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Abstract

:

In order to realize the lubricant fluid condition monitoring of ships and offshore engineering equipment, a multi-channel, dual-mode oil multi-pollution detection sensor is proposed and fabricated. The sensor has three detection channels connected via tee tubes, as well as two different detection modes, inductive and capacitive, respectively. In comparison to the traditional sensor, this sensor not only has the ability to distinguish and identify a diverse range of pollutants, but it also experiences an 11-fold increase in its volume of flow, resulting in a significant enhancement in detection efficiency. The mechanism of the inductive and capacitive modes for the differentiated detection of multiple pollutants is elucidated through theoretical analysis. The performance of the sensor is investigated using the constructed experiment platform. The experimental results show that the sensor can realize the simultaneous detection of metallic and non-metallic contaminants in lubricating oil fluids. It can detect the smallest iron particle size of 54 μm, the smallest copper particle size of 90 μm, the smallest water droplet size of 116 μm, and the smallest air bubble size of 130 μm. A novel approach for achieving ship and marine engineering equipment health monitoring and fault diagnosis is presented in this study.
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1. Introduction


Ships and marine engineering equipment are the main means and carriers for human beings to carry out maritime transportation activities and to develop, utilize, and protect marine resources [1]. Influenced by the complex environment, high load, and continuous operation, ships and marine engineering equipment are characterized by the high risk of failure, high difficulty in assessment, and high maintenance and management requirements; their safety and reliability directly affect the normal operation of machinery and equipment, as well as the safety of the staff. Therefore, timely or real-time health assessment, condition warning, fault diagnosis, and maintenance, as appropriate, of marine engineering equipment is essential. As the “blood” of ships and marine engineering equipment, oil has the role of transferring energy, reducing friction between components, lowering system temperature, slowing down the oxidation of component surfaces, and reducing equipment vibration. The pollutants in the oil carry rich information about the operating status of the equipment, and this has obvious advantages in technology and prospects through the high-precision and rapid differentiation in the detection of pollutants in the oil, thus realizing the intelligent operation and maintenance of ships and marine engineering equipment and comprehensively improving their reliability [2,3,4].



Oil contaminants mainly include solid particles, water, and air bubbles [5,6,7]. These contaminants are metal wear particles generated by the friction of mechanical parts, and water and air bubbles generated by the poor sealing of equipment. These contaminants in the oil deteriorate the oil and cause machinery and equipment to malfunction or even stop working [8,9,10]. In recent years, a variety of oil detecting and analyzing techniques have been developed, mainly divided into online and offline detecting. A variety of methods have been derived based on the online or offline detection of oil, which can be categorized into optical, acoustic, magnetic, and electrical methods according to the detection principle [11,12]. The principles, advantages, and disadvantages of various detection methods are shown in Table 1.



Through Table 1, it can be seen that each method of oil detection and analysis has its own limitations and limited scope of application, so practical applications often use a variety of technologies in a joint approach to obtain as much information as possible about the physical and chemical properties of the oil. In the above methods, inductive and capacitive methods are widely used in oil detection due to their simple structure and low cost [20,21,22,23]. Our team has developed a series of micro inductive oil sensors based on microfluidic chips, which can realize the differentiated detection of multiple contaminants in oil fluids. Such micro inductive oil sensors not only enable particle counting of oil contaminants, but are also small in size and feature high analytical accuracy, easy integration, and automation, which can help to develop portable and online monitoring devices for real-time monitoring of oil condition. SHI designed a capacitive sensor to recognize air bubbles of 110 μm in oil [24]. Zeng invented a parallel plate capacitor with double coils and successfully recognized water and air in oil [25]. The detection efficiency of this sensor is low and it is unable to distinguish metallic contaminants in the oil fluid. The inductive method can distinguish metallic contaminants in the oil fluid. Common inductive sensors are triple-coil type [26,27], double-coil type [28,29] and single-coil type [30,31]. However, if these sensors have higher detection accuracy, they are difficult to process and are unable to distinguish between water and air in the oil.



