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Abstract: Heavy-fuel engines are widely used in UAVs (Unmanned Autonomous Vehicles) because of their reliability and high-power density. In this study, a combustion model for an in-cylinder direct injection engine has been implemented using the AVL FIRE software. The effects of the angle of nozzle inclination on fuel evaporation, mixture distribution, and combustion in the engine cylinder have been systematically studied at 5500 r/min and considering full load cruise conditions. According to the results, as the angle of nozzle inclination increases, the maximum combustion explosion pressure in the cylinder first increases and then it decreases. When the angle of nozzle inclination is less than 45°, the quality of the mixture in the cylinder and the combustion performance can be improved by increasing the angle. When the angle of nozzle inclination is greater than 45°, however, the mixture unevenness increases slightly with the angle, leading to a deterioration of the combustion performances. When the angle of nozzle inclination is between 35° and 55°, the overall combustion performance of the engine is relatively good. When the angle of nozzle inclination is 45°, the combustion chamber’s geometry and the cylinder’s airflow are well matched with the fuel spray, and the mixture quality is the best. Compared with 25°, the peak heat release rate increases by 20%, and the maximum combustion burst pressure increases by 5.5%.
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Nomenclature



	CA
	Crank angle



	TDC
	Top dead center



	ATDC
	After top dead center



	BTDC
	Before top dead center



	CFD
	Computational fluid dynamics



	FDD
	Flame development duration



	RCD
	Rapid combustion duration




1  Introduction

At present, the main fuel for aviation piston engines for UAVs is aviation gasoline because of technical limitations [1]. In comparison with gasoline, aviation kerosene exhibits characteristics including a high flash point, low volatility, and high viscosity [2–4]. This makes heavy-fuel aviation piston engines more suitable for special occasions. But in a spark ignition engine, the knocking of kerosene is a very serious risk because of its low octane number [5,6]. In addition, the kinematic viscosity of aviation kerosene is higher, resulting in poor atomization of fuel droplets. Thus, it is difficult to form a uniform mixture, which leads to a reduction of combustion quality [7,8]. However, the angle of nozzle inclination can directly affect the distribution and mixing of fuel in the engine cylinder, which is of great significance for the efficient combustion of the fuel. Therefore, it is important to study the influence of the angle of nozzle inclination on heavy-fuel aviation piston engines to improve their overall performance [9].

The effects of the angle of nozzle inclination on fuel-air mixing and combustion have been studied by several researchers. Lu et al. [10] carried out numerical simulations of injection strategies at 10 different injection positions and angles of nozzle inclination for aviation heavy fuel direct injection engines. The results showed that the flow field in the engine cylinder has an important effect on the atomization and distribution of aviation heavy fuel. Pan et al. [11] proved that different angles of nozzle inclination affect initial flame propagation time, which in turn plays an important role in calculating the subsequent flame’s spread to nearby fuel injections. Sharma et al. [12] used the scramjet engine as the study’s object and studied the influence of the change in nozzle inclination angle on combustion performance. Armin et al. [13] studied the combustion stage of reactive control compression ignition by changing the injection times and angle of nozzle inclination of dual-fuel heavy diesel engines. Mano Alexander et al. [14] predicted the effective injection mode of fuel by obtaining the optimal direction of the injector and analyzing its orientation using computational fluid dynamics (CFD). Payri et al. [15] reproduced the combustion chamber’s density conditions at the start of the injection of a high-density gas (SF6)-pressurized vessel at room temperature. Based on this device, the influence of the angle of nozzle inclination on diesel spray characteristics was studied. Ji et al. [16] established and verified the CFD model of gasoline direct injection rotary engines. This model was used to study the impact of various injection sites and nozzle inclination angles on mixture generation and combustion. Farajollahi et al. [17] investigated the effects of creating rotational flow and adjusting the nozzle angle on the performance and emissions of tracked diesel engines in two phases using AVL FIRE software. Cong et al. [18] investigated how the Isuzu 4BD1T diesel engine’s performance and exhaust emissions were affected by fuel injection parameters such as nozzle inclination angles, injection pressure, and injection start. Renald et al. [19] used a CFD program to investigate the influence of geometric parameters such as nozzle diameter and angle of nozzle inclination on the performance and emission characteristics of dual-fuel engines. Li et al. [20] investigated how the nozzle angle affected the injection mass and flow rate and reported that the fuel mass of a single nozzle increases with a reduction in the angle of nozzle inclination. The sensitivity of the internal flow characteristics to the angle of nozzle inclination increases as the angle of nozzle inclination is reduced.

