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Abstract  
 

 

 

 In this paper, our main purpose is to define the Savonius Wind Turbine properties and 

evaluate its performance within a tunnel. The properties and results are derived using different 

software as well as a physical experiment.  

 We performed a field study in the Bouregreg Tunnel in Rabat, and gathered enough data 

about the wind speed generated from cars, in order to find the optimal position that will allow the 

best performance of the turbine.  

 Using ANSYS, SolidWorks and Tracker, we discussed different parameters to come up 

with the optimal number of blades to use; 4 blades showed better performance than 2 and 3 blades. 

We also ran a simulation with a fixed rotor, and a dynamic simulation that is more appropriate for 

our study to test the performance of our turbine. 

 We also added a physical testing to compare between our constructed turbine and the 

results from the simulation, and also showed the difference between having one airflows versus 

two opposite airflows. Finally, we concluded some power and energy calculations to test the 

feasibility of using the turbine in the tunnel. 

 From the results, a conclusion was made that having two opposite airflows increases 

significantly the performance of the turbine, and the testing results showed satisfying and 

encouraging results. Still, we concluded that many aspects needed to be taken into account to 

determine if a net benefit will result from using the turbine in the tunnel.    
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I. Introduction 

 

1.1. Context 
 

 As every living creature on Earth, humans need to fulfill basic needs to survive. Raw 

elements from the planet are taken and even processed to satisfy these needs. We differ from other 

beings by a developed brain that pushes us to seek innovation, expansion and constant 

development. Nevertheless, if an individual ever takes a deep look at our world, it can be seen that 

our advanced brains can be a malediction due the enormous harm we caused to the planet. We are 

using more resources than needed causing the Earth to suffer and endure climate change. According 

to the Global Footprint Network, a study showed that each year we’re using more than what the 

Earth can provide in natural resources. In 2018, it estimated an average of the usage reaching 1.7 

of the capacity produced, and it keeps escalating. [1] 

 The only way to repair these acts, and give another chance to humanity is to decrease the 

dependency of these resources and most importantly, fossil fuels. This can be done by considering 

a more sustainable way of living that can benefit both the humankind and nature. Nevertheless, it 

can’t be denied that these methods are already implemented and start to gain more interest. Many 

countries are considering renewable energies as a solution to stop the unbearable torture that Earth 

is witnessing. Scientists all over the planet, try to spread the awareness over this subject and show 

to people the importance of renewable energy as being a clean source of energy. This has become 

an emerging field where constant innovation and improvement is observed, basically relating on 

sun, wind, water, organic matter or other components. 
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 The field is still under improvement and discoveries are made regularly. Consequently, it 

attracts many investors and pushes a lot of countries to offer an important consideration to 

renewable energies and shaping it as being the future.  

 Our study will focus on the performance of a Savonius Vertical Axis Wind Turbine 

(VAWT) in a tunnel. The idea behind this is that the passing cars from both directions will generate 

wind which will cause the turbine to rotate, in order to generate enough electricity for lighting or 

storage. 

1.2. Methodology 
 

The analysis will be focusing on testing the efficiency and energy produced by the Savonius 

Wind Turbine within a tunnel. Additionally, a research on the parts and materials used is mandatory 

in order to make a 3D simulation of the turbine using Solidworks. Also, another part would be 

dedicated to the study of wind channels created by the passing vehicles and affecting the turbine’s 

blades, using the software ANSYS. The analysis will also contain a comparison between the 

horizontal and the vertical turbine, as well as the material used. The comparison has the intention 

to propose improvements, on these aspects. 

 Moreover, building a simple prototype of the turbine is also considered to be part of the 

capstone, and perform some testing. The study will provide numerical data and results that will, by 

their turn, be analyzed in order to earn a clear understanding on different aspects. 

 The report will also include a field study, where we will try to gather data of different 

scenarios on wind produced inside a tunnel. The analysis of the data will help us understand the 
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proprieties of wind inside a tunnel as well as the wind produced by the passing cars, and will 

eventually allow us to choose the optimal position of the turbine inside the tunnel.  

1.3. Motivation 
 

 First of all, the project will encourage the usage of general knowledge earned so far during 

my studies in the university, whether it is mechanical, electrical, computer simulations or 

quantitative analysis. It will also enhance the engineering research process as it is a new and very 

specified field for me with a tremendous amount of information. Plus, it will be interesting to have 

results backed up with an engineering process and scientific calculations to test the efficiency and 

impact of the turbine inside the tunnel, knowing that we didn’t come by any similar study that was 

done in Morocco.  

 Second, the subject tackles a noble cause that considers nature and the well-being of 

humans. In order to live peacefully, and in a clean and hospitable environment we should start 

taking this matter seriously and direct our vision towards a green future. Innovations such as 

turbines and many other, for example waste treatment, may offer another chance for humans to 

reconcile with the Earth, which will also serve future generations to learn from our mistakes and 

continue in this road. 

1.4. STEEPLE Analysis 
 

 Steeple analysis would be helpful to the project to have a description of the macro-

environmental external factors, besides the most important one which is environmental. 

 Social – the aspect of renewable energy emphasizes on a social solidarity that puts the 

interests of Earth and its habitants first. It is a collective work towards a better and cleaner 
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future. Therefore, one of the main objectives of the project is to underline the importance 

of awareness regarding renewable energies and modern methods to have a well-functioning 

society that is not auto destructive 

 Technological – the tour is based on a technology that relies on wind and sunlight to 

produce energy. The study focuses mainly on the analysis of different functions of the tour 

to obtain scientific results. Improvements on the technological aspect of the tour can always 

be developed because it is an emerging field where a lot of progress can be made 

 Economic – the field of renewable energies is a new one, and has a lot of potential. It is 

easily noticed due to the significant amount of investors interested in it. The tour is a newly 

project that is considered by Turkey to improve its usage of energy. It shows how projects 

like these can have an impact on large economic systems  

 Environmental – the project has the objective to benefit the environment and decrease the 

harm humans can cause. Considering alternative methods to fossil fuels is the crucial key 

towards the survival of human kind on earth. The tour is great substitute, and uses two 

sources, wind and solar, to produce energy and decrease our dependency towards essential 

Earth’s resources that have been overly exploited  

 Political – many countries are shifting towards renewable energies, and initializing 

important projects in this matter. Some import and export raw materials, processed ones or 

even energy itself. An important shift in the reliance on renewable energies will definitely 

affect the political relations between countries as well as the regulations knowing that fossil 

fuel international lobbies ae very powerful   

 Legal – Morocco knows a constant growth and consequently have an increasing demand 

for resources and energy. It mainly relies on fossil fuel and still doesn’t consider strict 
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regulations regarding energy. Nevertheless, renewable energies may offer the Morocco 

more power and independence towards other countries, and thus, follow the “national 

energy policy” 

 Ethical – the project treats the subject of changing the mistreatment that our planet endures, 

and aiming to have a proper way to deal with resources. It is a chance to correct our mistakes 

and stop destroying our surroundings and rely on clean energy sources. It can also deliver 

to disadvantaged areas, that lack tradition energy resources, clean energy that relies on 

continuously available sources such as wind or sunlight  
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II. Vertical vs. Horizontal Axis Wind Turbines 