In order to improve the detection throughput and range of the sensor, we designed an oil detection sensor containing multiple detection channels, multiple detection units, and two detection modes that realizes the differentiated detection of multi-pollutants such as metal particles, water and air.




2. Materials and Methods


2.1. Production Materials of the Sensor


Figure 1 depicts the overall configuration of the sensor. The components of the sensor mainly include: three-way tubes (1 and 2), capillary glass tubes (3, 4 and 5), oil reservoir (6), PMMA (7), slide (8), detection units of inductive mode (I and II), and detection units of capacitive mode (III and IV). The specific dimensions of each component are shown in Figure 1b. The structural parameters of the detection unit for different detection modes are shown in Table 2.



Since the detection channel of the conventional oil detection sensor is a single channel with an inner diameter of 300 μm, the cross-sectional area of the channel is only 0.0225π mm2. However, the paper designed a sensor that incorporates several detection channels. The cross-sectional area of the channel can be calculated as 0.2475π mm2 by the inner diameter size of each detection channel in Figure 1b. Under the same experimental conditions, the volume of flow increases to 11 times greater than the conventional sensor, which greatly improves the detection efficiency.




2.2. Production Methods of the Sensors


The sensor was produced as follows: first, three-way tube-1 (1) and three-way tube-2 (2) with adhesive were arranged on the slide (8) with PMMA (7) underneath each three-way tube as shown in Figure 1a. Then, detection unit III was fixed on a short capillary (3), and the ends of 3 were connected to 1 and 2, respectively, and sealed with glue. Next, detection unit IV was fixed on a long capillary (4), and the other long capillary (4) passed through the center hole of detection unit II, and the two long capillaries were connected to the remaining two outlets of 2 and sealed. The other ends of each of the two long capillaries were padded with PMMA underneath. Then coarse capillary (5) was passed through the center hole of detection unit I and one end of coarse capillary was connected to 1 and sealed, and the other end was padded with PMMA underneath. Finally, the three oil reservoirs (6) were arranged in the position shown in Figure 1a.





3. Results


3.1. Detection Principle


3.1.1. Principle of Inductive Mode Detection


There are two detection units, I and II, in the inductive mode of the sensor. The solenoid type takes up a lot of space but has a more evenly distributed magnetic field, while the planar type takes up less space but has a stronger local magnetic field.



Figure 2 illustrates the principle of inductive mode detection. When AC voltage is applied to the detection units, if ferromagnetic particles in the fluid pass by, the magnetic effect of magnetization causes the apparent inductance of the detection unit to increase, which is greater than the effect of eddy currents. On the other hand, if non-ferromagnetic particles pass by, the apparent inductance of the detection unit only decreases due to the effect of eddy currents.



An earlier study [24] indicates that the metal particles passing through the coil result in a change in inductance.


  Δ L = Im  (    Δ  Z  max 1    ω   )  = 0.5  μ 0     [    ∑  m = 1  M      P m   (   z 0   )     w 2       ]   2  R e  (   K p   )   



(1)




where   Δ  Z  max 1     is the peak value of impedance change caused by metal particles passing through the planar inductor coil,  ω  is the frequency of alternating current,    μ 0    is the permeability of the vacuum, w is the thickness of the single-layer planar coil,    K p    is the magnetization factor, and    P m  (  z 0  )   is the function of the geometrical characteristics of the coil and the position of the particles.




3.1.2. Principle of Capacitive Mode Detection


The sensor’s water droplet and bubble detection units are based on the capacitance modes III and IV. The unit III occupies a small space but the local electric field is strong, and the unit IV occupies a large space but the local electric field is uniformly distributed.



Figure 3 illustrates the principle of capacitance mode detection. The capacitance of a capacitor is solely influenced by the dielectric constant of non-metallic particles when determining the configuration of the capacitor. Due to the significant variation in the dielectric constant of oil, water, and air, capacitive mode can distinguish and detect them.



