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            Abstract
          
        

        
          Structural vibrations significantly affect the reliability, efficiency, and safety of engines. Excessive vibrations pose a threat to component integrity, accelerating wear on essential parts such as pistons and crankshafts. Accordingly, controlling structural vibrations is imperative for enhancing engine efficiency by minimizing energy losses and optimizing fuel consumption. This study examines the structural vibration of a 588 kW 4-stroke diesel engine installed on a tonnage fishing boat. Analysis revealed a natural vibration frequency of approximately 118 Hz, resulting in resonance at 1700–1800 rpm by the 4th order. The vibration level exceeded the acceptable criteria. A novel solution for installing additional reinforcing bars to secure the engine to the walls and floor of the engine room is suggested to improve the vibration behavior of the main engine.
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      1. Introduction
      In the maritime industry, research indicates that approximately 40 percent of incidents are related to engine malfunctions [1]-[3]. Appropriate repair and maintenance of ship equipment play an important role in reducing maritime disasters and improving marine safety [4]. In general, there are three types of maintenance: They are failure, protective, and predictive. Failure maintenance is related to the overhauling of the entire engine. Protective maintenance is performed according to the engine manufacturer recommendations. Predictive maintenance is a special type of maintenance that allows the diagnosis of engine health without invasive intervention. Structural vibration analysis is an effective predictive maintenance method to identify errors and detect fault sources [5][6]. Structural vibrations create an initial force or a continuous excitation force acting on an object. When an object vibrates under the influence of an initial force, it is a free vibration. Over time, the vibration amplitude diminishes due to the loss of acting energy, and the object stops moving. A simple example is a spring vibrating under an initial excitation force. It vibrates with a decrease in vibration amplitude and then stops when the energy generated by the initial excitation force equals zero.

      By contrast, forced vibrations occur when the structure is continuously subjected to excitation forces. When the frequency of an excitation force coincides with the frequency of the structure, the vibration amplitude can be amplified significantly and resonance appears [7]. For instance, vibrations occur because of excitation forces during engine operation. Excessive vibration levels contribute to material fatigue and lead to excessive wear of moving parts in marine diesel engines, such as pistons and crank-shafts [8]. In the modern ship design stage, calculating vibration excitation is essential to avoid vibration resonance during engine operation. The final purpose of this calculation is to keep the natural frequency of the propulsion system away from the dangerous excitation frequency [9].

      Structural vibration prediction is necessary to ensure the efficient operation of machinery and enhance its safety and lifespan. Machinery often operates under various load conditions for a long time, which may induce an imbalance in the shafts and a high excitation force. Through accurate predictions of these vibrations, engine damage can be avoided and repair costs can be reduced.

      Furthermore, vibration prediction in the machinery design process offers many advantages, including improved energy efficiency, reduced fuel consumption, and extended longevity [10].

      Structural vibrations can be characterized by displacement, velocity, or acceleration, with each parameter representing a measurement method. The choice of measurement depends on the frequency range of interest, where displacement is used for low-frequency vibrations, velocity for medium-frequency vibrations, and acceleration for high-frequency vibrations [11]. To obtain these parameters, vibration sensors are attached to the measurement objects. In general, velocity is used to assess the conditions of machinery and motors [12]. Displacement is applied to machinery and systems with slow-moving parts to detect imbalances and misalignments [13]. Acceleration plays a role in providing instant vibration analysis and is essential for identifying issues such as bearing faults or misalignments that occur at higher frequencies [14].

      Currently, various methods are employed to analyze structural vibration, including fast Fourier transform (FFT) [15], fuzzy logic, Wigner–Ville distribution [16][17], and wavelet transform [18]-[21]. However, these methods require a certain level of understanding of structural vibrations. This study aims to simplify vibration analysis methods and assist engineers and operators in gaining a comprehensive overview of the vibration analysis of 4-stroke main engines.

      In this study, experiments and field research were conducted on small fishing vessels to prevent the potential deterioration of the main engine and shaft system due to structural vibrations. Based on this phenomenon, increasing structural vibrations were observed at certain engine operating speeds. Furthermore, torsional vibration was examined to determine whether it contributed to structural vibration. The structural vibration levels were evaluated in terms of the vibration velocity according to two standards: “Vibration Class” by Det Norske Veritas (DNV) [22] and ISO 20816-9:2020 for the mechanical vibration of gear units [23].

