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        Abstract



        The oil cooling gallery is arranged at the top of the piston, which can effectively reduce the heat load of the piston. In this paper, finite element analysis and fatigue analysis by FE-safe are used to calculate the effects of the different positions of the oil cooling gallery to the temperature, stress field and the fatigue strength of the bowl rim, top land, first ring groove, second land and cooling gallery. The results show that, with the oil cooling gallery moving upward regularly, the temperature of the oil cooling gallery increased, and the temperature of other piston critical position decreased; but when the distance of the oil cooling gallery and combustion chamber decreased, the structural strength of the combustion chamber decreases gradually. In addition, too small distance between the oil cooling gallery and the top surface will make the temperature of the oil cooling gallery too high, which makes the oil coking in the oil cooling gallery, affecting the cooling effect seriously. For this type of piston, the optimal distance between the oil cooling gallery and the top surface is 12.5mm.
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      1. INTRODUCTION


      The working environment for the engine piston is critical, it has to bear the effect of the thermal load during operation [1]. The highest working temperature and the temperature gradient of the critical position in the piston temperature distributions are concerned mostly, the maximum temperature affects the variation of the piston material properties and swelling quantity, and the temperature gradient is the main reason causing the heat distortion and the thermal stress. So in the design process, it is very certainly necessary to calculate and analyze the piston temperature field, and to take effective measures to reduce the thermal stress in order to increase the ability to withstand the thermal load of the piston. Piston cooling technology is an effective method to solve these problems [2, 3]. The purpose of using the cooling gallery is to reduce the temperature of the piston top surface [4] and piston ring groove portion (particularly the first and second groove), so that temperature of all critical position in the piston will be controlled in a reasonable limits [5].


      In this paper, optimization was performed for piston with oil cooling gallery to get better cooling performance and piston reliability. Using numerical simulation for analysis, changing the positions of the oil cooling gallery to compare the temperature, stress and fatigue strength of the critical position, such as the combustion chamber, oil cooling gallery. The influence of the location of the oil cooling gallery to the critical position of the piston is obtained, which provides a theoretical basis for the design of the oil cooling gallery.

    


    
      2. CALCULATION METHOD OF FATIGUE


      Normally, the piston has a fatigue failure under the action of multiple alternating loads. The fatigue of the piston belongs to high cycle fatigue, and multi axis fatigue. In this paper, we use the theory of the stress - life curve, and carry on the multi - axis fatigue analysis according to the Goodman diagram to the theory of the equivalent average stress.


      
        2.1. Method for Calculating the Mean Stress and Stress Amplitude


        In the double logarithmic coordinate system, the stress amplitude and cyclic number are linear relationship [6]. The stress of the piston changes between the maximum stress Smax and the minimum stress Smin during a complete cycle of 720 DEG C crank angle. The difference is called strain ∆S, and the half of the difference is the stress amplitude ∆S/2.
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        The stress amplitude
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        2.2. Calculation Method of the Fatigue Coefficient


        The relationship between the cyclic stress amplitude and the equivalent average stress is studied in the given life. When the life is certain, the greater of the equivalent average stress, the smaller of the corresponding stress amplitude. However, the equivalent average stress will never be greater than the destructive strength in either case. The failure strength is the yield limit of the material which has good ductility or tensile strength of the modified materials [7].


        For any given life, the most severe cycle, i.e. the one that comes closest to the Goodman line, is plotted on the Goodman diagram. A line is drawn through this point from the origin. This indicates how much the stress could be increased before it touches the Goodman line. As shown in Fig. (1), the ratio A/B indicates the fatigue factor.
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Fig. (1)


        Factor of strength (FOS)-Goodman diagram.

      

    


    
      3. RESEARCH AND ANALYZES


      In order to find the reasonable position of the oil cooling gallery, one type of diesel engine piston was analyzed in this paper. The specific parameters of the engine are shown in Table 1. The main purpose is focus on the effect of different locations of the cooling gallery to the temperature and fatigue fields of piston critical position. In order to ensure the accuracy of the piston temperature field, using the measured temperature data from templug test to verify.


      
        Table 1

        Main technical parameters of the diesel engine.



        
          
            
              	Engine Type

              	Inline four cylinder, oil cooling
            

          

          
            
              	Bore Diameter/mm

              	83
            


            
              	Stroke/mm

              	90
            


            
              	Rated Power /kw

              	95
            


            
              	Rated Speed/rpm

              	4000
            

          
        


      


      As the internal combustion engine works, the piston is also influenced by the gas pressure from the cylinder. Therefore, the connecting rod and piston pin should be considered into the modeling. The piston used for the present investigation in the finite element analysis adopts aluminum alloy material, the material properties are described in Table 2.


