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Abstract

:

This study presents a condition diagnosis system based on a ferrous particle sensor to estimate the durability of axles in construction equipment. Axles are mechanical devices that play the role of the differential gear in construction equipment that move with wheels and require high reliability. In the durability testing of new axles, failure identification and real-time diagnosis are required. One of the typical failure modes of an axle is increased ferrous-wear particles due to metal-to-metal contact. Therefore, a condition diagnostic program based on the ferrous particle sensor is developed and applied in the bench tests of axles. This program provides information on the amount of wear with respect to ferrous particles using a simple diagnostic algorithm. Additionally, it allows separation and storage of measured data that exceed the reference values; the system provides warnings using color, sound, and pop-up windows to facilitate diagnosis. In the two tests, the first case detected a failure, but in the other case, the sensor did not detect it even though a failure occurred. From the results of bench tests, it is confirmed that the sensor location is a critical factor. Therefore, a multi-physics-based analysis method is suggested for positioning the ferrous particle sensor.
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1. Introduction


Maintenance is essential for mechanical systems to ensure that they continue to perform their desired functions. The key objective of maintenance is to deploy the minimum amount of resources to achieve maximum reliability from the equipment with the least possible breakdown time and cost [1]. Maintenance is broadly classified into two groups: reactive and proactive. Reactive maintenance is also called breakdown maintenance and results in unscheduled downtime as well as unplanned production losses. Conversely, preventive and predictive maintenance are types of proactive maintenance. Preventive maintenance involves time-based repairs or replacement of components at regular intervals. However, this results in the non-utilization of the full operating lives of the components [2], for which a better alternative is predictive or condition-based maintenance. Predictive maintenance uses data analysis tools and techniques to detect anomalies and possible defects in the equipment such that they can be rectified before failure. To ensure good maintenance of the equipment, condition monitoring is applied in various mechanical systems, which reduces downtime and boosts production efficiency. Among several condition monitoring methods, there are two types of monitoring that were broadly applied in the past; compliance monitoring to diagnose machine conditions based on reference values of physical quantities, such as pressure or temperature; structure integrity monitoring to diagnose machine conditions by measuring the stress and strain of a structure with a strain gauge.



Nowadays, in addition to these methods, other techniques are widely used, such as diagnosing the machine state using vibration and noise, thermography, lubricant analysis, and non-destructive techniques such as ultrasound [3].



Construction equipment has a high risk of failure owing to its operation in harsh environments. Therefore, it is necessary to reduce failure rates and downtime via condition monitoring. However, traditional condition monitoring methods have problems, such as the low frequency of monitoring, inefficient reporting methods, and low quality of manually collected data [4]. Among the various condition monitoring methods, we focus on condition monitoring based on oil analysis. Figure 1 shows the oil analysis services of three representative construction equipment companies. Caterpillar has performed scheduled oil sampling (S.O.S) fluid analysis since 1971; Volvo has also provided oil analysis services through oil sampling; Hitachi has applied an oil monitoring system containing an integrated oil sensor. Moreover, several construction equipment companies have conducted research on oil sensor-based condition diagnosis systems.



Several lubricants are used in construction equipment. Hence, various oil sensors suitable for measuring lubricant properties such as viscosity, acid number, and wear particles, have been developed. In the present study, a condition monitoring system based on an oil sensor was developed for the axles of construction equipment. On wheeled construction equipment, axles have functions similar to the differential gears in cars, and they are composed of several gears and bearings. Wear particles are generated due to metal-to-metal contact. In axles, most of them show adhesive wear, abrasive wear, and fatigue wear. So, a condition diagnosis system comprising a ferrous particle sensor is needed for diagnosing abnormalities.



Wear particle sensors commonly utilize inductance and capacitance-based methods [5,6,7,8,9,10,11,12,13,14,15,16,17,18,19,20,21], acoustic methods based on ultrasonic transducers [22,23], optical methods [24,25,26], and a method based on a combination of a permanent magnet and inductance [27], as shown in Figure 2. Sensors for measuring wear particles are being developed in various ways, but most of them have been developed based on inductance and capacitance. Besides oil condition diagnosis based on wear particle sensors, oil condition diagnosis using a complicated sensor that measures various properties at once with one sensor is also applied [3,28].



Wear is a phenomenon closely related to machine condition, maintenance, and reliability. Therefore, it is important to determine the amount or type of wear [29]. It is also important to identify the particles generated by wear in lubricating systems.



