[image: image1]Study of In-Cylinder Heat Transfer Boundary Conditions for Diesel Engines Under Variable Altitudes Based on the CHT Model

		ORIGINAL RESEARCH
published: 23 February 2022
doi: 10.3389/fenrg.2022.828215


[image: image2]
Study of In-Cylinder Heat Transfer Boundary Conditions for Diesel Engines Under Variable Altitudes Based on the CHT Model
Yu Zhang1, Yuchao Yan2, Ruomiao Yang2, Qifan Wang2, Bowen Zhang2, Qingliang Gan2, Zhentao Liu2 and Jiahong Fu1*
1Mechanical Engineering Department, Zhejiang University City College, Hangzhou, China
2College of Energy Engineering, Power Machinery and Vehicular Engineering Institute, Zhejiang University, Hangzhou, China
Edited by:
Jun Li, Guangzhou Institute of Energy Conversion (CAS), China
Reviewed by:
Long Wu, Tianjin University of Science and Technology, China
Yaojie Tu, Huazhong University of Science and Technology, China
* Correspondence: Jiahong Fu, fujh@zucc.edu.cn
Specialty section: This article was submitted to Advanced Clean Fuel Technologies, a section of the journal Frontiers in Energy Research
Received: 03 December 2021
Accepted: 13 January 2022
Published: 23 February 2022
Citation: Zhang Y, Yan Y, Yang R, Wang Q, Zhang B, Gan Q, Liu Z and Fu J (2022) Study of In-Cylinder Heat Transfer Boundary Conditions for Diesel Engines Under Variable Altitudes Based on the CHT Model. Front. Energy Res. 10:828215. doi: 10.3389/fenrg.2022.828215

The reliability of combustion chamber components is mainly determined by the thermal load of diesel engines. Under the plateau operation condition, diesel engine performance degradation and ablation area appear. Therefore, it is crucial to study the engine heat transfer phenomenon at different altitudes, of which the Woschni formula cannot meet the accuracy requirement. With the motive of modifying and calibrating the Woschni formula at different altitudes, a modified conjugate heat transfer (CHT) model of the combustion chamber and the cooling medium was proposed to analyze the temperature distribution of the cylinder head. The results indicated that relative errors were controlled within 5% under variant altitudes, comparing the temperature field of the numerical simulation with the single-cylinder engine experiment test data. Therefore, the modified in-cylinder conjugate heat transfer model can be used to predict the thermal load of diesel engine combustion chamber components under different altitude operating conditions.
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INTRODUCTION
As a compact, wide power range, and adaptable power system, the internal combustion engine (ICE) is widely used in engineering and agricultural machinery, automobiles, motorcycles, national defense, and other fields (Ambrogi et al., 2019; Liu and Wang, 2022). High-altitude areas can also experience high cold weather (Wang et al., 2013; Yang et al., 2018), which would greatly reduce the performance of batteries (Yu et al., 2014; Zhang et al., 2020). Consequently, internal combustion engines will continue to be used as the primary source of power at high altitudes (Stocchi et al., 2019; Liu et al., 2022). There are many high-altitude roads and vehicles powered by diesel engines for high-altitude operations around the world (Liu and Liu, 2021a; Liu et al., 2021). For example, in China, the area at a high altitude can be as large as 1/4 of the country’s land area (Shen et al., 1995; Liu and Liu, 2022). However, it is found that as altitude increases, air density decreases, which causes many problems to the normal operation of the vehicle, such as insufficient power and localized ablation of the cylinder head and piston (Perez and Boehman, 2010; Liu and Liu, 2021b). According to previous literature, these problems are because conventional heat transfer correlations are not well adapted to heat load prediction in high-altitude situations (Zhang et al., 2016; Liu and Liu, 2021c).
