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1. INTRODUCTION  
 

To ensure an efficient and clean transport system (commercial or non-commercial), 

legislative bodies introduced the first set of rules [1] on car emissions several decades ago, with 

the aim of reducing the effects of pollution on humans and the environment [2]. The automotive 

industry has thus begun a transformation process that is still ongoing. Due to the great diversity 

of factors and complexity of the issue, the topic is intensely disputed in the industry but also in 

the academic world. Even though important developments are seen in areas such as powertrain 

technology, vehicle design, materials technology, etc., solutions still exist to improve vehicle 

performance, and engineers are working daily to find them and make them available to vehicle 

users. 

In this context, the current paper seeks, by means of CFD, to improve the aerodynamic 

performance of intervention vehicles. These special vehicles are most frequently exempted 

from emission standards for road vehicles [4], but contribute to urban and suburban air 

pollution, in particular due to the warning devices mounted on their roof. The practical study 

was organized into 3 parts. The first part focuses on assessing the aerodynamic performance of 

three body types, respectively those that are most frequently used by authorities and 

intervention forces – sedan, hatch back and SUV. The second part will determine the 

aerodynamic influence of the light warning devices in different use cases and, finally, the third 

part aims to improve the performance of special vehicles by adding additional parts to 

compensate for the degradation generated by the presence of the light warning device.   

In anticipation of a possible evolution of legislation on setting a maximum emission level 

for special vehicles, the objective of the thesis is to assess the aerodynamic resistance of 

vehicles equipped with roof warning devices and to identify possible and easy to implement 

technical solutions to reduce their negative impact on aerodynamic performance. Thus, it is 

intended to identify accessories that could be easily mounted on special intervention vehicles 

to cancel the effect of the light warning device on aerodynamic performance and to obtain the 

same aerodynamic performance as the base vehicle, the one without the light warning device. 

 

2. AERODYNAMICS OF ROAD VEHICLES  
 

 The chapter details the basic laws governing the interaction between a moving object 

and a fluid, in this case a vehicle moving through air.  
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Experiments and studies conducted for automotive dynamics have shown that, in addition 

to the forces in the contact zone, there is always an exchange of forces that occurs between the 

vehicle body and the air surrounding it. As powertrains evolved, and as a direct consequence 

the average speed increased, both drivers and scientists noticed that the car became less 

efficient at high speeds, and fuel consumption was significantly higher.  

The force imprinted by the air in which the object moves on it is defined as aerodynamic 

drag and it has two main components, a frictional force and a pressure force. The main notions 

described in this chapter are: Current lines, Air pressure, Air density, Air viscosity, Reynolds 

number, Boundary layer, Friction coefficient, Bernoulli relation. 

Based on the fundamental concepts of aerodynamics, the overall pressure distribution 

in the body area of a vehicle can be analysed.  Turbulent resistance is given by the turbulent air 

-flow from the rear area of the vehicle and is influenced by its shape as well as by the pressure 

difference between the front and rear of the vehicle. The way in which the phenomenon of air 

separation occurs leads both to the amplitude of turbulent resistance and to the increase of the 

associated shape. Turbulent flow is time-dependent, in a periodic manner (if external factors 

are constant). This generates a pulsating phenomenon that can have very high amplitudes and 

affects the stability of other vehicles, for example in trucks. 

The pressure (perpendicular to the surface of the vehicle body) and the friction force 

(parallel to the air flow) give rise to the overall aerodynamic resistance and can, for the purpose 

of the study, be expressed through a spatial system consisting of 3 axes (OX, OY, OZ), based 

on which the drag coefficient can be expressed. 
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To determine the aerodynamic drag of a motor vehicle, it is necessary to determine the 

force that must be developed by the power unit to leave the state of rest. The paper details some 

of the main methods applied over time to research this force and associated difficulties, namely: 

measurements made on the track, with the vehicle isolated from the environment, application 

of a network of pieces of wire with a free end, deceleration time method on the track, 

measurements made in different types of wind tunnel. 

The idea associated with the wind tunnel is to approach the whole phenomenon studied 

from another perspective, namely, the vehicle does not move through the air, but the air moves 

around the vehicle. Starting from this premise, the idea of an enclosure was developed, in the 

centre of which is the studied object, the vehicle, while the air is moved by high-power fans. 
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The main advantages associated with this method are:  

(i) all devices necessary for measurements need no longer be carried on board because 

the vehicle is stationary,  

(ii) the speed of the draught can be controlled perfectly in relation to the vehicle,  

(iii) pressure and temperature can be precisely controlled,  

(iv) experiments are carried out under the same conditions and can be easily duplicated,    

(v) the time required to prepare for a new session is relatively short. 

Some of the most representative examples of vehicles with an aerodynamic design are 

presented in this subchapter to highlight the evolution that has taken place over the last century, 

in terms of aerodynamics, as well as current performance.  

 

 

Figure 1 model La Jamais Contente, Stanley Steamer Rocket, Rumpler Tropfenwagen, 

Aurel Persu's aerodynamic vehicle 

 

 Figure 1 shows 'La Jamais Contente', the first electrically powered vehicle which 

exceeded 100km/h in 1899. After only 7 years, steam propulsion and an aerodynamic body 

allowed the 'Stanley Steamer Rocket' to reach and exceed the 200 km/h threshold. The great 

benefits of aerodynamic science were proven by Rumpler "Tropfenwagen", from 1921, having 

a design similar to the shape of a drop of falling water.  

An outstanding example of the same principle, with a patented design in 1922, is the 

vehicle created by the Romanian engineer, Aurel Perșu, which could not accommodate the 

same number of passengers as the Rumpler but had a Cd value of only 0.22. Currently, one of 

the best performing vehicles for several passengers is the Light year, from 2022, with a drag 

coefficient of just 0.175. 
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3. THE CURRENT STATE OF THE STUDIED ISSUES 
 

There are 3 main characteristics which, with the right approach, can have an important 

positive influence on controlling and reducing aerodynamic drag: vehicle dimensions, vehicle 

shape and specific accessories that influence the air-flow around it. 