Wear particles typically include ferrous, non-ferrous, and ceramic debris. Of these, the ferrous particle comprises the largest portion because many machine components are made of steel; most components of axles are also made of steel, so a ferrous particle sensor is used to monitor axles in construction equipment in this study. The general scheme of a ferrous particle sensor is shown in Figure 3; it is composed of two units, where; each unit has an inductance sensing coil and a permanent magnet for collecting ferrous debris at the sensor tip. This sensor is characterized by its ability to discriminate between fine and coarse ferrous debris. Moreover, this sensor can prevent three-body abrasive wear and wear damage by the accumulation of ferrous debris owing to the permanent magnet. This type of sensor is mainly used for detecting ferrous debris in various mechanical systems, such as the gearboxes in wind-turbines, and engines.



In the process of developing wear particle sensors, there are studies on the sensitivity of the sensor [5,30,31,32,33]. However, there are only a few pieces of research that introduce research results using ferrous particle sensors applied to actual lubrication systems. Moreover, there is only a study on the sensitivity of the sensor by the effect of debris position [34], but it is too limited, and there is no study on the location of the sensor to improve sensitivity. Therefore, we applied it to a gear system suitable for condition diagnosis using a ferrous particle sensor and tried to identify its utilization method and problems. In addition, we suggested a method for selecting the location of the sensor to improve its sensitivity.



We developed a monitoring program based on a ferrous particle sensor and a simple diagnostic algorithm. The monitoring system was installed on the durability test device of the axle of the construction equipment to diagnose the condition. During diagnosis, there was a case where the ferrous particle sensor could not measure abnormalities despite axle failure. Thus, sensor positioning is very important for diagnosing the machine’s condition. Accordingly, a numerical approach for the location selection of the sensor is introduced in this study.




2. Experimental Device and Method


Experiments were performed on a bench test device for the axles of construction equipment, as shown in Figure 4. The shaft is rotated by an electric motor that operates at about 514–1370 rpm, and loads are applied to both hubs, which act vertically upward from below. The tests were performed on the axle of an 8-ton grade forklift. The axle had sump-type lubrication, so the ferrous particle sensor was installed at the drain port. Figure 5 shows the measured part used with the ferrous particle sensor. Arduino was used to convert signals from analog to digital format; the signal conversion device was enclosed in a 3-D printed case to allow connection with the signal processing part of the sensor. The specifications of the ferrous particle sensor are shown in Table 1. The lubricant oil is gear oil and Spirax S4 TXM from SHELL; the lubricant properties are shown in Table 2.



The sensor output is either a voltage or a current signal, and in this experiment, it was set to output a voltage signal. To determine the amount of ferrous wear according to the voltage signal from the sensor, a relational expression between the number of ferrous wear particles and the voltage signal was derived. First, standard specimens for fine and coarse particles were prepared, as shown in Figure 6, because it was not easy to separate the ferrous particles from the sensor measuring part owing to the permanent magnet in the sensor. For the fine particles, 45 μm-sized ferrous particle powder was used, and for the coarse particles, steel balls of diameter 2 mm were used. After injecting the particles into the crystal-resin, the polymer was hardened at room temperature and used as a standard specimen.



Figure 7 shows the linear regression between the weight of ferrous particles and voltage. The root mean squares of the linear fitting in Figure 7a,b were 0.983 and 0.974, respectively. Equations (1) and (2) show the relationships between the weight and voltage for fine and coarse particles, respectively, where; W (mg) is the average weight of ferrous particles and V is the voltage.


W = 41.62 × V − 43.57



(1)






W = 118.65 × V − 186.87



(2)







The main component of the axle housing is iron, and the drain port where the sensor is installed on the axle is also made of iron. The variation in the measured voltage because of the surrounding iron was investigated using a nut of a size similar to the drain port, as shown in Figure 8. That is, a simple test was performed to determine the degree of interference from the iron component of the mechanical elements around the ferrous particle sensor, and these results are shown in Table 3. The case without any iron-based mechanical element around the sensor was considered as the standard, whose measured voltage was 1.0 V. The measurements error with interference were not large and were within 2%. Therefore, the influence of the drain port on the sensor was considered to be negligible.



A diagnostic program was developed using Java language to easily monitor the axle condition, as shown in Figure 9. When the user clicks the run icon (execution icon on the computer screen), a set-up screen appears, as shown in Figure 9a. The threshold values related to the weight of ferrous particles and gradient with time should be entered in the set-up screen. In addition, after setting the communication port, the set button is clicked to run the main screen, as shown in Figure 9b.