The accurate prediction of diesel engine thermal load plays an important role in the whole design process of diesel engines (Shannak and Alhasan, 2002; Sideri et al., 2017). In addition, the distribution of temperature field and heat flux of combustion chamber components has a decisive influence on diesel engine reliability (Gholinia et al., 2018; Liu et al., 2019). Moreover, it was hard to predict the thermal load of diesel engines precisely due to in-cylinder rapid transient gas changes, extremely inhomogenous distribution of the temperature field, and uncertain initial and boundary conditions (Sroka, 2012; Lu et al., 2013). At the same time, numerical simulation accuracy is greatly affected by the strong coupling relationship between the in-cylinder combustion process, thermal conduction in the combustion chamber walls, and cooling fluid flow (Chen et al., 2017; Lu et al., 2017).
In recent decades, the development of the in-cylinder heat transfer model has roughly gone through three stages: the stage of the pure empirical model (Borman and Nishiwaki, 1987), the semi-empirical model (Woschni, 1967; Hohenberg, 1979; Huber et al., 1990) based on similarity principle and dimensional analysis, and the combination of the turbulence model and heat transfer model (Launder and Spalding, 1974; Han and Reitz, 1997; Broekaert et al., 2016). Nowadays, the experimental correlations proposed by Woschni (1967), Hohenberg (1979), Huber et al. (1990) are the most commonly used formulas. In addition, more research studies made modifications to these heat transfer formulas in detail to improve model precision under different operating conditions. The research team (Launder and Spalding (1974), Han and Reitz (1997)) measured the heat flux density of the premixed spark ignition engines fueled with CH4, H2, and CH3OH under motored and fired operating conditions, analyzed the effects of gas properties on heat flux, and checked and modified the Reynolds analogy modeling approach. The results showed that traditional heat transfer models were not satisfied with precision acquirements due to higher heat flux of the engine fueled with hydrogen rather than hydrocarbon fuels caused by different gas properties. Michl et al. (Broekaert et al., 2016) measured combustion chamber wall heat flux using a rapid response thermocouple and modified the heat transfer model with experimental data, which improved prediction accuracy under various operating conditions. Fagundez et al. (De Cuyper et al., 2016) tested the combustion process of hydrous ethanol fuel and wet ethanol fuel blends with different water volume fractions and established a two-zone combustion model based on Wiebe function. Moreover, the predictive accuracy of the Hohenberg model (Hohenberg, 1979) was the highest by comparing the heat transfer correlations proposed by Woschni (1967), Hohenberg (1979), Sitkei (Michl et al., 2016), and Annand (Fagundez et al., 2017). In addition, the heat transfer model of Hohenberg (1979) was modified with experimental data.
Overall, the model modification was performed to modify the parameters or additional items of the classic formula by considering the impact of the factors on the theory model, predicting the performance using simulation methodology, and checking the applicability of the modified formula. Moreover, lower engine performance and ablation area of the cylinder head and piston with higher altitudes was attributed to a decrement of model predictive accuracy of the traditional heat transfer correlation formula at high altitude (Zhang et al., 2016). In addition, the literature is limited to date on the investigation focused on the applicability of the heat transfer model at variant altitudes. In this study, a collaborative simulation method for solving fluid–solid coupled heat transfer problems is constructed, while the Woschni formula (Woschni, 1967) is modified to obtain a heat transfer model adapted to different altitudes and verified with the experiments. A conjugate heat transfer (CHT) model was calibrated based on single-cylinder experimental data under a simulated plateau environment. Moreover, the diesel engine in-cylinder heat transfer model with higher prediction accuracy at variant altitudes was proposed by modifying the traditional empirical formula, which can be used as a reference for thermal load prediction of combustion chamber components at different altitudes.
METHODOLOGY
It is of significance to revise the Woschni formula (Woschni, 1967) because it can hardly meet the accuracy requirement at a higher altitude. Thus, this study aims to develop a modified heat transfer model for the plateau. The logical idea for modifying the Woschni formula for different altitude conditions is shown in Figure 1. The zero-dimensional combustion model and heat transfer model were used to calculate the average heat transfer coefficient and gas temperature, while the three-dimensional numerical simulation model was utilized to solve the temperature field, which was compared with measured data to assess the modified model precision.
