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Abstract: Computational Fluid Dynamics is used to assess the thermal (heat transfer) performances of an automobile engine considering different grille opening and closing degrees. For this purpose the entire vehicle is modelled and three fundamental aspects are examined, namely, the open area of the air intake grille, the position of the upper and lower grilles and their shape. The results show that the opening area and position of the grille have some influence also on the aerodynamic characteristics of the automobile. With an increase in the opening angle of the grille, the CD (Drag Coefficient) value of the whole vehicle becomes higher. When the air intake grille of the car is fully open or closed, the CD value is 0.35434 or 0.31777, respectively, that is, the flow resistance in the engine compartment accounts for 10.32% of the CD value for the whole automobile.
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1  Introduction

The automobile has entered the ordinary people’s family as a common means of transportation [1], and its application has been popularized. In 2016, the volume of automobile shipments kept growing, and the annual automobile production and sales exceeded 28 million, making the proportion of the automobile industry in the pillar industry of the national economy high all the time. Due to the continuous popularization of automobiles and the improvement of people’s living standards, nowadays, every household basically uses cars as one of the main travel tools; then, people’s requirements for cars are not only limited to travel, but also focus more on the performance indexes of the vehicle. This makes the design of the car more and more personalized and detailed. Meanwhile, the emergence of the oil crisis has put forward new requirements for the design and development of modern vehicles. The design of the automobile should focus on the performance index of the automobile, together with some energy and environmental problems. The increase in car ownership will emit more pollutants [2], thus bringing great negative pressure to the ecological environment and people’s lives. Hence, the research on how to improve fuel economy becomes increasingly urgent, and promotes the research work of automobile drag reduction and energy saving.

Different opening areas, positions and forms of grille influence the wind resistance and engine compartment heat dissipation [3]. Among them, the opening area directly indicates that different air intake and heat dissipation effects can be obtained by controlling the effective opening area of the grille. For small flow demand, part of the grille can be closed to make the vehicle obtain good fuel economy. Reasonable structure design and control make the gas flow more reasonable, reduce the wind resistance of the car under the premise of not letting the engine overheat under long-time driving, and further improve the power and economy of the vehicle. The research of active air intake grille in foreign countries has reached the product stage. Hoback et al. found that FORD Focus’s active closing system of air intake grille can achieve 90° angle. 15 different opening states can be realized by different air intake requirements, which greatly improves the power and economy of the model [4]. There are also Buick Lacrosse eAssist, BMW 530i, Ford Yihu and other models with active air intake grille. The application of this technology in multiple foreign brands and models proves that the active air intake grille has great value. The exploration and research of active air intake grille start relatively late, and it has been staying in the theoretical stage. In recent years, there have been sporadic research results in patents and papers. Wu Baozhong of Tianjin Bodun Electronics Co., Ltd. (China) and Li Haiyan of Beijing HiRain Technologies Co., Ltd., (China) have studied and applied for relevant patents on the active air intake grille device [5].

The method of computer numerical simulation technology can visualize the velocity field and temperature field of the whole vehicle flow field, and calculate the CD (Drag Coefficient) value of the whole vehicle under different grille structures, which facilitates the data reading and analysis. In a word, there are still multiple deficiencies in the research of heat transfer function of automotive engine, so the further theoretical and practical research of active grille air intake is still needed.

2  Model Construction of Active Air Intake Grille

2.1 Research Framework of Active Air Intake Grille

Based on the professional commercial CFD (computational fluid dynamics) analysis software Fluent, the method of numerical simulation technology [6] is adopted to study the influence of grille structure parameters on vehicle wind resistance and engine compartment heat dissipation [7]. The detailed data of the flow field outside the cabin are compared and analyzed. Fig. 1 displays the research framework of the active air intake grille.
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Figure 1: Research framework of active air intake grille

