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Abstract: Electrostatic Oil Line Sensor (OLS) is one type of the electrostatic sensors based on electrostatic charging phenomenon and has been used in wear debris monitoring in oil lubricated tribological systems. With the advantages of high sensitivity and resolution, OLS has been proved to be an effective sensing technique for sliding, rolling and bearing contacts. However the sensing technique has so far not been widely used in industrial systems due to the difficulties in identify the exact charge sources and charging mechanisms in a complex tribological system. This paper presents the results from a simulation of the sensing mechanisms that is successfully validated by experimental results. The initial OLS simulation results have led to a better sensor design and its application.
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1. Introduction
Electrostatic sensing was firstly developed to detect wear debris presented in the exhaust path of gas turbine engines due to deterioration of engine components [1, 2]. Two electrostatic monitoring systems, EDMS (Engine Distress Monitoring System) and IDMS (Ingested Debris Monitoring System), were installed in gas turbine engines [3, 4]. Later on, significant amount of research has been conducted to develop the electrostatic sensing to monitor wear and debris generation in tribological systems under both dry and lubricated conditions [5]. There are two types of electrostatic sensors, namely OLS (Oil Line Senor) and WSS (Wear Site Sensor) detecting charges in lubricant circulations and on worn surfaces respectively [6]. A large number of experimental work have been conducted to investigate the electrostatic sensing of the tribological contracts, such as sliding rolling and bearing wear systems [7-10], demonstrated that the electrostatic sensing techniques have considerable advantages in condition monitoring of tribo-contacts [11-21]. One of the advantages of electrostatic monitoring techniques is its high sensitivity and resolution. Electrostatic charges at wear site and on wear debris can be directly measured using electrostatic charge signals from the sensors, hence is regarded as a direct measurement of wear rather than measuring the secondary effects of wear, such as vibration and temperature. It can not only detect deterioration due to severe failures similar to conventional techniques but can also provide early warnings and detections [22-25].
Although a large number of investigations have been undertaken on the electrostatic monitoring techniques through experimental studies, limited efforts have been made to investigate the influence of sensor structures and characteristics on the detection. The exact relationships between the charge induced on the sensor surface (sensor output) and the charge in the system that induces the charge on the sensor surface (sensor input) are not confirmed. The detection performance, range and factors of the sensors should be clarified and determined prior to their applications in real engineering systems to ensure robust sensing. Only a few investigations have been carried out in this aspects. Morris [22] used a number of charged steel balls with different diameters to investigate the sensor response and the best sensor geometry was selected, while Harvey [12] developed an oil droplet rig to investigate the electrostatic charges. The concept of the sensor efficiency and the field of view for OLS was firstly raised by Morris
 [22]. Gajewski and Yan et al. [26-31] established a mathematical model for the ring type probe based on charging principles, focused on the output type. However no further investigations into the optimisation of sensors using more effective parameters have been conducted. Also the lack of sufficient experimental work has limited the validation of the model. More suitable parameters and validation methods are required for the optimization of the sensor designs and the better applications of electrostatic sensors
Based on previous research results, a number of parameters have been chosen in this study to characterize electrostatic sensors. A mathematical model based on the electrostatic sensing principle and a predefined OLS structure has been developed to simulate the charging and charge detection mechanisms using OLS. The simulation results have been validated using experimental results obtained through an electrostatic sensor calibration system.
2. Sensing principle and sensor model
2.1. OLSs and their sensing principle
Electrostatic sensing that translate the initial charge in a tribological system to an electrostatic charge signal is a complex process. There are many charging mechanisms that could potentially be involved in a tribological system, including tribo-charging, surface charge, tribo-emission and debris generation [5, 20]. For an OLS, which typically has a ring shape sensing face, is normally positioned in a lubricant flow downstream from wear components. An OLS is consist of four parts, including a conductive probe
 (ring type sensing face and could have more than one
), an insulation layer, a shielding layer and a signal output connector (corresponding to the probe). A schematic diagram of an OLS is shown in Fig. 1.
When a charge source (denoted as q with +Q charge quantity), such as charged debris or lubricant charge species (e.g. additives or soot particles), or the combination of the two, passes through the bore of the sensor, an equal opposite charge will be induced on the sensing face that can be detected as a charge response. For multiple charge sources, the overall charge signal can be obtained by adding the single individual charge sources together. Therefore, single charge source is used and discussed in details during sensor simulation and validation using experimental data.
It is worth mentioning that Fig. 1(b) is a picture of one of the used OLSs in this study which has two identical probes. The two ring probes are relatively far apart and do not interfere each other. Also the results of two outputs are nearly the same with one output condition in experiments. Hence the researches focus on the situation of one ring probe corresponding to one output to simplify the analysis processes and result.
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    (a)                                 (b)
Fig. 1. Electrostatic OLS (a) A schematic of OLS sensor structure and monitoring principle. (b) A picture of the OLS used in this study.
2.2. A mathematical model
Fig. 2 shows the space coordinate system of a point charge in the sensing zone of an OLS according to the mathematical model provided in [30, 31]. It is assumed that the probe has a perfectly conductive ring with its outer surface earthed. The origin of the coordinate is at the geometrical center (symmetrical center) of the probe. The axial direction of the probe is Z axis. The diameter of the probe is set at 2R and a length of 2L in the axial direction is considered. The thickness of the probe in the radial direction is ignored. The ring shape probe is symmetrical thus a point charge within the 3D space can be transformed into the XOZ plane. For a point charge q in the XOZ plane with a coordinate of A(x,0,z), the projection of A on the XOY plane is Ax(x,0,0). 
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Fig. 2. The coordinate system for the sensing zone of an OLS ring probe
By Coulomb's law and Gauss theorem, using the notations in Fig. 2, the total induced charge Q on the inner surface of the probe for a given point charge q can be calculated using the following equation
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 any point of the probe in the XOY plane. Considering the structure of the OLS, where the induced charge will be shielded outside the ring, x has values in the range of (-R, R) in the radial direction.
3. Sensor parameters
3.1. Spatial sensitivity
From Equation (1), it can be seen that the charge Q induced on the sensor at a fixed length and diameter is affected by the point charge q, its radial position x and axial position z. Since the induced charged Q is proportional to the inducing charge q (seen from Equation (1)), the spatial sensitivity [30] is a proposed parameter which is only related to the spatial position getting rid of the influence of inducing charge quantity q
. In addition, based on the electrostatic sensing principle and the conservation law of charge, the induced charge Q on probe and the inducing point charge q have opposite polarities, whereas the sensor output Q' has the same polarity as the inducing charge q.
Thus, in order to ensure the parameter to be positive, the spatial sensitivity of a ring type electrostatic probe is defined as the negative value of the ratio of the induced charge to the inducing point charge and is represented by the following dimensionless parameter
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where s is the spatial sensitivity, Q is the induced charge on the probe and q is the inducing point charge, x and z are the space relative radial and axial position of the point charge to the probe. The induced charge Q can be calculated using the above mentioned mathematical model for a point charge at any positions in the sensing zone.
3.2. Input and output correlation curve