      
        Table 2

        Material properties of the piston.



        
          
            
              	Density /kg/m3

              	Elastic Modulus/MPa

              	Poisson's ratio

              	Thermal conductivity/ w/mK

              	Linear expansivity 1/K
            

          

          
            
              	2700

              	7100

              	0.31

              	163

              	232 x 10-5
            

          
        


      


      The piston element type is usually defined as Solid187, and the piston pin is defined as Solid186. The mentioned proper piston material features and entity unit type were used for intellectual finite element mesh division. In order to better present the law of data change and save computation time, to use relatively dense grid for the temperature gradient of the larger part (such as the combustion chamber), and to use relatively sparse grid in the lower temperature gradient. The mesh information of the piston is shown in Table 3.


      
        Table 3

        Mesh information of the piston.



        
          
            
              	Part

              	Type

              	Quantity of Element

              	Quantity of Node
            

          

          
            
              	Piston Assembly

              	Tetrahedron and Hexahedron

              	152730

              	235441
            


            
              	Piston

              	Tetrahedron

              	141282

              	205767
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Fig. (2)


      The finite element mesh.


      By establishing a model of a certain type of internal combustion engine piston, pin and connecting rod, the finite element mesh of the piston is shown in Fig. (2). The temperature distribution of the piston is assumed to remain constant all the time. In the simulation, we usually set a unified environment temperature at the top of the piston, but the heat transfer coefficient needs to be divided into four zones. In general, the center of the combustion chamber is the first zone, the bottom of the combustion chamber is the second zone, the combustion bowl rim is the third zone, and the annular region on top surface is the fourth zone. Lands and ring grooves are divided into six zones. The top land, upper and back faces of the first ring groove are the fifth zone, lower face of the first ring groove is the sixth zone, The second land, upper and back faces of the second ring groove are the seventh zone, lower face of the second ring groove is the eighth zone, The third land, upper and back faces of the third ring groove are the ninth zone, lower face of the third ring groove is the tenth zone. The value of heat transfer coefficient and ambient temperature in different zones are shown in the Table 4.


      
        Table 4

        The value of heat transfer coefficient and ambient temperature.



        
          
            
              	Zones

              	1

              	2

              	3

              	4

              	5

              	6

              	7

              	8

              	9

              	10
            

          

          
            
              	Heat transfer coefficient W/m2K

              	600

              	800

              	1100

              	800

              	1600

              	26300

              	1600

              	9000

              	1600

              	3000
            


            
              	Ambient temperature (°C)

              	1200

              	1200

              	1200

              	1200

              	200

              	200

              	160

              	160

              	160

              	160
            

          
        


      


      During the calculation, on one hand the gas pressure load and the inertia force are considered, on the other hand, when the piton moves up and down, the side force also need to be considered. The contacts between pin and bore, piston skirt and liner, connecting rod and pin are considered. In solver module, special parameters was used to calculate the temperature field and stress field. In the meantime, the residual series curve was used to track the calculation process, finally we get temperature field, and stress field, etc. The temperature calculation of results field are shown in Fig. (3). From the calculation of the temperature field results, the temperature of the critical position of the piston, as combustion bowl rim, the top surface of piston and the first ring groove are higher, the highest temperature of the combustion bowl rim reached 323 degrees.
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Fig. (3)


      Results of the temperature fields.
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Fig. (4)


      Electronic micro hardness tester.


      In this paper, the temperature field of finite element simulation analysis is demarcated and verified by using the method of templug. The method of templug [8, 9] is usually a way to get the temperature of the piston, and the principle of templug method is as follows. When metal material tempering after quenching, the amount of hardness loss depends on the maximum temperature and the duration of this temperature. If the duration is defined, the relationship curve between temperature and hardness can be established, and then measure the change of material hardness. Finally get the reasonable external temperature according to the curve.


      [image: ]
Fig. (5)


      The location of the piston surface temperature measuring point.
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Fig. (6)


      Temperature distribution of critical position.


      During the engine trial, first select the different tempering temperature, tempering on the hardness plug for a certain period of time, and measure the corresponding hardness value, to make the hardness and temperature corresponding to the HV-T curve. The calibration of the HV-T curve of the hardness plug is the basis of the temperature field test. And the accuracy of the temperature test is directly determined by the accuracy of the curve calibration. When the curve is calibrated, tempering temperature is generally in the range of 100-400 DEG C, test at every 15 DEG C, each six hardness plugs are placed in dry oven for isothermal tempering 2 hours, after that natural cooling at room temperature, then using the electronic micro hardness tester (as shown in Fig. 4) to test the hardness value of the Vivtorinox after tempering. Finally, HV-T calibration curve is made according to the corresponding hardness value of different tempering temperature.


