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Optimizing the aerodynamic parameters of road vehicles is essential due to their impact on the environment. It 

is a special aim of developments, including electric and non-electric vehicles. A lot of research is being 

conducted according to energy efficiency and range. These parts are the most significant directions of 

development. Aerodynamic parameters such as drag coefficient exert a significant influence on vehicle energy 

efficiency. The purpose of this paper is to investigate the aerodynamic parameters of the Ahmed body in rainy 

weather conditions. Different types of rain and vehicle speeds are studied and compared to each other to 

examine their effect on the drag coefficient. The examination is carried out using the Computational Fluid 

Dynamics (CFD) method. In the two-phase simulations, the rain is modeled as solid particles. Results can be 

used to obtain the most fuel- or electricity-efficient rain type-vehicle speed combinations and thereby can help 

to contribute a more sustainable transport. The results clearly show that rain has a measurable effect on the 

drag coefficient. As the rain intensity increases, the drag coefficient increases, too. However, there are 

uncertainties in the upward trend. As airspeed increases, the increasing trend becomes more stable. 

1. Introduction 

The energy consumption of road vehicles within the automotive industry is one of the most researched areas 

today. The appearance of electric vehicles has changed the structure of the automotive sector. The most 

important factors for a road vehicle today are a low drag coefficient and a long range. To achieve these goals, 

several types of examination must be carried out. 

The research into energy efficiency in electric vehicles is extensive. A range of parameters are studied to 

improve vehicle energy consumption. The studies can be divided into two main parts. The first part is the 

construction design of vehicles, including battery temperature, regenerative braking, air conditioning, and so on. 

The second part is the analysis of vehicle body shape and the impact of additional elements on aerodynamic 

properties. 

The battery type has a significant impact on energy efficiency. It has been proven that the construction of 

batteries and their temperature affects the electric vehicle's range (Hang 2023). Data-based analysis proves the 

connection between energy efficiency and environmental temperature (Dongxu et al., 2023). The results of the 

segmented test method, which was carried out at -1 °C and different energy levels, clearly show that moisture 

has a significant impact on electric consumption and efficiency, particularly in relation to regenerative braking 

(Hua et al., 2023). It is not just the batteries and the temperature that affect energy efficiency. Driving style also 

affects consumption. It is a fact that frequent acceleration and braking have a negative impact on overall energy 

efficiency. This is despite the fact that regenerative brakes have increased energy recovery (Gwangryeol et al., 

2023). There are numerous studies in the field of consumption optimization. Advanced equivalent consumption 

minimization strategy (ACEMS) will decrease fuel consumption by almost 30 % in urban areas (Sahwal et al., 

2024). The use of short-trip segment division (S-TSD), algorithms, and deep neural networks (DNN) in 

comparison with real-world driving data will undoubtedly improve the energy efficiency of an electric vehicle 

(Yingjiu et al., 2023). It is clear that energy consumers for passenger comfort have a significant impact on energy 

consumption. Heating, ventilating, and air-conditioning will undoubtedly decrease the battery level. The research 

clearly shows that an optimal recirculation ratio improves passenger comfort while reducing energy consumption 
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(Lesage et al., 2024). Passenger comfort is important, but safety is more important. To achieve appropriate air 

quality, significant energy is used (Ning et al., 2024). To optimize air quality, a series of rigorous examinations 

have been conducted, including linear losses-to-power scaling and the geometric scaling method (Aroua et al., 

2023). Overall, energy consumption is a trending research field. Several methods are used to analyze the 

efficiency of vehicles. Artificial neural networks (Bukola, 2023a), simulation methods (Bukola, 2023b), and path-

finding algorithms (Zhaohui et al., 2022) are the most suitable methods for analyzing and gaining data on the 

vehicle's energy consumption parameters. By using the measured data, energy consumption can be decreased. 

Vehicle dynamics are also a crucial factor in optimizing consumption (Zhang et al., 2024). While analyzing the 

dynamic parameters during operation is difficult and time-consuming, machine learning can help to optimize the 

examination (Md. Nurun et al., 2023). The routing problem can be solved using the mixed integer linear 

mathematical model proposed by Hajiaghaei-Keshteli (2023) or two-stage adaptive robust optimization (Jeong 

et al., 2024). 

The shape of the vehicle and the additional parts impact energy efficiency. It is a proven fact that aerodynamic 

forces acting on a vehicle can increase driving stability and energy consumption (Hitoshi, et al., 1995). These 

two parameters have the greatest impact on the vehicle development process. This field is under-researched, 

but there are already some relevant papers on the topic. The examination of aerodynamic forces can be 

conducted using a variety of measurement methods. CFD simulations are the ideal tool for monitoring and 

measuring a wide range of fluid mechanics parameters, including the wing-in-ground effect (Juhee, 2018). To 

compare the CFD simulations with test-track measurements, time-dependent simulations (e.g. large Eddy 

simulation) should be created, where the acting forces can be collected (Takuji et al., 2013). The results clearly 

demonstrate that unsteady aerodynamic forces have a significant impact on aerodynamic parameters. Weather 

conditions can also be analyzed, such as strong crosswinds with detached eddy simulations (Winkler et al., 

2016). Wind tunnel measurement is a vital tool in aerodynamic development. It is possible to measure 

aerodynamic parameters, such as the drag coefficient, in a wide range of driving conditions (Watkins, 2008). 