The previous study [30] states that the capacitance change caused by a particle passing through an ideal capacitor is


  Δ  C ˜  =   C ˜   m i x   −   C ˜  o  =    (    ε ˜   m i x   −   ε ˜  o   )  S  d   



(2)






  Δ  Z ˜  =  1  j ω Δ   C ˜   m i x     −  1  j ω Δ   C ˜  o     



(3)




where   Δ  C ˜    is the capacitance change caused by particles passing through an ideal capacitor,     C ˜   m i x     is the complex capacitance of the capacitance sensor,     C ˜  0    is the capacitance when no particles pass through the capacitive sensor,     ε ˜   m i x     is the equivalent complex permittivity of a mixed solution of oil and particles,     ε ˜  0    is the complex permittivity of oil,  S  is the area of the parallel capacitor plates,  d  is the distance between the two plates, and   Δ  Z ˜    is the complex impedance change of the capacitor caused by the particles.



In the case of the capacitor structure parameters being determined, the change in capacitance depends entirely on the change in the dielectric constant of the medium. When the dielectric constant of the oil and particle mixture     ε ˜   m i x     is greater than that of the oil     ε ˜  o   , the change of capacitance is positive, and the reverse is negative. It is possible to differentiate between the detection of water droplets and air bubbles in the oil based on the direction in which the capacitance changes.





3.2. Pre-Experiment Preparation


3.2.1. Experimental System


To evaluate the sensor’s overall performance, an experimental setup was built, as shown in Figure 4. The syringe pump was employed to deliver oil to the sensor at a constant flow rate, allowing for real-time observation of the sensor’s operation and the characteristics of impurities through the microscope. The impedance analyzer was utilized to provide excitation to the sensor and collect data for transmission to the computer. Subsequently, the computer was responsible for collecting and analyzing the data. For the experiment, the syringe pump was connected to the sensor oil inlet through a rubber tube, the sensor was placed under the microscope, the four detection units of the sensor were connected to the impedance analyzer through wires, and the impedance analyzer was connected to the computer. This experimental platform can be utilized to test various types of pollutants present in the oil.




3.2.2. Experimental Sample Preparation


The steps of experimental sample preparation are shown in Figure 5. Before adding 100 mL of oil, 15 mg of iron and copper particles (Hebei Leber Metal Material Technology Co., Ltd., Xingtai, China) of different sizes were measured with a precision balance. The samples were then thoroughly mixed by subjecting them to oscillation at 2500 rpm for 30 min using a vortex mixer. A pipette gun was used to take water and air into the oil solution, and then the vortex mixer was used to mix the sample, and the size of water droplets and air bubbles was controlled by controlling the oscillation time.





3.3. Experiment and Results


3.3.1. Inductive Mode Experiment


The main purpose of inductive mode detection is to identify metal particles in oil. Two inductive coils were linked to the impedance analyzer. Based on previous research [24,25], the impedance analyzer’s frequency and excitation voltage were set at 2 MHz and 2 V, respectively. To account for the impact of oil overflow speed on detection accuracy [24], the flow rate of the micro syringe pump was adjusted to 480 µL/min. The experiment utilizes mixed samples along with different inductive coils. The detection results for different sizes of metal particles are shown in Figure 6 and Figure 7.



Table 3 illustrates the experimental statistics for various detection units operating in an inductive mode. The results reveal that detection unit Ⅱ has significantly higher fundamental noise compared to detection unit Ⅰ. Furthermore, the noise levels in both coils remain relatively constant. Additionally, when detecting particles of the same size, the signal amplitude of detection unit Ⅱ surpasses that of detection unit Ⅰ. Moreover, the signal-to-noise ratio of detection unit Ⅱ is also higher than that of detection unit Ⅰ. However, the pulse width of the signal in detection unit Ⅰ is marginally wider than that of detection unit Ⅱ.