A key factor influencing aerodynamic drag is the size of the vehicle. The rear surface of 

the vehicle is directly related to the initial size of the rear wake, which means that if we are 

trying to reduce the size of the rear wake, the rear area should be minimal. The best results for 

the CdA parameter are obtained for vehicles that mimic by design the shapes of the droplet of 

falling water, i.e. with the smallest possible rear surface.  

The second characteristic of the car that has an influence on aerodynamic force is, of 

course, its design. The overall aim is to minimise local resistance to the front of the vehicle, 

ensure rapid reattachment of air-flow and maintain stable air-flow near the body panels for as 

long as possible until air reaches the rear surface of the vehicle [37].  

 In the case of motor vehicles, the technical accessories used to reduce aerodynamic drag 

vary according to size, shape and mounting position. They are developed specifically for each 

vehicle. The aim is to control the airflow around the vehicle (i.e. on both sides and in the lower 

area and upper part of the vehicle) to control the shape and size of the rear wake.  

 Therefore, drawing general conclusions for the hatch back segment simply by 

extrapolating measurements to a specific hatch back model may lead to significantly different 

results and thus erroneous conclusions. In this context, considering all these constraints, the 

study focuses on a specific, generically chosen model, and conclusions are adopted accepting 

possible dispersions in the conclusions found for the respective class of vehicles. 

The generally used fixed aerodynamic accessories are represented by deflectors (rear, 

and rear side, wheels) and fairings (engine, centre, rear axle). The rear deflector and rear side 

deflectors are designed to control the detachment point at a specific coordinate, which is 

precisely adjusted for a balanced rear wake. Aerodynamic fairings are specially designed to 

cover most of the area of the lower body area, with a flatness coefficient as close as possible to 

100%.  In addition to fairings designed to ensure uniformity of airflow under the vehicle, 

aerodynamic deflector elements can also be placed underneath the vehicle. To compensate for 

the wheel side wake, manufacturers have added open arches on the sides of the front bumper. 

These arches take over high-energy airflow from the front of the vehicle and reduce the size of 

the side wheel wake.  
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In addition to the traditional elements mentioned, there are also more widely available 

active aerodynamic elements such as: active front wheel deflectors, active rear diffuser, front 

grille fins, active rear deflector and active wheel covers.  

All of the above elements, fixed or active, have a variety of shapes, sizes and give 

different results depending on their application. In addition to these, which are the main 

elements analysed from an aerodynamic point of view, each exterior element is examined to 

maximise the efficiency of movement. The shape and size of the exterior mirrors, if not already 

replaced by small cameras, aerodynamic wheels, even the aerodynamic design of the tires, as 

little space as possible between the body panels or additional masks on the front air inlets are 

just some of the other elements that are continuously optimized for better performance. 

 All this effort is a direct consequence of the current context in which, on one hand, 

legislation imposes a strict level of emissions and, on the other hand, customers are more 

attentive to fuel consumption but also to the influence of the vehicle used on the environment.  

 The literature confirms that the influence of light warning devices when fitted to 

ambulance-type vehicles [50] indicates a similarity between the results obtained in the CFD 

environment and in the wind tunnel on a small scale using the applied wire method. Yorkshire's 

Ambulance Service Trust (YAST) fleet has 1500 ERVs moving 40 million miles each year 

(~64.4 million kilometres), resulting in 4.2 million litres of fuel at a cost of over £6 million.  

 These studies briefly presented in the paper bring to attention a careful selection of 

relevant literature on the benefits of aerodynamic design and the possible improvement of fuel 

economy for commercial vehicles. Another valuable source of information was identified to be 

the work of Ali Reza Taherkhani [53] which starts from basic theoretical notions. The paper 

indicates the evolution of the Cd value for different vehicles, demonstrating the important 

benefits of aerodynamic optimization - the average drag coefficient of HGVs (vehicles 

transporting commercial goods) which was 0.7 in the 1920s, while today this value is reduced 

to about 0.5.  

Regarding the heavy vehicles with trailers, the overall reduction in drag could reach 23% 

when combining extended side fairings, aerodynamic fairings, extension surfaces at the rear of 

the trailer and covering of areas between the wheels [55]. Aider indicates  that a drag reduction 

of 25.2% is achieved through a combination of additional devices from those mentioned on 

different areas of the vehicle.  

Although the conclusions found are consistent with those of the current paper, no specific 

study has been identified on the light warning devices for the currently analysed body types 

(sedan, hatch back, SUV), nor their influence on aerodynamic performance. Therefore, the 
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results obtained following this study and detailed in the paper are all the more important for 

the field of aerodynamics of intervention vehicles (vehicles with a light warning device on the 

roof). 

 

4. MATHEMATICAL MODELS FOR CFD SIMULATIONS 
 

The CFD method or method of calculating fluid dynamics is the main working tool 

currently used by aerodynamic engineers. The mathematical method for predicting the flow of 

a fluid is successfully used in the study of vehicle aerodynamics. It should be remembered that 

the basis of fluid flow modelling is the Navier-Stokes set of differential equations. The solution 

can be obtained through a direct or probabilistic approach. 

To model complex flows, it is necessary to introduce some simplifications into the system 

of equations. These come in the form of turbulence patterns such as k-epsilon, k-omega, etc.  

Another method involves replacing the direct solution of the system of equations with 

the probabilistic approach proposed by Boltzmann. Thus, by parameterizing a family of 

probabilistic functions, fluid behaviour can be modelled from the perspective of the fluid 

component of a multitude of particles that can move in a given lattice, hence the name of the 

Lattice–Boltzmann method. Both methods are used by software programs that are used to 

evaluate the aerodynamic performance of cars. 