In summary, researchers have investigated how nozzle inclination affects the formation and combustion of gasoline and diesel engine mixtures in order to improve engine performance. However, the research on the effect of nozzle inclination on aviation heavy fuel piston engine performance is not systematic, especially the study on the effect of fuel-air mixing and combustion, which needs to be further explored. In particular, the effects of fuel-air mixing and combustion need to be further explored. As a result, a direct injection aviation heavy fuel piston engine is chosen as the research subject to methodically examine the impact of nozzle inclination angle on engine performance and provide a fundamental theoretical backing for engine improvement.

2  Model Establishment and Verification

The in-cylinder direct injection aviation heavy fuel piston engine is chosen as the study’s object. The primary technical parameters of the engine are presented in Table 1.
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At 5500 r/min and full load cruising conditions, the airflow movement, spray process, and processes of mixture formation and combustion in the engine cylinder were simulated by CFD calculations. The compression top dead center was defined as 360°CA. The initial crankshaft angle was calculated as the intake valve opening time (0°CA). The end crankshaft angle was calculated as the exhaust valve opening time (492°CA). The maximum calculation step was set to 1°CA and the minimum was set to 0.5°CA.

In the calculation process, the center differential scheme is used for continuity equations and dynamic equations. The SIMPLE algorithm is used in pressure-velocity coupling schemes in flow field solving [17].The energy equation, the flux control equation, and the linear solving equation use the upwind difference scheme [21]. The finite volume method is used to discretize the flow control equation [22].

2.1 The Establishment of Geometric Model and Definition of Basic Parameters

The aviation piston engine was modeled according to the structure mapping data on the prototype combustion system. The entire simulation procedure excludes an exhaust stroke, so the exhaust valve and exhaust port structure were not considered, and the exhaust seat was closed [23]. The three-dimensional models of its airway, valve, combustion chamber, and piston top were established. The geometric model of the engine is shown in Fig. 1.
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Figure 1: Geometric model of the engine

The two sections shown in Fig. 2 were mainly selected for analysis to facilitate the observation of the three-dimensional calculation results of the engine combustion system. Sections 1 and 2 were defined as Y-Cut and X-Cut sections, respectively.
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Figure 2: Schematic diagram of section selection position

The angle between the axis of the injector nozzle and the axis of the cylinder is defined as the angle of nozzle inclination. A schematic diagram of the angle of nozzle inclination is shown in Fig. 3. The angle of nozzle inclination determines the direction of the fuel spray in the cylinder. It has a significant impact on the mixing of the fuel droplets and the airflow in the cylinder. An appropriate angle of nozzle inclination can realize the expected macroscopic spatial distribution of fuel in the combustion chamber and make fuel droplets evaporate rapidly. This has an important influence on improving the quality of the mixture. Renald et al. [19] investigated the effects of different nozzle inclination angles (180°, 30°, 45°, and 90°) on engine performance and emission traits. They concluded that a 30° nozzle angle produced the best performance. Krishna et al. [24] investigated the effects of the intake manifold dip angles (0°, 30°, 60°, and 90°) on the cylinder’s flow characteristics under various intake valve lift situations using particle image velocimetry. The findings indicate that the turbulent kinetic energy of all intake valve lifts is at its greatest when the manifold dip angle is 60°. Therefore, the effects of angles of nozzle inclination of 25°, 35°, 45°, 55°, and 65° on the procedure for fuel-air mixing and the characteristics of combustion were analyzed in this study.
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Figure 3: Schematic diagram of the angle of nozzle inclination