The test track measurement tool is the most validated and complicated of these methods. The right equipment 

allows for certified methods to be carried out. For example, the energy consumption of different vehicles can be 

measured (Hanzhengnan, 2022). 

This study examines the energy consumption and travel range of electric and hybrid vehicles from several points 

of view. However, there is a clear need for further investigation into the effect of weather conditions on the drag 

coefficient. It also significantly affects energy consumption. For example, wind, temperature difference or rain. 

To obtain data on the degree of influence of weather conditions on the aerodynamic properties, several types 

of investigation must be carried out.  

This paper will demonstrate that the effect of rain on energy consumption can be quantified. The investigation 

will increase the accuracy of the current expected energy consumption according to the weather conditions. The 

information will also help with the range optimization method, which will allow us to modify the planned stopping 

places in the case of electric vehicles, where the traveling range is critical. 

2. Theoretical background of aerodynamic forces 

A body in a flow is affected by a force. This is the aerodynamic force if the friction is not neglected (Lajos, 2019). 

The resultant is the sum of the force from pressure difference and from the shear stress. The basis of these 

stresses are the deformation speed and the viscosity, depicted in Figure 1a. The aerodynamic force can be 

obtained as (Lajos, 2019.), 

𝐹𝑎𝑒𝑟 = 𝐹𝑠ℎ𝑒𝑎𝑟 + 𝐹𝑛𝑜𝑟𝑚𝑎𝑙 = 𝜏0 ∙ 𝑒 ∙ 𝑑𝐴 − ∫(𝑝 − 𝑝𝑖𝑛𝑓)
𝐴

𝑑𝐴. (1) 

where 𝜏0 is the local shear stress, 𝑒  is the unit vector parallel to the unit area, 𝐴 is the unit surface, 𝑝 is the local 

pressure, 𝑝𝑖𝑛𝑓 is the static pressure in the free stream zone. In vehicle aerodynamics, the aerodynamic force 

is divided into three components, as Eq(2) and Figure 1b. 

𝐹𝑎𝑒𝑟 = 𝐹𝑥 + 𝐹𝑦 + 𝐹𝑧  (2) 

where 𝐹𝑥 = −𝐹𝐷 (drag force), 𝐹𝑦 = 𝐹𝑆 (side force), 𝐹𝑧 = 𝐹𝐿 (lift force). In addition to the forces, three different 

moments also exist. The rolling moment acts on the x-axis, the pitching moment acts on the y-axis, and the 

yawing moment acts on the z-axis. 
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Figure 1: Aerodynamic force acting on a unit surface (a). Components of the aerodynamic forces and moments 

on a vehicle (b). 

3. Simulation environment 

The objective of the research was to ascertain the impact of precipitation on the aerodynamic characteristics of 

an Ahmed body. The Ahmed body is a simplified vehicle. This geometry is the go-to for CFD simulations 

because it can be meshed easily and there are plenty of measurement data available for comparison of 

simulation results. However, it must be acknowledged that the multiphase simulation model is highly sensitive 

to the geometry and the numerical mesh. Given the unique nature of this analysis, a simplified geometry was 

applied to investigate the basic thesis. 

Figure 2 depicts the geometry, which is designed to represent the Ahmed body as accurately as possible. The 

body is a 400x40 mm rectangular shape, placed in a 2000x200 mm computational volume. This allows for two 

body lengths in front of the model, three body lengths behind, and three body heights above. A distance of 

20 mm is placed between the bottom of the body and the ground. 

 

Figure 2: Dimension of the implemented geometric configuration 

The boundary conditions are defined in accordance with the general settings (Figure 2). The inlet is defined as 

a velocity inlet with the air phase set. The volume is divided into two parts at the top. Rain is injected at the rain 

injection part and defined as a symmetry wall setting. The roof is also defined as a symmetry. The volume 

outlet is a pressure outlet. The body and ground are set as walls.  

 

Figure 3: Boundary conditions of the applied geometry 

To create a CFD simulation study, the simulation environment and numerical mesh must be investigated 

first (Kristóf, 2019). The most appropriate mesh setting is determined using a mesh convergence method, 

specifically the Grid Convergence Index (GCI) method (Ismal, 2008). The GCI method determines the 

discretization and relative error of the numerical results. Furthermore, the GCI method provides information 

about the refinement of the numerical mesh. If the parameters are not fine enough, this will be indicated. The 

calculations show that the discretization error is 2.34 % and that the relative error between the smoothest and 

the reference mesh is 1.91 %. These results are satisfactory for the purposes of this study. Furthermore, the 

results are presented in the form of Richardson plots (Péter and Lakatos, 2023) in Figure 3 for visualization 

purposes. The plots clearly show the 1/cell count on the x-axis and the drag force on the y-axis for the three 

 a b 

1035



meshes and the calculated "infinite" case. It is evident that the slope of the function is decreasing in the negative 

x direction. The red line, which connects the results of the finest and the infinite mesh, has the smallest slope. 

