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Summary: A dynamic test of the reciprocating compressor requires non-standard measurement of input parameters (pressure, temperature, flow, and humidity), output parameters (pressure, mass of compressed gas) and process parameters (pressure in the cylinder, piston position) of reciprocating compressors. For non-standard testing is necessary to establish a special test bench. Non-standard measurements required automatic adjustment of power unit and actuators parameters in the test bench to enable the change of compressor working point and to control input and output compressor parameters in order to be constant during a measurement time. The paper describes the test bench and some results of non-standard measurement characteristics of reciprocating compressor. Presented solution enables the automation of the test process through setting of the operating regimes, control of operation conditions, measurements, and data processing.
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1. INTRODUCTION 

Testing of all produced parts is essential to achieve the optimal product with respect to ecology, economy and their utility and exploitation characteristics. In order to perform the necessary tests, test bench is necessary to conduct measure characteristics of these parts. For each part testing, it is necessary to develop a specific measurement installation. Depending on the testing type, test benches can be classified into: standardized test benches where typical, standard parameters of produced parts are tested and non-standard test benches where testing parameters and characteristics are not covered by standard tests. Non standard tests are necessary in the product development phase and in post production phase when it is necessary to improve parts characteristics and to monitor parameter changes in use.

Standard test of reciprocating compressors are used mainly for inspection of nominal parameters in stationary conditions: the maximum pressure of compressed air, the maximum amount of compressed air and energy efficiency. Standardized test bench is defined for measuring these characteristics.  
In order to determine the characteristics of reciprocating compressors in the development stage or in order to improve characteristics of the existing compressors it is necessary to measure characteristics that are not included in standard tests.

Non-standard testing is performed at a specific test bench which enables measurement of stationary and dynamic parameters of compressors. Test bench contains control unit which maintains constant test conditions and controls dynamic changes of the test conditions.

At Faculty of Mechanical Engineering in Kragujevac was a need to develop non-standard test bench for specific testing of reciprocating compressors of vehicle air brake systems. Development of the test bench for non-standard parameters measurements of reciprocating compressors and other testing machines, devices and circuits with similar principles of working (other types of compressors and IC engines ...) is conducted.
Test bench is designed for:
· standard, control and research tests of air compressors,

· research of compressor's working process,
· tribological tests of compressors and IC engines,

· determination of mechanical losses in compressors and IC engines, 

· comparative tests of lubricants for compressors and IC engines,

· determination of fluid characteristics in the air-conditioning systems...

2. OVERVIEW OF REALIZED TEST BENCHES
Testing of reciprocating compressors in development phase requires a specific, non-standard test bench which is realized variously in different research institutions. Diversity is reflected in the type of power unit and measuring and control elements of test bench. Measuring elements are chosen depending on needs for stationary or dynamic parameters of compressors. Control elements in the measuring installations are rare, although they are necessary to maintain constant test parameter or to control dynamic changes of test conditions.

Test benches for compressors testing are consist of standard measuring components. Analysis of individual components choice and their influence on the measurement results are not performed. Inappropriate element of the test bench installation can corrupt the measuring characteristics of the installation while the element with oversized characteristics can raise the test bench costs. 
Standardized measurement tests are performed on the test benches which are described in the literature [1,2]. Typical standards for compressors applied in motor vehicles are ECE 13 and ISO 1217. For standard tests there are commercially realized test benches (at example, American company Climatic Testing Systems [3]). Different test benches for non-standard compressor tests are described in literature. They have different characteristics: different power units with different power and various transducers in the measuring installation. The power unit can be a diesel engine [4], electric motor [5,6], gas turbine [7] ... 
There are small number of automated measuring installation for measuring compressors characteristics. Automated measurements installations for measuring compressors with a PID controller, which was conducted by Y. He in the China, [7], enabled more precise measurements by reduction of the time and number of involved researchers in the measurement realization. Test bench for non-standard measurement characteristics of compressors used in refrigeration systems was realized by B. Wang and associates at Tsinghua University in the Beijing, based on their own mathematical model [8]. Measuring installation for the testing of compressors with data acquisition system, but without automatic control of test bench, was realized by G. Raush with colleagues at the Technical University of Catalonia [9].