To understand the relationship between input and output, experimental sensor calibration is usually required to produce an input-output correlation curve, which becomes the basis of the sensor characteristic and other parameters. For the electrostatic OLS, the input is the inducing charge located in the sensing zone that can be measured using suitable devices, while the corresponding output is the voltage signal that is acquired and processed by the electrostatic sensing system. According to Ohm's law, the actual output voltage signal and the induced charge are related according to the following equation
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where U is the output voltage and Ri is equivalent resistance of the electrostatic monitoring system, and t is the change time of the induced charge Q. A typical result of an inducing point charge passing through OLS is illustrated in Fig. 3. Even conducted in a relatively clean environment, charge measurements in different laboratories using different instrumentation could end up different absolute values due to cabling, charge amplifiers and connectors etc. However the output voltage is always proportional to the factor Ri. Hence the ratio together with the maximum value is used to ensure repeatability and consistency of the measurements.
[image: image10.png]Normalized amplitude

1.0

0.5 1

0.0

-0.5 1

-1.0

Time





Fig. 3. A schematic of an induced charge and the corresponding output voltage when the inducing point charge passes through the sensing zone.
3.3. Sensor efficiency
Sensor efficiency or sensitivity is an important parameter that measures the sensor’s detection ability. Since the spatial sensitivity and input-output correlation curve change with the position of the inducing point charge, a relatively static parameter i.e. sensor efficiency corresponding to a specific and fixed spatial position to the probe which can directly reflect the minimum detection ability while the inducing charges are passing through the sensing zone [22]. It means no matter how the charge sources pass through the sensor (position, velocity, trajectory and rotation), the detected output can at least have the corresponding ratio of values to the inducing charges.
Morris [22] defined the sensor efficiency as the ratio of the negative value of the induced charge on the probe to the inducing point charge at a specific position in the sensing zone of the OLS and multiply by 100%. The theoretical efficiency can be thus be expressed by the following:
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where η is the sensor theoretical efficiency, Q is the induced charge on the probe and q is the inducing point charge, x0 and z0
 are the selected specific space relative radial and axial position to the probe. It is obvious that the sensor theoretical efficiency is actually equal to the spatial sensitivity of the position (x0, z0) to the probe.
The ‘real’ sensing efficiency of the electrostatic OLSs is measured through experiments based on the actual input and output signals. It is defined as the ratio of the sensor output charge to the sensor input charge at a specific position and also multiply by 100%, can be represented by the following:
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where η' is the sensor real efficiency, Q' is the charge of the sensor output and q' is the charge of the sensor input, x0 and z0 are the same parameters used in Equation (4), i.e. same position as the theoretical sensor efficiency. The reason for theoretical efficiency with minus has been given above in section 3.1. However, since the input and output charge measured by sensors have same polarity, there is no minus sign in Equation (5). More details on the position of charge in the OLS will be given in the results and discussions part below. The range of both efficiencies should be between 0 and 1.
3.4. Static sensitivity
Due to the fact that an input charge will be in a state of constant motion, it is difficult to determine the specific position of the charge at a specific time. While the sensor output is a voltage signal instead of charge, it makes it more difficult to calibrate and validate the sensor through experiment. Thus, static sensitivity [28] has been introduced to define sensor’s physical characteristics. Static sensitivity has been used to quantify the sensor’s ability in responding to charge variations that can be obtained from the sensor input and output correlation curve. Different from the spatial sensitivity, the static sensitivity is defined as the ratio of the increment of voltage of the sensor output to the increment of charge of the sensor input, which can be expressed by the following:
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where s' is sensor static sensitivity, ΔU' is the increment of voltage of the sensor’s output and Δq' is the increment of charge of the sensor’s input. The corresponding position of this parameter will be further explained in the experimental setup and discussion below.
3.5. Field of view

Similar to that in optics [32-34], 'field of view' is introduced as an essential and significant parameter for electrostatic OLSs due to the fact that OLSs only detect charge in the field of the sensing zone of a probe. The electrostatic field of view used in Morris's work [22] was defined as the measurable maximum range in space detected by the electrostatic sensor when an inducing charge passes through the sensing zone of the sensor probe. The part of charge that is out of the range cannot be detected by the electrostatic OLS thus is the 'blind area' of the sensor. Field of view is an important parameter that characterizes the scope of a sensor and can also be used to optimizing the design of OLSs.
Assuming the inducing point charge is passing through an OLS at a constant velocity vc at a constant radial position, as seen in Fig. 1(a), the corresponding charge induced on the sensor can be illustrated as the red curve in Fig. 3, where a peak starts at p1 when the level first rises above the baseline and ends at p2 when the level returns to the baseline level. The duration from p1 to p2 is taken as the duration of charge passing the probe tp. The electrostatic field of view mp at the corresponding radial position can thus be calculated by the following equation [22],
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The duration tp can be calculated using 
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. The total field of view in the axial direction of the OLS is the collection of the field of view at all the corresponding radial positions
. Since the field of view of an electrostatic OLS in the radial direction is limited to inside of the sensor so has the maximum length of the probe internal radius. Hence the field of view for electrostatic OLSs is typically referred to the range in the axial direction. Due to the symmetrical nature of the ring shape probes, the field of view is identical on the two sides from the centre of the probe. The investigation will thus only be looking at one side of the sensor for simplification. Then the total field of view can be obtained and doubled by the half range
.
4. Experimental setup and calibration method