This proves that the mesh has the right structure and that an examination with different parameters can be 

performed. 

 

Figure 4: Richardson plot at air velocity (a)15 m/s and (b) 25m/s 

The simulation is defined as a steady state, and the flow is laminar. The laminar flow simplification was crucial 

because the simulation was highly unstable with a turbulence model. It is important to note that, regarding this 

simplification, the near-wall flows are not defined accurately. However, the aim of this paper is to provide 

information about the relevance of the thesis, namely that rain could affect the aerodynamic properties of a 

vehicle. The simulation is built using the Eulerian model, which is capable of modeling both continuous and 

granular phases. The air was set as the continuous phase with a velocity magnitude at the inlet boundary 

condition. The rain is defined as a granular particle with a defined velocity magnitude. The particle size of the 

rain was defined using the Rosin-Rammler model, with a minimum particle size of 0.1 mm, a maximum of 9 mm, 

and a mean diameter of 5 mm. The rain flow rate was 0.03 kg/s. These settings are based on an average rain 

parameter. The simulations were completed without any error messages and the convergence was stable and 

clear in all cases. 

4. Results 

In this phase, the results of the calculations will be analyzed. The same simulation environment was used in all 

cases. The only parameter that was changed was the rain - and air inlet velocity. This study investigated how 

different levels of rain affect the aerodynamic properties of the applied body. The simulations were carried out 

with different rain inlet velocities and different air velocities. The rain inlet velocity was studied in increments of 

1 m/s, up to a maximum of 9 m/s. Nine different rain intensity cases were studied with two different air velocities 

(15 and 25 m/s). Figure 4a shows the distribution of the drag force. The x-axis shows rain intensity, and the y-

axis shows drag force. The air inlet velocity is 15 m/s. The simulations have a high uncertainty, but the drag 

forces have a clear increasing trend. In Figure 4b, the drag force distribution is shown with the same settings as 

in Figure 4a, but the air inlet velocity is 25 m/s. The simulation results are more stable than in the previous case. 

The drag force distribution has an upward trend as the rain intensity increases. The results clearly show that the 

rain has a measurable effect on the drag force. 

 

Figure 5: Drag force distribution in case of different rain intensity (a) vair = 15 m/s and (b) vair = 25 m/s. 

To more accurately express and understand the results, the relative error with respect to the "no rain" case is 

calculated. These data allow us to examine the rise in drag force in greater detail. The relative error falls within 

 a b 

 a b 

1036



the range of 0.5 to 1.75 %. This result clearly demonstrates that rain has a significant impact on the drag 

coefficient. A 1 % increase in drag coefficient can lead to a notable reduction in travel range. Figure 5a shows 

the relative error distribution of the drag force. 

The rain is a transient process. The CFD simulations should be transient to correctly model the rain. However, 

in transient simulations, the drag force became constant after a certain time. Consequently, steady-state 

simulations are compared to transient simulations in order to ascertain the accuracy of the steady-state case 

and its suitability for application. The simulations are compared in three different rain inlet velocity cases (1, 5, 

and 9 m/s). Figure 5b clearly demonstrates the relative error difference of the drag force. The x-axis shows the 

rain inlet velocity, and the y-axis shows the relative error of the drag force. The relative error was calculated 

from the steady-state results with respect to the transient. The results present that the difference between the 

cases is under 0.5 %. This proves that the steady-state simulations are correct for this case. In this case, using 

steady-state simulations helps the development process in the early stages find the right direction for the 

research. The implementation of steady-state simulations has the potential to reduce the computational capacity 

and time required for analysis, facilitating the examination of a greater number of cases. 

 

Figure 6: Relative error distribution of the drag force with respect to (a) vair=0 m/s case, (b) transient simulation 

case in case of different rain intensity 

5. Conclusion 

The multiphase flow simulation was successfully carried out with the described simplifications. The numerical 

results clearly show an increasing accent trend as the rain intensity rises. The drag force is increased by 

between 0.5 % and 1.75 % due to the rainy weather. Although the simulation environment is not entirely 

accurate, the results are still valuable. Further investigations are justified based on the study to examine more 

precisely the effect of rain on vehicle aerodynamics properties. 3D simulations should be carried out to get more 

valuable results. The applied model should be changed to the Ahmed body or to a road vehicle, which will allow 

us to compare the simulation result to literary data or test-track measurements. This will validate the simulation 

results. 
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