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            Abstract
          
        

        
          Currently, condition diagnostic technologies of general machinery and their structures based on an acoustic emission sensor (AES) are widely used and applied to a variety of fields. An AES is an efficacious and powerful tool for measuring the high-frequency vibrations of reciprocating or rotating devices. Data acquisition (DAQ) and analysis software (S/W) for AES operating at high frequencies from 50 kHz to 1 MHz is necessary. In this regard, an S/W has been developed to facilitate the simultaneous monitoring of 12 channels using National Instrument’s (NI) NI6366 DAQ device and C# programming language to achieve a sampling rate of 2 MS/s for each channel. In a case study involving a two-stroke low-speed diesel engine during sea trial, the firing conditions of all the cylinders and the working conditions of the top bracing (TB) were detected. Based on the results, it was demonstrated that the recorded vibrations under normal firing conditions have a larger amplitude than the vibrations that occur under the misfiring conditions, in all investigated operation ranges. In addition, the TB on-off condition was detected by a 1/80 octave analysis of the AES signal via wave transmission. When the mechanical components participate in the moving process, there is the possibility of the generation of friction and wear including deformation and micro-fraction, as well as slipping between moving parts. These results can serve as useful information for the detection of mechanical working conditions in the future.

        

        
          
            초록
          
        

        
          최근 일반 기계와 관련 구조물에서 음향 방출 센서를(AES) 이용한 상태 진단 기술이 자주 이용되고 있고 응용분야도 다양하다. 특히 AE 센서는 사용주파수가 높기 때문에 모니터링과 분석 소프트웨어(S/W) 개발이 필요하여 개발하였다. 이 연구에서는 미국 National Instrument(NI)사 NI6366과 C# 언어를 이용하여 AES 사용영역인 50 kHz ~ 1000 kHz까지 분석하도록 최대 샘플링속도 2 MS/s, 12채널까지 동시에 사용할 수 있도록 소프트웨어를 개발하였다. 사례 연구로 선박용 저속 2행정 디젤엔진에서 실린더 내 폭발 압력이 크고 피스톤의 왕복운동에 따른 윤활 마찰 등을 고려하여 AES를 실린더 라이너 하단부에 설치하여 웨이브 신호를 취득하였다. 일차적으로 여기서 얻은 신호를 분석한 결과 선박의 주 기관인 저속 2행정 디젤엔진에서 한 실린더 내 착화실패 및 톱 브레이싱의 작동상태를 확인할 수 있었다. 또한 AES 신호는 그 외 실린더와 피스톤사이의 윤활이나 마찰 등의 연구 가능성을 열어주고 있다.
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      1. Introduction
      The main engine of the propulsion system is the most important part of a ship. It determines the productive capacity and the safety level of the ship in any weather condition at sea. Thus, the engine’s state is a primary concern and all information regarding its operation should be monitored. In particular, the firing state of the cylinder is critical to normal operation. Currently, most diesel engines use pressure and thermal sensors to obtain this information. In this report, a new technique is introduced to evaluate the firing state of a cylinder as well as the engine’s status.

      Recently, acoustic emission techniques have been used in a wide range of health monitoring applications. These approaches are commonly used to investigate the state of the components of diesel engines including injectors(1,2), valves(4), piston wear(5), cylinder pressure(1,3), gearboxes(6,8,9), and bearings(7,10,11). In an experiment conducted by Tian Ran Lin on a 4-stroke, 4-cylinder diesel generator engine, various loads were used to determine the fault state of the injectors(1). The investigation of fault detection of injectors was conducted by Ahmad on a 4-stroke, 6-cylinder engine(2) and the applicability of AES for frequencies lower than 50 kHz was demonstrated. AES signals are also used to indirectly determine the pressure in cylinders or the mechanical condition of structures in large 2-stroke low-speed diesel engines, as well as small 4-stroke diesel engines(3). The range of the measured vibration frequency depends on the frequency range of the experimental equipment, for example, 20 kHz(1), 30 kHz(3), or 50 kHz(2).

      In this study, an experiment on a large 2-stroke, 6-cylinder marine diesel engine was conducted to investigate the vibrations associated with a diesel engine for frequencies in the range of 50 kHz to 800 kHz for two operation modes.

    

    

  
    
      2. Experimental Overview
      The experimental system consisted of three main blocks; namely, the AES, medium transmitter, and the monitoring and analyzing S/W. This S/W was specially designed to measure high-frequency vibrations. This data was then analyzed and compared with a database to partially determine the state of the diesel engine. The overall block diagram of this system is shown in Fig. 1.

