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Abstract 
As an essential part of EHM, online oil debris monitoring has lately received great attention for assessment of 
rotating and reciprocating part in aero-engine due to its high integration, low cost and safe characteristic. However, 
it is a challenge to find suitable sensor operating in complex environment. We adopt an unconventional novel 
approach that cylinder capacitive sensor is integrated with the pipeline of engine oil system because the capacitive 
sensor can effectively detect the change of oil condition. In this paper, an attempt to illustrate the performance 
characteristics of the developed cylinder capacitive sensor is made through an experiment system that simulates 
the real scenario of oil system. The main aim of the research is to qualitatively describe the relation between the 
sensor parameter and the oil debris. Moreover, how the temperature and the flow rate of the oil affect the 
capacitance change is performed by several experiments. These experimental results have demonstrated that 
cylinder capacitive sensor can potentially be used for oil debris monitoring of aero-engine health condition. 
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1.  Introduction 
Aircraft engine, as a core component, is directly related to the performance and safety of aircraft. 
The continuous flowing lubricant oil is used to not only reduce the temperature, but also 
transport the debris/particles produced by mechanical wear. The wear particles in lubrication 
oil maintain a constant concentration and small size in normal working conditions; however, 
when abnormal wear occurs, the concentration and sizes of the particles increase and are distinct 
from normal particles [1]. Therefore, the detection of lubricant oil debris is an important and 
effective method for fault diagnosis and life prediction of key components in engine. 
Several attempts have been made in the past decade in order to detect the conditions of lubricant 
oil. Laboratory (offline) and in situ (online) methods are both used in metal particle analysis. 
The offline approaches depend on skillful sampling, a diagnostic database and a long period; 
these include ferrography [2] and spectrometric analysis [3]. The continuous on-line health 
monitoring of engine is an important way to ensure its stability and reliability in the service. In 
situ monitoring of lubricant oil quality has become an vital issue in today’s military, 
transportation and manufacturing industries [4]. 
On-line lubricant oil condition detection methods include optical detection [5], photoelectric & 
magnetic hybrid detection [6], inductive/ detection [7, 8], capacitance detection [9-11], 
ultrasonic/acoustic detection [12], electrical impedance detection [13], online x-ray 
spectrography [14], and electrostatic charge detection [15]. Advantages and disadvantages of 
all these online condition monitoring technologies have been listed in the literature [16]. Wu et 
al. [17] (2013) comprehensively reviewed the progress of on-line oil monitoring techniques, 
mainly focusing on sensor technologies, their scopes and industrial applications. Generally, if 
these on-line methods are really applied in monitoring the lubricant oil of complex aircraft 
engine, some challenges should be solved, such as environmental compensation, compatibility 
with structures and electromagnetic property, high reliability and robustness, high resolution 
and accuracy for weak and random signals.   
Capacitive sensors have been widely used because of its good temperature stability, simple 
structure, strong adaptability, good dynamic response, noncontact measurement and other 
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advantages [18]. Although the capacitance methods have some problems, such as sensitive to 
oil quality, they are still the most practical and effective methods in many applications [19, 20]. 
Therefore, this study designs an in-situ capacitive sensor for monitoring debris of engine 
lubricant oil. The basic principle is that the debris gets into the oil and lead to the change of the 
dielectric constant of oil, which will led to the change of capacitance. Hence, we can use the 
capacitance change to characterize whether the oil contains debris or not. The novelty of the 
presented capacitance sensor can be summarized as two aspects. One is that the sensor structure 
is simple and characterized by two coaxial cylinders as electrodes, while conventional 
capacitive sensors are composed of two parallel plates as electrodes. This structure feature is 
beneficial to easy integration with oil pipeline. The other is that sensing mechanism and 
physical model of the presented sensor is verified and validated by the mathematical model and 
experiment.  

2.  Sensing principle and sensor model 
2.1 Cylinder capacitive and their sensing principle 

A capacitive sensor is a device whose physical characteristics determine the value of its 
capacitance. These characteristics include the distance between two electrodes, the common 
surface, and the dielectric element. To the authors' knowledge, the most structures of capacitive 
sensors is plate-like with the same or similar area [18]. 
Considering that the lubricant oil pipeline is small in diameter, this study presents a coaxial 
capacitive sensor and its structure is shown in Figure 1. It includes two three components: the 
outer core, the inner core and the connector or joint. The connector is used not only to fix two 
cores, but also to integrate with the original pipeline. It is obviously seen that the presented 
structure is very simple, and easily installed on the lubricant oil pipeline. The joint can be 
designed as a connecting flange or a nut of two pipelines . 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 be changed. When the oil contains debris, the value of the dielectric 
constant between two poles is changed, which will result in the capacitance change. The 
possibility of this kind of capacitive sensor has been substantiated in Ref [21]. 