[image: Figure 1]FIGURE 1 | Block diagram of semi-empirical formula correction.
Experiments
Experimental Setup
In order to precisely modify the in-cylinder heat transfer model of diesel engines at various attitudes, the experiments on a single-cylinder diesel engine at different operation conditions were carried out. Proper sensors were utilized to measure the relevant parameters, such as pressure and temperature. The diesel engine specifications are shown in Table 1.
TABLE 1 | Engine specifications.
[image: Table 1]This study used a four-stroke single-cylinder diesel engine. The engine speed was set to 1500 r/min (MBT), 1900 r/min, and 2200 r/min (rated condition). The different altitude (0, 1000, 2000, 3000, 3700, and 4500 m) environments were simulated by changing the intake pressure. All equipment and sensors have been calibrated precisely to ensure accuracy in the installation. The assembled test bench was equipped with a plateau simulation system that can change ambient pressures from 100 to 57.9 kPa. The ambient pressure at different operation conditions was precalculated in consideration of altitude and aspiration.
The NiCr–NiSi type thermocouples were arranged on the firing surface of the cylinder head in the test engine, and the specific locations of the measurement points are shown in Figure 2. A total of 10 measurement points were installed on the fire face located between the inlet and exhaust valves in the nose area and between the two exhaust valves. The sensor calibration revealed that the error is within ±0.1 °C, which can preciously capture the in-cylinder temperature. Moreover, the dynamic response time of this thermocouple is about 50 ∼ 100 ms, that meets the quick response requirement of the in-cylinder temperature measure.
[image: Figure 2]FIGURE 2 | Physical diagram of thermocouples.
An NI data acquisition system that compiles NI-LabVIEW software with temperature measurement was used to collect data. As the sampling frequency of the temperature and strain data is 5 Hz and 100 kHz, respectively, a pair of independent hardware systems was utilized to ensure the system’s reliability and data accuracy.
Experimental Data
To describe the plateau simulation system, first, the pressure and temperature of the intake air were controlled; the parameters such as throttle opening and injection advance angle were adjusted. Once the single-cylinder engine has been stable, the experimental system would collect the temperature data and other engine parameters. The engine performance data, such as excess air coefficient and exhaust gas temperature at different altitudes, are shown in Figure 3.
[image: Figure 3]FIGURE 3 | Excessive air coefficient (A), in-cylinder (B), exhaust gas (C) temperature, and heat flow density (D) with altitude.
It can be inferred from Figures 3A,B that with altitude rise, the exhaust air temperature rose while the excess air coefficient dropped, regardless of various engine speeds. As expected, the higher altitude corresponded to lower intake pressure and, therefore, less intake air, echoing the decreased excess air coefficient in Figure 3A. The probable reason for the trend of exhaust gas temperature was that the higher equivalence ratio indicated less in-cylinder mass but similar chemical heat released, contributing to exhaust gas temperature according to basic thermal rules. In addition, faster engine speed leads to decreased excess air coefficient and exhaust gas temperature, possibly because of the shortened duration of the air intake process. The deteriorated combustion at higher speed also contributed to lower exhaust gas temperature.
The data relating to the temperature field at the fire face were measured by the experiment. Figure 3C shows the temperature at the relevant measurement point on the cylinder head at 2,200 r/min. The heat flow density of the cylinder head, as shown in Figure 3D, was measured by the double-layer thermocouples arranged in advance.
Zero-Dimensional Combustion Model
To further investigate the heat transfer model by simulation, the zero-dimensional combustion model and in-cylinder heat transfer model, which are the main relevant submodels in GT-POWER, were used to calculate the boundary conditions, such as in-cylinder temperature and heat transfer coefficient, which can be the boundary conditions to a three-dimension numerical simulation model that calculates the temperature field.