      
        
        

        Fig. 1 
				
        

        
          Schematic diagram for high-frequency vibration measurements
        
        

        

      

      
        2.1 Acoustic Emission Sensor
        The Kistler AES that was used in the experients consisted of two parts. One component is the sensor that detects high-frequency vibrations, and the other is a transmitter box that converts the vibrations detected by the sensor into voltage or current output signals(12). This AES was able to measure vibrations in the frequency range of 50 kHz to 1 MHz with high sensitivity, and is displayed in Fig. 2.

        
          
          

          Fig. 2 
				
          

          
            Image of Kistler AE sensor
          
          

          

        

        Table 1 shows the specification of the AES. Due to the extremely low current output, this device requires a conveyor to convert the signal from a current to a voltage, or simply to increase the power of the signal(13). The structure of the transmitter box is illustrated in Fig. 3.

        
          Table 1 
				
          

          
            Specifications of the kistler AE sensor
          
          

        

        
          
            
              	Type
              	Unit
              	Range
            

          
          
            	Dynamic
            	Frequency range
            	kHz
            	100···900
          

          
            	Sensitivity
            	1V/(m/s)
            	48
          

          
            	Environmental
            	Overload shock
            	gpk
            	2000
          

          
            	Operating temperature range
            	(°C)
            	-55···165
          

          
            	Electrical Output
            	Impedance
            	Ω
            	<10
          

          
            	Voltage 
full-scale
            	V
            	-2
          

          
            	Current
            	mA
            	2···4
          

          
            	Source
            	Voltage
            	VDC
            	5···36
          

          
            	Constant current
            	mA
            	3···6
          

        

        

        
          
          

          Fig. 3 
				
          

          
            Diagram of transmitter box
          
          

          

        

        This device has 2 inputs and 4 output blocks. A direct current (DC) voltage of +24 V is required at the first input (J7) and the sensor signal connects to the remaining input (J4). The current input signal from the sensor is amplified and converted to a voltage by the RF Amplifier block with an adjustable gain. This gain can be adjusted by changing the position of two jumps (J5, J6) on the transmitter board. A bandpass filter block then regulates the output signal and only vibrations in a specific frequency range are allowed to be transmitted, as shown in Fig. 4. There are four types of output signals that include a raw AES output, the root mean square (RMS) output signal with a voltage, the RMS output with a current from 4 mA to 20 mA integrated zero adjustment element, and the alarm output with a contact type for the warning applications.

        
          
          

          Fig. 4 
				
          

          
            Frequency range of the transmitter box
          
          

          

        

      

      
        2.2 Medium Transmitter
        The medium transmitter is one of the most important equipment employed to convert an analog signal from a sensor to a digital signal for transmission to a computer via a cable or peripheral component interconnection (PCI) slot. There are numerous approaches available for the collection and conversion of the signals generated from sensors including the use of NI equipment, a PCI card, an analog to digital converters (ADC), etc. The combination of this device and the sensors determines the range as well as the amplitude of the measured frequency.

        Fig. 5 shows the interface of the high-sampling rate NI USB 6366 BNC that was used in this application. The device specifications are summarized in the user manual(14) and the functionality includes analog input (AI), analog output (AO), digital input (DI), digital output (DO), general counters, frequency generator, etc. In the experiment, only the AI was used to connect with the Kistler AES to measure high-frequency vibrations. The computer receives high-frequency vibration signals from this device via a USB cable. The characteristics of the AI channel for this device are shown in Table 2.

        
          
          

          Fig. 5 
				
          

          
            NI USB – 6366 BNC
          
          

          

        

        
          Table 2 
				
          

          
            Characteristics of AI channels of NI USB 6366 BNC
          
          

        

        
          
            
              	Name
              	Parameter
            

          
          
            	Number of channels
            	8
          

          
            	ADC resolution
            	16 bits
          

          
            	Sample rate
            	2.00 MS/s
          

          
            	Time of resolution
            	10 ns
          

          
            	Time of accuracy
            	50 ppm of sample rate
          

          
            	Input coupling
            	DC
          

          
            	Input range
            	1, 2, 5, 10
          

          
            	Maximum working voltage for all analog inputs
            	11 V for all ranges
          

          
            	Input Impedance
            	
          

          
            	When device on
            	> 100 G Ω
          

          
            	When device off
            	2 k Ω
          

          
            	Overvoltage protection for all AI channels
            	
          

          
            	When device on
            	36 V
          

          
            	When device off
            	15 V
          

          
            	Input current during overvoltage conditions
            	20 mA max/AI pin
          

        

        

        According to this table, two outstanding issues appear during the experiment. Firstly, the programmer should change the input value depending on the actual value of the input signal because the default range is 1 V. The maximum working voltage is 11 V. If the input signal has a threshold that is higher than this value, the AI channels cannot measure this signal. The second issue is the overvoltage protection of all the AI channels that prevent damage to the equipment.