Information systems have seen a multitude of applications, including in the field of 

engineering. To theoretically study the flow of fluids and air in the aerodynamics of motor 

vehicles, the Navier-Stokes equations are used. These are described as follows: 
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The system consists of non-linear, coupled and partially differential equations. These 

properties make it impossible to find an analytical solution [8]. One method of approach in 

identifying Navier-Stokes solutions is the numerical model.    

One of the essential steps in parameterizing a CFD simulation is to define the fluid 

turbulence model. This action has a direct impact on the nature of the results and error in 

relation to the actual phenomenon. Ideally, an attempt is made to solve a complex flow with a 

turbulence pattern as simple as possible for minimal resource consumption. 

Turbulence is a time-varying phenomenon. Another important feature is that eddy stress 

structures move along the flow, having a relatively long service life. For this reason, certain 

turbulence cannot be characterized as local. Thus, the upstream flow is of vital importance for 

the flow in the analysed area. 

To characterize the turbulence component, several models with different approaches 

have been created: either by approximating the solution of the RANS equations or by solving 

them directly. 

For RANS models: 

a. Eddy viscosity model (eddy viscosity model – EVM) 

In this model, it is assumed that the effort associated with turbulence is proportional 

to the average stress rate. Wake viscosity is derived from the turbulent transport 

equation. 

b. Nonlinear eddy viscosity models (eddy viscosity nonlinear models – NLEVM) 

Turbulence effort, in this case, is modelled as a nonlinear function of mean velocity 

gradients. Turbulence scaling is determined by solving transport equations. This 

model is used to highlight turbulence associated with certain types of efforts. 

c. Differential stress models (DSM) 

This category consists of Reynolds stress transport models or second-order closure 

models (closure models - SOC). 

 

When it comes to calculating fluctuating quantities, the following methods are available: 

a. Macroscopic eddy simulation (large eddy simulation - SLE) 

This involves calculating the variation of flow over time, modelled on subnet-level 

interactions. 

b. Direct simulation method (direct numerical simulation – DNS) 

This method is not based on modelling, but on the direct calculation of the entire flow. 

[57] 
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A different approach is the method based on the principles proposed by Ludwig 

Boltzmann [61]. His major contribution was the development of statistical mathematics that 

explains and predicts how the properties of atoms can determine the physical properties of 

matter (such as viscosity, thermal conductivity, and diffusion). He laid the foundation for 

kinetic theory and the Maxwell–Boltzmann distribution of the velocities of molecules of a gas.  

From the automatic lattice gas method derives the Boltzmann network method currently 

used by CFD software. The main advantage compared to the previous method is noise 

compensation by the statistical approach. According to the theoretical principles described, by 

means of kinetic theory, the state of the fluid is described by a Newtonian method to identify 

the position and speed of molecules. The application of the Boltzmann method is also possible 

on non-Newtonian fluids, but the complexity of the mathematical model needs to be increased. 

 For the study of the flow of a fluid in three-dimensional space (such as the air-flow 

currents in a room), the model D3Q19 is used, which is successfully applied for Reynolds 

numbers in the subunit Mach spectrum and with isothermal properties. This is a hybrid, 

particle-based, continuous method. Complex modelling through the details of the particle-

particle collision or its expansion level can be successfully applied to parallel computational 

architectures. In this way, a significant reduction in the need for resources and reduction of the 

time required to perform a simulation is achieved. 

 

5. DETERMINATION OF AERODYNAMIC FORCE BY CFD 

METHOD  
 

The CFD method began to be widely used by all manufacturers in the development phase 

of a new project due to its multiple benefits, such as: the possibility of performing several 

iterations in a short period of time, a relatively faster setup of the experiment compared to the 

physical one, a significantly reduced budget for the CFD experiment compared to the physical 

one, possibility to view the airflow with the CFD instrument.  

 Given the objective of the work and definition of special vehicles, the CFD method 

chosen requires a base vehicle to which, at a successive stage, a warning light device will be 

added, thus following the real-life scenario.  

 In order to ensure minimal representativeness, but also to focus a reduced variety, the 

study was conducted on three generic body types that were considered to be the most 

commonly used as special vehicles: hatch back body type, sedan body type and SUV body 
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type. While this simplifying assumption reduces the resources required and the possible variety 

of results, aerodynamic drag is extremely sensitive not only to body type, but also to small 

variations in dimensions and, of course, body design. Thus, a second simplifying assumption 

was necessary, namely the choice of a specific design for each body type mentioned, taking 

into account the fact that the results obtained will not be able to be applied precisely for the 

whole category, but will allow to obtain an overview of the aerodynamic influence of the fitting 

of a light warning device,  but not the exact values. 

 In the light of those two assumptions, the vehicles chosen are illustrated in Figure 2. 

 

 

 

Figure 2 CAD model of SUV 

 

Given this test environment and its characteristics, the virtual experiment is built using 

the same proportions and functional devices specific to the wind tunnel. The test chamber is 

assembled from an insulated entrance and exit with side walls, a floor and a ceiling. The object 

under study is located at an equal distance from the side walls. 

 

Figure 3 Virtual test setup [60] 

 

The CAD model is located near the air inlet area and further from the outlet to allow for 

more accurate measurement of the rear wake.  

Volume meshing is achieved by using a hybrid method between the two methods, manual 

and automatic. Thus, the program is parameterized to have the finest dimension (cells with a 
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length of 2mm) next to the vehicle while near the walls a higher level (cells with a length of 

64mm), the passage being made with a multiplication of 2 to facilitate the convergence process. 

The results are recorded in each cell and assembled to visualize pressure, speed, wake and 

numerical drag coefficient by applying the Lattice-Boltzmann mathematical model.  