A zero-dimensional in-cylinder combustion model (Sitkei and Ramanaiah, 1972) is used in this study; it can be described by the following equation:
[image: image]
where [image: image] is the heat release of the fuel, φ is crankshaft angle, Hu is the lower heating value of a fuel, ηf is combustion efficiency, mf is the amount of the fuel, and Y is the mass percentage of the burned fuel, which can be described by the equation:
[image: image]
Wiebe (Annand, 1963) proposed a semi-empirical formula for combustion rate based on the chemical reaction kinetics of a homogenous mixture:
[image: image]
where m is the combustion quality index, which determines the shape of the combustion heat release curve. The constant 6.908 was obtained if the period between the start of combustion and 99% of the fuel burned is assumed to be the end of combustion, according to the literature (Liu and Dumitrescu, 2019a) and (Wiebe, 1962). τ is dimensionless time, calculated with the following equation:
[image: image]
where φB is combustion initiation angle, φC is combustion termination angle, and ∆φ is combustion duration angle.
Thus, substituting Eq. 3 into Eqs1, 5 results in obtaining the calculation model of the combustion heat release rate:
[image: image]
In addition, the differential equation for the change of in-cylinder bulk temperature T can be obtained from the first law of thermodynamics (energy conservation equation) as follows:
[image: image]
where pdV is the mechanical work, which is the product of cylinder pressure and cylinder volume change rate; hjdmj is the energy, which is brought into the system by mass dmj; the combustion process can be calculated by Weibe exothermic law, intake and exhaust stroke process can be calculated by the intake and exhaust system energy equation; u is the specific internal energy; cv is constant volume specific heat; and dQi is the wall heat loss of the combustion chamber, which can be calculated by Newton’s cooling formula.
In-Cylinder Heat Transfer Model
Heat Transfer Model Without Consideration of Elevation
To establish an in-cylinder head conjugate heat transfer (CHT) model for diesel engines, the main control equations include the coolant turbulence model, solid thermal conductivity model, fluid–solid interface treatment, and in-cylinder transient heat transfer boundary conditions.
As mentioned in Experiments, the experiment can obtain the temperature, heat flow density, and other parameters. However, the heat transfer coefficient and gas temperature cannot be measured directly, which requires building a proper model. The main equations are briefly sorted out below.
The heat transfer of coolant flow in the cylinder head water chamber can be described by the standard k-ε turbulence model, whose main controlling equations are the turbulent pulsation energy equation and the turbulent dissipation rate equation, and the detailed information is shown in the study by Yu et al. (2014). Moreover, the thermal conductivity of the solid region of the cylinder head can be described by Eq. 7, namely:
[image: image]
where λ is the thermal conductivity, ρ is the density of the solid, cp is the specific heat capacity of the solid, Sv is the unit volume of heat generation power, and the non-linear effect with temperature is considered in material properties.
The heat flux and temperature at the fluid–solid interface of the cylinder head are equal and can be described by Eq. 8, namely:
[image: image]
where qw is the heat flow density at the interface, n is normal to the outside of the wall, h is the convective heat transfer coefficient, and Tw and T∞ are the temperatures of the fluid at the interface and the mainstream region, respectively.
The in-cylinder heat transfer coefficient h and gas temperature T are difficult to measure directly by experimental methods; T can be calculated by Eq. 6, and the instantaneous average heat transfer coefficient h is the in-cylinder heat transfer boundary model; its semi-empirical formula can be expressed in the following general form according to Liu et al. (2020).
[image: image]
where D is the cylinder bore; p is the instantaneous pressure in the cylinder; T is the instantaneous temperature in the cylinder; w is the function of the piston average speed, and Cm, n, c, and m are constants.