      

      
        2.3 Monitoring and Analysis Software
        The engine vibration analysis and monitoring system (EVAMOS (Brand name of Dynamic Lab. of Mokpo Maritime University) AEC) S/W with AES using the C# programming language was designed to measure and monitor high-frequency vibrations of the engine. The main function of EVAMOS AEC S/W was to handshake with the NI USB 6366 BNC to receive, monitor, and record vibration signals. In addition, the S/W was flexible in choosing the sampling rate and the number of channels, changing the name of the channels, and analyzing the vibration signal. Based on the aforementioned requirements, the S/W consisted of three setup windows; namely, analyzer window, input channels window, and recording setup window. The real-time monitoring window is the main working interface and the analysis function was performed after the data recording process was completed. The flowchart of the program for measurement and analysis is illustrated in Fig. 6.

        
          
          

          Fig. 6 
				
          

          
            Flowchart of the measurement program
          
          

          

        

        Firstly, the vibration data was measured and displayed on the monitoring interface, while also being recorded to analyze and estimate the state of the engine. Secondly, the data was analyzed using the Fast Fourier transform (FFT) method to determine the amplitude and frequency of each of the high-frequency vibrations. Finally, waterfall and contour plots were created based on the analyzed data.

      

    

    

  
    
      3. Experimental Results
      
        3.1 Implementation of the System
        This investigation was conducted on cylinder no. 6 of the 158 k Deadweight Tonnage (DWT) oil tanker shown in Fig. 7. As displayed in Fig. 8, cylinder no. 6 is the nearest one to the turning wheel that is tested under the misfiring conditions during the sea trial process.

        
          
          

          Fig. 7 
				
          

          
            Image of the 168 k oil tanker
          
          

          

        

        
          
          

          Fig. 8 
				
          

          
            Image of the main engine of the 158 k oil tanker
          
          

          

        

        The vibration of the main engine was caused by the pressure of the combustion gases in addition to the reciprocating inertial force of the engine and the hydrodynamic force of the propeller. The specifications of the propulsion system of this vessel are summarized in Table 3.

        
          Table 3 
				
          

          
            Specification of the propulsion system of the oil tanker
          
          

        

        
          
            	Engine
            	Type
            	MAN B&W 6G70ME-C9.5
          

          
            	Cylinder bore x stroke
            	700 mm×3256 mm
          

          
            	Power at RPM
            	16330 kW×73r/min
          

          
            	Mean indicated pressure
            	18.86 bar
          

          
            	Reciprocating mass
            	9686 kg/cyl.
          

          
            	Number of cylinders
            	6
          

          
            	Firing order
            	1 5 3 4 2 6
          

          
            	Gas harmonic
            	T249976
          

          
            	Turning wheel
            	Moment of inertia
            	15000 kgm2
          

          
            	Weight
            	5467 kg
          

          
            	Torsional damper
            	Type
            	Tuning type
          

          
            	Outer inertia
            	20600kgm2
          

          
            	Inner inertia
            	904 kgm2
          

          
            	Torsional stiffness
            	12 MNm/rad
          

          
            	Damping
            	240000 Nms/rad
          

          
            	Thermal load
            	220 kW
          

          
            	Intermediate shaft
            	Diameter x length
            	565 mm × 9134 mm
          

          
            	Propeller shaft
            	Diameter x length
            	675 mm × 9466 mm
          

          
            	Propeller
            	Moment of inertia in water
            	212352 kgm2
          

          
            	No. of blade
            	4
          

          
            	Diameter
            	9.0m
          

          
            	Weight
            	46465 kg
          

        

        

        In this implementation, the Kistler AES was used to measure the high-frequency vibration in the horizontal direction of the cylinder, and a tachometer was utilized to measure the speed of the diesel engine. The arrangement of the sensors is shown in Fig. 9 and the real position is shown in Fig. 10.

        
          
          

          Fig. 9 
				
          

          
            Arrangement of the sensors for vibration measurements
          
          

          

        

        
          
          

          Fig. 10 
				
          

          
            Position of acoustic emission sensor
          
          

          

        

      

      
        3.2 Vibration Results
        Measurements were performed using the same RPM under the normal firing and misfiring conditions of cylinder no. 6. The chosen sampling rate of the NI USB 6366 BNC was 2.00 MS/s, and the first channel was the default connection to the tachometer signal to determine the engine speed. Although the maximum continuous rating of the diesel engine was 73 r/min, the experiment could not be conducted at such a high revolution rate because the limit of engine speed under the misfiring conditions is only 60 r/min.

        Comparing the data between the normal firing conditions and the misfiring conditions facilitate the determination of the different outstanding characteristics. Based on the measurements, it is also possible to determine the difference between the TB on and TB off conditions. A database can then be created to estimate the mechanical condition of the diesel engine.