 

Wind turbines are categorized into two types: vertical-axis and horizontal-axis, depending 

on which axis the blade rotates around. The horizontal axis wind turbine is considered the most 

viable option, where the wind stream is parallel to the rotating axis. High efficiency and power 

density, while having low cut-in wind speeds and low cost are the main characteristics of horizontal 

axis wind turbine. [2] 

2.1. Vertical Axis Wind Turbine (VAWT)  

 

 Since the Vertical axis wind turbine was the first arrival on the scene, there currently exists 

a comprehensive and varied range of VAWTs with different arrangements and aerodynamics 

features. HAWTs and VAWTs can reach similar coefficients of performance. However, the main 

advantage VAWTs have over HAWTs is that they are cross-flow. It means that VAWTs receive 

wind from any direction. Therefore, a yaw mechanism is not required to confirm that they’re lined 

up with the wind. In addition, it is no longer necessary to support the weight of the components 

since the mechanical load can be linked to the rotor shaft. [3] 

Vertical Wind Turbines are designed for the purpose of being installed near the ground. Even 

if the speed is lower at that level, VAWT doesn’t need too much wind to produce power, but this 

aspect will be discussed later in the report with more details, knowing that the wind is generated 

from vehicles passing by. The vertical structure allows for the turbines to be stacked close to each 

other, which reduces the area used for installation. Another feature is that the turbine can harvest 
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the wind from all directions, unlike the horizontal turbine, plus, they are quiet and generate lower 

forces on the support structure [4]. Its disadvantages can be summarized in the following:  

 Low starting torque 

 Dynamic stability issues 

 Blades are vulnerable to fatigue and experience an important amount of deformation 

 Require a lot of maintenance 

 The advantages of the VAWT can be summarized in: 

 “Simpler because they do not require a yaw or pitch mechanism. 

 All the components that would traditionally be in a nacelle are on the ground, making 

maintenance easier. 

 Rapid changes in the direction of the velocity vector in the horizontal plane can cause 

a horizontal axis turbine to “seek the wind” by changing the axis of rotation of the 

blades. This seeking can cause a significant loss of energy. Vertical axis turbines do 

not have this problem.” [3] 

Figure 1: Different Types of Wind Turbines [5] 
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2.2. Horizontal Axis Wind Turbine (HAWT) 

 

 The Horizontal Axis Wind Turbine is based on the traditional model of the windmill that 

had been around for a long time. With the blades being sharp, the HAWT offers a lot of advantages 

such as the pitch of the blades that offer to offer the maximum amount of energy, higher efficiency 

because the blades are perpendicular to the direction of the wind, and it allows easy installation 

and maintenance [2] 

The main disadvantages can be:  

 Very Noisy 

 Complicated design and assembly  

 Expensive regarding the design of particular blades 

 Heavy load; meaning it requires a strong support 

 Need to consider the direction of the wind  

The advantages of the horizontal axis wind turbine can be summarized as: 

 Having a variable blade pitch that will allow the turbine to can the maximum amount of 

energy from the wind 

 Setting the turbine at a high level from the ground allows it to have contact with very high 

wind speed 

 High efficiency by having the blades perpendicular to the wind  
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The graph below gives a description about the efficiency of different wind turbines. 

Figure 2: Comparison of the power coefficient between different types of turbines [6] 

 

 As we can see from the graph, the Savonius has lower performance than other 

turbines. This report will also aim to test this claim. 
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III. Literature Review: The Savonius VAWT 
 

 

Compared with other types of VAWT, the Savonius turbine is characterized by its simplicity. 

It is easy to assemble and doesn’t require complicated parts. The following figure is a front and top 

view of a simple representation of a Savonius turbine with two blades: 

 

Figure 3: Scheme of a single-step Savonius rotor. (a) Front view; (b) top view [7] 

Where:  

H : Rotor height  

Df : End plates diameter of the rotor 
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D : Rotor diameter 

d : Diameter of each cylinder paddles 

e : Overlap 

e′ : Separation gap between the paddles [8] 

 

3.1. Rotor  
 

 The rotor represents the rotational part of the turbine that turns around a vertical axis. It 

consists of the blades, the shaft and in some cases the end plate. The rotor performs a circular 

motion due to the drag forces acting on the blades. Important parameters that describe the efficiency 

of the rotor are the Aspect Ratio α, and the Overlap Ratio β, defined with the following equations: 

 α = H/D                  (1) 

 β = e/d                  (2) 

 In [9], they concluded that the optimal aspect ratio is approximately 4, while using bucket 

blades. Plus, in [10] they conclude that increasing the aspect ratio to 5 will eventually increase the 

performance and power output of the turbine, but they used a double staged turbine. While the 

experiments in [11], led to an optimal aspect ratio of 4.8 with a variation of overlap ratios, by using 

bucket blades. On the other hand, [12] used few literatures to show that the optimum choice of the aspect 

ratio varies between 1 and 1.2, and that the overlap ratio between 0.1 and 0.15. 

A more recent study, [13], verifies this claim with the following table: 
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Table 1: Geometric Analysis for a two-bladed Savonius-Style Wind Turbine [13] 

  

 The table represents different optimal power outputs based on aspect ratios and overlap ratios of a 

two-bladed Savonius turbine, from different literatures they used. Therefore, it would seem that we can get 

the best results with an aspect ratio between 1 and 1.5, and an overlap ratio between 0.15 and 0.2. The 

problem with all the mentioned studies so far, is that they consider one airflow of the wind. While in our 

case, we’re interested in two opposite airflows coming from each side of the turbine, which will eventually 

have a different performance than the single airflow.  

Other parameters will be important for this study, such as: 

The aerodynamic power coefficient:   𝐶𝑝 =  
𝑃𝑚𝑒,𝑜𝑢𝑡

𝑃𝑤
=  

𝑃𝑚𝑒,𝑜𝑢𝑡

0.5 𝜑𝐴𝑠𝑉3
           (3) 

ρ: specific mass of the air 

As: swept area of rotor (=D*H) 

V: wind velocity 
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Pme,out: power delivered by the rotor  

Pw: available power in wind; equal to kinetic energy of wind 

In order to reach the electrical energy wanted, first the kinetic energy (KE = 1/2mV²) in the wind 

is transformed to mechanical energy using the blades. Each blade design will result in a different 

conversion of energy. Moreover, to know the efficiency of this conversion we us Cp, which is the 

ratio of the mechanical power generated from the wind by the blades (Pme,out) to the existing power 

in wind (Pw). Usually, the real Cp is less than the theoretical, laying between 30% and 45%. [3] 

Other important parameters should be included such as the velocity coefficient λ, also called the 

tip speed ratio (TSR), mechanical torque coefficient Cm and the dynamic torque coefficient Ct.  

The tip speed ratio λ is the tangential speed on the tip of the blade over the speed of the wind 

𝜆 =  
𝑉𝑡𝑖𝑝

𝑉𝑤𝑖𝑛𝑑
=  

𝑅𝜔

𝑉
                        (4) 

With:  

R: radius of the rotor (= D/2=d) 

ω: angular velocity  

Another parameter that describes the rotation of the rotor would be the torque coefficient. There is 

the dynamic torque coefficient Ct, and the static torque coefficient Cm.  