2.2 Governing Equations of Fluid Flow and Heat Transfer

CFD is the product of the combination of modern fluid mechanics, numerical mathematics and computer science, which is a cross science with strong vitality. It approximately expresses the integral and differential terms in the governing equations of fluid mechanics as discrete algebraic forms, making them become algebraic equations. Then, it solves these discrete algebraic equations by computer to obtain the numerical solution at discrete time/space points [8]. For CFD and related computational heat transfer, the principle of computational combustion is to solve the nonlinear simultaneous differential equations of mass, energy, component, momentum and user-defined scalar by numerical method. The solution results can predict the details of flow, heat transfer, mass transfer, combustion and other processes, and become a powerful tool for process device optimization and amplification quantitative design. The basic characteristics of CFD are numerical simulation and computer experiment. Based on the basic physical theorems, CFD replaces the expensive fluid mechanics experimental equipment to a great extent, and exerts a great impact on scientific research and engineering technology. The general structure of CFD software consists of pre-processing, solver and post-processing, which have their own unique functions. The pre-processing functions include establishing geometric model and dividing network. The functions of the solver include: a. determining the control equation of CFD method; b. selecting the discretization method for discretization; c. selecting numerical calculation method; d. entering relevant parameters. At present, the mainstream CFD software includes CFX, Fluent, and Phoenics. The theoretical basis of CFD is the three equations of fluid mechanics, which can explain and describe fluid motion [9,10].

(1)   Mass-conservation equation

Mass conservation means that the increase of unit mass is the same as the outflow in unit time, and the mass is constant in large watershed, so it is also called continuity equation.


∂ρ∂t+∂(ρu)∂x+∂(ρv)∂y+∂(ρw)∂z=0
(1)

ρ is fluid density, unit: kg/m3; t is time, unit: s; u, v and w are the components of the velocity vector U in x, y and z directions, respectively. The vector form of the mass-conservation equation is expressed by vector after 2 is combined into 4 terms.


∂ρ∂t+div(ρU)=0
(2)

The research object of Eq. (1) is a compressible three-dimensional fluid.

(2)   P indicates the pressure, which is the pressure on the fluid element [11,12]; μ denotes the dynamic viscosity; the momentum balance equations projected along the three reference axes read:


∂(ρu)∂t+div(ρuU)=div(μ.gradu)−∂(P)∂x
(3)


∂(ρv)∂t+div(ρvU)=div(μ.gradv)−∂(P)∂y
(4)


∂(ρw)∂t+div(ρwU)=div(μ.gradw)−∂(P)∂z
(5)

(3)   The energy conservation equation is as follows:


∂(ρT)∂t+div(ρUT)=div(KCP⋅gradT)+ST
(6)

K denotes the heat transfer coefficient of fluid, CP suggests the specific heat capacity, ST represents the viscous dissipation term, and T is the temperature value, which is a variable [13–15].

Based on the above conservation equations, it can be found that there are six variables to be solved, namely, u, v, w, ρ, T and P. A P-state equation about ρ is given below to enable the equations to be solved.


P=(ρ,T)
(7)

For ideal gas, the equation of state is:


P=ρRT
(8)

R is the molar gas constant [16].

2.3 Structural Parameters of Active Air Intake Grille

(1)   Numerical simulation parameter setting: the air intake grille of the basic vehicle simulation model is in the form of a horizontal bar [17,18]. The opening areas of the upper and lower gratings are 0.078 m2 and 0.05 m2, respectively. In the four simulation models, when the opening area of the air inlet grille is 0, it is completely closed. Only the upper grille is open at 0.078 m2, only the lower grille is open at 0.05 m2, and all the grilles are open at 0.13 m2.

(2)   Heat transfer parameter setting: the main function of the opening and closing of the air intake grille is to dissipate heat [19]. Previous studies show that there are some differences between vertical bar and horizontal bar, but the difference is not particularly big. Moreover, this exploration is mainly to study the opening and closing law of the active grid qualitatively, so the form of the active grid is not discussed too much. One form is selected for the study, and the active opening and closing grille studied is vertical bar type. According to experience, it is assumed that the maximum temperature of the radiator outlet is T4 = 95°C. Combined with calculation, it can be known that the temperature is 368.15 K under climbing conditions. The temperature relationship between honeycomb type and vertical bar type is T4 = T1 − 10.2, that is, in honeycomb type, the area that can meet the requirement of 10.2 degrees higher is the area value of vertical bar type. If T1 = T2, it can be obtained that:


T2=−44.64.7S2+212.41S+415.66=378.35 KSolution:S=0.11825 m2
(9)

Therefore, the effective area of the active grille when it is fully open is set to 0.11825 m2.