The instantaneous in-cylinder temperature and heat transfer coefficient are obtained from Eq. 6 and Eq. 9, which is based on Eq. 10 to obtain the corresponding average values.
[image: image]
where Tm is the integrated average gas temperature and hm is the cycle average heat transfer coefficient.
To describe the spatial distribution of the average heat transfer coefficient in the cylinder head fire surface, the variation of hm along the cylinder radial direction is written as a distribution function of the following equation.
[image: image]
where r is the distance from a point P on the fire surface to the cylinder center; r0 is the cylinder radius; hr is the heat transfer coefficient at point P; a0, a1, a2, and a3 are constant coefficients. The values are a0 = 0.5, a1 = 3, and a2 = -3 for the test model in this article.
Tm and hm is loaded to the cylinder head fire surface as the third type of boundary conditions, which can be used to solve the conjugate heat transfer model.
Heat Transfer Boundary Modification at Variable Altitudes
The semi-empirical equation shown in Eq. 9 is derived from the in-tube turbulence test correlation and experimental data. The f (p, T) is the part related to the in-cylinder mixture physical parameters. Moreover, mass density ρ, thermal conductivity λ, and viscosity η can be expressed as a function of temperature according to Woschni (1967) as shown in Eq. 12.
[image: image]
where the pressure index n = 0.8 and the temperature index m = a-(b+1)n.
The in-cylinder components differ with altitude changes due to degradation of combustion and reaction caused by lower intake pressure and, therefore, equivalence ratio. That is the main reason that the temperature index a, b changes and therefore the temperature index m in Eq. 13, as Liu and Dumitrescu (2019b supported.
Therefore, it is important to build a correlation formula about the temperature index m and altitude to simulate the heat transfer process at different altitudes.
The most commonly used semi-empirical model is the Woschni formula (Woschni, 1967), which has been modified by Hohenberg (1979), Huber et al. (1990). Comparing the characteristics and applicability of various in-cylinder heat transfer models, the Woschni formula (Woschni, 1967) was used as the basic model in this study, namely,
[image: image]
where h is the convective heat transfer coefficient, W/(m2·K); Cm is the average piston velocity, m/s; D is the cylinder diameter, m; p and T are the instantaneous pressure (Pa) and temperature (K) of the cylinder gas, respectively; p1, V1, and T1 are the pressure (Pa), volume (m3), and temperature (K) of the cylinder gas at the moment of IVC, respectively; Vs is the working volume of the cylinder, m3; p0 is the cylinder gas pressure(Pa) under the motored condition; c1 is the airflow velocity coefficient; c2 is the combustion chamber shape coefficient; m is the temperature index, and the initial value is -0.523.
The structural and operational parameters of the test model were input into the GT-Power model, and the user-defined heat transfer model code was compiled. The Woschni equation (Woschni, 1967) with customizable temperature index term m was loaded into the GT-Power software (Heywood, 2018). Moreover, the temperature index m was adjusted to calculate the average heat transfer coefficient hm and the average gas temperature Tm in the cylinder under different operating conditions.
In Fluent software, hm, Tm, and the wall distribution function (shown in Eq. 11) are loaded onto the cylinder head fire surface as the third type of boundary conditions by compiling the user-defined function (UDF) (Lefebvre, 2013); the cold side boundary, as well as other boundary conditions, is set up according to the test data. Finally, the conjugate heat transfer model is solved to obtain the cylinder head temperature field.
The measured and calculated results of the temperature field were compared to correct the heat transfer model. If the error between measured and calculated values is unacceptable, then the semi-empirical formula of the temperature index m would be adjusted to reduce the disparity until the model precision could meet the requirement.
All the correction results of the temperature index m at each altitude for engine speed of 1500 r/min, 1900 r/min, and 2200 r/min are summarized, as shown in Figure 4.
[image: Figure 4]FIGURE 4 | Results of temperature index m under various conditions.