𝐶𝑡 =  
𝑇

𝑇𝑤
=  

𝑇
1

4
 𝜑𝐷𝐴𝑠𝑉2                            (5) 

Where:  
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T: dynamic torque in rotor 

Tw: theoretical torque from wind 

𝐶𝑚 =  
𝑇𝑠

𝑇𝑤
=  

𝑇𝑠
1

4
 𝜑𝐷𝐴𝑠𝑉2                            (6) 

Where:  

Ts: static torque in rotor 

Tw: theoretical torque from wind [14] 

The torque if the force required to rotate an object. It will represent, in our case, the tangential force 

happening at a certain point in the blade with a certain perpendicular distance from the radius of 

the rotor to that point.  The difference between static and dynamic is basically related to angular 

acceleration, where static torque doesn’t involve acceleration while dynamic does. The torque can 

be described with the following equation: 

𝑇 = 𝐼 ∗ 𝛼                                                                                                                                       (7) 

With: 𝛼 =  
𝜔1−𝜔2

𝑡
 

Where:  

I: Moment of Inertia (energy stored in a rotation; required energy to reach a certain velocity) 

𝛼: angular velocity of rotor [15] 

Using equations (2), (3) and (4), and knowing that 𝑃𝑚𝑒,𝑜𝑢𝑡 =  𝑇𝜔 , we can write the power 

coefficient Cp in function of other parameters [15]: 
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𝐶𝑝 =  
𝑃𝑚𝑒,𝑜𝑢𝑡

𝑃𝑤
=  

𝑇𝜔

0.5 𝜑𝐴𝑠𝑉3
=  𝐶𝑡 𝜆                                                                   (8) 

3.2. Blades 
 

Designed as half-cylindrical parts connected to opposite sides of a vertical shaft, the 

Savonius wind turbine works on the drag force, so it can’t rotate faster than the wind speed. As the 

wind blows into the structure and comes into contact with the opposite faced surfaces (one convex 

and other concave), two different forces (drag and lift) are exerted on those two surfaces. The basic 

principle is based on the difference of the drag force between the convex and the concave parts of 

the rotor blades when they rotate around a vertical shaft. Thus, drag force is the main driving force 

of the Savonius rotor. [16]  

 The following figure shows the effect of the wind on a Savonius wind turbine: 

Figure 4: Lift & Drag Force, and Relative Wind Speed [17] 

3.3. Drag forces 
 

 Motion is generated by unbalanced aerodynamic forces acting on the advancing bucket, 

which is hit by the flow on its concave side, and the returning bucket, which moves in the opposite 

direction of the air flow. The concurrent force system produces a resultant moment along the 
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rotational axis of the rotor which makes the system rotate. Savonius-style wind turbines mainly 

rotate due to exertion of wind drag force between the convex and concave parts of the turbine 

blades when they rotate around a vertical shaft. However, lift also contributes to the power 

generation at various rotational angular positions. During the complete rotational cycles of 

Savonius-style turbines, various types of flow patterns such as free stream, coanda-type, overlap, 

separation, stagnation, and vortex flows are observed around the turbine blades. The figure below 

demonstrates the various types of flow patterns at different angular  

positions. [17] 

Figure 5: Air Flow through different Savonius turbines [17] 
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3.4. Betz Limit 
 

 Wind rotors in idealized conditions can extract, at most, 59.3% of energy contained in the 

wind. This is an important limit because it defines the upper limit of the efficiency of any rotor 

disk type energy extracting device that is placed in the flow of a fluid. A large fraction of the 59.3% 

of total wind energy that is extracted from wind is transferred to the turbine, but some of it is used 

to overcome viscous drag on blades and create vortices in the wake. Within the turbine, most of 

the energy is converted into useful electrical energy, while some of it is lost in gearbox, bearings, 

generator, power converter, transmission and others. Most practical rotors with three blades reach 

an overall efficiency of about 50%. [18] 

3.5. Number of blades 
 

 The choice of the number of blades is crucial for every turbine application. Many literatures, 

as [19] and [20], have shown that a two-bladed Savonius turbine performs better that a three-bladed 

based on specific parameters. Most of these conclusions were made using a CFD (Computational 

Fluid Dynamics) software. We will try in our study to attempt the same methods to choose the 

optimum number of blades for our situation. 

For this purpose, we will be working with ANSYS. The software will help us to run 2D simulations 

on turbines with 2,3, and 4 blades. The analysis of the results will able us to determine the optimal 

number of blades for our study. ANSYS contains many simulations, so we will be using ANSYS 

FLUENT basing our choices on [19], [21] and some tutorial videos. We tried our best to come up 

with the convenient choices, knowing that the use of the software is very complicated and involvers 

many parameters.  The following section will describe the steps for using ANSYS. 
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IV. FIELD STUDY: DATA OF WIND GENERATED FROM CARS 

IN A TUNNEL 
 

 

4.1. Savonius Turbine in a Tunnel: Bouregreg Tunnel 
 

As discussed in the beginning, we will try to study the performance of a VAWT in a tunnel. 

The rotation of the turbine will be caused by the air coming from passing cars. For this purpose, 

we first need to have an idea about the velocity of wind that is generated by the cars. Then we can 

know if the use of the turbine in the tunnel will generate enough power for lighting or storage 

purposes. The gathering of wind data will able us to know the optimal position of the turbine, as 

well as its efficiency regarding the frequency of the cars entering the tunnel.  

4.2. Data Gathering in Bouregreg Tunnel 
 

 For our study, we chose the Bouregreg tunnel in Rabat. The site of the tunnel is very 

beneficial for our case, because is next to the sea (North Atlantic Ocean), and high wind speed is 

generated in this location.  

In order to gather data from the tunnel, we needed to request the access from the authorities 

(Agence Urbaine de Bouregreg). The process took 2 weeks to get an answer. 
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Figure 6: Bouregreg Tunnel 

Figure 7: Anemometer Testo 410-1 
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Once in the tunnel, our purpose was to know the generated wind from cars. To do so, in 

one side of the road, we put a camera and a tripod to record the passing cars in order to calculate 

their speeds. On the other side, we took measurements of the speed of wind using an anemometer.  

 The tunnel is 490m long, and each road has a width of 3.35m. Therefore, as Figure 6 shows, 

one side has two tracks for cars passing, so we’re only interested in the track that will be near the 

anemometer. The anemometer was hold by hand, with a distance from the passing car of 

approximately 1.67m. Our goal was to record the wind in the entrance, the middle and the exit of 

the tunnel, and in each part we will record from a height of 0.5, 1 and 1.5m from the ground. In 

order to be more precise in our recordings with the anemometer, since it is a very small machine, 

we used 3 wood sticks with the desired height, 0.5, 1 and 1.5m, in order for the hand, holding the 

machine, to be steady and reduced any unnecessary movements.  