(3)   Parameter setting of combustion switch closing angle: the cooling water temperature shall not be higher than 110°C. When it reaches about 95°C, the engine is in a more suitable working state [20]. Hence, 95°C is set as the control point of grid opening and closing angle to analyze the

3  Active Grille Air Intake Model Results

3.1 Influence of Air Intake Grille on Heat Transfer Function

Fig. 2 displays the influence curve of the opening and closing environment of the upper and lower grilles on the whole vehicle.
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Figure 2: The influence of the opening and closing conditions of the upper and lower grilles on the vehicle characteristics. (A∼C correspond to the CD value, the intake volume of the grilles and the maximum temperature cooling module, respectively)

The opening area and opening and closing situation of the upper and lower grilles suggest that: (1) the trend of air intake increases when the opening area increases. The trend of the two is the same, showing a positive correlation, when the front structure of the car first contacts with the air along the surface, the opening area becomes larger, and the direct blocking effect decreases. (2) when the air intake of the grille increases, the CD value is not positively correlated with it. That is because the opening position of the grille is different when it is only opened up and only opened down, affecting the flow field distribution in the engine compartment, so the position of the grille will also affect the CD value. (3) The CD value is 0.35434 when the grille is fully open and 0.31777 when the grille is fully closed. Hence, the flow resistance coefficient of the engine compartment is 0.03657, accounting for 10.32% of the total resistance coefficient of the car. (4) The cooling capacity of the cooling module is not fully utilized when the fan speed is high and the vehicle is driving at high speed on the straight road, and the cooling performance is surplus.

The crucial results concerned are counted after the completion of numerical calculation. Fig. 3 displays the results.
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Figure 3: Variation of flow rate and CD value with the opening area under a high speed condition (A∼D correspond to the opening area of Scheme 1 to Scheme 4, respectively)

Fig. 3 reveals that when the effective opening area of the air intake grille increases linearly around 0.1, the CD value and intake volume of the whole vehicle also increase. The opening area increases by 33.86% from area scheme 1 to area scheme 4, resulting in the increase of grille air intake by 41.38%, the increase of radiator air flow by 58.28%, the increase of vehicle CD value by 5.68%, and the decrease of temperature by 7.21%. The goodness of fit R2 = 0.9941.

Fig. 4 displays the change of maximum temperature of the cooling module and the air intake of the grille with the different opening areas.
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Figure 4: Change of grille flow and maximum temperature of the cooling module with different opening areas (A is grille flow; B is the maximum temperature of the module)

The air intake is positively correlated with the opening area, while the maximum temperature of the cooling module is negatively correlated with the opening area. The whole trend can be summarized as follows. The air flow into the engine compartment increases with the increase of the effective opening area, and the heat carried away increases correspondingly; while the temperature of the radiator and cabin decreases. The analysis suggests that the maximum temperature of the cooling module in the opening area scheme 1 is 107.8°C. Too high temperature will cause serious consequences to the service life and operation of the engine compartment cooling module. The opening area of the car should be larger than it.

3.2 Analysis of Flow Field Characteristics

The first is the relationship between the drag coefficient and the opening. Fig. 5 presents the relationship between the CD value and the opening of the whole vehicle.
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Figure 5: Relationship between vehicle drag coefficient and grille opening degree

The relationship in Fig. 5 suggests that the larger the opening angle of the grille is, the larger the CD value of the whole vehicle is. As long as the opening angle of the air intake grille is not 0, a part of the air flow along the surface will enter the engine compartment through the air intake grille in the front of the vehicle, and this part of the air flow in the engine compartment will produce internal flow resistance.