    

    

  
    
      2. Experiment Setup
      The details of the main engine are listed in Table 1. A schematic of the structural and torsional vibration measurements in this research is presented in Figure 1. An anti-slip roller encoder (type RP-7400, ONO SOKKI) was installed on the propeller shaft to measure the angular velocity of rotation, as shown in Figure 2. This sensor could perform at 0.01 m/min (1200 pulses/revolution).

      
        
        

        Figure 1 
				
        

        
          Schematic for the structural and torsional vibration measurements
        
        

        

      

      
        Table 1 
				
        

        
          Details of the main engine
        
        

      

      
        
          
            	Engine
          

        
        
          	Model
          	DT M26.2 00.07 C
        

        
          	Number of strokes
          	4
        

        
          	Number of cylinders
          	8
        

        
          	Cylinder bore x piston stroke
          	150 mm × 150 mm
        

        
          	Output at MCR
          	588 kW at 1950 rpm
        

        
          	Break-mean effective pressure
          	17.1 bar
        

        
          	Rotating direction
          	Counter-Clockwise
        

        
          	Specific fuel oil consumption
          	225 g/kWh at BSFC-rated power Combustion air
        

        
          	consumption
          	8,640 kg/h, tolerance +/-5%
        

        
          	Combustion ratio
          	15
        

        
          	Firing order
          	1-8-4-3-6-2-7-5
        

      

      

      
        
        

        Figure 2 
				
        

        
          Installation of roller encoder at the propeller shaft
        
        

        

      

      To convert the frequency signal from the roller encoder into a voltage signal proportional to the angular velocity, a high-speed frequency-to-voltage converter (type FV-1500, ONO SOKKI) was used. It has a high-speed response for a wide frequency range of 0.2 Hz to 320 kHz. A triaxial accelerometer (PCB 35A16, Piezotronics) was attached to the gearbox, illustrated in Figure 3. Two triaxial accelerometers (PCB 604B31, Piezotronics) were installed at the engine's top girder aft and fore sides, as displayed in Figure 4. All these triaxial accelerometers have a nonlinearity of less than 1% in the frequency range from 0.5 to 5000 Hz. A signal conditioner (PCB 482A17, Piezotronics) supplied power and picked up the signal from the accelerometers. The data acquisition (DAQ) (cDAQ-9174 and NI-9215, National Instruments) converts analog signals to digital signals, enabling the computer to record the vibration data.

      
        
        

        Figure 3 
				
        

        
          Installation of accelerometer at the gearbox
        
        

        

      

      
        
        

        Figure 4 
				
        

        
          Installation of accelerometers on the engine top girder
        
        

        

      

      Measurements were performed continuously across the entire engine speed range. The engine speed was gradually increased in increments, and each speed was maintained for 30 s to ensure steady-state conditions for data recording.

    

    

  
    
      3. Methodology
      
        3.1 Relationship between Vibration Velocity and Vibration Acceleration
        In this experiment, accelerometers were used to measure the structural vibrations. However, the vibration signal should be assessed in terms of vibration velocity to align with the criteria specified in the standards. The relationship between the velocity and acceleration of the vibration is expressed by the following equations:
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        where

        v^ = A: Amplitude of vibration velocity (m/s)
a^ = Aω: Amplitude of vibration acceleration (m/s2)
f : Frequency of vibration (Hz)
ω: Circular frequency (rad/s)
t : Time (s)
φ: Initial phase of vibration (rad)

        From (1)-(3), the transformation from the vibration acceleration amplitude to the vibration velocity is determined by
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        For example, if the vibration acceleration at 60 Hz has an amplitude of 2 m/s², the vibration occurring at that frequency domain will be converted into a velocity amplitude of 5.3 × 10⁻³ m/s by (4).

        The signal processing procedure was as follows:

        
          	o The vibration waveform was recorded in the time domain.


          	o FFT was applied to transform the time-domain signal to a frequency domain.


          	o In the frequency domain, the obtained vibration amplitude of the acceleration was translated to that of the vibration velocity using (4).


        

      

      
        3.2 Harmonic Order Analysis
        Harmonic order analysis is an effective method for accurately evaluating the level of vibration and identifying its sources. When the rotational frequency of the shaft corresponds to the vibration frequency excited by the engine operation, the relation can be determined as follows:
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        Order numbers are typically integer numbers, such as 1, 2, 3, ...n. For example, a four-blade propeller creates a vibration with four cycles per propeller revolution, corresponding to the 4th  harmonic order. Half orders (0.5, 1.5, etc.) are commonly observed in 4-stroke diesel engines where a working cycle takes place over two shaft revolutions [24].