 For this situation, the ideal way would be to have 3 different anemometers and calculate 

the wind generated by the car at the same time. Unfortunately, we couldn’t have this scenario, 

because the lack of instrument and time, but this is where the use of the camera will come handy. 

We will use the videos from the recording to calculate the speed of each car that we recorded it 

wind speed, by using the software “Tracker”. This will let us know the different wind speed that 

can be generated from a car with a specific velocity.  
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 The Tracker software, is a video analysis and modeling tool that will allow us to track a 

particle in the car and calculate its velocity. It is important to have the dimensions of a frame in the 

video to allow the software to know the distance that the car will travel. The frame is chosen to be 

the white line that is in the middle of the road, and it has 3m length. The following figure shows 

the processes of measuring a car using Tracker:  

Figure 8: Tracker Software 

 The Tunnel Data is summarized in Appendix A. 

 At the entrance we couldn’t differentiate clearly between the normal effect of wind and the 

effect of the cars, unlike the middle.  

 In the middle, we witnessed that as the cars are passing by, there is a small decrease in the 

wind speed, and as soon as they move further with couple meters, the wind increases significantly. 

Looking back at the results from the entrance, we can witness the same effect with big vehicles 
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probably because of their important size that will affect the direction of the wind, unlike smaller 

cars, where the significant increase can only be easily noticed and confirmed when there are couple 

of cars passing at the same time. At the entrance, before reaching the beginning of the tunnel, the 

wind is higher with a speed between 2.5 and 3.1. It is the same case for both sides, the entrance and 

exit, in each end of the tunnel.  

 Going a little bit further from the exit, the wind from 0.5m is between 1.2 and 1.8 m/s, 

which is much less than the wind recorded in the tunnel for the exit, probably because the wind is 

very unsteady and has a lot of directions, unlike the wind in the tunnel that is held between the 

walls and directed by the movement of the cars. In the middle, between the exit and the entrance 

the turbine of the anemometer was going back and forward, which prove that the wind inside the 

tunnel follows the direction of the cars and is beneficial for the usage of the Savonius wind turbine. 

 From the data gathered we calculated the average wind speed in each of the three locations 

of the tunnel depending on the height from the ground. We found the following table: 

Table 2: Average Wind speed in the Tunnel 

 ENTRANCE ENTRANCE ENTRANCE 

Height 0.5 1 1.5 0.5 1 1.5 0.5 1 1.5 

AVG Wind Speed 3.054 3.143 2.669 2.491 2.098 2.777 2.387 2.103 2.318 

 

 Therefore, the height to put the turbine in each location of the tunnel is colored in yellow. 

Using Excel, we were able to generate the graph in figure 9, that shows the wind speed generated 

from specific speed of cars. We can notice that the increase in the speed of the car doesn’t 

necessarily mean an increase in the wind speed.  
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Figure 9: Wind Speed vs Car Speed Graph 

 

 Series 1 in blue refers to the entrance, series 2 in orange refers to the middle, and series 3 

in grey to the exit. The highest wind speed is generated in the entrance from cars with speed 

between 55 and 60 km/h. The middle generated wind higher than the exit. The reason behind having 

high wind speed in the entrance might be explained by the fact of having strong wind at that place. 

4.3. Tunnel Lighting 

 

 Information about the lighting inside the tunnel will allow us to know the energy required 

to supply the light bulbs used, and compare with results of the turbine to see if its use would be 

effective.  
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 Bouregreg tunnel, as mentioned before, is 490m long and contains many sets of bulbs 

with different capacities, with a total of 494 bulbs. The power of the bulbs ranges from 29 to 450 

Watts (W), with different number of bulbs used. The most used number of bulbs are the ones 

with 29 W, which we will choose for our study, since we know in advance that the performance 

of the VAWT is low. 

 The tunnel contains a total of 202 bulbs with 29 W that are spread in each of the four 

walls of the tunnel. These bulbs work fully during the day, but just half of them at night because 

the light from the cars are supposed to be turned on. The last section of the report aims to discuss 

the energy that needs to be generated during the day to function on these bubs at night. 
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V. Numerical Simulation Methods 
 

 

5.1. Computational Fluid Dynamics (CFD)  

 

The CFD “Computational Fluid Dynamics” provides a digital approximation of the 

equations which govern the movement of the fluids. It offers a considerable reduction of time and 

costs, by providing relevant data in the phase of design. The CFD process contains three principal 

elements; first, a preprocessor which takes a particular defined meshing according to the given 

geometry generated by CAD, the flow parameters and boundary conditions, second, a solution 

process that is used to solve the equations governing the fluid in the desired conditions, and third, 

a post-processor which makes it possible to handle the data and to display the results in graphic 

form. 

There exist four various methods used to solve the digital equations of a fluid: method of 

finite differences, finite element method, method of finite volumes, and spectral method. Most 

CFD programs, as the one used next, are based on the Finite Volumes Method (FVM). 

The use of the CFD to analyze a problem requires the following stages. First of all, we set 

the geometry and its field is divided into small elements (Meshing). Then, the suitable 

mathematical models are selected and the mathematical equations describing the flow of the fluid 

are discretized and formulated under digital form. After that, the boundary conditions of the 

problem are defined (Setup). Finally, the algebraic system is solved by using an iterative process 

(Solution). More details will be presented next, in order to explain how the parameters were chosen 

to analyze the performances of the turbine. [22] 
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5.2. 2D Simulation: Based on a fixed rotor & Sliding Mesh 

 

Opening the Ansys Fluid Flow Fluent, will provide the following Project Schematic, which 

will help defining each part separately:  

Figure 10:Project Schematic in ANSYS 

 

5.2.1. Geometry 

 

 The geometry is done using the Design Modeler provided by ANSYS. The following 

represent the three sketches used for each turbine. 
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Figure 11: 2 blades rotor sketch 

Figure 12: 3 blades rotor sketch 
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Figure 13: 4 blades rotor sketch 

 

The rectangle represents the Flow Domain, and the edges represent the Rotor. From this 

section, the Domain should be set as fluid and the rotor as solid.  

5.2.2. Mesh 

 

This part is very essential in order to have significant results. The purpose of generating the 

grid is the discretization of the field of calculation. In the FVM, the grid of points generated by 

meshing, forms a set of volumes which are called cells. Each cell constitutes a volume of control 

where the values of the mechanical variables, like speed and pressure, will be calculated. The 

refinement of the grid is necessary to solve the small variations of flow. Increasing the number of 

nodes will result in increasing the precision, but that increases also the load of calculation. 

Consequently, one of the main difficulties of generating the mesh is to increase refinement where 
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we expect to have high gradients, and to decrease refinement where the gradients are supposed to 

be weak.  

It is important to note that each case, depending on the number of blades, will have different 

methods used for meshing. The purpose is to generated good meshing for each situation. Therefore, 

we tried different scenarios to come up with the appropriate meshing for each turbine. Moreover, 

the technics we used are the triangle method for meshing, instead of quadratic, because it gives 

more precision. As for the sizing, we used edge sizing with either 500 or 400 number of divisions 

depending on the shape, as well as a small element size that is less than 0.1. We also used 

refinement equal to 3 or 2, for the rectangular surface that represents the flow domain. The use of 

inflation was also included, with a First Layer Thickness Inflation, a height of 0.001, 40 maximum 

layers and a growth rate of 1.2.  