The second is the analysis of the velocity field of the active air intake grille. The speed change at the grille is that the closer it is to the outside of the vehicle, the greater the speed is, and the greater the mass flow of the intake air is. This is because when the car is driving to the left, part of the air will flow to both sides of the car. Due to the interaction, the closer it is to the outside, the more the air volume and kinetic energy increase, the greater the speed and amount of air intake of the external grille. Furthermore, the flow velocity near the grille accelerates and the air intake volume increases with the increase of the opening. This is because the effective air intake area increases after the opening is large, so the air intake volume increases. The air flow basically follows a straight line when the opening angle is 75° and 90°. There is obvious direction change when the opening angle is 60°. Next, the direction change increases a lot with the decrease of the opening angle; the turbine is formed in the upper right corner when the opening angle is 30°; even when the opening angle is 15°, the air flow has backflow phenomenon, greatly affecting the air intake efficiency and heat dissipation. Hence, the smaller the opening of the air intake grille is, the smaller the air intake of the grille is, the smaller the capacity of the radiator is, and the smaller the CD value of the whole vehicle is.

3.3 Analysis of Grille Opening Results

Fig. 6 presents the values of grid opening, fan speed, vehicle speed level.
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Figure 6: Level chart of active grille

The initial position of each state is determined by the combination of three factors and seven levels orthogonal experimental design and simulation results. Obviously, the speed of fan and the vehicle increases gradually with the increase of the grille opening, which will reach the peak when the grille opening reaches 90°.

3.4 Analysis of Opening Calibration Results

Fig. 7 displays the change curve of grille opening with vehicle speed at each speed.
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Figure 7: Variation curve of grille opening with vehicle speed at different speeds

The upper area of each fan speed curve in Fig. 7 reveals the relationship between the opening angle range of the grille and the vehicle speed in order to meet the radiator cooling demand at the fan speed. The lower part of the curve indicates that the opening does not meet the heat dissipation requirements of the radiator, which may cause heat damage.

Fig. 7 suggests that the opening angle of the grille decreases with the increase of fan speed when the vehicle speed is constant. The decreasing trend is obvious when the vehicle is driving at low speed, and the influence increases with the decrease of vehicle speed. The innermost curve in Fig. 7 is the curve of vehicle speed and grille opening when the fan speed is 0 rad/s. The projection value of the highest point of 0 rad/s curve on the horizontal axis is vehicle speed = 25 m/s. This indicates that under the set temperature limit of 95°C and the fan speed of 0 rad/s, the fan needs to be turned on when the vehicle speed is lower than 25 m/s; the vehicle can meet the heat dissipation demand of the radiator by adjusting its own grille angle when the vehicle speed is higher than 25 m/s, and the fan does not need to be turned on.

To sum up, the proposed numerical simulation method based on CFD analysis software Fluent can simulate the grid parameters of the actual traffic volume. The flow field simulation analysis is carried out through the establishment of different inlet grille opening and closing angle models, and the influence law of grille opening on vehicle CD value is studied, so as to optimize the wind resistance of vehicle and the heat dissipation performance of engine compartment. In the study of the fluid mechanics performance characteristics of small mobile vehicles, Sun et al. [21] also used CFD technology to simulate the fluid mechanics and performance characteristics of the new elastic blade/wave energy converter, which is similar to the method of this exploration and provides support for this exploration.

4  Conclusion

The computer numerical simulation technology is adopted to analyze and summarize the influence of the structural parameters of the air intake grille on the heat transfer function of the whole vehicle. Then, the calibration of the active air intake grille is studied. The flow field simulation analysis is conducted through the establishment of different opening and closing angle models of the air intake grille, and the influence law of the grille opening on the vehicle CD value is evaluated. The CD value of the whole vehicle increases with the increase of the opening angle of the grille. Besides, the simulation results of different grille forms are analyzed by the control variable method. The influence of the grille form on the heat transfer function of the whole vehicle is interpreted from different angles. Although the influence of different opening and closing degrees of the grille on the heat transfer function of a vehicle has been explored, there are still multiple deficiencies. First, the ventilation in the passenger compartment, the brake cooling ventilation and the flow of engine intake and exhaust are ignored. Then, the numerical simulation analysis of the flow field in the engine compartment needs to be put into the wind tunnel calculation domain together with the vehicle flow field. In the future, these two aspects will be further explored to continuously improve the model results.
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