      Several measurement points were set on the surface of the piston calibration curve for the thermal plugs and the temperature of piston were obtained. The measuring points are shown in Fig. (5). Then, the hardness plug is installed in the piston part which needs to be tested after installing hardness plug into the piston, the piston is installed into the engine.


      Run the engine for 30mins to warm up, then run for another two hours at rated condition, and remove the hardness plug when the engine stops. Mark the hardness plug according to the arrangement of points, and measure the hardness value of the hardness plug by electronic micro hardness tester. Finally, the temperature values are obtained in the HV-T standard curve, which are the measured points in the test condition, and the results are shown in Fig. (6).


      According to the results of temperature fields (Fig. 3), and the measured values (Fig. 6), critical position temperature comparison was made between the simulation results of and the measured value, as shown in Table 5.


      
        Table 5

        Comparison of the finite element simulation results and experimental results.



        
          
            
              	

              	Experiment value (°C)

              	Simulation value (°C)

              	Relative tolerance(%)
            

          

          
            
              	Combustion bowl rim

              	327

              	323

              	1.2
            


            
              	Top land

              	281

              	277

              	1.4
            


            
              	Second land

              	213

              	216

              	1.4
            

          
        


      


      By contrast, the simulation results and experimental results show that the location of highest temperature value in simulation calculation is consistent with the location of experiment, the maximum temperature points are both on combustion bowl rim. The maximum value of piston temperature field simulation calculation is 323 degrees, the temperature value of the experimental results of combustion bowl rim is 327 degrees, and a difference of 4 degrees, the relative tolerance is 1.2%, and it’s within the allowed tolerance range, so the result from the finite element can be accepted.

    


    
      3.2. Effect of Oil Cooling Gallery Position on Temperature Field of Piston


      The temperature at the first ring groove has great influence on the coking of oil, when the ring groove area temperature cannot bear the temperature, tend to cause chemical fission of lubricating oil and formatting carbon deposition at the root of the ring groove, resulting in deterioration of oil coking. When the carbon deposition to a certain extent will hinder the movement of the piston ring, or even the ring groove completely blocked, resulting in the ring locked in the first ring groove. At the same time, the carbon deposition as the thermal insulation of the ring groove system, can hinder the thermal conduction from the piston to the cylinder wall, then the partial piston temperature is increased [10, 11].


      In this paper, by changing the position of the oil cooling gallery in the piston, analyze the effect of oil cooling gallery position variations to the temperature distribution of the piston critical position, and the schematic diagram of oil cooling gallery is shown in Fig. (7). By the internal combustion engine piston FEA results in Table 6, we can see that the changes of oil cooling gallery position influence the heat transfer characteristics of the oil cooling gallery, and then change the temperature field of piston. So as the oil cooling gallery position changes, the temperature of the critical position also shows some changes.


      [image: ]
Fig. (7)


      Schematic diagram of different schemes of oil cooling gallery.


      
        Table 6

        Finite element simulation results of critical position of piston.



        
          
            
              	

              	H

              (mm)

              	Combustion bowl rim (°C)

              	Top land

              (°C)

              	First ring groove (°C)

              	Second land

              (°C)

              	Oil cooling gallery

              (°C)

              	L

              (mm)
            

          

          
            
              	Scheme 1

              	18.5

              	327

              	280

              	235

              	220

              	229

              	7.7
            


            
              	Scheme 2

              	16.5

              	325

              	278

              	233

              	218

              	231

              	6.7
            


            
              	Scheme 3

              	14.5

              	323

              	277

              	232

              	216

              	239

              	5.6
            


            
              	Original Scheme

              	12.5

              	321

              	275

              	229

              	214

              	248

              	4.6
            


            
              	Scheme 4

              	10.5

              	319

              	272

              	226

              	211

              	257

              	3.6
            


            
              	Scheme 5

              	8.5

              	317

              	269

              	222

              	208

              	268

              	2.6
            


            
              	Scheme 6

              	6.5

              	314

              	263

              	218

              	206

              	271

              	1.8
            

          
        


        
          


          

        


      


      Based on the established geometrical model and with the finite element analysis, we can calculate and get results as shown in Table 6. Comparing the results of the different positions, we can clearly see that the closer of the distance between the oil cooling gallery and the piston top surface, or between the oil cooling gallery and combustion chamber, the higher of the temperature of oil cooling gallery, oil cooling gallery can take away more heat, so that the temperature of the critical position of the piston decrease, such as combustion bowl rim, the top and the second land and the first ring groove; conversely, with the distance of the oil cooling gallery and the piston top surface increase, the temperature of the critical position of the piston increase regularly, these critical positions are combustion bowl rim, the first and the second land and the first ring groove.