 While the boundary conditions for fixed elements, such as walls, entrance and exit, are 

defined with fixed numerical values, all boundary conditions related to the studied object are 

defined according to its specific parameters, such as length, width, wheel coordinates, and, 

accordingly, the definition of resolution ranges is amplified in order to finally obtain a relevant 

result. 

To reduce the simulation error, the user must identify a time step from which 

convergence oscillations are reduced. The CFD simulation performed in the current paper uses 

250,000 iterations, since this value allows for a stabilized convergence curve on this type of 

model. Also, all simulations were averaged from 100,000 iterations, due to relatively large 

oscillations in the first area of the graph. 

The first stage of the research was to determine the basic aerodynamic performance of 

the three body types studied (hatch back, sedan and SUV). Models imitate real cars as much as 

possible, considering the design, dimensions, and also technical parts located under the body.  

 

Table 1 Aerodynamic performance for base vehicles expressed in CDA 

Case studied Area (A) CdA [m²] 

Body type : sedan 2.240m² 0.659 

Body type :hatch back 2,390m² 0.836 

Body Type : SUV 2,445m² 1.000 

 

 A comparison of the reference values of the CdA indicates, as expected, that a sedan 

body has the best aerodynamic performance, while the SUV body type has the highest CdA 

value. The main factors that lead to these results are the shape and size of the rear of the vehicle, 

as well as its riding height, elements that have a direct influence on the energy level of the rear 

wake.  
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Figure 4 Rear wake represented by current lines and magnitude of speed [70] 

   

 Since the sedan body type has a smaller surface area at the rear and its shape is more 

similar to a drop of falling water, the rear wake is smaller in height and even length, which 

indicates smaller overall dimensions. For cars with hatch back and SUV bodies, the 

characteristics of the body determine the creation of a much larger wake in the Z direction, 

which is more difficult to dissipate. Because of this, it has a larger size in the X direction. It 

can be seen that, although not significant, the rear wake of the SUV body is larger than the rear 

wake of the car with the hatch back body. 

The second step in carrying out the study was to evaluate the aerodynamic performance 

of the same vehicles, but with the addition of the warning light device on their roof. For 

obtaining the best image on the possible performance dispersion, the warning device shall be 

mounted in the forward position (case "i"), middle position (case "ii") and rear position (case 

"iii"). For this purpose, an arbitrary device was chosen in shape and size, even though there is 

a great diversity in the design of the warning device, as well as variations in its geometry. 

 

 

Figure 5 Mounting positions for warning device 

  

 With the warning device added, the CdA value increases from +5.8% to +37%, 

depending on the vehicle type and mounting position. The greatest influence is recorded for 

the sedan body, with the warning device mounted in the forward position. The airflow is very 

turbulent, since the device is placed directly in the path of high-speed airflow coming from the 

windshield area. This technical definition will increase the value of carbon dioxide produced 

by approximately +12 g CO₂/km. The best solution for the sedan body turns out to be the middle 

mounting position, with an additional +0.094 m² in the CdA value and an increase in the value 

of carbon dioxide produced by +5 g CO₂/km. In this case, the warning device is not in the way 

of the windscreen's high-speed airflow, so that the associated wake is not added to the rear 
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wake of the same amplitude. The rear-mounting position will increase the value of carbon 

dioxide produced by +6.5 g CO₂/km.  

 

    

 

Figure 6 Magnitude of vorticity for sedan body with warning device 

 

 Applying the same type of analysis to the hatch back body, it resulted that the warning 

device brings a degradation between +8.2% (case "iii") and +19% (case "i"). It should be noted 

that the middle and rear mounting positions can be treated as generating the same results. This 

conclusion arises due to the small difference in the value of CdA when the CFD error is also 

considered.  

 

   

 

Figure 7 Magnitude of vorticity for hatch rear body with warning device  

It can be concluded that, due to worse natural wake of  hatch back bodies (compared to 

sedans), the influence of the light warning device on the CdA value is lower, with a total 

difference in carbon dioxide emissions of 1.5 g CO₂/km for the best-case scenario,  respectively 

4 g CO₂/km for the worst-case scenario. 

 

   

 

Figure 8 Magnitude of vorticity  

 

 Given the results described above, step 3 presents the challenge of reducing the 

aerodynamic influence of the warning device by adapting or adding new aerodynamic 

accessories. The basic criterion is that the modification is minimal for maximum benefit so that 
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the study can be used for the practical application of the solutions identified. Elements 

considered to be easy to add to improve aerodynamics are wheel accessories (rim, wheel trim) 

and fairings under the body.  

The wheels were studied specifically, on the same body types, to assess the benefit of 

CdA that could be obtained. Two factors chosen to be studied are the flatness and porosity of 

the wheel design. 

To assess the impact of rim porosity on overall strength, an analysis was carried out using 

7 different configurations - (P): 2.3%, 3.32%, 17.64% (existing solutions), 50%, 35%, 15% and 

0% (proposed solutions) 

The configuration of the steel rim and wheel cap gives a performance of 0.388 for the 

drag coefficient and is considered the reference. After removing the cap, the CdA value is 

improved by 0.004. The gain is even more significant (0.023) after replacing the steel rim and 

cap with an alloy wheel. The bottom line is that from an aerodynamic point of view, the alloy 

wheel configuration under consideration (case 3) is the most efficient. The superior properties 

of the material used allow engineers to have better shape control and therefore better control 

over the airflow. 

The next step after evaluating existing generic solutions is to check what happens if wheel 

openings are gradually reduced in size. For this purpose, one fully closed cap (P = 0%), one 

relatively maximum open cap (P = 50%) and two intermediate solutions (P = 35%, P = 15%) 

were tested under the same conditions as the first 3 cases. 

The best result is achieved when using the full cap (P = 0%), while the worst result is 

obtained for the most open cap.  