Of the two graphs on the main screen, the graph on the left shows the measured voltage signals for the fine and coarse particles; here, the solid black and blue lines represent the voltage signals for the fine and coarse particles, respectively. Moreover, the orange dotted and red dash-dot lines indicate the thresholds for the caution and danger conditions, respectively. The graph on the right shows the weights of the fine and coarse particles; the voltage signals were converted to the weights of the particles using Equations (1) and (2). The program provides a warning when the measured values exceed the given thresholds. The warning system indicates the condition through a message or corresponding color, similar to a traffic light. The conditions were largely divided into three stages: normal (green), caution (yellow), and danger (red). For example, when the fine particles in the lubricant suddenly increase, the solid black line changes as shown in Figure 9b. In the figure, when the quantity of fine particles exceeds the threshold of the caution stage, a yellow warning light and warning message are displayed to indicate that the slope is approaching dangerous levels. Additional analyses are facilitated through a function that separates and stores the information in the area where the measured data exceed the threshold.




3. Results and Discussion


The durability test of the axle was performed using the condition monitoring system with the ferrous particle sensor. Constant vertical loads of 2.2 tons were each applied to both hubs, and the shaft was rotated at different speeds from 514 to 1370 rpm according to the gear shift stage. The tests were performed for the forward as well as the reverse rotation. The lubricant used was new oil, and a single ferrous particle sensor was applied to the axle.



3.1. Experimental Results


The durability tests were conducted on two types of newly designed axles during the development process. These newly designed axles are expected to be applied to 8-ton grade forklifts once they pass the durability and field tests. Figure 10 shows the experimental result of the first case; the graph on the left is the result of the overall experiment, and the blue dotted box indicates the abnormal condition. The graph on the right is an enlarged view of the results of the abnormal condition. The test was performed continuously for about 47 h until the axle gears broke, and severe wear or breakage occurred 2.5 min after onset. There was no increase in the amount of ferrous-wear particles before the severe breakage. At the point where the wear amount increased suddenly, the rate of change of the voltage with time was close to 1, i.e., the voltage increased almost vertically. Further durability tests were not possible owing to the sudden destruction of the gears in the axle. The damage to the gears in the axle and ferrous-wear particles attached to the sensor are shown in Figure 11. In Figure 11a, the gears in the axle are observed to be destroyed to such an extent that their shapes could not be confirmed. Figure 11b shows a large quantity of ferrous-wear particles gathered at the measuring part of the sensor.



The durability test of the second type of newly designed axle was conducted similarly. Figure 12 shows the experimental result of the second case, whose load and rotational speed conditions are the same as those in the first case.




3.2. Problem of Condition Monitoring with Ferrous Particle Sensor in the Axle


In the second case, the signal was measured to be normal, as shown in Figure 12. However, the gears in the axle were heavily damaged, similar to that in Figure 11a. The reason for this difficulty in diagnosing the axle condition using the ferrous particle sensor is that the wear of the gear could not be measured at the location where the sensor was installed. That is, it was impossible to measure wear because the sensor position was far from the location of wear of the gears. Figure 13 shows the relationship between flow and sensor position for two representative cases to explain the importance of sensor positioning. In the sump-tank-type lubrication method, such as that used in a gearbox, the direction of the main flow varies according to the shape of the gear. The axles of construction equipment are also lubricated by the sump-type method. As shown in Figure 13a, when the main flow by the gear is away from the sensor, it is difficult to measure wear particles. However, when the main flow is around the sensor, as shown in Figure 13b, it is easy to detect the wear particles of the gear. Therefore, in sump-type lubrication, a method of effectively diagnosing the condition through the lubricant sensor is needed. The authors believe that there are two main directions for improving this. The first is to improve the sensitivity of the sensor, and the other is to create a flow artificially around the sensor to facilitate measurement. In the case of the ferrous particle sensor, the quantity of ferrous particles is measured by collecting these particles using a permanent magnet placed within the sensor. Therefore, it is believed that simply increasing the magnetic field strength of the permanent magnet can help collect and measure ferrous-wear particles well; however, it may still be difficult to measure the amount of ferrous-wear particles exactly because of interactions with the ferrous components of the mechanical elements in the immediate surroundings. One may also consider a scheme using simple structures so that the main flow occurs around the sensor. However, it is a good approach to locate the sensor in a position where easy detection is possible once the main flow has been determined from the rotation of the gears. In this study, we introduced a numerical approach of sensor positioning from among all the available methods to improve the measurements by the ferrous particle sensor in sump-type lubrication. The research results on the exact numerical method used and its optimization will be introduced in a subsequent paper.