To have an idea about the meshing results, the following figure represents the meshing of a 2 blades 

turbine.  

 

Figure 14: 2 Blades Meshing 
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5.2.3. Setup 

 

 This part includes the methods used as well as all the conditions before solving the problem 

and getting the results. The problem we’re trying to solve is described as incompressible and 

unsteady. For this, we will be using the Reynolds-Averaged Navier-Stokes equation (RANS). 

RANS equations make it possible to model the turbulent flows effectively by reducing considerably 

the essential resources of digital calculations. However, these modified equations introduce 

additional unknown factors. In consequence, the models of turbulence are necessary to determine 

these unknown factors. One broad range of models of turbulence are available in FLUENT, in 

particular SpalartAllmaras, k-ε, k-ω, and others. [22] 

“For the unsteady simulation, the SST k-ω model is used for its better prediction capabilities. Both 

k-ω and k-є models are commonly used models in computational fluid dynamics to obtain mean 

properties in turbulent flow. The k-ω model utilizes to two partial differential equations where ‘k’ 

refers to turbulence kinetic energy and ‘ω’ refers to specific dissipation rate. The SST k-ω model 

comprises the features of both k-ω turbulence model for using near walls and k-є turbulence model 

for using away from the walls” [19]. Therefore, in our study we will be using the SST (Shear Stress 

Transport) k-ω as a turbulence model. 

Additionally, we need to set the boundary conditions. We chose for the inlet, a wind speed of 3.5 

m/s, we set the walls of the rotor with the No Slip condition, the outlet as a Pressure Outlet with a 

value of 0 Pa, and the Boundary Wall are given a symmetry condition. 
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5.2.4. Solution 

 

 The method used for solving is the SIMPLE (Semi-Implicit Method for Pressure-Linked 

Equations) method, as it adequate for our problem and ensures a good solution stability. The we 

initialize by computing from the inlet and start the calculations while choosing a time step size of 

0.01, a maximum number of iterations per time step of 20, and 1000 number of time step. We can 

let the calculation until it converges and gives a time value of 0.01*1000=10s, or we can manually 

stop it before that. The calculated iterations are showed in plots, in the FLUENT window. 

5.2.5. Results 

 

 After the end of the calculations, we can show results using FLUENT and represent 

contours, streamlines or vectors. This will help us to come up with a decision on the optimal number 

of blades to choose.   

5.2.5.1.  Pressure Contours  

 

 The following represents different pressure contours that we got from the simulation of 

each turbine. 

 

Figure 15: Pressure Contours of a 2 Bladed Turbine 
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Figure 16: Pressure Contours of a 3 Bladed Turbine 

 

Figure 17: Pressure Contours of a 4 Bladed Turbine 
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 The pressure contours show a positive and high pressure in the advancing blades, and a 

negative one in the returning blades for every case; which represents the vacuum gage pressure that 

is due to the blades being fixed and can’t move. The difference between the pressure of the 

advancing and returning blade of each case is given as: 

Table 3: Pressure Difference for Number of Blades 

Number of Blades Pressure difference (Pa) 

2 Blades 40.8 

3 Blades 37 

4 Blades 78.5 

 

 The results imply that the 2 blades turbine performs better than the 3 blades, and that the 4 

blades turbine performs better than both of them. 

5.2.5.2. Streamline Patterns  

 

Figure 18: Streamline Contours of a 2 Bladed Turbine 
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Figure 19: Streamline Contours of a 3 Bladed Turbine 

 

Figure 20: Streamline Contours of a 4 Bladed Turbine 
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 The figures above show the velocity streamline patterns of each turbine. We can notice that 

there is a high formation of wind recirculation, formation of vortices, in the returning blades of the 

3 and 4 blades turbine. But we notice that the 2 bladed turbine has less recirculation compared to 

the others. This will lead to the conclusion that the 2 bladed turbine, in this case, will have a higher 

power coefficient than the other turbines. 

It’s important to point out that the following results are not crucial for determining the 

number of blades, especially in our case. In order to have a significant approach, we should have 

studied the pressure and velocity at different angles, because this will lead to having different 

behaviors. Plus, our study, that aims to understand the behavior of the turbine on a tunnel, is 

different from the simulations we have until now. Therefore, in order to represent a similar behavior 

of that we have in the tunnel, we will use dynamic meshing.  

5.3. Dynamic Meshing 
 

For the dynamic meshing, we will be using similar steps as mentioned earlier for the 

meshing. The difference remains in selecting the dynamic mesh option and choosing its parameters 

in the “Setup” part.  

The simulation is different from the one above, mainly from the fact that it has two inlets 

for air, which will be more realistic in our case where we have two opposite directions of flow 

coming from cars passing by the turbine. We hope from using this method to get the angular speed 

of the turbine based on a specific wind speed in order to be able to calculate the power that will be 

generated from the turbine. 
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5.3.1. Dynamic Mesh (DM) Setting 

  

 The geometry used for the DM simulation is as follows: 

 

Figure 21: Turbine Design for a Dynamic Mesh Technique 

 The coupling of the domains, inner (near the turbine defined by the circle) and outer 

(represented by the rectangle), will allow the turbine to rotate due to the air coming from both 

opposite inlets. The mesh isn’t different from the one generated before, we followed the same steps, 

except for inflation which we assign 5 maximum layers. Now the complicated part is the setup, 

where we need to be careful with the DM settings. We relied on three video tutorials [23], [24] and 

[25], as well as on the ANSYS guide to choose the appropriate settings. There is so much details 

to it, and any small negligence of one of the parameters will lead to non-rotating turbine or no 

results at all. The DM was introduced in recent versions of ANSYS, therefore we didn’t find this 

method used in the literatures used. Many failed simulations were performed to finally come up 

with the good one, which will be presented in the results part. 

 The DM used is based on the 6 Degrees Of Freedom (6DOF) method, as it present more 

accurate results for this type of problem, and the model used is the k-epsilon with scalable wall 
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functions. It is important to mention that the gravity option was enabled, unlike the simulation with 

fixed rotor, with a y-velocity of -9.81 m/s2. The inlets were given a 5m/s velocity of air. The choice 

of this value was based on the field study, to test one of the highest record wind speed. Another 

important and critical parameter is the moment of inertia of the turbine, that needs to entered when 

setting the 6DOF method. To get the value of moment of inertia we used SolidWorks, more details 

are in the following part.  

 The DM demands more time to compute and give the results. We had to use a value of time 

step size of 0.0001s, which is the required value for DM to have accurate results, and a maximum 

number of iterations per time step of 20. The calculation was taking too long to finish, so we 

stopped it before convergence. The following graph represents the residuals plot with the number 

of performed iterations.  