2.2 Boundary Conditions and Initial Conditions

The boundary and initial conditions of the aviation heavy fuel piston engine chosen as this study’s object are presented in Table 2.
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2.3 Model Selection and Verification

The computational models in AVL FIRE software [25], such as the turbulence model and spray model, are presented in Table 3. The Huh-Gosman model was used as a turbulent diffusion model to simulate the flow process of fuel to the nozzle [26,27]. The Dukowicz’s evaporation model considers droplet evaporation in a non-condensable gas. Therefore, it uses a gas-phase, two-component system consisting of steam and non-condensing gases [28,29]. The ECFM-3Z model is a universal combustion model that can simulate the intricate processes of turbulent mixing and pollutant release specific to engines. This model can simulate turbulent premixed and diffused combustion using the flame surface density transport equation [30]. The k-ε turbulence model is used to describe the fluid motion in the cylinder. The model can be used to describe the complex turbulent flow field [31]. The Walljet1 model is based on engine operating conditions in which a vapor buffer forms beneath the droplets, which bounce or slide along the wall. Because wall membrane physics is unimportant in the process of wall contact, this model disregards the physical properties of the wall film [32]. The O’Rourke model is chosen as the turbulent diffusion model in this paper. Instead of reducing the time step of the spray integration, the wave component is set to zero, but the new particle position and new particle velocity are calculated as Gaussian distributions for each component [33,34].
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When CFD calculation is carried out on AVL FIRE, subregion processing is required for the imported surface mesh, including boundary, initial condition, motion, refinement, and output result parts. When the pre-treated combustion chamber model is divided into body grids, the mesh parameters of the key parts such as the valve, valve seat, and spark plug are further optimized to ensure the generation of a better mesh. The mesh quality directly affects the simulation results, so it is necessary to determine an optimal mesh size. As shown in Table 4, with the further refinement of the mesh, no significant change has been observed in the simulated maximum blasting pressure from the mesh of Scheme 3 to Scheme 5. In order to save computational time, Scheme 3 grid is considered in this study and used for all simulations.

[image: images]

In-cylinder pressure is the index that can best reflect the performance of the engine [35]. The curve of in-cylinder pressure and heat release rate was adopted to verify the accuracy of the calculation model in this study. The engine was connected to the Xiangyi GW160 electric eddy current dynamometer, the FC2210 intelligent fuel consumption meter, the AVL combustion analyzer, and other equipment to form the whole experimental bench. The experimental bench is shown in Fig. 4.
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Figure 4: Experiment platform

As shown in Fig. 5, the heat release curve of the simulated value was relatively consistent with that of the experimental value. The peak value of the simulation-derived cylinder pressure and heat release rate curve was less than the actual value, with a maximum error of 3.2%, although the cylinder pressure curve’s phase was nearly identical. The results showed that the simulation model has high accuracy and can be used to predict the performance of aviation heavy-fuel piston engines.
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Figure 5: Validation of mean in-cylinder pressure and heat release rate

3  Results and Discussions

3.1 Effect of Angle Nozzle Inclination Angle on Fuel-Air Mixing Characteristics

The plot of the evaporated fuel masses at different angles of nozzle inclination is shown in Fig. 6. There was marginal difference in the evaporation rate of the fuel under different angles of nozzle inclination during the injection duration of 70°CA–120°CA. After injection, the speed of fuel evaporation initially increased before decreasing with the increase in nozzle inclination. When the angle of nozzle inclination was 45°, the best fuel evaporation was obtained, and the fuel droplets were completely evaporated before the ignition time. However, when the angle of nozzle inclination was 55°, the fuel evaporation rate decreased significantly, and a small amount of fuel was not completely evaporated at the ignition time. When the angle of nozzle inclination was 65°, the fuel evaporation in the cylinder was less than the injection amount. The reason is that the angle of nozzle inclination is too large, leading to an increase in the wet wall phenomenon, and part of the fuel does not evaporate in time during the upward process of the piston.
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Figure 6: Evaporated fuel masses at different angles of nozzle inclination