According to the principle of electrostatic sensing and the presented sensor parameters, the charging oil droplet is selected as the input inducing charge in the experiment calibration, referring to the investigation conducted by Harvey et al [12]. A further modified experimental setup and the monitoring system is designed and used for calibration and validation of the electrostatic OLS, as shown in Fig. 4.
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(a)                             (b)
Fig. 4. The experimental setup and electrostatic OLS calibration system (a) Schematic diagram. (b) Organization of the instrumentation
The electrostatic OLS calibration system consists of four parts, namely, oil charging device, sensor support and positioning, data acquisition & signal processing and oil charge measurement. The oil charging device is the part to produce the charged oil droplet, with charging quantity and polarity adjustable, as the input to the sensor. It consists of an oil reservoir, from which a valve feeds an electrically insulated metallic needle holder. A high voltage power supply is connected to the reservoir and needle holder so that the potentials of up to ±500 V can be applied to the droplet. When the valve is opened a droplet forms on the needle and the applied potential between the needle and an earthed ring induces charge on the oil droplet.
The sensor support and positioning platform is the part to fasten the OLS to be tested and control the relative position of the droplet path to the sensor probe. The direction of the sensor is fixed vertical to the ground (parallel to the droplet path) in order to ensure the oil droplet passing through the sensor and falling into the Faraday cup.
The part of data acquisition and signal processing is a monitoring system connected to the electrostatic OLS through a charge amplifier (amplified 1000 times) and cables for acquiring the electrostatic signal output from the sensor. The output voltage is recorded by an NI data acquisition card through a LabVIEW program. The absolute charge of the oil droplet is measured using a Faraday cup connected to a Keithley 6517B electrometer as the sensor input.
The corresponding input and output signals are both measured to further analysis the electrostatic sensor. Moreover, all the following experiments are processed in a relative pure environment with little electromagnetic background noise to enlarge the signal to noise ratio, while the test errors exist inevitably.