 

Figure 22: Residual Plot 

5.3.2. Moment of Inertia: SolidWorks 

 

 As discussed above, we need the moment of inertia to perform the Dynamic Mesh. We 

will also use the generated moment of inertia to calculate the power coefficient of the DM 
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simulation and the Experimental Study in the last part. For this purpose, we used SolidWorks to 

generate the turbine and calculate the moment of inertia. To do so we need to specify the 

dimensions as well as the material of the turbine. We based these values on the ones use in the 

experiment in order to compare the results at the end, which will be discussed in that part.  

 The generated value of Moment of Inertia is 0.0966 kg*m2, with a mass of 3.214 kg. The 

body of the turbine in SolidWorks is represented in the following figure: 

 

 

Figure 23: Body Sketch of Turbine using SolidWorks 
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5.3.3. Results of DM 

 

 The DM allowed us to visualize the effect of the air on the turbine, which allowed us to 

know its angular speed and angular acceleration generated from two opposite airflows with a 

velocity of 5m/s. The snapshots below show the resulting simulation on different times. 

 

Figure 24: Velocity Contours & Rotating Turbine 

 The generated angular speed and acceleration of the turbine is presented in the following 

table: 
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Table 4: Computation of the Turbine Using Simulation 

 INLET VELOCITY : 5 𝒎/𝒔 

ANGULAR SPEED  6.62 rad/s 

ANGULAR ACCELERATION 3.90 rad/s2 

MOMENT OF INERTIA 0.0966 kg*m2 

TORQUE  0.38 N*m 

POWER COEFFICIENT  0.1845 

   

 The torque and the power coefficient are calculated using equations (7) and (8). For an 

application like this, the Power Coefficient is impressively high. It must be due to having two 

inlets instead of one, therefore having a constant airflow from both sides of the turbine. 
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VI. PHYSICAL MODEL TESTING 
 

 

 In order to test the results from the ANSYS simulation, we performed a physical experiment 

where we built a turbine and preformed some testing using electrical fans. The aim is to compare 

theoretical and experimental Power Coefficient Cp, to have an idea about an idea of the efficiency 

of the turbine and its feasibility inside the tunnel. The turbine was built in Ifrane, while trying to 

use the most suitable materials that we could found.  

 The blades of the rotor have a semicircular section with a diameter of 20 cm each, which 

makes the rotor having a diameter of 40 cm. The blades are joined with a shaft having a diameter 

of 2 cm, that was made according to the diameter of the ball bearings. The height of the blades is 

44.5 cm. We were hoping to use aluminum for the blades of the turbine, which I the material used 

in most turbine experiments, but unfortunately we couldn’t get our hands on it. So we used 

Galvanized Steel for the blades, that has a density of 7.85 g/cm3, and it has a higher density than 

aluminum (2.7 g/cm3). For the shaft we used Red Wood, that has an approximate density of 0.45 

g/cm3. The following f shows the turbine used for the experiment. 
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Figure 25: Constructed Turbine 

 As shown in the figure, the turbine was supported by a wood structure. The shaft is 

connected to two ball bearings, one in the top and another at the bottom. The structure was made 

with top and bottom support in order to ensure a good stabilization of the turbine. Before 

connecting the turbine to the wood structure, we measured the mass of the turbine. It has a mas 

equal to 3.5 kg, which is close enough to the mass given by SolidWorks (3.214 kg). 

6.1. Experiment Method 
 

 To perform the experiment, we needed to simulate a similar case of the tunnel. Therefore, 

we needed two electric fans that will be put facing each other in opposite sides, with the turbine 

in the middle, in order to have two airflows, which will be similar to the cars passing by the 

turbine.   
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Figure 26: Turbine Experiment using 2 Fans 

 First of all, we needed to know the speed of wind generated by the fans. So, we took each 

fan separately to record the speed. Both fans have 3 buttons that generate different speeds; from 

low to high. Therefore, we calculated the speed for each setting using the same anemometer as 

the one used in the field study. The direction and the height of the fans was important, because 

we wanted the speed to hit the middle of the blade. 

 After setting mentioned objects in the right place, we turned on the fans and recorded a 

video for each case from above of the turbine. The videos were then processed in Tracker, to get 

both the angular velocity and acceleration. To properly use Tracker, we needed to mark the 

blades by a colored tape, and set a frame, as represented in the following figure. 
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Figure 27: Top View of Turbine for Tracker 

 The measurements of the frame are 4cm and 20cm. 

6.2. Results 
 

 The measured average wind speeds from the 2 fans were extremely close and practically 

the same. Using the anemometer, we got the following results:  
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Table 5: Wind Speed of Fans 
Fan Setting Fan 1 Speed (m/s) Fan 2 Speed (m/s) 

1 (low) 1.5 1.5 

2 (medium) 2 2 

3 (high) 3 3 

  

 Using Tracker, we were able to calculate the angular velocity and the angular acceleration 

of the turbine when using one fan and when using both fans, so we can see the effect of having two 

instead of one. 

Table 6: Tracker Results of 1 fan vs 2 fans 

 One Fan Two Fans 

Wind 

Speed 

(m/s) 

Angular 

Speed 

(rad/s) 

Angular 

Acceleration 

(rad/s2) 

Torque 

(N*m) 

Angular 

Speed 

(rad/s) 

Angular 

Acceleration 

(rad/s2) 

Torque 

(N*m) 

1.5 m/s 0.384 0.152 0.015 1.720 0.210 0.02 

2 m/s 1.445 0.185 0.018 2.240 1.430 0.14 

3 m/s 2.674 0.694 0.067 4.766 3.104 0.3 

  

 To have a better comparison of the efficiency, we calculated the torque using equation (7), 

with the inertia generated from SolidWorks of 0.0966 kg*m2. We got quite satisfying results even 

if the material we used was heavy, but we would certainly get better results if lighter material was 

used, such as aluminum. We can clearly notice that using two fans generates a significantly higher 
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torque, which was expected because the turbine rotates faster. The average torques of using 1 fan 

and 2 fans are 0.033 N*m and 0.17 N*m respectively. Therefore, for our case, using 2 fans 

generates 4.15% more torque. We were hoping for a higher percentage, but once again, using 

aluminum for blades would have given us better results.  

 Having the values of torque, we can calculate the Power Coefficient Cp for the different 

scenarios we have above. The Coefficient is calculated from equation (8). 

Table 7: Cp for the desired turbines 

 Power Coefficient Cp 

Wind Speed (m/s) One Fan Two Fans 

1.5 m/s 0.016 0.0935 

2 m/s 0.03 0.36 

3 m/s 0.061 0.48 

Average 0.0357 0.31 

% Difference 88.48% 

 

 The high percentage difference between the two cases may suspect a default in the results. 

Nevertheless, we can still state that the performance with the two fans is higher than one fan. 

Meaning that having cars passing by in opposite directions, will lead to more power generated from 

the turbine. From the calculations, the best wind velocity from 1.5, 2, and 3m/s was observed to be 

3 m/s, that produced a Cp of 0.48.  

 Moreover, it is worth mentioning that the experiment was neglecting many parameters, like 

the effect of the shaft, or the fact of using two different fans. Even if the fans generated the same 
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wind speed, they are different models, thus, the direction of the wind coming from each one is not 

the same. Therefore, it was hard to set the right position for each fan. The bottom line is that the 

experiment still needs reconsideration so it can be improved, but even if some numerical data may 

seem too high or low, the overall result still remain applicable. 