The changing process of in-cylinder air/fuel mixing at different angles of nozzle inclination is shown in Fig. 7. After injection begins, 75°CA is the 5°CA. The fuel spray movement direction gradually moves to one side wall of the spark plug with the increase in the angle of nozzle inclination. At the same time, the position of the fuel spray hits the wall and gradually moves from the top surface of the piston to the cylinder wall. The mixture diffuses counterclockwise to the top of the combustion chamber as the nozzle inclination increases from 25° to 35°, as can be seen from the concentration field distribution of 190°CA. This is caused by the tumbling flow in the cylinder. The mixture distribution near the cylinder center is relatively uniform, but there is a high concentration of fuel accumulation near the injector cylinder head and cylinder wall. When the angle of nozzle inclination is 45°, there is no excessive fuel accumulation area in the cylinder. When the angle of nozzle inclination is between 55° and 65°, the momentum of the fuel spray after hitting the cylinder wall decreases. This results in poor coupling between the fuel spray droplets and the flow movement. Therefore, the fuel droplets form a part of the oil-rich region near the cylinder wall of the injector side.
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Figure 7: In-cylinder air/fuel mixing process at different angles of nozzle inclination

The mixture distribution in the cylinder at ignition timing under different angles of nozzle inclination is shown in Fig. 8. There is a great difference between the direction of spray movement and the flow in the cylinder because of the different angles of nozzle inclination. For the aviation piston engine with a small cylinder diameter, the mixture formation quality in the cylinder can be enhanced to some extent by increasing the angle of nozzle inclination. However, when the angle of nozzle inclination is greater than 45°, the mixture’s unevenness increases. As Fig. 8 illustrates, when the angle of nozzle inclination was 45°, the cylinder’s mixture distribution is largely uniform. However, when the angle of nozzle inclination is 55°, the mixture in the cylinder has a relatively large portion of overly thick and overly thin areas, resulting in poor quality of the mixture. When the angle of nozzle inclination is 65°, the fuel droplets form a more obvious concentration distribution in the combustion chamber space between the intake valve and the exhaust valve. This condition is not conducive to the organization of the combustion process.
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Figure 8: Distribution of mixture in-cylinder at ignition time under different nozzle inclination angles

The distribution of the flow field at various angles of nozzle inclination in the cylinder at top dead center is shown in Fig. 9. The tumbling flow gradually transitions from the upper region of the spark plug, which is located towards the top of the wedge-section combustion chamber, to the lower piston region as the angle of nozzle inclination increases. At the same time, the flow rate is increasing. The piston continues to go up, and the airflow in the cylinder is mainly tumbling flow and extrusion stream. When the angle of nozzle inclination is greater than 45°, the unevenness of the flow velocity in the combustion chamber increases. When the angle of nozzle inclination increases to 65°, there is a strong flow velocity in the upper region of the piston, which is not conducive to the stability of the combustion process.
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Figure 9: In-cylinder flow field distribution near TDC at different angles of nozzle inclination

The distribution of turbulent kinetic energy before and after ignition at various angles of nozzle inclination is shown in Fig. 10. With the increase in nozzle inclination angle, the turbulent kinetic energy in the combustion chamber increases continuously before and after ignition timing. However, the region and distribution of high turbulent kinetic energy are greatly different. High turbulence near the top dead center during ignition is critical to the engine combustion process. After ignition, fuel and air are consumed within a short time to avoid spontaneous combustion and knocking. When the angle of nozzle inclination increases from 25° to 45°, the distribution of the 30°CA BTDC turbulent kinetic energy shows that both the area with high turbulent kinetic energy and the turbulent kinetic energy itself are increasing. Around the rapid combustion period, the high turbulent kinetic energy area moves from the cylinder’s center to the combustion chamber’s right side via the spark plug. In this case, high turbulent kinetic energy is distributed more uniformly. This situation is conducive to speeding up flame propagation and improving combustion efficiency.
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Figure 10: Turbulent kinetic energy distribution in the cylinder before and after ignition at different angles of nozzle inclination

When the angle of nozzle inclination is between 55° and 65°, the amount of turbulent kinetic energy does not significantly change, but the area with a high concentration of this energy diminishes. In the process of combustion, the turbulent kinetic energy fluctuates a little, but the area of high turbulent kinetic energy also decreases, which is not conducive to accelerating the heat release rate.