5. Results and discussion
5.1. Simulation of spatial sensitivity and theoretical efficiency
Based on the mathematical model for electrostatic OLS described in sections 2.2 and 3 above, the spatial sensitivity of oil line sensor can be simulated using Equations (1) and (2). Due to the symmetrical structure of the probe, the distribution of spatial sensitivity is investigated in two directions, i.e. in the axial direction at a fixed radial position and in the cross-section plane at a fixed position along the axial direction. In simulation, the length in axial direction H and diameter D of the probe are considered, while the thickness of probe (radial thickness), insulation and shielding layer are neglected due to the relatively small value compared to D. From Fig.2, it can be seen that H =2L and D=2R. All the lengths described below are in millimeter (mm).
The distribution of spatial sensitivity is simulated for a range of H and D values and the results are presented in Fig. 5. Figs. 5(a) and 5(b) show the results for H=20 and D=20. From Fig. 5(a), it can be seen that the spatial sensitivity s increases with the decrease of the absolute value of axial position z (|z|) when radial position x is fixed; the spatial sensitivity s has the maximum values when z=0, i.e. at the center of the ring; as expected, the spatial sensitivity in the axial direction is symmetrical on the two sides of z=0; all the curves intersect at about |z|=10, i.e. the probe length. It can be seen that the s value gradually decreases to close to zero at about |z|=40 mm, which means that the spatial sensitivity of OLS exists both inside and outside of the probe. From Fig. 5(b), it can be seen that the spatial sensitivity s increases with the increase of |x| inside of the probe (|z|<10mm) while it decreases outside of the probe; the spatial sensitivity s has a minimum at the center inside the probe and a maximum at the center outside the probe.
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Fig. 5. Simulated spatial sensitivity of OLS (a) Axial distribution with probe parameters H=20 & D=20. (b) Radial distribution with H=20 & D=20. (c) Axial distribution with H=10 & D=20. (d) Radial distribution with H=10 & D=20. (e) Axial distribution with H=20 & D=14. (f) Radial distribution with H=20 & D=14. (g) 3D distribution with H=20 & D=20
Figs. 5(c)-(f) show similar results for two other H & D variations: (c) & (d) for H=10 and D=20; while (e) & (f) for H=20 and D=14. The results show that the variation of probe length and diameter does change the spatial sensitivity values and it distributions however the trend and the relationships between s and the probe geometrical parameters are similar. The results also agree with the basic principle of electrostatic charging, i.e. the closer the distance between the inducing charge and probe surface, the more electric flux terminates on the sensing face and the more charge is induced in the sensor surface. A 3D diagram of spatial sensitivity distribution for the H=20 and D=20 is plotted in Fig.5(g) to illustrate the spatial sensitivity in both radial and axial directions.
To further investigate the influences of the probe parameters H and D, Fig. 6 and Fig. 7 show the spatial sensitivity distributions in the axial direction at varied probe length and diameter respectively. Fig. 6 shows the spatial sensitivity distributions at five probe lengths and at three radial positions when D was kept at 20mm as well as at the central axial position when D was 30mm. It can be seen that the spatial sensitivity increases with the increase of H at the same radial position when D is fixed. Also, the maximum spatial sensitivity increases as H increases. Comparing Fig. 6 (d) with (a), it seems that, increasing the probe diameter will reduce its spatial sensitivity when the length is relatively short (H<60) however similar sensitivity can be achieved when H=80mm. This is further investigated by varying the diameter of the probe at two lengths in Fig. 7. It shows that the maximum spatial sensitivity decreases with the increase of D inside of the probe and increases outside when the H is fixed. Since the spatial sensitivity inside of the probe is essential in electrostatic detection that should be enhanced and the spatial sensitivity outside the probe that is likely to interfere and reduce the accuracy of detection, it is thus beneficial to design and manufacture long and thin ring shape OLSs for the best practice.
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Fig. 6. Spatial sensitivity distribution with different probe lengths at different radial positions (a) x=0 with D=20. (b) x=3 with D=20. (c) x=6 with D=20. (d) x=0 with D=30.
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Fig. 7. Spatial sensitivity distribution in axial direction at the central radial position (x=0) with different probe diameters at two probe lengths (a) H=20. (b) H=30.
Combining the two parameters, it is clear that the higher the ratio between the length and diameter, the higher the spatial sensitivity can be achieved for an electrostatic OLS. Thus the ratio of the probe length and diameter [22] has been defined as the ratio of an electrostatic OLS (:
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where λ is the ratio of electrostatic OLS, H is the length of the probe and D is the diameter of the probe.
Figs. 8(a)-(c) show the spatial sensitivity distributions in axial direction at radial position x=0 and a range of probe lengths at three different λ values (1, 0.5 and 1.5). It can be seen that, when the ratio ( is fixed, while the spatial sensitivity increases with the increase of H in the axial direction, the maximum spatial sensitivity is fixed at the center of the probe (z=0). This is demonstrated in Fig. 8(d), where a constant spatial sensitivity is achieved at z=0 and x=0 for any fixed ( values despite the change of the probe length. Fig. 8(d) also shows that the spatial sensitivity of an OLS at its center increases with the increase of the ratio between the probe length and diameter. Due to the special position of the geometric center of the probe, also the origin of the coordinate system, this position (x=0 and z=0) has also been used to represent the spatial sensitivity of OLS and to evaluate the sensor’s sensing efficiency, which means that the coordinate (x0, z0) in Equations (4) and (5) will be (0, 0). Hence the theoretical efficiency of OLSs with the change of ratios is calculated and the efficiency curve is presented in Fig. 8(e). It can be seen that the theoretical efficiency increases with the increase of ratio however the rate of increase decreases as the ratio increases, where the efficiency rises rapidly to about 0.6 when λ increases from very low to 1 then gradually increases towards to 1 when λ increases from 1 to 5.
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Fig. 8. Simulated spatial sensitivity of OLS with different ratios of length and diameter (a) Axial distribution at x=0 when ratio λ=1. (b) Axial distribution at x=0 when ratio λ=0.5. (c) Axial distribution at x=0 when ratio λ=1.5. (d) Distribution vs. probe length at a series of ratios x=0 and z=0. (e) Theoretical efficiency curve of OLS vs. the ratio.
This result is in agreement with the physical principle of electrostatic charging, i.e. the larger the ratio of the probe length to diameter, the more amount of electric flux that is produced by the inducing point charge positioned at the geometric center of the probe terminates on the sensing face and the more charge is induced on the sensor surface, the larger the theoretical efficiency of the OLS. As the ratio approaches infinity, theoretically, all the electric flux will terminate on the sensing face and the theoretical efficiency approaches 1. The accuracy and suitability of the mathematical model for electrostatic OLSs will be further validated through experimental study in the following sections.
5.2. Experimental input and output correlation curve
In the experiment, the input (or inducing) charge is the charge on the oil droplet, which is charged by the oil charging device described above. The amount of charge on the droplets is controlled by the voltage applied using the DC power supply and is measured using the electrometer in the Faraday cup. The linear relationship between the applied voltage UDC and the charge on the oil droplets is demonstrated in the results plotted in Fig. 9. 
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Fig. 9. Correlation between applied voltage and charge of oil droplet.
As mentioned above, the output of the sensor is obtained from the OLS. After a series of oil droplet experiments, the input and output correlation curves of the OLS were plotted and is shown in Fig. 10. During the experiment, an electrostatic OLS of 1 inch
 inner diameter with probe axial length H=20mm and radial diameter D=20mm
 was used. The path of oil droplet was firstly positioned at the center of the ring (x=0), while the applied voltage was increased from 0 V to 500 V at a 50 V increment. During each test, the oil droplet charge measured by the electrometer and the maximum of corresponding voltage signal (seen in Fig. 3) measured by the OLS were recorded. The tests were repeated at two more radial positions, x=4mm and x=8 mm. Fig. 10 summarizes the three experimental results together with the linear least square fitting for each of the test. It can be seen that, while good linear correlations between the output voltage from the OLS and input charge measured by the electrometer are found at all radial positions, the output voltage increases as the radial position of the oil droplet is closer to the sensor surface. The slope of output-input lines, which represents the static sensitivity of the OLS, increases with the radial position x, i.e. the sensing sensitivity increases as the distance between inducing charge and probe surface reduces, which is similar to the spatial sensitivity from the mathematical model. 
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Fig. 10. Correlation between the output induced voltage from the OLS and the input inducing charge on the oil droplet measured by the electrometer.

