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Summary: Based on the assumption that the system has been correctly designed and built according to appropriate components assembling procedures, as well as that it has been operated in accordance with its designed possibilities, we can conclude that reasons for the system failure can be and mostly are gradual degradation processes. These processes are result of the wear mechanisms, fatigue of material or contamination and depletion of working fluid during the system exploitation. Professional publications state that about 80% of system failures result from problems with working fluid in respect of its contamination. The subject paper presents experimental results regarding effects of different cleanliness levels of working fluid (contaminated with solid particles), upon the wear intensity of the piston – cylinder contact pair in classical directional valve.
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1. INTRODUCTION 
It is difficult to determine the exact effects of working fluid cleanliness level on the hydraulic system operation due to a large number of influential factors and different application of hydraulic systems. Research and scientific papers, as well as many renowned companies dealing with manufacture, maintenance and testing of hydraulic systems and equipment, based on their own experience and experimental research, indicate that working fluid contamination represents a cause of the system failure in 70-80% of cases [1, 3, 4]. 

Requirements to increase hydraulic systems energy efficiency have caused an increase of the pressure values and a decrease in the clearance size between working elements of hydraulic components. Decrease in the clearance size has been manifested in harmful effects of solid-particle contaminants. Solid particles of different sizes, shapes and compositions, can partially or completely impair the hydraulic component functionality, either by abrasive or erosive wear or by causing the mechanic blockage. In addition to their effects upon working performances of the components, solid particles, as catalysts of chemical reactions, have negative effects upon physical and chemical characteristics of the working fluid. All degradation processes have very complex nature and always represent the result of synergetic effects of many factors (the system contamination level, contamination rate, working conditions in the environment, frequency and degree of the system working parameters variation, etc.).
Although it is known that contaminants can be destructive towards hydraulic system components, there is still no internationally standardized objective test method for determining the contamination tolerance of specific components [5]. Regardless of non-existence of a standardized test, manufacturers of hydraulic equipment give recommendations on allowed contamination levels in the form of code number according to ISO 4406 or SAE AS 4059 standards for classification of working fluid cleanliness. However, the recommendations of hydraulic components manufacturers may often differ, so the question is which working fluid cleanliness class value will be optimum for a specific component. Optimum working fluid cleanliness class value should represent an intersection point of two curves. The first one represents an average working life of the component with a specific cleanliness class under specific working conditions, and the second curve shows an average level of maintenance costs of the required level of working fluid cleanliness during the total time of the component exploitation in the given system. Generalization of the optimum hydraulic components cleanliness class is not appropriate because of different working conditions of hydraulic applications where the components are installed. Industrial applications have much smaller oscillations in working conditions unlike mobile applications, so that the components in industrial hydraulic systems have longer exploitation life.
This paper presents the experimental research with basic aim to determine the harmfulness and intensity of the wear of the cylindrical contact pair in hydraulic directional valve under the influence of different working fluid cleanliness classes.
2. EXPERIMENTAL SETUP
Three experiments have been conducted in order to determine the intensity of negative effect of solid particles upon the operation of the cylindrical contact pair in the directional valve. In all of the three cases, the valve of the same construction and same working characteristics has been used. We have used hydraulic working fluid on a mineral oil basis of ISO VG 46 viscosity gradation and HM quality type.
Figure 1a shows the experimental installation in the laboratory, and Figure 1b shows the hydraulic scheme. Cleanliness class of hydraulic oil has been continuously monitored by an installed solid particles sensor (HIAC PM 4000). In case of deviation of the fluid cleanliness class from the projected value, the fluid is filtered prior to its flow through the directional valve being tested. In this way, the fluid passing through the valve has always a same cleanliness level (according to ISO 4406 and Table 1) at preset pressure and flow values. Table 1 shows the values of working parameters for all three experiments.
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Fig. 1 a) Experimental installation in laboratory; b) Hydraulic scheme of experimental installation.
Table 1 Values of working parameters for experiment.
	Valve
	Pressure value (bar)
	Temperature value (°C)
	Number of working cycles
	Oil cleanliness class for 4 µm* size particles

	RV1
	150
	45
	1000000
	ISO 22

	RV2
	
	
	
	ISO 21

	RV3
	
	
	
	ISO 20

	*According to ISO 4406/99 standard.


2.1 CHARACTERISTICS OF TESTED VALVES
We have tested CAPRONI directional valves in the experimental installation shown in Figure 1. Directional valves are of 4/2 type, mechanically actuated by a step-on roller,  of flow rate up to 20 l/min, maximum working pressure up to 320 bar and 4 mm axial working stroke. 