In summary, when the angle of nozzle inclination is between 35°–55°, the fuel-air mixing in the cylinder is better, which can provide an effective guarantee for good combustion.

3.2 Effect of Nozzle inclination Angle on Combustion Characteristics

The plots of the changes in the main parameters of the in-cylinder combustion process under different angles of nozzle inclination are shown in Fig. 11. With the increase in nozzle inclination, the maximum in-cylinder pressure first increases and then decreases. When the angle of nozzle inclination increases to 45°, the combustion condition in the cylinder is slightly improved by continuing to increase the angle of nozzle inclination. This is mainly due to the different directions of movement of the fuel spray and the instability of the airflow in the cylinder under increasing angles of nozzle inclination. When the angle of nozzle inclination is 45°, the peak value of the instantaneous heat release rate reaches the highest value of 63.11 J/(°CA). The reason is that there is basically no impact between the fuel spray and the combustion chamber wall at this angle of nozzle inclination, and the droplets evaporate and diffuse quickly. At the time of ignition, the mixture formed in the cylinder is relatively uniform, the heat release rate is accelerated, and the combustion center of gravity moves forward. When the angle of nozzle inclination is between 55° and 65°, there is no significant difference in the maximum combustion pressure in the cylinder. Although the combustion phase is further along, the rate of instantaneous and cumulative heat release is decreasing. The peak instantaneous heat release rate decreases by 5.29% and 14.32% compared with the angle of nozzle inclination of 45°. As Fig. 11d illustrates, when the angle of nozzle inclination is 65°, the in-cylinder temperature significantly decreases in comparison with other angles of nozzle inclination. The reason is that the excessively large angle of nozzle inclination will accelerate the time of fuel spray impact on the wall. As a result, the mixing time of the oil beam, as it evaporates in the cylinder, is shortened, and accumulation forms on the wall surface, resulting in insufficient combustion heat release.
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Figure 11: In-cylinder combustion process under different angles of nozzle inclination

The influence of different angles of nozzle inclination on the combustion phase is shown in Fig. 12. The crank angle (CA) is represented as CA10, CA50, and CA90 when the cumulative heat release reaches 10%, 50%, and 90%, respectively. The formula for calculating the rapid combustion duration (RCD) is RCD = |CA90 – CA10|, and the formula for calculating the flame development duration (FDD) is FDD = |CA10 − spark timing| [36]. When the angle of nozzle inclination increases from 25° to 65°, the starting point of combustion and the center of gravity of heat release tend to advance overall, and the end time of combustion first advances and then delays. The reason is that fuel evaporation first rises before falling. When the angle of nozzle inclination is 65°, there is incomplete evaporation, the fuel-air mixing quality is poor, the combustion quality is poor, and the rapid combustion period increases. When the angle of nozzle inclination is 45°, the combustion structure is better, and the ignition delay period and rapid combustion period are relatively short. The instantaneous heat release rate is at its maximum when the nozzle is inclined at an angle of 45°, as can be observed from the heat release rate curve. The reason is that the contact position between the oil beam and the wall and the amount of wall collision are different due to the different angles of nozzle inclination. When the angle of nozzle inclination is 45°, the fuel droplets accumulate less on the wall, and the evaporation process is faster. Therefore, the combustion process is relatively well organized, and the heat release is more concentrated.
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Figure 12: Effect of different angles of nozzle inclination on the combustion phase

The temperature distribution in the cylinder under different angles of nozzle inclination is shown in Fig. 13. Combined with the concentration field and flow field, when the nozzle’s inclination is between 45° and 55°, the fuel-air mixing in the cylinder is more sufficient, and there is no large range of fuel-rich area. At this time, the flow in the cylinder is more regular, which is conducive to the spread of the flame in the cylinder. Therefore, the temperature in the cylinder rises faster. Figure 10°CA ATDC depicts how the flame has reached the combustion chamber wall’s right side and how the high-temperature region is noticeably more inclined than other angles. When the angle of nozzle inclination is 65°, the high-temperature area in the cylinder decreases. The reason is that the excessively large angle of nozzle inclination leads to fuel collision with the wall in advance, and the quality of mixture formation is decreased. Therefore, the speed of flame propagation in the combustion process decreases.