3.3. Numerical Approach of Sensor Positioning


From the perspective of the aforementioned solution without considering the flow caused by the movements of various gears in the actual axle, a simple method is introduced here. This is not an exact solution to the problem, but rather an approach to solving it. The commercial multi-physics software, COMSOL 6.0 was used for the calculations. The electromagnetic field interface model, particle tracing module, and Navier–Stokes equations are used in the numerical analysis. The electromagnetic field interface model is included in the COMSOL AC/DC module, and this model is used to calculate the magnetic flux of the ferrous particle sensor. The particle tracing module is a numerical method of computing the paths of individual particles by solving their equations of motion over time; this module solves a number of discrete trajectories. Using this module, it is possible to assess whether the ferrous particle sensor captures the trajectories of the ferrous particles in the flow well. Figure 14 shows the numerical model of the ferrous particle sensor; it is difficult to obtain accurate design specifications, such as the material of the Gill sensor used in the experiments. The major design parameters were roughly investigated by the sensor disassembly, and the roughly measured design parameters are reflected in the analysis. Moreover, the material of the magnetic core is low-carbon steel M-50, and the B-H curve uses the data given in the analysis program. The sensor was analyzed using a two-dimensional axisymmetric model. Figure 15 shows the numerical model for sensor positioning; all faces except the inlet and outlet are set as stationary walls. Various elements such as tetrahedron, pyramid, prism, hexahedron, and quad were used in the numerical analysis. The total number of elements used is 476,338, and a dense mesh was applied to the measurement area of the sensor; this analysis was conducted using a planar symmetric model. The size of the flow channel is 70 mm × 70 mm × 150 mm, and the flow is laminar. The working conditions of the numerical calculations are shown in Table 4. The particles used in the analysis are spherical and the material is iron with a density of 8030 kg/m3. The properties of the lubricant used in the analysis are shown in Table 2. In Figure 15a, S_position indicates the distance from the bottom to the measuring part of the sensor; as the value of S_position increases, the distance from the bottom to the sensor increases, along with an increase in the area of the sensor exposed to the lubricant.



Figure 16 shows the magnetic flux density when the S_position values are 10 mm and 20 mm; the unit of magnetic flux density is Tesla (T). These results are shown along the xz plane passing through the center of the sensor in the x-axis direction. It can be confirmed that the shape of the magnetic force lines in the flow field changes according to the position of the sensor. Since the shape of the magnetic force lines in the flow varies depending on the location of the sensor, the capture of ferrous particles by the permanent magnet of the sensor will also change. Therefore, it is necessary to check the trajectories of the particles. Figure 17 presents the variation of the particle trajectories with time when the S_position values are 10 mm and 20 mm. A total of 100 ferrous particles flow from the inlet side to the outlet; the shape of the particles is assumed to be spherical, with a diameter of 10 μm, as shown in Table 4. When S_position is 10 mm, there are four ferrous particles attached to the sensor and when S_position is 20 mm, there are three particles attached to the sensor. Obviously, the difference in the number of particles collected owing to the change of S_position is as small as 1; however, it is meaningful that the effects of collecting ferrous particles are different even with a change in only the area of the sensor exposed to the flow. In this study, we do not consider the optimal sensor location but introduce only an analytical approach for selecting the sensor location. As noted in Section 3.2, to optimize the position of the ferrous particle sensor on the axle, the flow analysis due to the motions of the gears as well as a flow design for generating the main flow around the sensor are required. Additional numerical studies on these aspects are still underway.