 

 

Figure 1. Schematic diagram of the presented capacitive sensor model 

2.2  A mathematical model 

The capacitance of the sensor depends on the dielectric permittivity of medium between the 
pair of electrodes. For a conventional parallel capacitive sensor, it is easy to calculate the 
capacitance (C) between the two parallel plates (electrodes) of a capacitor according the 
formula described in the Ref [18]. However, there is no formulation about the presented sensor 
structure, especially when the debris flowing into capacitive sensor. 
In order to establish a mathematical model of capacitive sensor containing debris, this study 
presents some assumptions as follows: The debris is regarded as electric dipole and whose 
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quantity of electric charge (Q) is much less than capacitive sensor. Due to these assumptions, a 
coordinate system could be set up in a debris. Figure 2 illustrate the process.  

 

 
Figure 2. Setting up a coordinate system in a debris 

 
Suppose the debris particle is at point X, -q and +q repent two opposite poles. Any point 

A gets very close to X. Electric dipole generates additional voltage 0V  in A. 
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Where   and r are the angle and the distance between A and electric dipole, p is particle's 
electric dipole moment and p is in direct proportion to the quantity of electric charge q inducing 
in the debris, so 

0p q r                             (2) 

0r  is a constant representing the distance between two electric dipole in Eq.2. 
Capacitive sensor creates original electric field and generates original voltage. The original 
voltage at point A is defined as V. 

1ln
2

rQ
V

l R                            (3) 

Q is the quantity of electric charge in capacitive sensor, R is the radius of sensor inner, 1r  is 
the distance between debris position and origin coordinates building in sensor. 
With Eq.1 and Eq.3 ,we get Eq.4 and Eq.5. 
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Where C  is the capacitance of sensor and 0C  means additional capacitance. Owing to Q is 

far more than q, Eq.5 utilizes Q instead of Q+q. 
Thus, the total capacitance at point A is  
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From Eq.3 and Eq.4, we know that the capacitance of sensor C is a constant. Hence, it's easy to 
see that the total capacitance TC  will vary linearly with dielectric permittivity 0 . The 

expression of K is  
24
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K
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                            (7) 

Eq.7 illustrates that K will vary with   and r. Ideally, if the debris fix at one point,   and r 
will become constant, that is, K is a constant. However, the debris will stay in different place 
with time passing. In actual conditions, K will change in various cases, but remain a constant 
in one case. Experiments would verity the characteristics of K. 

3  Experiment 
To demonstrate the effectiveness of the capacitive sensor and to establish pattern for warning 
and alarm conditions based on the sensor output, a series of experiments have been conduct. 
The experimental set-up used for analysis of oil debris consist of a data acquisition system, 
fluid circular loop, detectable object, pumping system, and temperature detecting circuit. The 
entire experiment set-up is illustrated in Fig.3.  

 

 
Figure 3. Experimental set-up 

 
Fig.3 shows experimental platform. Oil containing debris is loaded into one reservoir and 
pumped into fluid circular loop to pass the sensor by pump system , which can control the flow 
rate from 0 to 10000 ml per minute, and then return into the reservoir. The capacitive sensor 
mentioned earlier, is also integrated into the loop, which is numbered 1 in Fig.3.  
The temperature of the oil influence the capacitance signal apparently. During the operating 
process, the temperature of test oil may be from 30 ℃ to 40 ℃. To simulate the real condition 
of oil, we control the oil temperature at 30 ℃ with 2 ℃ precision. A temperature sensor 
probe is occupied to measure real time oil temperature. All experimental components are listed 
in Table 1. The numbers in Table 1 correspond to what marked Fig.3. 
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Table 1 Experimental platform components 
Number Component Type 

1 Cylinder capacitive sensor φ30*φ25*150mm 
2 Flow sensor YF-S201C 
3 Temperature detecting circuit 

× 
4 Capacitance detecting circuit × 
5 Transparent tube × 
6 Valve × 
7 Computer × 
8 Temperature sensor probe DS18B20 
9 Pump CB-B32 
10 Three-phase motor YE2-90L-4 
11 Converter KZ100 
12 PVC tube DN15，DN20 
13 Reservoir × 

× means no special type. 

4  Results and discussion 
4.1 Relationship between capacitance and debris quantity 

To explore the relationship between output signals of capacitive sensor and debris quantity, this 
section carried out a series of experiments. Lubricant oil with debris particles was pumped from 
inlet reservoir to outlet reservoir using the pump system. Due to the vulnerabilities of the pump, 
all debris were put into the loop with the valve, not flowing into the pump and avoiding damage 
of pump. In these experiments, debris quantity was ranging from 0.00g to 0.40g and test 
temperature was set up as room temperature (26.5 ℃), flow rate was set to 4210 ml per minute. 
Table 2 recorded all these statistics.  