Compared to the steel rim, with or without a wheel cap, the alloy rim has better 

aerodynamic results.  As regards the possibility of integrating a a more enclosed wheel cap or 

even an active wheel cap, the present study  identified the best result for a zero porosity 

solution. With an overall gain of 0.033 relative to the standard steel rim and 0.005 relative to 

alloy wheels, the fully enclosed wheel cap is considered to be a good approach for a reduction 

in overall CdA. 

As highlighted, the zero-porosity wheel cap can also bring benefits from an aero-acoustic 

point of view. The main negative impact that has not been studied in this work, but which could 

prevent the implementation of this solution is the brake cooling. The evolution towards hybrid 

and electric vehicles also involves a remodelling of the braking system, so this impediment 

could also be overcome.  
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The rear wheel covering should theoretically limit the rotational airflow around the 

wheel, reduce the local lateral wake in the Y direction, and allow longitudinal airflow to follow 

a smooth path from the front door to the rear wing of the vehicle. Thus, in a first phase, the size 

of the mask was assessed. The best Cd result is obtained for the fully enclosed wheel arch with 

a delta of 0.024 compared to a standard configuration. Cases 2 and 3 show the trend of 

decreasing drag coefficient with increasing wheel arch mask.  

 

Table 2 CFD results of wheel arches for the base vehicle 

 

In the second phase, three different configurations of the full mask were compared – right 

rear edge, curved back edge and straight rear edge plus cutting area. CFD simulations indicate 

that case 4 is aerodynamically more favourable than case 5 due to a lower pressure value behind 

the wheels.  

While the impact of the baffles was reduced compared to the full mask, the detailed study 

showed that the profiled deflector having the same height as the right one brought the greatest 

gain [74]. 

 The sensitivity of vehicle aerodynamics to crosswind is studied for a hatch back vehicle 

at an angle (α) between -20° and +20° deviation from vehicle axis X, as graphically described 

in Figure 9. These values were chosen due to the high frequency of occurrence in real life, as 

shown by some studies.          

 

 

    

Figure 9 Definition of vehicle coordinate system,  

for the study of crosswind 

 

-X 
-α° 

+α° 
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 A first set of results, plotted in figure 10, shows that for 0°<α<2°, the drag coefficient is 

relatively constant. This is followed by a gain of 0.025 units for 4°<α<6°. At about 8°, an 

inflection in the Cd variation is observed. For 10°<α<20°, the drag coefficient increases 

linearly.  

 

Figure 10 Variation Cd with angle of deflection, 0° < α < 20° 

 

The development of running resistance varies significantly depending on the value of the 

angle of deviation. The main sources of rolling resistance for a vehicle are: the front and rear 

wheels, the front pillar associated with the rear-view mirrors and the rear of the vehicle, the 

latter also being the main source of aerodynamic energy consumption.  

 

                          

                α=0°     α=8°     α=20° 

 

Figure 11 Evolution of the wale shape of the vehicle with the angle of deflection, α. 

 

The CdA values for the positive or negative α angle have slight differences, these are 

given by the asymmetry of the mechanical parts found under the vehicle body.  

 Since current research is based on CFD instruments, it is mandatory to associate the 

results obtained with insight into possible sources of error. An important source is simulation 

time (i.e. how long air passes by the vehicle), which in the virtual world is fragmented into 

many small steps called iterations. Exposure to airflow must be long enough to allow resistance 

forms to form and stabilize. On the other hand, if the exposure to airflow is too long, the 

recorded data will be too high and the advantage of the CFD instrument will be reduced. For 
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the current study, simulations were performed at both 250,000 iterations and 500,000 iterations, 

and figure 12 shows the differences obtained. 

 

Figure 12 Cd variation as a function of CFD simulation time 

 

It is considered that the CFD results obtained for a simulation time of 250,000 iterations 

are valid, considering the purpose of this paper.  

The results obtained through CFD simulations show that, for small deflection angles, 

vehicle performance can be considered uniform up to α<8° and after α>10° performance 

degrades in a linear manner.  

 Next will be considered a standard wheel configuration – 15-inch steel rim without wheel 

cover and aerodynamic wheel configuration – 15-inch alloy wheel equipped with complete 

front and rear wheel covers and fairing for the rear wheels, as shown in figure 13. 

 

 

 

Figure 13 Studied wheel configurations in crosswind conditions 

 

CFD results are integrated into a graph showing the change in drag coefficient with the 

angle of deflection. The evolution of Cd can be divided into two main parts, for α<10° and for 

α>10°. Cd decreases by 0.020 to α=4° and continues slightly to α=8°. For α=10° a small 

degradation can be observed, followed by a constant increase in the Cd value. If for α<10° it 
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can be considered that Cd has on average approximately the same value, for α>10° it is obvious 

that aerodynamic performance degrades without any hint of inclination to lower values.  

 

Figure 14 Variation Cd with α for standard and aerodynamic wheels 

 

In order to understand and evaluate the evolution of the drag coefficient, it is necessary 

to analyse the resistance zones that are developed under different angles of deflection.  

 

 

 

 

Figure 15  Wake shape variation with deflection angle, α 

 

For α<10° it can be seen that the rear wake is transformed from an almost uniform shape 

to an asymmetrical shape with a longer but thinner volume. At the same time, the resistance 

associated with the straight front pillar and exterior mirror intensifies. The oscillation of Cd as 

a function of α can be explained, in this specific case, by the different amount of energy 

consumed by each mentioned local resistance zone.  

For the α<8° there is a beneficial effect due to the low energy in the rear resistance, which 

for vehicles is the most important, although the other areas are still stable and at almost the 

same energy level. For -8°<α<8°, an intensification of the strength of the pillar and front wheel 

begins to occur. This is how the slight increase in overall Cd can be explained.  
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For α≥10°, the main difference lies in the detachment of the local resistance form of the straight 

pillar. Previous research has indicated an important gain of Cd that can be achieved with the 

help of the aerodynamic technical definition for wheels: full wheel cover on all four wheels 

and wheel deflectors for the rear wheels. 