4. Conclusions


In this study, a condition monitoring system comprising a ferrous particle sensor was developed to monitor the condition of axles in construction equipment. The monitoring system was applied to a bench test device for durability evaluations. The sensor is composed of an inductance sensing coil and a permanent magnet for collecting ferrous wear debris. Moreover, the sensor can prevent three-body abrasive wear because of the permanent magnet. Ferrous wear particles are generated owing to metal-to-metal contact in the axle, so the sensor is suitable for diagnosing abnormalities. In the industrial field, the condition was diagnosed using the functions provided by the manufacturer of the ferrous particle sensor, and there are no studies on the effect of sensor position. Most of the research focuses on improving the internal design factors of the sensor to improve the sensitivity. So, in industrial applications, the influence of the sensitivity by the position of the sensor has not been considered, and there are frequent cases in which abnormalities are not observed despite the failure of the mechanical system. In this study, a diagnostic program was additionally developed to effectively monitor the axle condition. The program includes graphs showing the numbers of ferrous particles, variation (slope) of wear amount, and original voltages for fine and coarse particles. Moreover, warning systems are implemented to display warning messages, with colors similar to those of traffic lights. In addition, to facilitate analysis, a function is provided to separate and store the abnormal data measurements that exceed the threshold values. The durability tests were performed for two cases of axle types. In the first case, sudden abnormal wear occurred, resulting in severe damage to the gears in the axle, for which the diagnostic program measured a rapid increase in the amount of wear in about 2.5 min. In the second case, the diagnostic program did not measure such changes even though the axle was greatly damaged by the abnormal wear of the gears; the reason for this is that the sensor position was unsuitable for measuring the wear of the gears in the axle. Therefore, the appropriate positioning of the ferrous particle sensor is necessary for the effective diagnosis of the axle. This study also introduces a numerical analysis method for the optimal location selection of the sensor. The electromagnetic field interface model, the particle tracing module, and Navier–Stokes equations were used in the numerical analysis, and the multi-physics problem was evaluated using commercial software. The two cases were analyzed, and the results showed the effects of collecting ferrous particles and the magnetic flux density of the sensor based on the sensor location. This is meaningful in that the proposed numerical approach for ferrous particle sensor location selection allows effective monitoring of the lubrication system.



To accurately select the sensor location in the axle, it is necessary to analyze the flow within the axle because the main flow affects the sensor measurements. Moreover, it is necessary to design the flow such that the main flow occurs around the sensor. Hence, additional studies must be conducted to improve the insufficiencies of this work by complementing the analysis method proposed herein.
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Figure 1. Oil analysis service of construction equipment company. 
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Figure 2. Various types of wear debris sensors. 
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Figure 3. Schematic of ferrous particle sensor developed by Gill sensors [21]. 
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Figure 4. Bench test device of the axle. 
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Figure 5. Measured part connected to the ferrous particle sensor. 
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Figure 6. Standard specimens of the ferrous particles: (a) Fine particles; (b) Coarse particles. 
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Figure 7. Linear regressions of wear amount against voltage: (a) Fine particles; (b) Coarse particles. 
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Figure 8. Location of the sensor with respect to the nut. 
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Figure 9. Diagnostic program: (a) Set-up window; (b) Main window. 
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Figure 10. Measured voltage with time in the first case. 
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Figure 11. Broken axle and ferrous wear particles: (a) Gear breakage at the axle; (b) Ferrous wear particles attached to the sensor. 
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Figure 12. Measured voltage with time in the second case. 
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Figure 13. Relationship between flow and sensor position: (a) Case where it is difficult to detect wear particles; (b) Case where it is easy to detect wear particles. 






Figure 13. Relationship between flow and sensor position: (a) Case where it is difficult to detect wear particles; (b) Case where it is easy to detect wear particles.



[image: Materials 16 01426 g013]







[image: Materials 16 01426 g014 550] 





Figure 14. Numerical model of the ferrous particle sensor. 
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Figure 15. Numerical model used for sensor positioning: (a) Control volume; (b) Mesh. 
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Figure 16. Magnetic flux density in the xz plane with variation of S_position. 
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Figure 17. Particle trajectories with time. 
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Table 1. Specifications of the ferrous particle sensor.






Table 1. Specifications of the ferrous particle sensor.





	Items
	Function
	Items
	Function





	Working

temperature
	–40 to 180 °C
	Weight
	25 g



	Working

pressure
	Max. 10 bar
	Supply voltage
	4.5 V–32 V (DC)



	Fluid compatibility
	Petroleum oils,

General automotive

fluids
	Channel 1
	Fine particles

(2.25 V–4.25 V)



	Sampling rate
	10 Hz
	Channel 2
	Coarse particles

(0.5 V–4.25 V)
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Table 2. Properties of the test lubricant.






Table 2. Properties of the test lubricant.