5.3. Experimental static sensitivity and fitting results
In order to investigate the static sensitivity in more details, more experiments were conducted using the same OLS (named as 1# OLS) with the horizontal movement every 1mm from the center to the inner wall of the sensor. Each static sensitivity of the corresponding radial position was calculated from the slope of the line after the least square fitting of the measured data. Then the static sensitivities of the sensor were plotted against the radial position in Fig. 11, where a polynomial fit is also plotted over the experimental data. The mathematical expression of the polynomial fitted curve is given in formula (9) while the fitting parameters are presented in Table 1.
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where x is the radial position of the OLS in meter (m), s'(x) is the static sensitivity of the OLS corresponding to the radial position x in V/pC and r is the inner diameter of OLS
. From Table 1, it can be seen that the result fitted extremely well and is very similar to the trend found in the simulated spatial sensitivity in radial direction, i.e. the value changes slowly near the radial center and increases rapidly close to the sensor surface.
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Fig. 11. Radial static sensitivity of 1# OLS
.
Table 1
The polynomial fitting parameters of radial static sensitivity for 1# OLS 
	Parameter
	Result

	SSE
	2.483×10-10

	R-square
	1

	Adjusted R-square
	1

	RMSE
	5.571×10-6


Further investigations have been taken to validate the calibration method through more experiments using a range of electrostatic OLSs. The probe parameters are listed in Table 2. All experiments followed the same procedure described in section 5.2 for the 1# OLS and the results are summarized in Fig. 12 with fitted curves. As can be seen, each OLS has a unique radial static sensitivity curve, which can be used as their calibration characteristics. 
Table 2

Probe parameters of four experimental OLSs to be calibrated
	OLS
	Sensor inner diameter
d (in)
	Probe axial length

H (mm)
	Probe radial diameter

D (mm)
	Ratio of length and diameter

λ

	1#
	1
	20
	28

	0.714

	2#
	1
	10
	28
	0.357

	3#
	0.5
	10
	14
	0.714

	4#
	1.5
	28
	40
	0.7


[image: image42.png]Static sensitivity s' (V/pC)

0.012

S

-

S

S0
l

0.004

K 0 1# OLS data

1# OLS fitted curve
O 2# OLS data

- - - -2# OLS fitted curve
A 3# OLS data

------- 3# OLS fitted curve
X 4# OLS data

------ 4# OLS fitted curve

I I
0.010 0.015 0.020

Radial position x (m)