As already mentioned, in order to have a better understanding of the total aerodynamic 

drag of the car, it is necessary to refer to the parameter CdA and not only to Cd. In figure 16, 

the evolution of CdA by α can be analyzed.  

 

Figure 16 CdA variation with α for standard and aerodynamic wheel design 

 

 Optimised solutions for the current homologation process may pose significant 

challenges for new procedures such as RDE (Real Driving Emissions). However, it is 

considered mandatory to include active aerodynamic elements in the technical definition of the 

vehicle in order to comply with the tough CAFÉ (Corporate average fuel economy) rules. 

On the basis of the aerodynamic studies submitted, which assess the basic performance 

of three body types widely available for general use but also for intervention vehicles, plus 

favourable results for some of the wheel scenarios studied (both in the standard longitudinal 

wind direction and in crosswind), it is decided to further assess the possible aerodynamic 

benefit of replacing fairings under the bodywork with extended surface parts and a improved 

flatness of wheels 

 

Figure 17 Standard fairings under the bodywork versus proposed fairings  
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Figure 18 Standard wheel (left) versus proposed aerodynamic rim (right) 

 

 CFD simulations performed on each body type, with technical developments detailed 

above, indicate a different influence of added parts on the overall performance of CdA, as 

shown in Table 3. 

 

Table 3 CdA results for optimised technical definition, in relation to base and intervention 

vehicle 

Case studied Sedan 

"base vehicle" 

Sedan  

"emergency vehicle" 

Sedan  

"optimised vehicle" 

SCx [m²] 0.659 0.753 0.708 

Δ SCx [m²] - + 0.094 + 0.049 

Δ SCx [%] - + 14 +7.44 

Case studied Hatch back 

"base vehicle" 

Hatch back 

"emergency vehicle" 

Hatch back 

"optimised vehicle" 

SCx [m²] 0.836 0.910 0.899 

Δ SCx [m²] - +0.074 + 0.063 

Δ SCx [%] - +8.8 +7.54 

Case studied SUV 

"base vehicle" 

SUV 

"emergency vehicle" 

SUV 

"optimised vehicle" 

SCx [m²] 1.000 1.059 0.998 

Δ SCx [m²] - +0.059 -0.002 

Δ SCx [%] - +5.8 - 0.02 

  

Analyzing the results obtained, several conclusions can be drawn. First, as expected, a 

newly introduced element will not have the same effect on different body types. This is due to 

a different shape of the vehicle and the speed of airflow above and below the body (providing 

a specific shape and dimensions of rear wake). Consequently, for better results, body-specific 

customisation is required. Secondly, the aerodynamic drag of the light warning device can be 
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fully compensated (SUV body – balanced rear wake) or halved (sedan body – slightly 

unbalanced rear wake in the downward direction) by using a relatively simple body kit for 

intervention vehicles.  

When it comes to the hatch back body type, further studies will need to be carried out to 

identify a suitable set of parts to match the base vehicle's wake, as the current configuration 

has an unbalanced, large-sized rear wake. Some options that will be tested to see if they 

improve the wake for hatch rear intervention vehicles are: partial body covering, addition of 

deflectors on fairings or extension of the rear upper diffuser. 

 

   

 

Figure 20 Rear wake of optimised intervention vehicles 

 

The present study focused on a generic light warning device and not on aerodynamically 

optimised ones, as the first mentioned ones are more widely available, are already applied to 

most intervention vehicles, are easy to install and have a low risk of not complying with the 

laws applied in this field. 

In addition, for the CFD study carried out on passenger vehicles such as sedans, hatch 

backs, SUVs and how light warning devices influence aerodynamic performance, further 

studies have already been initiated for the field of heavy commercial vehicles such as trucks. 

Even if still at an early stage, a summary of the first steps taken with fellow researchers in the 

field of automotive aerodynamics is presented. [75] [76] 

 The trucks have relatively large dimensions considering the automotive segment of 

transport, a fact imposed by their generic destination for freight transport, a category chosen to 

be of primary interest due to their relatively high speeds and large number of working hours. 

Therefore, from an aerodynamic point of view, these vehicles have the disadvantage of 

generating high rolling resistance.  

 Eleven study cases are defined for the roof warning light, devices to be mounted on a 

generic tractor cab. 
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 CFD simulations are carried out in the virtual environment and only the tractor unit will 

be used, without applying a semi-trailer due to the fact that the area of interest is on the roof of 

the cab.  

 For the interpretation of the results, the use of current, velocity vectors and pressures. 

Also, for a good visibility of the analyzed parameters, such as current lines and speed vectors, 

it was chosen to exemplify them on a ZOX plane at the Y0 coordinate where in almost all cases 

there are elements that disturb the air flow. 

 

 

Figure 21 Air flow for the truck cab 

  

 Based on the numerical values and interpretation of air flows for the studied cases, it can 

be said that light warning modules degrade the aerodynamic performance of trucks. 

Consequently, integrating them into the roof deflector can be considered a viable option. 

Configurations 7 to 11 allow by the nature of the construction better airflow, therefore higher 

aerodynamic performance than in previous cases. 

 

  

Figure 22 X-axis force values for the studied configurations 
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6. EXPERIMENTAL RESULTS 

 
The experimental results and related conclusions, obtained in the virtual environment 

and detailed in Chapter 5, are validated by performing physical experiments as close as possible 

to the conditions of the real environment, but under laboratory conditions. 

The parameters controlled in making physical measurements are those of the ambient 

air in the test chamber such as: air temperature of 20 degrees Celsius, air density of 1.2041 kg 

/ m3, and the preset air travel speed is 140 km / h. 

 The paper presents three cases measured in order to correlate virtual measurements. 