[image: images]
[image: images]

Figure 13: Temperature distribution in the cylinder at different angles of nozzle inclination

In summary, when the angle of nozzle inclination is 35°–55°, the engine combustion performance is good under the guarantee of good fuel‐air mixing in the cylinder.

4  Conclusions

The influence of the angle of nozzle inclination on aviation heavy fuel piston engines was studied using AVL FIRE, focusing on the influence of different angles of nozzle inclination on fuel-air mixing characteristics and combustion characteristics to promote fuel-air mixing and improve combustion quality. The following conclusions are obtained through experiment and simulation:

(1) With an increase in the angle of nozzle inclination, the turbulent kinetic energy in the combustion chamber increases continuously before and after ignition. This aids in improving the formation quality of the mixture in the cylinder, accelerates the propagation of the flame, and improves combustion efficiency. However, when the angle of nozzle inclination is greater than 45°, the unevenness of the fuel-air mixture increases and the area of high turbulence decreases. This situation is not conducive to accelerating the combustion heat release rate. When the angle of nozzle inclination is 45°, the fuel spray has the best compatibility with the combustion chamber geometry and the airflow. The fuel evaporation in the cylinder is the best, the fuel droplets completely evaporate before the ignition timing, and there is no high fuel accumulation area in the cylinder. The process of fuel-air mixing is accelerated, and the quality of the mixture is better.

(2) With an increase in the angle of nozzle inclination, the maximum combustion pressure in the cylinder first increases and then decreases. When the angle of nozzle inclination increases to 45°, the combustion condition in the cylinder is not improved by increasing the angle of nozzle inclination. At this time, a relatively regular flow in the cylinder is formed, which is conducive to the spread of the flame. The combustion process is well organized, the in-cylinder temperature rises quickly, the peak heat release rate increases by 20%, and the combustion explosion pressure increases by 5.5%. When the angle of nozzle inclination continues to increase, the time of fuel spray hitting the wall is advanced because the angle of nozzle inclination is too large. As a result, the mixing time of fuel spray and evaporation in the cylinder is shortened, and an accumulation forms on the wall surface, resulting in insufficient combustion heat release.

(3) When the angle of nozzle inclination is 35°–55°, the fuel-air mixing performance in the cylinder is better, and the engine combustion performance is good.
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Table 3: Computational models

Type

Model

Turbulence model
Turbulent dispersion model
Breakup model
Evaporation model

Wall interaction model
Combustion model

k-e double equation turbulence model
O’Rourke model

HUH-GOSMAN model

Dukowicz model

Walljetl model

ECFM-3Z model
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(a) Geometric model of the intake stroke  (b) Geometric models for compression and expansion
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Table 4: Mesh sensitivity analysis

Scheme  Mesh quantity Maximum explosion pressure/Mpa  Relative change rate/%

1 342788 5.64 —

2 434272 5.76 2.12
3 566894 5.81 0.87
4 655129 5.84 0.52
5 745327 5.86 0.34
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Table 1: Specifications of the test engine

Engine parameters Value
Displacement (L) 1.2112
Compression ratio 9:1
Connecting rod length (mm) 106

Rated speed (r/min) 5500
Rated power (kW) 73.5

Bore x stroke (mm) 79.5 x 61.0

Number of cylinders 4
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Table 2: Boundary conditions and initial conditions

Type Value
Boundary conditions  Inlet wall temperature 310 K
Inlet valve wall temperature 370 K

Combustion chamber wall temperature 495 K

Piston face temperature 505 K
Initial conditions Intake valve temperature 310 K

Intake valve pressure 0.12 MPa

In-cylinder temperature 957 K

In-cylinder pressure 0.135 MPa
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