The effect of altitude on the heat transfer model was carried out by mathematical statistics. The correspondence between temperature index m and intake pressure can be fitted by the least-squares method, and the fitting results are shown in Eq. 14.
[image: image]
where N is the engine speed (r/min), H is the altitude(m), b0 = 1.5, and b1 = 5.5 × 10-4.
Numerical Simulation Model
The numerical simulation of the diesel engine thermal state was calculated by the commercial software ANSYS Fluent in this study. The boundary conditions of the heating surface were obtained from the GT-Power model (Serrano et al., 2015), and the boundary conditions on the cooling surface were obtained from the measured data (He et al., 2013). The cylinder head could be divided into two parts: solid and liquid, where the liquid part is a double-layer cooling water jacket. The 3D model shown in Figure 5 was divided by tetrahedral meshing, and the minimum mesh size is 1∼2 mm. The total number of grids is controlled at 9.34 million after grid independence analysis.
[image: Figure 5]FIGURE 5 | Geometry and mesh of the cylinder head (A) and water jacket (B).
The standard k-ε turbulence model (Kim et al., 2008; Liu and Dumitrescu, 2018) was used in this study to describe fluid flow, whose main controlling equations are the turbulent pulsation energy equation k and the turbulent dissipation ε rate equation (Yakhot and Orszag, 1986; Han and Reitz, 1995; Liu and Dumitrescu, 2019c; Liu and Dumitrescu, 2019d) as shown in the following equations:
[image: image]
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where Gk is the turbulent energy caused by the mean velocity gradient, Gb is the turbulent energy due to buoyancy, YM represents the effect of fluctuating expansion incompressible turbulence on the total dissipation rate, C1ε, C2ε, and C3εare constants, σk, and σε are the turbulent Prandtl number of k and ε, respectively, and Sk and Sε are user-defined source terms.
The thermal conductivity controlling equation for the solid side and the heat transfer between the medium can be described by Eq. 7 and Eq. 8.
RESULTS AND DISCUSSION
Numerical Simulation Validation
The result at the engine speed of 2200 r/min under the fixed altitude (4500 m) was chosen as a typical result to analyze. A zero-D calibrated diesel engine model was established that consisted of a combustion chamber module, a camshaft-piston module, a set of intake valves, and a set of exhaust valves. Moreover, the geometric design parameters of the single-cylinder engine as well as the test values of intake pressure, cyclic injection volume, and injection advance angle were input into the GT-Power model for calculation.
Meanwhile, the heat transfer model shown in Eq. 13 and Eq. 14 was written as a Fortran code, together with the GT model, to calculate the pressure, temperature, and convective heat transfer coefficient of the in-cylinder gas. The maximum burst pressure, torque, power, and exhaust gas temperature were compared with the measured values as shown in Table 2. The errors of each parameter were within 5%, indicating that the model successfully reflected engine performance.
TABLE 2 | Macro parameters of the diesel engine at plain.
[image: Table 2]The predicted and measured in-cylinder pressure, together with the heat transfer coefficient calculated by the original and modified model, are shown in Figure 6. The highly coincident pressure indicated a satisfied precision of the one-dimensional engine model. In addition, the heat transfer coefficient calculated by the modified model was apparently higher, corresponding to a 45.69% increment of the average value, which also proved the importance of heat transfer model correction.
[image: Figure 6]FIGURE 6 | In-cylinder transient results at an altitude of 4500 m
The simulation results of the cylinder head temperature field are shown in Figure 6. To check the accuracy of the simulation results, the simulated and measured temperatures at the same position were compared, as Table 3 shows, implying that the errors are within 5%. Therefore, it was proven that the convective heat transfer model equation under this working condition is accurate enough.