The scenarios chosen are identified as those with the centrally mounted light warning device 

because the study detailed in Chapter 5 identified these cases as being among the most 

beneficial for the aerodynamic drag of emergency vehicles on the one hand and on the other 

hand because it is the most common scenario for intervention vehicles. 

To carry out the test, the sedan was introduced into the enclosure and was connected to 

the measuring module to carry out the first reference test. Then, maintaining exactly the same 

position of the vehicle, the warning light described in Chapter 5 was fitted in the middle 

position. The measurement was thus carried out with the device mounted and the new result 

for the drag coefficient was recorded. The difference between the two values is analyzed and 

then compared with the result obtained under the same conditions, in a virtual environment. 

The test procedure is repeated under the same conditions for all three bodies, sedan, 

hatch back and SUV, analyzed in the paper. The location of the light warning device in the 

center area is illustrated in figure 23 for the three types of body analysed. 

 

          
Figure 23 Location of light warning device 

 

Physical measurements indicate that the light warning device used, in the mid-mounting 

position, for a sedan brings about a degradation of 18 %. If we refer to measurements made 

under virtual conditions, through CFD simulations, the degradation obtained under the same 

conditions is 14%. In this case, there is a difference of 4 percentage points between the 2 

measurements made. 

In the case of a hatch back vehicle, by applying the same test conditions, the degradation 

caused by the warning light device was of 8 %. In this case, we can notice a difference of only 

0.8 percentage points compared to the results obtained in the virtual environment. 

The case of the SUV indicates by physical measurement of the drag coefficient a 

degradation of 5.5%, while the numerical results presented in Chapter 5 indicated a degradation 

of 5.8% in the virtual environment. The difference between the two measurements is only 0.3 

percentage points. 

The values obtained for the scenarios presented confirm the conclusions listed in 

Chapter 5, namely: 
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▪ Additional devices located on the roof of cars have a negative influence on aerodynamic 

drag because they affect the balance of airflow for the base car (without added devices) 

▪ The light warning device has a greater influence on sedans compared to other body 

types. 

▪ The influence of the additional device decreases in weight from the sedan to the rear 

hatch and finally to the SUV-type body, due to the different rear wake and the 

interaction between it and the local wake of the light warning device. 

 

Considering the results of the physical measurements, it is considered that the study 

conducted in the virtual environment is relevant and its conclusions are valid.  

 

7. CONCLUSIONS, PERSONAL CONTRIBUTIONS and FUTURE RESEARCH 

DIRECTIONS 

 

The paper addressed the influence of roof-mounted warning devices specific to intervention 

vehicles on air flow and thus on the aerodynamic performance. This subject was chosen for the 

study because an increased aerodynamic drag leads to higher emissions and therefore to an 

amplified negative effect on the environment and human health. Current legislation excludes 

the emergency vehicles from the rules and penalties associated with an increased amount of 

emissions. However, in the context of the decarbonization of the entire transport segment, a 

new, more restrictive legislative framework is also expected to be implemented for intervention 

vehicles. 

With the help of phenomena associated with air flow around vehicles and methods for 

measuring aerodynamic drag, a study was conducted using the CFD method to analyze the 

aerodynamics of sedans, hatch backs and SUVs. These typologies were chosen because they 

are often used in urban or suburban environments, by institutions or other authorities requiring 

the use of vehicles with warning equipment.  

The study consisted of first assessing the basic aerodynamic performance of vehicles 

without roof-mounted warning devices. It was found that the sedan has the best aerodynamic 

performance of the 3 body types listed. This is mainly due to a reduced rear surface, 

approaching the shape of a drop of falling water. Unlike the sedan, the hatch back has an 

increased rear surface area and therefore an increased rear wake in size. Thus, its aerodynamic 

drag is considerably higher than in the case of the sedan. Regarding the SUV, there was an 

increase in aerodynamic drag compared to the sedan, but also compared to the hatch back. Even 

if not a huge difference from the hatch back was recorded, the measured values for the SUV-
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specific drag coefficient indicate both a larger rear wake and the negative effect on the balance 

of the rear wake associated with higher ground clearance. 

The intermediate stage of the work presented the results of an extensive study on the 

aerodynamics of the wheels and wheel arch. The aim was to determine to what extent 

optimizations made in this area can improve the aerodynamic drag of vehicles. This topic was 

chosen on the assumption that potential modifications are easy to make without requiring 

significant changes to the bodywork or basic structure of the vehicle.   

The extensive studies carried out on the aerodynamics of vehicle wheels have been 

transposed both for the scenario in which the air flow comes from the front, but also for the 

scenario of distinct location between the vehicle and the air flow, i.e. crosswind conditions. 

This extension of the work was considered necessary for a more complete evaluation of the 

aerodynamics of the vehicle and the analysis of the identified benefits for the air flow both on 

the X-axis and the variation by ±20º compared to the X-axis.  In addition, studying the vehicles’ 

aerodynamics in a scenario with crosswind conditions is necessary also due to the check of 

emissions in real-life conditions carried out by the authorities using the RDE methods. 

In crosswind determinations, an interesting effect was found when comparing the 

definition of standard wheel with that one defined as aerodynamic. If for relatively small angles 

the aerodynamic wheel had a positive effect, it was found that when increasing the lateral angle, 

the increased design area effect led to an overall negative effect and thus to an increase in 

aerodynamic drag. The main conclusion is that, for a complete and accurate overview of 

aerodynamic performance, it is not enough to validate only with the airflow strictly aligned 

with the X-axis of the vehicle, but it is necessary to evaluate and determine the values of the 

drag coefficient also in crosswind conditions. This component can significantly contribute to 

reducing the difference between the fuel consumption announced by the manufacturer 

(determined under laboratory conditions) and the fuel consumption registered by the customer 

when operating the vehicle under normal conditions. Of course, aerodynamic drag is only one 

of the components needed to be studied to reduce the difference in fuel consumption. 

