity by 
numerical simulation and principle experiments. 

2 THEORETICAL MODEL OF CAPACITIVE SENSOR 

Considering that the lubricant oil pipeline is small in diameter, this study designs a coaxial 
capacitive sensor composed of two cores, as shown in Figure 1. The novelty is that the outer 
core is the existing uncharged oil pipeline, while the inner core is new fine charged rods, such 
that the inner core is easily integrated with the outer core by joint.  The joint can be designed 
as a connecting flange or a nut of a two pipe line (detailed design in section 3). Lubricant oil 
flows through an annular space between the outer core and the inner core. If there is no debris 
in the oil, the dielectric constant between two poles is stable in value. That is to say that the 
measured capacitance will not change. When the oil contains debris, the value of the 
dielectric constant between two poles is changed, which will result in capacitance change. 

       
Figure 1:  Schematic diagram of capacitance sensor model 

In order to establish a capacitive sensing model as shown in Figure 1, this paper first 
assumes that the inner core is simplified as a long uniform charged rod and the analysis of 
electric field in the sensor is equal to that of the field distribution in a uniformly charged thin 
rod. Take any point O in a thin rod as the coordinate origin to establish coordinate system, set 
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any point outside the rod as Q (the pedal point of  is ), whose distance to the thin rod is d, and 
the angles between the x axis along inner core and two lines from from Q  to two ends of the 
thin rod are illustrated by a1 and a2, respectively. Finally, the linear charge density is set as 

e .The mathematical model is shown in Figure 2. 

 
Figure 2:  Reduced mathematical model of capacitive sensor 

Take a line element dx whose charge is edq dx  at the distance x  from the origin. The 

intensity of the electric field generated by dq in Q  point is defined as Formula (1). 
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The line element dq in different positions of the thin rod will produce different element 

field dE  in position Q . According to Figure 2, there are some relationships among , ,x r a , 

i.e. sinr d   and cotx d   . We can get differential equation 2sindx d d  . The 
electric field intensity produced by each line element at x  axis and y  axis can be expressed 
as equation (3) and (4). 
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According to the equation (3) and (4), we can calculate xE  and yE . If we change the 

values of two parameters d  and l , the entire field distribution will be different. There are 
two cases to be discussed. 

(a) When d<<l, the thin rod can be arbitrarily long, that is, 1 20,    . Further, we 

combine it with equation (2) and (3), and get Ex=0, Ey=ηe/(2πε0d).    
(b) When d>>l, there will be another condition, and get Ex=0, Ey=ηe/(2πε0d2)=q/(4πε0d2).     
In this study, the diameter of oil pipeline is small, so the physical model of the cylindrical 

capacitance sensor is much more closer to the first case. In the above analysis, 0  is 

represented as the vacuum dielectric constant, but in the actual situation, the capacitance 
between the two electrodes is often not a vacuum. Therefore, this study introduces a 
parameter r  defined as relative dielectric constant. Then the actural dielectric constant can 

be formulated as 0 r   . Hence, the formula can be further rewriten as follows. 
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In (4), q  is the quantity of the electric charge of the cylinder, l  is the length of cylinder. 

Then e

q

l
  . The cylinder capacitor is made of two coaxial metal cylinders A and B with 

radiuses 1R  and 2R  respectively. The length of cylinders l  is much longer than 1R . The r  is 

dielectric constant between two cylinders. As is shown in Figure 1, the direction of the 
electric field is perpendicular to the axis of the cylinder. Then the electric potential difference 
between two surfaces of two cylinders can be obtained by the formula (5). 
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The capacitance is calculated by the following equation (6). 
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we can see that C is a function of l, r ,and ln(R2/R1). Therefore, if l and ln(R2/R1) are 

constant, C is just a function of r . When there is a debris particle passing through the sensor, 

this debris particle can be seen as an electric dipole. So, the problem can be simplified as the 
polarization of the dielectric under an external electric field E0. The polarization charge 
appears on the surface of the dielectric and generate an additional electric field E°, so the 
field intensity E of any point in the space is the vectorial sum of E0 and E°,i.e. 0E E E   .                                                      

Based on above analysis, those debris into the cylindrical capacitive sensor can change the 
original electric field and capacitance. 