        The harmonic order amplitude is typically presented as a peak value. However, some standards assess the vibration amplitude using the root mean square (RMS) values, which characterize the vibration energy. An RMS value is equivalent to 1⁄√2 of the corresponding peak value.

      

    

    

  
    
      4. Results and Discussion
      
        4.1 Structural Vibration
        The ISO 20816-9:2020 standard is used to assess the level of structural vibration in the gearbox. Accordingly, for the engine with a nominal output of 588 kW, as shown in Table 1, the vibration limit for each vibration component is 12.5 mm/s for RMS values, corresponding to 17.7 mm/s in peak values. In this study, all vibration levels in the figures are presented as peak values.

        Figure 5 shows the measurement results for the vibration of the gearbox. The 4th harmonic order vibration level excited by the combustion process of eight cylinders was the highest. Subsequently, in the transverse and vertical directions, the vibration level of the 4th harmonic order was significantly higher than that in the longitudinal direction. However, this vibration level is still much lower than the limit of 17.7 mm/s. This demonstrates that the vibration level at the gearbox satisfied the limitation standard and was acceptable. No issues related to structural vibrations affecting the gearbox of the main engine were observed.

        
          
          

          Figure 5 
				
          

          
            Vibration velocity at the gearbox: (a) longitudinal direction; (b) transverse direction; (c) vertical direction
          
          

          

        

        On the engine side, the DNV AS standard was applied to evaluate the vibration levels. Following Table 1 and this standard, the engine had a maximum continuous rating speed of 1950 rpm and was resiliently mounted; therefore, the vibration limit was set at 25 mm/s. Figure 6 shows the results of the vibration measured on the aft side of the engine. In the longitudinal and vertical directions, the vibration level of the 4th harmonic order was the highest. However, these were less than 25 mm/s, satisfying the aforementioned standards. By contrast, in the transverse direction, the vibration level of the 4th order was much higher than the above limit.

        
          
          

          Figure 6 
				
          

          
            Vibration velocity on the engine top girder aft side: (a) longitudinal direction; (b) vertical direction; (c) transverse direction
          
          

          

        

        The vibration velocity of the aft side of the engine top girder in the transverse direction was determined from the waterfall and contour map plots exhibited in Figure 7. The highest vibration level appeared within the engine speed range of 1700–1800 rpm at a frequency of approximately 118 Hz, corresponding to the 4th harmonic order. Moreover, within the same frequency range, resonance also appeared at the 5th harmonic order between 1400 and 1600 rpm and at the 8.5th harmonic order in the range of 800–1000 rpm. This suggests that the propulsion system has a natural vibration frequency of approximately 118 Hz. These resonances were within the frequent operation zone of the engine.

        
          
          

          Figure 7 
				
          

          
            Vibration velocity on the engine top girder aft side in the transverse direction: (a) waterfall; (b) contour map
          
          

          

        

        At the fore side of the engine top girder, the resonances appeared to be similar to those observed at the engine top girder aft side. In the transverse direction, the vibration level at the 4th  order significantly exceeded the limit specified in the DNV AS standard. The natural frequency was approximately 118 Hz inside the frequent operation zone of the engine, described in Figure 8. Continuous operation under these conditions can be hazardous to moving parts such as pistons and crankshafts, resulting in wear, tear, and potential cracking.

        
          
          

          Figure 8 
				
          

          
            Vibration velocity on the engine top girder fore side in the transverse direction: (a) order tracking; (b) waterfall; (c) contour map
          
          

          

        

      

      
        4.2 Torsional Vibration
        In vibration analysis, torsional vibration is one of the causes of large structural vibrations when an engine is running. Therefore, torsional vibration analysis of the propeller shaft was conducted. Typically, if resonance occurs during torsional vibration, the angular velocity vibration of the shaft will experience significant fluctuations. Figure 9 indicates that the angular velocity vibrations of all harmonics over the entire engine speed range showed no remarkable fluctuations. The angular velocity amplitude of 4th order was negligible, and resonance did not occur in the speed range of 1700–1800 rpm. This was not the same as the vibration level on the 4th order of the engine top girder sides. This proved that torsional vibration was not a source of excessive structural vibration.

        
          
          

          Figure 9 
				
          

          
            Angular velocity vibration at the propeller shaft
          
          

          

        

      

      
        4.3 Discussion
        The analysis revealed a natural frequency of structural vibration of approximately 118 Hz, leading to resonance at the 4th harmonic order within the 1700–1800 rpm range. The vibration levels exceeded the acceptable criteria. To address this issue, reducing the vibration excitation forces or altering the natural frequency to shift the resonance out of the frequent operating range of the engine is necessary.