6.3. Power & Energy Calculations 
 

 From the previous results, we ca calculate the power generated by the turbine using the 

following: P = T * ω.  

 For the turbine used in the experiment, we calculated a power of 1.5 W, and from the DM 

simulation we have 2.5 W. These powers are very low compared to the power capacity of the 

bulbs. Therefore, the use of the turbine will be to store the energy it generates during the day, to 

be used at night. As earlier, assuming that we would generate better results if we used aluminum, 

we will base our calculations on the results from the simulation.  

 As discussed in the field study section, we will focus on the 101 bulbs with 29 W, which 

needs a total of 29*101 = 2929 W. To do so, we need to calculate the energy supply required for 

these bulbs. 

 Assuming that the turbine will generate energy during 14 hours, and then be used for 10 

hours at night, the generated energy would be: 2.5W * 14h = 35 Wh, and the required energy for 

the bulbs would be: 2929W * 10h = 29 290 Wh = 29.29 kWh. Therefore, in order to supply the 

101 bulbs, that represents only one side of the tunnel, for a duration of 10 hours we need the 

following number of turbines: 29 290 ÷ 35 = 837. Using 837 turbines is impossible for the tunnel 
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that is 490 m long. So, if we want to reduce the duration by half, which is 5h, we will need 418 

turbines, and if we reduce it to 2h we will need 167 turbines.  

 Using 167 turbines is doable and can easily fit in the tunnel, but a study of the cost and 

the benefit of this choice is crucial to decide if it the right choice to do. Nevertheless, from these 

result we can clearly state that our VAWT has a low performance, but due to the restricted time 

we had and lack of instruments, the study still needs to take into consideration many other 

parameters of the Savonius turbine that, we believe, will increase its performance and efficiency.     
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VII. Conclusion, Limitations & Future Work 
 

  

 The purpose of this study was to understand the functioning of the Savonius Vertical Axis 

Wind Turbine. Additionally, we wanted to evaluate its performance inside a tunnel with moving 

cars. The study helped us test the feasibility of having the turbines in the tunnel mainly due to 

getting two airflows, against a turbine under one airflow.  

 To manage the analysis, we performed a field study in the tunnel of Bouregreg, in Rabat. 

We gathered data about the wind speed generated from cars at different locations in order to 

know the optimal position of the turbine, that will generate the most power. We recorded the 

wind speeds using an anemometer, and recorded the passing cars with a camera to calculate their 

speed using Tracker, and relate the car speeds with the different wind speeds generated.  

 The gathered data allowed us to test different parameters for the wind turbine. First we 

conducted a 2 D simulation, using ANSYS with a fixed rotor, to know the resultant pressure, 

velocity and streamlines due to a 3m/s wind velocity, to know the optimum number of blades to 

use. The findings tell that a 2-bladed rotor is better than a 3 bladed, and a 4 bladed is better than 

both. Nevertheless, these findings can’t be generalized based on these simulations alone, as many 

other parameters need to be taken into consideration. Plus, this simulation wasn’t entirely 

appropriate for our problem, because it deals with one inlet, where wind is coming from. To 

study the effect of two inlets, which is a representation of the cars passing by the turbine, we 

conducted another simulation, which is the Dynamic Mesh, again using ANSYS, which allowed 

us to have a rotating turbine due to two opposite airflows. To perform the simulation, we needed 

to calculate the moment of inertia of the turbine. Therefore, we used SolidWorks to calculate it 
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using two materials: Galvanized Steel (for blades) and Red Wood (for shaft); the choice of these 

materials were based on the conducted experiment at the end. The Dynamic Mesh allowed us to 

calculate the angular velocity and angular acceleration, due to a 5m/s wind speed, which was 

used to calculate the torque and the power coefficient (found to be 0.18).  

 At the end we conducted a physical experiment. We constructed a turbine based on the 

same materials used in SolidWorks, and conducted testing using two scenarios; first we study the 

effect of one airflow, then two, and we compare at the end. The airflows were generated by two 

fans and their wind speed was calculated using the anemometer. To get the angular velocity and 

angular acceleration of the turbine, we used Tracker, and it allowed us to calculate the torque and 

the power coefficient of each case. The results clearly show that having two airflows increases 

the power coefficient, and the data gathered from the tunnel show that enough wind speed is 

generated from cars to make the turbines rotate and deliver appropriate power.  

 When calculating the power and energy of the turbine, as well as the energy needed for 

the tunnel lighting, we concluded that the energy generated during the day would be stored in 

order to be used at night. Nevertheless, the results show very low energy that can be used for only 

two hours and to supply only one side of the tunnel. Plus, this was obtained considering that the 

storage would be 100% efficient and would store the entire energy; which is normally not the 

case. Yet, we strongly believe that with more time and resources, better results can be obtained in 

the future. Using another material like aluminum, and studying the effect of different parameters 

such as the separation gap, discarding the shaft or using endplates will surely result in better 

findings. Moreover, a study related to the cost of the turbine installation as well as for the storage 

is important to conclude the feasibility of using the Savonius VAWT, or another model, in the 
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tunnel. As seen in Figure 2, the efficiency of the Savonius turbine is very low, which justifies our 

findings. In the future, we can compare the Savonius with another turbine model, the Darrieus for 

example, and it should present better results that will be beneficial for the tunnel scenario.  

 Finally, this has been a difficult and also a fruitful experience. It allowed us to exploit our 

modest knowledge and learn more than we expected. The support, faith and love we discovered 

from this journey are the best “results” we could hope for. 
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APPENDIX A: TABLE OF DATA GATHERED FROM 

BOUREGREG TUNNEL 

ENTRANCE 

Elevation from the 

ground (m) 

Car Speed 

(km/h) 

Wind Speed 

Generated (m/s) 

Wind Speed 

before Car (m/s) 

Wind Generated 

After Series of Cars 

(m/s) 

0.5 

55 3.3 2.3  

50 3 2.8  

58 2.8 2.8  

49 2.3 2.6  

50 2.7 2.5  

61 2.8 2.4  

65 3.4 2.8  

60 3.3 2.9  

51 3.4 2.4  

58 3.1 2.8  

63 3.6 3.1  

48 2.5 2.6  

45 2.6 2.1  

46 2.6 2.5  

50 2.3 2.1  

60 2.3 2.1  

62 2.4 2.3  

58 3.2 2.4  

59 3.6 3.2  

55 3.3 3.6 4.4 

62 3.6 3  

58 3.9 3.7  

56 2.9 3.1  

1 

60 3.5 3.4  

51 3.9 3.2  

54 2.6 3.1  

60 5 4.8  

58 5.5 5.1  

42 2.9 2.1  
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62 3.2 3.5  

65 3.8 3.1  

57 4.4 4.4  

47 4.5 3.8  

49 2.5 2.1  

58 1.6 2  

55 1.6 1.6  

57 1.9 1.6  

57 2.3 1.9  

51 2.4 2.3 3.5 

57 2.6 2.4  

52 2.7 2.6  

48 2.4 2.7 3.2 

1.5  

57 2.4 2.6  

57 2.5 2.3  

59 2.5 2.1  

60 3 3  

48 2.8 2.7  

42 2.4 2.6  

58 2.6 2.4  

46 1.9 1.8  

48 2.5 3.4  

54 2.1 2.1  

62 3.1 2.8  

59 2.7 2.1  

63 2.9 2.7  

48 2.5 2.3  

56 2.2 1.8  

62 2.2 2.2  

54 2 1.8  

63 2.2 2.1  

55 1.7 1.8  

54 1.8 1.7  

62 1.9 1.8  

57 2.7 1.9  

62 3.1 2.7 2.5 

61 2.9 3.1  



 
 