Fig. 12. Radial static sensitivity of four OLSs with different probe parameters.
From Fig. 12, it can be seen that the radial static sensitivity of OLS changes with the probe parameters. At the same radial position, it indicates that the OLS with a longer axial length has a higher static sensitivity under the same radial diameter by comparing 1# and 2#; whereas a smaller radial diameter has a higher static sensitivity under the same axial length by comparing 2# and 3#; it also indicate that a smaller size of OLS has a higher static sensitivity under the nearly same ratio of length and diameter by comparing 1#, 3# and 4#, while it equals at the center position i.e. x=0 for the three OLSs. The experimental conclusions are in accordance with the simulated analysis of spatial sensitivity distribution in section 5.1, which further validate the effectiveness of the designed and employed electrostatic calibration method and measured data while also prove the correctness of the built electrostatic OLS mathematical model and the results of induction simulation
.
5.4. Real sensing efficiency and field of view
Transforming the experimental electrostatic signal acquired at the center position to charge, the corresponding Qmax can be noted to calculate the actual efficiency of OLS
. The results from the four electrostatic OLSs are plotted in Fig. 13(a) using the box-plot method. It can be seen that the values of real sensing efficiency of 1#, 3# and 4# OLSs, which have nearly the same length to diameter ratios, are very similar at about 0.6, while the value for 2# OLS is at about 0.3. These values are very close to the theoretical efficiency values from the simulation in section 5.1. In order to validate the trend of real sensing efficiency, more OLSs with different probe ratios have been tested following the same experimental procedures as described above and the results are shown in Fig. 13(b). Both the maximum and minimum values are shown as the range and the median at each ( is shown in diamond shaped point based on multiple tests after outlier removal.
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Fig. 13. Actual efficiency of electrostatic OLS (1) Four experimental sensors (2) A series of probes with different ratios.
The trend shown in Fig. 13(b) is very similar to that in Fig. 8 from the modeling, which also agrees with Morris's simulation results [22. The experimental results have successfully proved that the theoretical model can be used to obtain the efficiency curve of known electrostatic OLSs and for designing new OLSs. 
It is worth pointing out that, the output voltage and transformed charge are the maximum value of corresponding signal, as illustrated in Fig. 3. Also, the electrostatic data acquired using the OLSs contain background noise from the cables and the data acquisition system thus have caused an oscillation in the electrostatic signals and lead to variations in the time domain. This has caused difficulties in correlating them with the accurate positions compared to the simulation where the maximum of the signal was clear, steady and easy to be extracted.
The electrostatic field of view is an important parameter for OLSs and was therefore tested using similar methods. According to the definitions given in section 3.5, the speed of the charged oil droplet moving through the OLS is required for the calculation of the field of view. The velocity vc of the charged oil droplet can be calculated using the equation below [22]:
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where g is the gravitational acceleration and approximately equals to 9.81 m/s2, hc is the vertical distance between the bottom of the metallic needle, i.e. the release point of the oil droplet, and the center of the probe, vc is the velocity of the droplet through the central section of the OLS.
Considering the sizes of probe and sensing zone are far less than the falling height of oil droplet, the velocity of oil droplet passing through the sensor can be considered as a constant that equals to vc, while the falling height is easily measured. Then it is obvious that the field of view of an electrostatic OLS can be calculated using Equation (7) in association with Equation (10). The four OLSs described in Table 2 were tested and the field of view results are shown in Fig. 14. In order to compare the results between the sensors, the radial position of the OLSs has been normalized by the following equation:
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where ρnor is the normalized radial position of OLS, x is the actual radial position of the oil droplet and D is the radial diameter of the probe.
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Fig. 14. Field of view of four OLSs with different probe parameters.
As it was mentioned above, the field of view in Fig. 14 only represents half of OLSs in the axial direction. The maximum, minimum and average values from multiple oil droplets measurements are plotted. For all the OLSs, the field of view in axial direction increases with the increase of the normalized radial position and reaches its maximum when ρnor=1 i.e. x=0. Thus the axial field of view at the center line (x=0) of OLSs can be regarded as the effective viewing field that represents the field of view of OLSs. It also indicates that the OLSs with a longer axial length have a longer field of view under the same radial diameter (comparing 1# and 2#); a larger radial diameter also has a longer field of view under the same axial length (comparing 2# and 3#); the 4# OLS with the maximum size (longest length and diameter) has the largest field of view. In brief, the larger size of a probe, the larger electrostatic field of view the OLS has. This also agrees with the findings in Morris' work [ref?]. From Fig. 14, it can also been seen that the range of the field of view is larger than the size of probe just like the spatial sensitivity predicted
. As a result, in order to reduce the noise from the background and electromagnetic interference surroundings, it requires a larger size OLS especially a effective shielding layer in the axial direction
 to cover the probe and the electrostatic field of view
.
Considering the applications electrostatic OLSs, it is recommended that sensors with the highest possible length to diameter ratio should be firstly considered to increase the sensor efficiency for a given diameter of oil pipes to be monitored. The overall size of the OLS should be increased within the limitations of installation and fixation. In general, selection of electrostatic sensors should consider both the sensor efficiency and its field of view according to the oil circulation system and the surroundings. 
5. Conclusions
This paper has investigated the electrostatic sensing using OLSs through both theoretical modeling and experimental validation approaches. A number of parameters have been used to characterize OLS properties, including spatial sensitivity, sensor efficiency, static sensitivity and electrostatic field of view. The main conclusions are summarized below.
1. The spatial sensitivity of an OLS increases with the decrease of axial position and the increase of radial position inside the probe. The spatial sensitivity also exists outside of the probe but has the opposite trends as those inside the probe.
2. The ratio of the probe length and diameter is a significant parameter for electrostatic OLSs and the higher the ratio the higher the spatial sensitivity and theoretical efficiency can be achieved.
 Electrostatic OLSs with the same ratio have the same theoretical efficiency, even when the probe length and diameter are different. 
3. The real sensor efficiency obtained through experiment is in agreement with the theoretical efficiency, which successfully validated the simulated theoretical efficiency curve.
4. 
The electrostatic field of view calculated based on the measurements from a range of OLSs at different probe lengths and diameters shows that, the field of view increases with the increase of normalized radial position and has the maximum at the center line of the sensor. However OLSs with larger probe length and diameter have a larger field of view, even when the ratios of the probe length and diameter are the same.
6. In the applications of electrostatic OLSs, it is recommended that sensors with larger ratio of the probe length and diameter should be firstly selected to increase the sensor efficiency with a given diameter of the oil pipe, while the overall size of the OLS should be increased as much as possible within the restriction of installation and fixation. A comprehensive consideration should be researched to decide the most suitable size of the electrostatic sensor eventually.
7. In addition, it is important to look into the actual industry environment where complex conditions may affect the performance of electrostatic OLSs such as strong background noises, which will be investigated in the future research on electrostatic sensing. 
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�Please add ref