3.3.2. Capacitive Mode Experiment


In the earlier study [32], the capacitive sensing unit was operated at an excitation frequency of 1.8 MHz. The excitation voltage and syringe pump flow rate were also set to match the inductive mode. Experiments were carried out using samples that were prepared beforehand. Figure 8 and Figure 9 display the results of detecting different capacitances for various sizes of non-metal particles.



Table 4 presents the experimental data for different detection units in capacitance mode. The findings reveal that the basic noise level of detection unit III is slightly lower than that of detection unit IV, while the noise of both capacitors remains relatively consistent. Similarly, when considering particles of the same size, the signal amplitude of detection unit III is slightly greater than that of detection unit IV, resulting in a slightly higher signal-to-noise ratio for detection unit III. However, the signal width of detection unit IV is wider compared to that of detection unit III.




3.3.3. Lower Detection Limit Experiment


Through experimentation, it was discovered that when the particles being detected are extremely small, the signal generated is overshadowed by background noise. To address this issue, we examined how small a particle the sensor we designed can detect. Since the mixed experimental sample in the front is not conducive to the experiment of detecting the lower limit, we used an artificial addition of single metal particles or water droplets or bubbles in the pure oil, and explored the performance of the sensor by controlling the size of the added particles. The experimental method is consistent with the previous one. Our findings indicate that with detection unit II, we were able to successfully detect iron particles measuring 54 μm and copper particles measuring 90 μm. Additionally, detection unit IV allowed us to detect water droplets measuring 116 μm and air bubbles measuring 130 μm. Figure 10 and Figure 11 showcase the results of these experiments.



Through comparative experiments of different detection units, it can be found that the minimum size detected by iron particles is smaller than that detected by copper particles. This is mainly because the magnetization effect generated by iron particles due to the detection unit is stronger than the eddy current effect generated by copper particles due to the detection unit. And the minimum size of the water droplets detected by the detection unit is smaller than the minimum size of the bubbles detected. This is because the difference in dielectric constant between oil and water is much greater than the difference in dielectric constant between oil and bubbles.






4. Discussion


In inductive mode, detection unit II has significantly higher fundamental noise compared to detection unit I. Furthermore, the noise levels in both coils remain relatively constant. Additionally, when detecting particles of the same size, the signal amplitude of detection unit II surpasses that of detection unit I. Moreover, the signal-to-noise ratio of detection unit II is also higher than that of detection unit I. However, the pulse width of the signal in detection unit I is marginally wider than that of detection unit II. The inductive detection unit enables the differentiated detection of iron particles down to 54 μm and copper particles up to 90 μm, and of course metal particles up to 900 μm can be detected. The inductive mode offers not only good detection accuracy, but also a wide detection range.



In capacitive mode, the basic noise level of detection unit III is slightly lower than that of detection unit IV, while the noise of both capacitors remains relatively consistent. Similarly, when considering particles of the same size, the signal amplitude of detection unit III is slightly greater than that of detection unit IV, resulting in a slightly higher signal-to-noise ratio for detection unit III. However, the signal width of detection unit IV is wider compared to that of detection unit III. The capacitive detection unit enables the differential detection of water droplets down to 116 μm and air bubbles up to 130 μm.



Through comparative experiments of different detection modes, it can be found that in inductive mode, the minimum size detected by iron particles is smaller than that detected by copper particles. This is mainly because the magnetization effect generated by iron particles due to the detection unit is stronger than the eddy current effect generated by copper particles due to the detection unit. In capacitive mode, the minimum size of the water droplets detected by the detection unit is smaller than the minimum size of the bubbles detected. This is because the difference in dielectric constant between oil and water is much greater than the difference in dielectric constant between oil and bubbles.