        Figures 12, 13 show the experiment results for the misfiring conditions. Figures 14, 15 show the results for the normal firing conditions for TB on, while Figs. 16, 17 show the results for the normal firing conditions for TB off.

        
          
          

          Fig. 11 
				
          

          
            Laptop computer running EVAMOS AEC S/W
          
          

          

        

        
          
          

          Fig. 12 
				
          

          
            Result for vibration in the transverse direction (waterfall) for the body of cylinder no. 6 under misfiring conditions with TB on
          
          

          

        

        
          
          

          Fig. 13 
				
          

          
            Result for vibration in the transverse direction (contour) for the body of cylinder no. 6 under misfiring conditions with TB on
          
          

          

        

        
          
          

          Fig. 14 
				
          

          
            Result for vibration in the transverse direction (waterfall) for the body of cylinder no. 6 in the normal firing conditions with TB on
          
          

          

        

        
          
          

          Fig. 15 
				
          

          
            Result for vibration in the transverse direction (contour) for the body of cylinder no. 6 in the normal firing conditions with TB on
          
          

          

        

        
          
          

          Fig. 16 
				
          

          
            Result for vibration in the transverse direction (waterfall) for the body of cylinder no. 6 in the normal firing conditions with TB off
          
          

          

        

        
          
          

          Fig. 17 
				
          

          
            Result for vibration in the transverse direction (contour) for the body of cylinder no. 6 in the normal firing conditions with TB off
          
          

          

        

        
          
          

          Fig. 18 
				
          

          
            Result for vibration in the transverse direction (waterfall) for the body of cylinder no. 6 in the misfiring conditions with TB on
          
          

          

        

        From the results shown in Figs. 12 ~ 15, it is evident that the vibrations that occur under the normal firing conditions have a larger amplitude that than the vibrations that occur under the misfiring conditions.

        The vibration of the normal firing mode for TB on was similar to the case of TB off in the frequency range of 50 kHz to 300 kHz. However, they exhibited a small different for very high frequencies (approximately 350 kHz and 750 kHz). A different was not observed in the misfiring and normal firing conditions at these frequencies with TB on. The vibrations in the frequency range of 300 kHz and 350 kHz were smaller for the misfiring mode compared to the vibrations associated with the normal firing modes, as shown in Fig. 19.

        
          
          

          Fig. 19 
				
          

          
            Result for vibration in the transverse direction (waterfall) for the body of cylinder no. 6 in the normal firing conditions with TB on
          
          

          

        

        Based on Fig. 19, it is evident that the amplitude of the vibration at 350 kHz for TB on is higher than that for TB off. At approximately 750 kHz, there are two pulses for TB on but only one pulse for TB off, as shown in Fig. 20.

        
          
          

          Fig. 20 
				
          

          
            Result for vibration in the transverse direction (waterfall) for the body of cylinder no. 6 in the normal firing conditions with TB off
          
          

          

        

      

    

    

  
    
      4. Conclusion
      This study investigated the possibility of using an AE technique for high-frequency vibration measurement and other auxiliary equipment for application in a marine engine under the real-working conditions of a ship. The results revealed that the Kistler AES was consistent in terms of measuring vibrations in the high-frequency range from 50 kHz to 800 kHz. The equipment used functioned as expected under the real-working conditions of the investigated marine vessel. They were not affected by the ambient conditions of the ship. Although the temperature of the cylinder body was almost 110 °C, the AES still can still operate normally over a long period. The vibration measurements were conducted at 2 MS/s via 8 channels using EVAMOS AEC S/W. This implies that this system can be used to performed measurements on a marine diesel engine with a maximum of 7 cylinders (1 channel for the Tachometer signal and 7 channels for the 7 cylinders).

      The vibration characteristics for 1/80 octave analysis differed for every operation mode and mechanical condition of the engine. According to the measured results, the difference between the vibration characteristics of the conditions was not similar for the complete range of investigated frequencies. In the case of the operation modes, only the range of frequencies lower than 350 kHz was useful for the detection of abnormalities, whereas higher frequencies were not useful. In contrast, for the mechanical modes, only frequencies at approximately 350 kHz and 750 kHz were useful, while the remaining data were not useful. Choosing a suitable range of frequencies in specific cases will further improve the speed of the processing stage. The output results obtained based on the Octave band frequency method have a smaller size compared to the raw data. These results proved that the AE technique is suitable for the investigation of high-frequency vibration characteristics and wave propagation in marine diesel engines for the real-working conditions of a ship.

      A comparison of the vibrations associated with the instance value and stored data can assist in the detection of the firing state of a cylinder as well as the mechanical conditions (e.g. TB on-off) of the engine. These vibration characteristics can be used to build a database to facilitate the detection and diagnosis of abnormal operation in diesel engines by applying advanced methods such as machine learning.
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