      Up-position cooling gallery is used more widely for decreasing the piston crown temperature, but the distance between crown surface and upper cooling gallery zone should be limited.


      Because with the decreasing of the distance of the oil cooling gallery and the piston top surface, the distance of the oil cooling gallery and combustion chamber is also getting close, which leads to structural strength reduction, and then impact the reliability of the whole head of piston. In addition, too small distances will cause much higher temperature of the oil cooling gallery, and resulting the oil coking in the oil cooling gallery, affecting the cooling effect seriously.

    


    
      3.3. Effect of Oil Cooling Gallery Position on Stress Field of Piston


      The high temperature and temperature gradient of the piston will inevitably cause thermal deformation and thermal stress. The finite element analysis of the stress field, using temperature field of the piston as the heat load of the piston, and then coupling with the inertia force and the lateral force indirectly, to obtain the thermal deformation and thermal stress.
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Fig. (8)


      The principal stress distribution results of combustion chamber, (a) the principal stress along to the distance of the oil cooling gallery and the piston top surface (b) the principal stress along to the distance of the oil cooling gallery and the piston combustion chamber.


      The stress results of the finite element simulation of the piston are shown in Fig. (8). And where in the X axis stands for the distance of the oil cooling gallery and the piston top surface, and also stand for the distance of the oil cooling gallery and the combustion chamber; Y axis stands for the hoop stress value of combustion chamber. The finite element calculation results show that with decreasing the distance of the oil cooling gallery and the piston top surface, or along to the distance of the oil cooling gallery and the combustion chamber, the combustion chamber hoop stress increases. However, the various is not obvious in the beginning, when H is in the range of 14.5mm to 10.5mm, the distance of the oil cooling gallery and the combustion chamber get closer and closer, at this range, the principal stress rise sharply. The results show that the location of oil cooling gallery effect the stress of combustion chamber seriously when the distance is too close.
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Fig. (9)


      Fatigue factor distribution results of critical position of piston.(a) the fatigue factor of cooling gallery along to the distance of the oil cooling gallery and the piston top surface (b) the fatigue factor of combustion along to the distance of the oil cooling gallery and the combustion chamber (c) the fatigue factor of cooling gallery along to the distance of the oil cooling gallery and the combustion chamber (d) the fatigue factor of combustion along to the distance of the oil cooling gallery and the piston top surface.

    


    
      3.4. Research and Analysis of Piston Strength


      When the piston works, the critical position such as the combustion chamber, skirt, and pinhole often cracks, most of the cracking are caused by fatigue of their materials.


      The fatigue analysis results of oil cooling gallery and combustion chamber are shown in Fig. (9). Where in the X axis stands for the distance of the oil cooling gallery and the piston top surface and also stands for the distance of the oil cooling gallery and the combustion chamber Y axis stands for fatigue factor value of the critical position. The results show that the fatigue factor of the minimum distance of the oil cooling gallery within the combustion chamber and the maximum stress of the combustion chamber in the same position. Furthermore, from Fig. (9) it can be seen that, when H=12.5m, the fatigue factor of the cooling gallery is higher than the experience standard value 1.0; at the beginning (H=18.5mm), the fatigue factor of the combustion chamber changes not obviously along with the oil cooling gallery moves up. However, when H is from 12.5mm to 10.5mm, the fatigue factor of the combustion chamber drop abruptly, and that lower than the experience standard value 1.1. The results show that the position of the oil cooling gallery only can be changed in a certain range to insure the strength of the combustion chamber.

    


    
      CONCLUSION


      
        	The oil cooling gallery can effectively reduce the temperature of the piston head. With the position of oil cooling gallery regularly moving up, the temperature of the oil cooling gallery increases, and temperature of the key positions, such as the bowl rim, top land, first ring groove, second land and cooling gallery of the internal combustion engine piston decrease.


        	Results of the finite element analysis and fatigue analysis of the piston show that with the changes of the position of the oil cooling gallery in piston, the temperature, stress, and fatigue factor will change accordingly. Also, these changes influence the material character of the oil cooling gallery, influence the fatigue strength, and lead to the different cooling effects.


        	The results about stress and fatigue factor of the piston critical position show that, with the position of the oil cooling gallery up to the piston top surface, the fatigue factor of the oil cooling gallery decreases, and then impacts the reliability of the whole head of piston.


        	The research show that the distance between oil cooling gallery and combustion chamber of piston cannot be too small, there is a limit value, and the value should be decided by the strength of the critical position of the piston. According to the results of the simulation study, if only considering the effect of the distance of the oil cooling gallery and the piston top surface and the distance of the oil cooling gallery and combustion chamber, the research shows that the best position of oil cooling gallery is where the distance of the oil cooling gallery and the piston top surface is 12.5mm.
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