In the future, the sensitivity of the sensor can be improved by adopting some circuits, such as a temperature compensation circuit, a signal filter circuit and a signal amplification circuit, so that the sensor can differentiate and detect oil contaminants of smaller sizes. At the same time, some machine learning or deep learning algorithms can also be used to learn and classify the oil pollutant signals collected by the sensor, so as to realize the intelligent identification and classification of multiple pollutants in the oil. Based on the sensors designed in this paper, a portable oil-monitoring device or an online oil-monitoring device can be developed to realize timely or real-time condition monitoring and fault diagnosis of ships and offshore engineering equipment.




5. Conclusions


A multi-channel, dual-mode multi-pollutant detection sensor for oil is proposed. The sensor enables simultaneous differentiated detection of metallic and non-metallic oil contaminants. The sensor’s detection volume of flow has been raised to eleven times its original value, leading to a significant improvement in detection efficiency. Through analyzing the sensor’s detection outcomes in various modes, it is now capable of simultaneously detecting iron particles, copper particles, water droplets, and air bubbles. It can detect iron particles as small as 54 μm, copper particles as small as 90 μm, water droplets as small as 116 μm, and air bubbles as small as 130 μm. Because of the magnetization effect generated by iron particles due to the detection unit is stronger than the eddy current effect generated by copper particles due to the detection unit, the minimum size detected by iron particles is smaller than that detected by copper particles. Because the difference in dielectric constant between oil and water is much greater than the difference in dielectric constant between oil and bubbles, the minimum size of the water droplets detected by the detection unit is smaller than the minimum size of the bubbles detected. In the future, timely or real-time condition monitoring and fault diagnosis of ships and offshore engineering equipment can be achieved by using optimized circuits and intelligent algorithms. A novel approach for achieving ship and marine engineering equipment health monitoring and fault diagnosis is presented in this study.
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Figure 1. The structure of the sensor. (a) Overall sensor design; (b) top view of the sensor. (1) Three-way tube-1; (2) three-way tube-2; (3) short capillary; (4) long capillary; (5) coarse capillary; (6) oil reservoir; (7) PMMA; (8) slide; (I) solenoid coil; (II) planar coil; (III) circular parallel plate capacitor; (IV) rectangular parallel plate capacitor. ID: inner diameter. OD: outer diameter. R: diameter. L: length. W: width. H: height. 
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Figure 2. Schematic diagram of inductive mode detection principle. 
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Figure 3. Schematic diagram of capacitive mode detection principle. 
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Figure 4. Overall design of experimental system. 
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Figure 5. Schematic diagram of sample preparation. 
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Figure 6. Detection results of detection unit I: (a) 88–105 μm iron particles; (b) 105–125 μm copper particles. 
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Figure 7. Detection results of detection unit II: (a) 88–105 μm iron particles; (b) 105–125 μm copper particles. 
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Figure 8. Detection results of detection units III: (a) 345–355 μm water droplets; (b) 415–425 μm air bubbles. 
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Figure 9. Detection results of detection units IV: (a) 345–355 μm water droplets; (b) 415–425 μm air bubbles. 
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Figure 10. Lower detection limit for inductive mode: (a) detection unit II detection of 54 μm iron particles; (b) detection unit II detection of 90 μm copper particles. 
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Figure 11. Lower detection limit for capacitive mode: (a) detection unit IV detection of 116 μm water droplets; (b) detection unit IV detection of 130 μm air bubbles. 
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Detection Methods

	
Detection Principles

	
Advantages and Disadvantages






	
Optical detection method [13,14]

	
The wear particles in lubricating oil can change the light transmittance of the oil, so the characteristics of the particles can be identified by measuring the change in light transmittance.

	
The advantage is high sensitivity. The disadvantage is that the transmittance of the lubricant gradually decreases as the operating time of the mechanical equipment increases, making it difficult to obtain accurate signals, and there are errors in the estimation of particle size, shape, and concentration.