The CFD study consisted of evaluating the performance of intervention vehicles for the 

three types of body mentioned and an analysis of the main scenarios for mounting the light 

warning device: anterior, median and rear. The aerodynamic effects encountered locally in the 

area of the roof-mounted device, as well as the effect on the rear wake of each vehicle, are 

analyses based on the air flow, vorticity and associated pressure deficit. For all cases, however, 

mounting the light warning device in the front position was the worst due to its positioning in 
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the path of high-speed airflow coming from the windscreen area, thus leading to a local wake 

amplified in size and energy. 

The final stage of the study consisted in trying to improve the aerodynamic resistance of 

intervention vehicles with elements considered easy to apply such as: optimizing the wheel 

trim and fixed elements located under the vehicle (fairings), by extending them and ensuring 

increased flatness. The shape of vehicle fairings is generally conditioned by factors such as the 

material from which they are made (i.e. whether or not the systems under the vehicle can be 

approached to hot sources) and constraints linked to their architecture or mounting possibility. 

The CFD results obtained through the set of simulations carried out on intervention 

vehicles with mid-positioned light warning device, low porosity wheel trim and 

aerodynamically optimized fairings indicated the possibility of reducing aerodynamic drag. 

 Thus, for the sedan, the effect of additional aerodynamic elements made it possible to 

partially compensate for the presence of the warning light. The numerical results indicated a 

reduction of almost 50% in the effect initially created by the presence of the light warning 

device, which underlines on the one hand the contribution of the study carried out, but also the 

possible prospects of further reduction of aerodynamic drag. In the case of the hatch back, the 

same trend was encountered, but with a significantly reduced effect, this being due to a poor 

rear wake. The shape of the rear wake and its balance, in the case of the hatch back, are deficient 

compared to the sedan and therefore the effect of the light warning device is different in the 2 

cases. For the hatch back, additional aerodynamic optimization elements are required to enable 

the same gain as in the sedan. The negative eddy effect associated with a large rear surface is 

even more emphasized in the case of an SUV, where the application of those optimization 

elements has no effect. This result is because the optimized elements have relatively little 

influence on the overall SUV aerodynamics equation. For this case, it is therefore necessary to 

identify other optimization areas to be able to reduce aerodynamic drag.  

The study concludes that light warning devices have a significant influence on vehicles, 

and the study of sedan, hatch back and SUV bodies is vital for reducing fuel consumption and 

thus associated emissions. This can lead to a beneficial financial effect, but also an important 

contribution to the decarbonization of transport, mainly in urban and suburban areas. 

The correlation of the numerical results obtained for the aerodynamic performance of the 

intervention vehicles was achieved through physical measurement experiments on 1:1 scale 

=âvehicles of sedan, hatch back and SUV type. The measurement conditions were similar 

between virtual and physical methods to allow validation of the study performed. Following 

the measurements, it was found that for the sedan the difference between the 2 measurements 
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is 4 percentage points, for the hatch back car 0.8 percentage points, and for the SUV the 

difference is only 0.3 percentage points. These results are mainly due to the balance sensitivity 

for the rear wake of each vehicle type. Since the sedan has better performance but a more 

sensitive balance, the numerical method does not completely capture its phenomenology as is 

achieved in the physical experiment. But for the hatch back and SUV, where the wake is larger 

but more stable, the numerical and physical methods showed very close results. 

The continuous transformation of the automotive industry, the desire to make transport 

more efficient, but also the obligation to reduce emissions lead to the need for aerodynamic 

studies, such as this work, on intervention vehicles equipped with light warning devices. The 

current study stands out for addressing this topic for sedan, hatch back and SUV body types, 

as no similar works published in the literature have been identified. The degree of uniqueness 

of the presented subject and the large use of these types of bodies for intervention vehicles 

indicate an important contribution to the field. 

The paper not only presents a global analysis of the aerodynamics of sedans, hatch backs 

and SUVs, but also extensively studies the local aerodynamics of vehicle wheels and their 

influence on overall performance. The contributions made consist in creating a detailed 

overview of air flow in the wheel rim area, by studying the porosity and flatness factors of 

distinct scenarios, which can be correlated with the models currently used in the automotive 

industry.  

This paper presents for the first time in our country the results of the research carried out, 

regarding  measurements for the light warning device for sedan, hatch back and SUV, not only 

in the virtual environment by CFD method, but also correlated with physical measurements on 

vehicles scale 1:1. The present paper can be a reference study in the case of the study of fuel 

reduction for vehicles used by police, constabulary, patient transport or firefighters, naming 

only a few institutions that frequently use vehicles of the type studied and presented in the 

current paper. 

The studies will be continued primarily with the analysis of accessories that can improve 

the aerodynamic resistance of sedans with light warning device, but especially of accessories 

necessary for hatch back and SUV vehicles with light warning device. The aim remains to 

identify a set of elements to cancel out the negative effect of the light warning device on 

aerodynamic performance.  

Another research path is the implementation of active aerodynamic elements, such as 

trim wheels whose porosity that can be varied, so that performance is optimized not only for 
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the theoretical airflow situation aligned with the vehicle's X-axis, but also for various real-life 

situations where crosswind occurs.  

The research may also extend to other body types used by authorities and institutions, 

such as station wagons, vans or pick-ups. In this respect, collaborations already started aim at 

studying the aerodynamic of heavy tractor vehicles and the influence of the various light 

warning devices that can be used, as presented at the end of the paper. 

The topic of aerodynamics of intervention vehicles is considered relevant and of real 

interest for the efficiency of the transport segment, optimizing the costs associated with the fuel 

consumed, but also for reducing emissions and influence on the environment. In this context, 

the study presents the first steps taken, future research paths, aiming to extend physical 

validations for a complete correlation, so that the material can be considered a reference point 

in this field. 
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