3 NUMERICAL SIMULATION EXPERIMENT 

As discussed in Section 2, the capacitance sensor is a kind of capacitor with variable 
parameters [13]. When the inner core length and the distance between two poles are constant, 
the variation in the dielectric between the plates will change the capacitance value. In order to 
design a capacitance sensor, it is necessary to understand the influence of the length and the 
distance on the sensor performance. The numerical experiments are simulated by the Ansys 
finite element software. Intelligent grid control method is adopted in the simulation, and the 
accuracy of the grid is adjusted by "size smart". 

3.1 Parametric analysis of capacitive sensor without  debris in lubricant oil 

In the basis of simulation, we mainly focus on the sensor's length, the distance between the 
two poles, the voltage between the two poles. According to the formula (11), we can know 
that the length of the sensor has no influence on the electric field in the sensor. If the distance 
and the voltage between the two poles are applied as the control variables, the electric field in 
the sensor will be changed obviously. The simulations are carried out with different values of 
the distance and voltage between two poles. The experiments set R1=1mm, l=40mm as 
constant. The distance is set 2mm, 3mm and 4mm while keep V=2V; The voltage is set 
0.5V,1V and 2V while keep the distance =3mm. After dividing the grid, there are 237222 
nodes, 166057 units. The simulation results are shown in Figure 3 and Figure 4. 
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(a)   Distance =2mm                         (b)    Distance =3mm                        (c) Distance =4mm  

Figure 3: The electric field distribution with different distances between two poles 

        

(a)   Voltage =0.5V                         (b)    Voltage =1V                           (c) Voltage =2V 
Figure 4: The electric field distribution with different voltages 

 
It is not easy to see the change in electric field according to Figure 3 and Figure 4. We 

extract the simulation data and deal with it through fitting method. The fitting result is shown 
in Figure 5(a) and (b). Figure 5 (a) corresponds to the fitting curves of different distances 
between electrodes, and figure 5(b) corresponds to the fitting of the applied voltage at 
different poles. With the fitting result, we can intuitively found that the electric field intensity 
decreases with the increase of the distance between the two electrodes. The greater the 
voltage applied between the two electrodes, the electric field strength of the sensor will be 
increased. Taking into account the effect of signal to noise ratio and the flow reduction, we 
decide the distance between two electrodes is 3mm and the applied voltage is 2V. 

 
(a)  Different distances                                (b) Different voltages 

Figure 5: The fitting result of different parameters 

3.2 Simulation in electric field variation of oil with debris 

Under the existing conditions, we can determine the parameters of the sensor model, the 
inner core is 1mm, the distance between the two electrodes is 3mm, the length is 40, and the 
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applied voltage is 2V. Using the physical model, we simulate the debris into the sensor, and 
the simulation results are shown in Figure 6(a) and (b). Figure 6(a) is the simulation of a 
single debris coming into the sensor, Figure 6(b) is a number of debris coming into the sensor. 
From the simulation result, we can notice that the electric field distribution will occur 
obvious change when debris come into the sensor. 

                           
                                    (a)  One debris                                                                            (b) Four debris 

Figure 6: The electric field distribution with different numbers of debris 

In order to be more intuitive to see the changes in the case of debris and no debris and 
calculate the sensitivity of the simulation, we put the simulation data into Matlab. The 
solution result is shown in Figure 7. It's apparent to notice that a large trough occurs in the 
place where debris exist. It's easy to calculate that the simulation sensitivity is about 30%.  

 
Figure 7: The smooth curve of the data under the condition of debris and no debris.   

4 EXPERIMENTS 

4.1 Experiment Design 

The corresponding experiments are designed to verify the presented theorical and 
numerical model. The inner and outer core material of the capacitive sensor is copper, the 
length is 40mm, the inner core radius is 1mm, the distance between the two electrodes is 
3mm. The object is shown as Figure 8 (a) and (b). In order to make the sensor easier to 
experiment, we design a plastic coaxial flange to connect two cores. And from the outer wall 
of flange to the inner core, we install a small hole. The small hole can be provided with a 
metal conductive rod, and the external voltage is applied to the inner core. The flange is 
shown as Figure 8(c). The experiment system is shown as Figure 8(d), where the capacitantce 
is measured by the instrument LCR(LCR-8110G) that directly apply voltage to the sensor.  
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(a) The inner core       (b) The outer core            (c) The flange                         (d) The experiment system 

Figure 8: Three components of the developed capacitance sensor 

4.2  Frequency selection  

The simulation in the second section has confirmed that the voltage used in the experiment 
is 2V, but the voltage frequency still needs to be further determined. In this section, the 
frequency of 100Hz, 120Hz, 150Hz, 200Hz, 400Hz, 600Hz, 800Hz, 1000Hz will be regarded 
as variables. It is found that the measured sensor capacitances change with the frequency, 
when the medium is air, water, oil, respectively. The experiment data are shown in Table 1. 
The corresponding curve of Table 1 is shown in Figure 10(a), (b) and (c). 