	
Acoustic detection method [15]

	
When pollutant particles in the oil pass through the sound field, the incident ultrasound will attenuate. By comparing the attenuation wave with the reference wave, pollutant particles can be measured and counted.

	
The advantage is that it can measure, classify, and count wear particles in the lubricating oil. The disadvantage is that it is not possible to distinguish the properties of wear particles.




	
Magnetic detection method [16,17]

	
It is mainly divided into two categories: magnetic plug sensors (magnetic plug method) and inductive sensors (inductive method). The core components of a magnetic plug sensor are a permanent magnet and an induction coil. Based on the principle of magnetic collection, the permanent magnet captures iron particles and retains them at the sensor tip. The induction coil senses worn particles and generates a pulse signal. It then analyze these signals to determine the generation rate and total number of wear particles.

	
The advantage is that the generation rate and total number of wear particles can be determined. The disadvantage is that the permanent magnet in the sensor generates a static magnetic field, while nonferromagnetic debris does not interact with the static magnetic field. Therefore, nonferromagnetic wear particles cannot be detected by sensors. Secondly, sensors can only roughly estimate the total number or mass of captured wear particles and cannot identify the size of individual particles.




	
The inductive sensor (inductance method) is based on the principle of electromagnetic induction, which distinguishes between ferromagnetic and nonferromagnetic particles by detecting the enhancement and weakening of the original magnetic field caused by magnetization and eddy current effects inside metal abrasive particles. By determining the direction, number, amplitude, and duration of pulses, information such as the type, quantity, size, and shape of metal particles can be determined.

	
The advantage is that it can distinguish between metal abrasive materials, an anti-interference ability, and stable performance, with high sensitivity, easy integration, and modularization. The disadvantage is that it cannot identify non-metallic contaminants in the oil.




	
Electrical detection method [18,19]

	
Electrical detection methods can be categorized into resistance detection methods and capacitance detection methods. The resistance detection method is based on the difference in electrical resistance of substances to realize the detection of particulate matter. The capacitance detection method is the design of a channel in the middle of the two electrode plates for oil to flow through, forming a capacitance sensor.

	
The advantage is that the detection of metal abrasive particles, water particles, and air bubbles can be realized with high sensitivity. The disadvantage is that its detection results are easily affected by the total acid value and water content of the fluid and the environment, and it is not possible to distinguish the material of metal contaminants.











 





Table 2. The structural parameters of the detection unit for different detection modes.
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Detection Modes

	
Detection Units

	
Structural Parameters






	
Inductive mode

	
Ⅰ. Solenoid coil

	
100 turns single layer coil




	
Ⅱ. planar coil

	
9 layers with 20 turns each




	
Capacitive mode

	
Ⅲ. Circular parallel plate capacitor

	
Two copper wires with a radius of 0.5 mm




	
Ⅳ. Rectangular parallel plate capacitor

	
Two copper sheets with length, width, and height of 5 mm, 0.6 mm, and 0.2 mm, respectively











 





Table 3. Comparison of inductive mode detection.
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Particle Properties

	
Detection Unit

	
Base Noise/×10 H−11

	
Signal Amplitude/×10 H−10

	
SNR






	
Iron particles

(88−105 μm)

	
I

	
0.79

	
3.37

	
23.01




	
II

	
17.47

	
198.63

	
113.69




	
Copper particles

(105−125 μm)

	
I

	
1.41

	
0.86

	
6.10




	
II

	
13.47

	
12.52

	
9.28











 





Table 4. Comparison of capacitive mode detection.
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Particle Properties

	
Detection Unit

	
Base Noise/×10 H−11

	
Signal Amplitude/×10 H−10

	
SNR






	
Water drops

(345−355 μm)

	
III

	
1.08

	
3.06

	
28.26




	
Ⅳ

	
1.69

	
2.31

	
13.72




	
Air bubbles

(415−425 μm)

	
III

	
1.03

	
1.10

	
10.68




	
Ⅳ

	
1.44

	
0.97

	
6.74
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