Piston and body of directional valve are shown in Figure 2. Grooved piston design provides a stable coaxial position of the piston within the cylinder body during its operation. Additionally, in contrast to older constructions of pistons without grooves, the contact surface on the piston is decreased, and so is the friction. 
The valve pistons are made of tempered steel (austenitic structure). Hardness of the piston sliding surfaces up to the depth of 0.3 mm is 927 HV. The valve body is made of grey iron (of homogenous perlite structure), and hardness of sliding surfaces moves within the range of 240 – 248 BHN. Accordingly, the piston surface hardness is at least 3.5 times higher that the valve body hardness. 
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Fig. 2 Piston and cross-sectional view of the tested valve.
3. RESULTS
Diameters of contact rings on the piston and within the valve body have been measured during the experimental work. Diameters of contact rings on the piston and within the valve body have been measured with Carl Zeiss Contura G2 Coordinate Measuring Machine. 
Before each measuring of dimensions on the coordinate measuring machine, the valve piston and body are cleaned with a degreaser and left for some time in a temperature controlled room to perform stabilization of the material at the temperature at which it will be later measured (20 °C).  Figure 3 shows a cross-sectional view of the tested directional valve with marked ring diameters being measured.
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Fig. 3 Marked locations of measured diameters of piston (di) and cylinder (Di) rings which define radial gaps.
Values of marked diameters of the piston and cylinder rings are measured with coordinate measuring machine, and the value of radial clearance Zi is determined by the following equation:
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where is Di – value of the diameter of contact cylinder in the valve body, and di – value of the diameter of contact ring on the piston. Tables 3, 4 and 5 show the values of relations of measured clearances for valves RV1, RV2 and RV3 [2].
Table 3 Ratio of the clearance size between the piston and the cylinder contact surfaces for RV1
	Clearance
	Clearance size at the begining of the test
	Clearance size at the end of the test
	Ratio

	Z1
	8.3
	22.35
	2.69

	Z2
	5.95
	32.5
	5.46

	Z3
	5.05
	7.6
	1. 51

	Z4
	5.9
	7.7
	1. 31


Table 4 Ratio of the clearance size between the piston and the cylinder contact surfaces for RV2
	Clearance
	Clearance size at the begining of the test
	Clearance size at the end of the test
	Ratio

	Z1
	6.15
	12.05
	1.96

	Z2
	4.95
	11
	2.22

	Z3
	5.4
	7.45
	1.38

	Z4
	5.45
	6.85
	1.25


Table 5 Ratio of the clearance size between the piston and the cylinder contact surfaces for RV3
	Clearance
	Clearance size at the begining of the test
	Clearance size at the end of the test
	Ratio

	Z1
	6.05
	7.7
	1.27

	Z2
	6.4
	11
	1.72

	Z3
	5.75
	7.55
	1.31

	Z4
	5.3
	6.5
	1.23


The obtained experimental results indicate differences in the intensity of the piston and cylinder contact surfaces wear within the valve body caused by the presence of different concentrations of solid particles. According to the results shown in tables 3, 4 and 5 we can conclude that the increase of cleanliness class from ISO 22/17/12 to ISO 21/16/11 has resulted in the decrease of the wear intensity of the critical Z2 clearance by 2.5 times, and the increase from ISO 22/17/12 to ISO 20/15/10 has resulted in the decrease of the wear intensity by 3 times, whereas the increase from ISO 21/16/11 to ISO 20/15/10 has resulted in the decrease of the wear intensity by 1.3 times.
4. CONCLUSION
Based on observation and measuring of changes in the contact rings diameter values and their relations, we can conclude that the influence of contaminants in the form of solid particles is very clear. Solid particles represent the cause of many problems. The major problem is the increase in the clearance value that results in the increase of the fluid flow value and consequently, the flow of a higher quantity of particles through radial clearances. Fluid flow through clearances inside the valve increases the pressure drop in the valve, and particles that enter the clearance increase the friction and intensify the wear process. Losses generated by fluid flow through clearances and friction caused by particles decrease the component operation efficiency and generate heat on local level. Such energy losses will be considerably higher and more important if we consider the system with many directional valves. In order to decrease the wear intensity of contact surfaces in working elements and to extend the working life of hydraulic components, it will be necessary to determine optimum values of working fluid cleanliness classes. In this respect, a cleanliness monitoring system and working fluid filtration system should be provided for those systems where it could be appropriate and profitable. 
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