 
Table 2. Capacitance of different debris quantity in oil (Temperature: 26.5 ℃; Flow rate: 

4210 ml/min) 
Debris quantity(g) Capacitance(pF)/oil 

0.00 7.81 
0.15 9.38 
0.25 10.41 
0.40 10.80 

 
As shown in Table 2, measured capacitance would increase with the raising of debris quantity. 
To illustrate the relationship more clearly, we figured out the data graph based on Table 2, as 
shown in Fig.4. 
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Figure 4. The value of capacitance change with debris quantity in oil 

 
Fig.4 presents the linear relationship between capacitance and debris quantity. Different 
quantity of debris can be seen as the variation of dielectric permittivity. When the oil with debris 
flows into the capacitive sensor, the medium in the sensor has change comparing the pure oil, 
that is, the dielectric permittivity of pure oil is different from the dielectric permittivity of water 
or oil with debris. Further more, changes in the amount of debris quantity will cause changes 
in the dielectric permittivity of medium in the sensor. Eq.6 has claimed the capacitance will 
vary linearly with dielectric permittivity. Fig.6 coincides with the deduction. 

4.2 Relationship between capacitance and oil temperature 

Section 4.1 has stated the essence of capacitive sensor, but experiments undertook about debris 
quantity have limit. The temperature and flow rate are set to be constant in all these experiments. 
In practice, temperature and flow rate wouldn't always maintain in a fixed value. Hence, this 
section probes the influence of temperature. Experiments about temperature were performed 
and all data was listed in Table 3. 

 
Table 3. Capacitance of different temperature in oil (No debris; Flow rate: 4210 ml/min) 

Temperature(℃) Capacitance(pF)/oil 

40.0 3.60 

38.0 2.23 
0.59 36.0 

34.0 0.56 

32.0 0.52 

 
Table 3 shows that capacitance increases with the raising of temperature. Plot Table 3 in Fig.5, 
it's easy to figure out the linearly relationship. 
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Figure 8. The value of capacitance change with temperature in oil 

 
The medium of oil represents similar law. That is to say, with the increase of temperature, 
measured capacitance will also rise. It's mainly due to the dielectric permittivity of oil will 
increase with raising of temperature. The nature of the relationship between temperature and 
measured capacitance is the relationship between dielectric permittivity and measured 
capacitance, which verifies the Eq.6. It is interesting to note that when temperature below 36 ℃, 
capacitance almost remain as a constant. Considering the characteristics of material [22], we 
assume that the dielectric permittivity of water or oil changes little when temperature below 
36 ℃. Most of the change occurs when temperature exceeds 36 ℃. 

4.3 Relationship between capacitance and flow rate 

Flow rate is another important factor that affect measured capacitance. Like temperature, flow 
rate causes the inaccuracy of experimental result. In the study for the influence of flow rate, 
this section adopts similar method to section 4.2. Data collected from experiments is shown in 
Table 4. 
 

Table 4. Capacitance of different flow rate in oil (No debris; Temperature: 25.8 ℃) 
Flow rate(L/min) Capacitance(pF)/oil 

0.00 2.51 
4.21 3.68 
5.49 4.21 
6.86 5.47 
8.23 7.69 
9.61 10.11 

 
In order to display the trend of all these data, we plot the curve in Fig.9. Apparently, Fig.9 
reveals the linear relationship as well. 
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Figure 9. The value of capacitance change with flow rate in oil 

 
To demonstrate the linear relationship in Fig.9, we discuss Eq.6 again. Image there are two 
cases. In case one, the speed of flow rate is fast enough, the medium pouring into the capacitive 
sensor is entirely oil, that is, the dielectric permittivity can be marked as condition one. In 
another case, the speed of flow rate is slow enough, almost all medium is air, the dielectric 
permittivity can be marked as condition two. Obviously, there are a great deal of conditions 
between condition one and condition two, and the change of flow rate can reflect into the change 
of dielectric permittivity. Hence, based on Eq.6, the measured capacitance varies linearly with 
the flow rate. 

5  Conclusion 
Lubricant oil monitoring is an critical part of aircraft engine health monitoring. The health state 
of engine can be characterized by means of the oil debris monitoring. This paper presents a 
capacitive sensor structure based on two coaxial cylinders, which is suitable for in-situ 
monitoring debris in the lubricant oil, and explodes its characteristics. The coaxial cylinder 
sensor is designed based on the variable dielectric constant caused by the debris. Meanwhile, 
the mathematical model is developed to describe the sensing mechanism and some relative 
sensors features. The model proves that the capacitance will varies linearly with dielectric 
permittivity. To illustrate the relationship between debris and measured capacitance, an 
experimental device is set up. The experiment verifies that the proposed sensor configuration 
can characterize the debris in a way of capacitance values. Several experimental results indicate 
the developed capacitive sensor is sensitive to debris quantity, temperature and flow rate. These 
experimental results coincide with the mathematical model. However, there are lots of further 
works to do in order to apply the presented method into the application. Especially, it is 
necessary to consider integration with real engine. 
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