TABLE 3 | Calculation solution and test data at an altitude of 4500 m
[image: Table 3]To further assess the precision of the modified heat transfer model, Figure 7 shows the simulated temperature distribution at X, Y direction (Figure 8) of the cylinder head and the measured data. It is of interest to figure out that the central depression of the temperature profile was probably caused by the central sunk surface, which reduced the local convection motion and, therefore, the heat transfer coefficient. In addition, the heat flow in the exhaust valve nose area was apparently higher, which was mainly due to the strong exhaust flow motion. The high coincidence of measured and calculated data suggested a satisfied accuracy of the corrected model.
[image: Figure 7]FIGURE 7 | Numerical results of cylinder head temperature.
[image: Figure 8]FIGURE 8 | Cylinder head temperature distribution along the path in Figure 7.
Effect of Intake Air Pressure on Temperature Distribution
The distribution of the cylinder head temperature field for each altitude condition is shown in Figure 9. The peak temperature was located at the firing surface nose area on the exhaust port side. With the altitude rise, the maximum temperature increased, indicating that the deterioration of combustion also contributed to more severe post-combustion, resulting in a higher heat transfer coefficient. That is the probable reason for the increased peak temperature at the cylinder head.
[image: Figure 9]FIGURE 9 | Simulation of the cylinder head temperature field at various altitude from 0 to 4,500 m (A–F) at 2,200 r/min.
Effect of Intake Air Pressure on Power Performance
The test data for the 2200 r/min operating condition at the maximum power point are shown in Figures 10, 11. As can be seen from Figure 10, torque and power decreased with altitude rise, probably due to reduced air pressure. The torque dropped from 290 N·m to 265 N·m, and power dropped from 66.81 to 61.05 kW.
[image: Figure 10]FIGURE 10 | Torque and power with altitude at 2200 r/min.
[image: Figure 11]FIGURE 11 | Excess air coefficient and exhaust gas temperature with altitude at 2200 r/min.
Figure 11 shows the excess air coefficient and exhaust gas temperature at each altitude. With the altitude rise, the exhaust gas temperature was gradually rising as analyzed above. In addition, the intake pressure being too low at the last two altitudes, the exhaust temperature exceeded the test safety limits, and the oil supply parameters were adjusted to reduce the torque.
It was also important to point out that there was a sudden change in the exhaust temperature and excess air coefficient as the altitude increased from 2000 to 3000 m because these altitudes corresponded to a sudden drop in intake pressure.
Therefore, it can be concluded that under calibration conditions, as the altitude rises, the temperature field of the cylinder head fire surface, exhaust temperature, excess air coefficient, and other parameters increase, indicating that the engine’s combustion deteriorates due to reduced intake volume and decreased excess air coefficient. Therefore, the concentration of soot in the exhaust gas increases, and then the exhaust temperature increases. However, the thermal state of the engine changed abruptly when the altitude rose to 3000 m. When the altitude rose from 0 to 4500 m, the exhaust gas temperature increased by 46.52%, and the excess air coefficient decreased by 39.81%.
SUMMARY AND CONCLUSION
In this study, the in-cylinder heat transfer model has been modified based on simulation analysis and experimental verification. The results indicated that the modified heat transfer model can be used in variable altitude operating conditions, and the main conclusions are as follows.
(1) By comparing different heat transfer correlations, the Woschni formula is selected as the basic model. The temperature index m in the formula is determined as the key correction variable by analyzing the effect of altitude on the model parameters.
(2) A conjugate heat transfer model has been established, and the in-cylinder working process and cylinder head temperature field distribution have been calculated. To obtain the in-cylinder heat transfer model applicable to variable altitudes, the relationship between temperature index m, altitude H, and engine speed N was fitted by the least-squares method. The results indicated that the average heat transfer coefficient hm increased by 45.69% after correction, which also suggests that the traditional model could no longer adapt to the requirements of variable altitudes.
(3) The new modified model is used to calculate the results under different engine speeds at variable altitudes. By comparing the calculation results with the test results, it is found that the errors of the model are less than 5%. Therefore, the new model has good adaptability and precision under various altitudes of operating conditions.
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