        First, the resonance can be mitigated by minimizing the vibration excitation forces through an engine overhaul:

        
          	o	Perform a comprehensive inspection and maintain the engine, including checking corrosionprone rotating parts such as the crankshaft, connecting rod, and piston ring. If these parts are damaged, they must be replaced.


          	o	Tighten the bolts connecting the engine bedplate to the engine room floor.


        

        Second, the natural frequency of the propulsion system should be adjusted to shift the resonance beyond the frequent operating range of the engine. The system can be simplified to a masselastic model, including masses (m) and springs (k), as shown in Figure 10.

        
          
          

          Figure 10 
				
          

          
            Example of a masselastic model
          
          

          

        

        The natural frequency of an entire system can be altered by modifying the mass or stiffness of any component. The relationships among the natural frequency, mass, and stiffness of a component are as follows:
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        where

        fn: Natural frequency (Hz)
k: Stiffness (N/m)
m: Mass (kg)

        As (6) shows, stiffness and natural frequency have a direct relationship, whereas mass and natural frequency have an inverse relationship. Thus, the natural frequency can be reduced by either increasing the mass or decreasing the stiffness. However, a decrease in the natural frequency may not completely solve this problem, as the resonance may still be within the engine’s frequent operation range. The natural frequency can be increased by increasing the stiffness or decreasing the mass of the components in the propulsion system. The mass can be reduced by removing the unimportant parts. Nevertheless, few components can be removed from this engine. Another method is to increase the stiffness. This can be accomplished via two methods. In the first method, the main engine piping system, such as the fuel pipe, cooling water pipe, lubricating oil pipe, and exhaust gas pipe, can be replaced with a new type of higher-stiffness material [25]-[28]. This traditional method has been applied to many merchant ships. In the second method, additional bars can be installed on the wall and floor of the engine room to reinforce the engine. This is a new method with an operating principle similar to that of top-bracing systems, which are usually applied in large two-stroke main engines. As previously discussed, resonance leads to amplified vibrations. The purpose of using top bracing is to move the resonance away from the engine's frequent operation zone, there-by reducing the vibration level, as shown in Figure 11.

        
          
          

          Figure 11 
				
          

          
            Effective vibration reduction using the additional bars.
          
          

          

        

        Installing these bars has the following several benefits:

        
          	o Increasing stiffness: The entire structure is protected from the dynamic forces created by the engine operation.


          	o Load transfer: The installed bars distribute the dynamic load throughout the engine structure. This prevents stress concentration at one position, which leads to excessive vibration or structural damage.


          	o Prevention of structural deformation: The bars provide additional support for the engine structure. This is essential for maintaining the alignment of the rotating components during engine operation under different load conditions.


        

      

    

    

  
    
      5. Conclusion
      This study investigated the structural vibrations of a 4-stroke high-speed diesel engine propulsion system on a fishing boat using measurements obtained during an actual sea trial. The purpose was to identify the cause of the intensive structural vibrations observed at specific engine operating speeds and propose measures to improve vibration performance. The vibration levels were assessed according to ISO 20816-9:2020 for the gearbox and the DNV AS standard for the main engine. The conclusions are as follows:

      
        	(1) Order-tracking analysis revealed that the most intense vibration was at the 4th order generated by the working process of the eight cylinders.


        	(2) The angular velocity fluctuation measured on the propeller shaft was not significant. This indicated that the torsional vibration was not a source of excessive structural vibration.


        	(3) Although the vibration levels at the gearbox were within these limits, the vibrations measured on the top girders of the engine exceeded the allowable criteria. A natural frequency of approximately 118 Hz was identified, resulting in a vibration resonance in the range of 1600–1800 rpm by the 4th order. This is the primary source of excessive vibrations. Reducing the level of vibration resonance or shifting the resonance speed away from the operating range of the main engine is critical.


        	(4) The first solution involves comprehensive inspection and maintenance of the main engine. This can help reduce the excitation force of the 4th harmonic order and, consequently, lower the vibration at resonance.


        	(5) The second solution focused on adjusting the natural frequency of the system. Installing additional bars connecting the engine body to the engine room is recommended. These bars function as top bracing devices, increasing the stiffness of the engine's support structure and thereby increasing the natural frequency of the system.


      

      We conducted a study based on classification rules and international standards and presented an appropriate solution to the problem. After the proposed solutions are implemented, their structural vibration performances should be reexamined to confirm their effectiveness. The results will be presented in a future study.
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