�Ruochen, did your OLS have one or two rings in the tube? I am so confused!!


�I don’t understand how this works? You need to make this absolutely clear!


�Ruochen, can you fit the whole integration part of the equation on one line please?


�Also, I am not sure if you should use capitals for all the X, Y, Z and O? They should be aligned with the symbols in the graph too.


�Cannot understand what you are trying to say here – please explain.


�Why introducing x0 and z0 to make this different from equation 2? The two equations are same – I don’t know why you define a new parameter which is exactly same as the special sensitivity? Anyway, sensor efficiency doesn’t make any sense! Not compared with special sensitivity anyway.


�This sentence doesn’t make any sense. Can you please explain?


�Shouldn't this be ‘doubled’?


�I don’t think you need this paragraph.


�Use mm please!


�I’m confused – what is this diameter? Why is it different from the inner diameter?


�Is r same as D?


�The diameter of the OLS was 20mm, how did you get the point at x=0.011 m?





�Should this be 20, which is given above (on p13)?


�Ruochen, it would be interesting to see if you use the ration between radial position and diameter on the x-axis instead to see if a more obvious relationship can be found?


�Can you explain how this is done as it is important?


�I don’t understand this statement, please explain?


�Why in axial direction?


�Again this sentence doesn’t make sense to me, please correct.





_1519055192.unknown

_1528231961.unknown

_1531549825.unknown

_1531550110.unknown

_1528231962.unknown

_1519573245.unknown

_1519983828.unknown

_1528231960.unknown

_1520010257.unknown

_1519810417.unknown

_1519061345.unknown

_1519121655.unknown

_1519056543.unknown

_1517601453.unknown

_1517814768.unknown

_1517601451.unknown