	Properties
	Method
	Value





	SAE Viscosity Grade
	SAE J 300
	10 W-30



	Kinematic viscosity @ 40 °C
	ISO 3104
	60 mm2/s



	Kinematic viscosity @ 100 °C
	ISO 3104
	9.4 mm2/s



	Viscosity Index
	ISO 2909
	138



	Density @ 15 °C
	ISO 12185
	882 kg/m3



	Flash Point (COC)
	ISO 2592
	220 °C



	Pour Point
	ISO 3016
	−42 °C
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Table 3. Variation in measured voltage according to the relative locations of the sensor and nut.
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	Case
	Standard
	Case-1
	Case-2
	Case-3
	Case-4





	Voltage
	1.0 V
	1.02 V
	1.02 V
	1.02 V
	1.0 V
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Table 4. Working conditions for the numerical calculations.






Table 4. Working conditions for the numerical calculations.





	Items
	Condition
	Items
	Condition





	Inlet
	Inlet velocity

0.02 m/s
	Outlet
	Outflow



	Number of particles
	100
	Particle diameter
	10 μm



	Shape of particle
	Sphere
	Material of particle
	Steel



	Particle relative

permeability
	1000
	Particle density
	8030 kg/m3
















	
	
Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to people or property resulting from any ideas, methods, instructions or products referred to in the content.











© 2023 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons Attribution (CC BY) license (https://creativecommons.org/licenses/by/4.0/).






media/file4.png
H

| z
-~ Permanent E

{ magnet |

- Inductance
1 | coil

B ‘ i

{
| Bulk | I |
A — / i e el Wear i
R ; all B debris |
il — | i

) Glass substrate Measurement

Electrodes ¢ r;/licro channel

Magnetic field -

Eddy current

Capacitive Inductive
method . method

(a) Non-ferrous (b) Ferrous
debris ebris

Fuls; s;ene;ationl Oilin .
circuit nglizle S‘ii’(‘fing A 0 tlcal
v Acoustic PLS
(Imaging)

L' Ultrasonic \ ’ |
Gl memnoc metvod [

Measurement o
circuit Oil out

Light
source

Image
processing
-

5

g

o

3

LI
-
L2 1 1 J

out
Particles of different size, shape, and material






media/file30.png
—Fine particles
——Coarse particlesj -

voltage [V]

6000 8000 10000





media/file26.jpg
(b)





media/file39.jpg
S_position S_position : 20 mm






media/file27.png





media/file18.png





media/file35.jpg
(@)





media/file13.png
(6)80.0 mg (@ 110.0 mg 140.0mg (@ 170.0 mg ({0) 200.0 mg

-,
/

@ 5.0 mg 2 10.0mg (3 200mg (@300mg (5 50.0mg

Ol ) £






media/file12.jpg
®1942mg @2266mg @259.0mg (@ 3240mg (@ @421.2mg

> oo 5
» & &

@324mg @ 647mg @97.1mg @ 1295mg () 161.9mg






media/file3.jpg
Capacitiye Inductiyes

Acoustig Optics
method (imaging)
. method






media/file22.png
i Mo Warning messages X
1 2 &' Waming X
File Graph Manual

e This slope has exceeded the danger level.

I Calibratjon =1 || @ Danger !
Stop " | !
Voltage-Time Graph Weight-Time Graph I - Caution|
5 |
Time 1 § Il @ N
] J ormal
Interval (ms) : SlO e =) ] |
100 v 4- P g 400 ! I
' Danaer = ] ! Fine |
= o -1
- S 34 oLl £ 300 : [
Fine e ] el a . |
g - 4 5 ] |
Voltage(V) £ 1Caution yawd 3 1 !
S 24 4 7 = 200 - |
271 4 Y; - |
| ) i / o ] |
Wear Particles(mg) - v = - |
1- ; 2 100 |
69.2202 _ \_.’ 2 ‘/———— ' I
} ] |
- Coarse 0- e 0- _— | Conree :
Voltage(V) 230 231 232 233 234 235 230 231 232 233 234 235 I
113 Time (s) Time (s) I 1
- : ® Fine Particles m Coarse Particles m Fine Pariicles m Coarse Particles | |
f’”‘*" Partlcles(mg)_ m Threshold of Danger m Threshold of Caution | |
0 | |
-l

(b)





media/file20.jpg
Fine

Voltage-Time Graph

Slope.