3. TEST BENCH REALIZATION 
Installation is primarily aimed for testing of performances of vehicle braking system's compressors and of small, general purpose compressors. Typical characteristics of vehicle braking system's compressor are presented in Fig. 1 and 2. These data are reference for dimensioning of compressors test bench.
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Fig. 1 Compressor driving characteristics
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Fig. 2 Compressor production characteristics


Test bench provides: measuring of the compressor parameters, control of measurement installation and processing of measurement data. The test bench consists of units given in the block diagram in Fig. 3. Measuring signals are marked by red line and control signals are marked with blue line. Schematic diagram of the test bench is shown on the Fig. 4
The power unit provides controlling of propulsion power of measuring installations by application of three phase electric motor (power 4 kW). Engine speed is regulated by frequency converters. Speed and torque submitted through output shaft of motor to compressor is continuously measured. Pulse load of electric motor caused by  process in the compressor, is reduced by application of flywheel on the output shaft.
Load of compressor is regulated by servo valve in load compressor unit, which controls the compressed air flow. Flow, temperature and humidity of compressed air are measured by appropriate transducers. Pulsation of compressed air on the compressor outlet is compensated by using the appropriate tank.
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Fig. 3 Test bench block diagram 
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1. Stand; 2. Electric motor; 3. Electric cabinet; 4. RPM transducer;

5. Torque transducer; 6. Elastic clutch; 7. Flywheel; 8. Flange; 9. Elastic clutch;

10. Compressor; 11. Crankshaft angle indicator; 12. Adjustable stand
Fig. 4.  Test bench with power unit/compressor assemble
Working condition unit provides compressors working conditions similar to operational conditions. In this unit there are three sections: section for circulation of lubricating oil through the compressor, section for temperature control of cooling fluids and section for air conditioning compressors. Depending on, the type of compressors or testing device, there is no need to use all three sections of this unit. For example, the section for circulation of lubricating oil used in compressors which have a common lubricating system with internal combustion engine and engine is not subject of research.
The work of the reciprocating compressors is not controlled. Measurement of the pressure in the cylinder depends on the angular position of the crankshaft which is measured with an accuracy of 1°. 

Control & Measurement & Data Processing Unit is based on the USB data acquisition system from National Instruments and LabVIEW software. This unit fully controls the entire of test bench. At the same time is managing power unit in order to obtain preferred speed and compressor load unit for obtaining preferred air flow and to maintain preferred operating conditions. 
Electric power part is in electric cabinet and can be use for restricted control in manual operation of test bench.
Measuring signals from all subsystems are acquired and saved in the computer memory in order to be processed and analyzed by appropriate tables and graphics. The same measuring signals are used in the control area of measuring installation. 
Photo of the test bench part is given in the Fig. 5.
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Fig. 5 Photo of test bench

4. EXAMPLE OF TEST BENCH APPLICATION
Realized test bench allows research of the new constructions and technological solutions to the certain parts of engines. Its basic advantage is in the realistic conditions of research constructions, materials, technologies and lubricants which give special value in the R&D testing.

The main instruction with tribological optimization orders the transfer of all bordering cases in hydrodynamic lubrication. In accordance with this request the new solution piston with tribo-pads is shown in Fig.6. 
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Fig. 6 Piston with tribo-pads
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Fig. 7 Effect of a tribological pads on mechanical friction


Results of tested solutions with tribo-pads is presented in Fig. 7. The increase of normal forces (from compression) vs. the number of rpm shows that mechanical losses are lower 5% then with the classical piston made by aluminum and cylinder made by grey cast.
5. CONCLUSION
Standard and research tests of reciprocating compressor demand corresponding test bench. Basic criteria for its design are contained in technical conditions of standards or are defined based on non-standard programs of research.  

Thanks to the principle, construction and technological similarity between reciprocating compressors and IC engines, it is possible to apply unique test methods and equipment. 

Contemporary test bench has automated management of the test process, data acquisition and data processing. 

Presented solution of test bench for testing of reciprocating compressors of air brake systems satisfies all conditions listed in standards and enables numerous non-standard and research tests.  
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