 
Frequency(Hz) Capacitance(pF)/air Capacitance (pF)/water Capacitance (pF)/oil 

100 10.13 1.9120e6 18.42 
120 10.04 1.6568e6 18.35 
150 9.94 1.3374e6 18.34 
200 9.88 1.0215e6 18.30 
400 9.75 0.5267e6 18.28 
600 9.71 0.3396e6 18.16 
800 9.66 0.2393e6 17.60 
1000 9.55 0.1783e6 16.43 

Table 1: The change of the capacitance with the frequency when the medium is air, water and oil 

It can be seen from Table 1 that the capacitance value of the sensor showed a trend of 
gradually decreasing with the increase of frequency. In actual measurement, the greater  
frequency is, the greater fluctuation of the capacitance value is. Therefore, take a number of 
fluctuations in the value of the capacitance (three times in this paper), and take the average 
value as the final capacitance. From Figure 9, we can see that when the medium is air or 
water, the decline trend of the capacitance is roughly the same, but when the oil is the 
medium, the trend is opposite. We speculate that the difference in the viscosity of the 
medium can lead to the difference in the trend of the capacitance with frequency. In order to 
gain a stable value, the frequency 100Hz is selected as the final value. 

 
                        (a) Air                                           (b)  Water                                             (c) Oil 

Figure 9: The curve of the change of the capacitance with the frequency in air, water and oil 
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4.3  Debris monitoring experiments 

On the basis of determining the applied voltage is 2V, the voltage frequency is 100Hz, a 
series of experiments on monitoring debris are carried out. Due to the limited experimental 
conditions, we design these debris is in free fall in the simulation of flowing medium. Test 
results show that the viscosity of air is too low. The time that debris enter the sensor in free 
fall is too short, which is only 0.16s. LCR reaction speed is not enough. So, in this section, 
the test is only concerned about water and oil. The experimental data are shown in Table 2. 

 
Number Capacitance (pF)/water Capacitance (pF)/oil 

0 1.9065e6 18.26 
1 1.9285e6 18.36 
2 1.9305e6 × 
3 1.9422e6 19.15 
5 1.9514e6 19.44 
7 × 19.83 
8 1.9655e6 × 
9 1.9724e6 20.27 
11 1.9830e6 × 
13 2.0166e6 × 
16 2.0226e6 × 

Table 2: The change of capacitance value with the number of debris in water or oil.× means no capacitance 
value. 

It can be seen from Table 2 that when the medium is water, the capacitance is much larger 
than the medium is oil due to the good conductivity of water. With the increase of the number 
of debris, the capacitance value increases with the increase of debris whether the medium is 
water or oil . The trend can be seen from Figure 10. It is shown that the capacitance value has 
a better change trend with the increase of the number of debris, the trend is roughly linear. 
We infer that the capacitance has a good sensitivity to the number of debris, which can reflect 
the number of debris in the medium. 

 
(a)   Water                                                            (b) Oil 

Figure 10: The curves of the capacitance value with the number of debris in water or oil  

5 CONCLUSIONS 

Lubricant oil monitoring is an important part of aircraft engine health monitoring. The 
health state of engine can be characterized by means of the oil debris monitoring. This paper 
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presents a cylinder capacitive sensor suitable for in-situ monitoring of engine oil debris. The 
coaxial cylinder sensor is designed based on the variable dielectric constant, and the working 
mechanism model of capacitive sensor monitoring chip is established. The electric field in 
the presented sensor is simulated by ANSYS software. Finally, a test platform is built to 
verify the presented model. Experimental results show that the capacitance values increase 
almost linearly when the number and size of debris increase. However, there are lots of 
further work to apply the presented method into the application. Especially, it is necessary to 
consider several factors’ influence on monitoring results. These factors include the flow rate 
of the lubricant oil, temperature, and vibration. 
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