(b)






media/file19.jpg
Set up window

#7 McM's Setup

Threshold of Danger

Threshold of Caution

Slope (Danger)

Slope (Caution)

Port Name






media/file7.jpg
Drain port
(Sensor Installation)






media/file28.png
(b)





media/file10.png
Ferrous
debris
sensor





media/file40.png
0.45
0.40
0.35
0.30
0.25

110.20

0.15
0.10

0.05

0.45
0.40
0.35
0.30
0.25
0.20
0.15
0.10
0.05





media/file36.jpg
(b)





media/file33.jpg
. ~m Coil

Case






media/file32.png





media/file14.png
®1942mg (7 226.6 mg 259.0mg (9 324.0mg (@0 421.2mg

: L . bb | '-: J.‘J-. .i. - .' .'
’-9 oo, &L

@®324mg (@ 647mg (@)97.1mg @ 1295mg (6 161.9mg

_._') . q ~ O j s :V_:
s +f

>






media/file11.jpg
©800mg @100mg @ 1400mg @ 1700mg @ 200.0 mg

@50mg  @100mg @200mg @300mg (§50.0mg

£ 7. y






media/file6.png
Permanent
magnet

Inductance
coil

b\VVear

debris






media/file15.jpg
Linear fit

Data

3

H

Voltage [V]

@

g g 8 8 8 °

[Bw] sajoned seam jo JuBIOM

F % % % & &

(6] soonaed seam 10 1uBIOM

Voltage [V]

(b)





media/file41.jpg
0 second

3.5 second 5 second

18 second

S_position : 10 mm

S_position : 20 mm






nav.xhtml


  materials-16-01426


  
    		
      materials-16-01426
    


  




  





media/file16.png
Weight of wear particles [mg]

Weight of wear particles [mg]

250 . . . .
B Data
200 - — Linear fit .
150 - -
100 - -
50 4 ] .
0 2 .
0 T 2 3 4 5
Voltage [V]
(a)
500 . . I - . - .
400 ® Data °
i —— Linear fit i

300 -

200 4

100 ~

T 2 3 4 5
Voltage [V]

(b)





media/file2.png
® S.0.S Program since 1971

® Wear metal, Oil condition
Chemical analysis program

v Volvo
VOLVO SMARTCARE

v Hitachi

Hitachi's oil sensors

¥ Sandy Gut

-

Itis "ConSﬂe o] (53

oy Hitachs Conatrac son
. o

® Regular oil sampling

® Oil analysis report





media/file37.png





media/file23.jpg
voltage [V]

— Fne purtices
o | o

) S N S

160 o0 w000 o0 17000

o sow oo 150000 200000 time fs]
time [s]






media/file5.jpg
Permanent

magnet

Inductance
coil

N wear
debris






media/file24.png
voltage [V]

o T T T T T T T
169,900 170,000 170,100 170,200 170,300

time [s]

|

I

|

— Fine particles 4- : .
—— Coarse particles I :
I = |

- 3 ——Fine particles i

| 1 & —— Coarse particles I

(I |

0 5. 1

[ 2 1

_ : |

I N I

| 1- "] |

| |

1 |

1 1

1 |

1 |

| 1

50,600 | 100:000 150,000 200,000
time [s]





media/file29.jpg
[A] eBe3j0A

10000

4000

time [s]





media/file1.jpg
© 5.0 Program since 1971
® Wear metal, Oil condition
Chemical analysis program

 Hitachi

© Monitoring system
With TE sensor

© Regular il sampling
© Ol analysis report





media/file31.jpg
%ﬁé’wafpamm_,,‘
(——






media/file25.jpg





media/file9.jpg
Ferrous
debris
sensor





media/file0.png





media/file42.png
0 second

3.5 second 5 second

18 second

S_position : 10 mm

Particles

Sensor






media/file38.png
R
VY
..ﬁ.%
o v-ah_-

0y

9 Pt 7 Y ViVl VA W
9 P W W W P P g
AT
T 750

Uy ATAVAVAVA Wl Vo Pl
v%\\\\\»n.“\ﬁilﬂivh‘kﬁ
Aﬂuv\\\\\\hii. W P P Vel VP

Vit 25

17

WK . LT
W\ e A B L A
i A

(b)





media/file8.png
Drain port
(Sensor Installation)






media/file34.png
Coil

Case






media/file17.jpg
o0
j =y





media/file21.png
Set up window

®° MCM's Set up O X

Threshold of Danger (V)

Threshold of Caution

Slope (Danger)
Slope (Caution)

Port Name