58 
 

60 2.5 2.9  

61 2.1 2.5  

62 3.3 3.1 2.6 

61 2.8 3.3  

61 2.7 2.8  

60 3.1 2.7  

61 3 3.1 3.2 

59 2.1 2  

60 2.7 2.2  

58 2.4 2  

58 2.7 2.4  

57 2.8 2.7  

59 3.6 3.5 2.5 

59 3.6 3.6  

59 2.6 3.6  

58 2.9 2.6  

57 3.2 2.8  

59 3.5 3.2  

58 3.6 3.6 3.5 

 

 

MIDDLE 

Elevation from 

the ground (m) 

Car Speed 

(km/h) 
Wind Speed (m/s) 

Wind Speed 

before Car (m/s) 

Wind Generated 
After Series of Cars 

0.5 

54 2.5 2.4  

58 3 2.8  

49 2.3 2.3  

51 2.2 2  

50 2.3 2.1  

54 2.2 2.2  

57 2.3 2.3  

58 2.7 2.3  

58 3 2.7  



 
 

59 
 

59 3.1 3 3.8 

60 3.4 3.3  

57 1.9 2 3.3 

61 2.8 2.4  

58 2.6 2.4  

42 2.3 2.5  

49 1.8 2.1  

51 2 1.9  

50 1.9 1.8  

60 1.9 2.1  

62 1.8  2.9 

57 2.2 2.1  

57 2.4 2.2  

58 3.2 2.4  

59 3.4 3.2 3.8 

57 1.6 1.5 2.4 

53 2.4 2.6 2.6 

59 2.3 1.6  

57 2.1 2  

54 1.9 2  

56 2.5 2.3  

44 1.8 2.2  

54 2 2 2.2 

57 2.7 2.3  

50 2.2 2.4  

65 2.3 2.2  

62 2.5 2.3 3.1 

1m  

61 2.5 2.3  

49 2.4 2.8  

50 2.8 2.9  

58 2.4 2.2  

57 2.2 2.1  

58 2 1.9  

47 1.9 2.2  

51 1.7 1.9  

49 2.1 2  

51 1.4 1.3  



 
 

60 
 

51 1.6 1.4  

51 1.7 1.6  

52 1.8 1.7  

55 1.9 1.8  

54 2.2 1.9 2.4 

58 2.5 2.3  

52 1.5 1.6  

57 1.8 1.5  

49 1.8 1.8  

55 1.5 1.8 1.9 

58 2.4 2  

56 1.8 1.6  

57 1.9 1.8  

55 2.3 1.9 2.4 

58 1.5 1.3  

55 2.1 2  

52 2.3 2.1  

54 2.6 2.3  

54 2.5 2.6 2.6 

57 1.9 1.7  

57 1.8 1.7  

60 2.2 2  

60 2.2 2.2  

61 2.8 2.2  

62 3 2.8  

58 3.5 3 3.7 

54 1.8 1.7  

52 1.4 1  

56 1.4 1.8  

54 1.3 1.4  

52 1.4 1.3  

50 1.9 1.4 1.9 

51 1.7 1.6  

42 2.4 2.3  

41 2.2 2.4 2.5 

46 1.7 2  

49 2.1 1.7 2.2 



 
 

61 
 

1.5 m 

60 1.7 1.8 2.9 

61 2.6 2.3  

60 2.8 2.6  

60 3.1 2.8  

60 2.9 3.1  

62 3 2.9 3.1 

59 2.7 2.8  

58 2.5 2.4  

54 2.2 2.3  

57 1.6 2.2  

60 2.9 2.8  

60 2.9 2.9  

63 3 2.9  

62 2.8 3  

61 3 2.8  

60 3.5 3 3.7 

58 2.9 2.9  

58 2.7 2.9  

59 2.6 2.7  

60 2.8 2.6 3 

58 2.6 2.1  

51 2.2 2.3  

54 2.3 2.1 
 

64 2.7 2.2  

57 3 3.4  

58 2.9 3  

58 2.5 2.9  

57 2.1 2.5  

57 1.8 2.1  

57 2.9 1.8  

58 3.3 2.9  

59 3.4 3.3 3.9 

63 2.8 3  

62 2.9 2.8 3 
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EXIT 

Elevation from 

the ground (m) 

Car Speed 

(km/h) 
Wind Speed (m/s) 

Wind Speed 

before Car (m/s) 

Wind Generated 
After Series of Cars 

0.5 

45 1.9 1.8  

51 2.1 1.9 2.1 

52 2 1.9  

56 2.4 2  

51 2.3 2.4 2.2 

60 2.6 2.2  

68 4.1 2.5  

50 2.1 2.1  

52 2.2 2.1  

61 2.5 2.2  

63 2.7 2.5  

55 2.8 2.7  

54 2.8 2.8  

42 2.4 2.7  

43 2.2 2.4 2.5 

52 2 1.9  

51 1.9 2  

48 1.8 1.9  

56 2.1 1.8  

64 2.9 2.1 2.8 

42 1.9 2.4  

55 2.1 1.9  

60 2.4 2.1 2.5 

62 2.5 2.4  

60 2.8 2.5  

59 2.7 2.8 2.6 



 
 

63 
 

45 2.3 2.2  

54 2.7 2.4  

56 2.3 2.1  

55 2.4 2.3  

49 2.1 2.4  

52 2.3 2.1  

50 2.2 2.3 1.9 

55 1.8 1.7  

62 2.7 1.8  

59 2.6 2.7  

54 2.5 2.6  

57 2.5 2.5 2.6 

1m 

61 2.7 1.6  

52 1.6 1.5  

52 1.7 1.6  

54 1.8 1.7  

53 2 1.8 2.5 

48 1.4 1.3  

54 1.9 1.8  

61 2.8 1.7  

52 2.5 2.1  

54 2.6 2.5 2.7 

51 1.8 1.8  

52 1.6 1.8  

51 1.7 1.6  

53 2.1 1.7 2.5 

49 1.9 2  

53 1.7 1.9  

57 1.6 1.7 1.8 

54 2.2 2.1  

47 1.9 2.2  

51 1.8 1.9  

52 1.6 1.8 1.7 

52 2.4 2.2  

61 2.8 2.4 3.5 

64 2.3 2  

60 2.2 2.3  



 
 

64 
 

58 2 2.2  

57 1.8 2  

62 1.7 1.7 2.8 

1.5 m 

56 2.6 2  

58 2.6 2.5  

52 2.1 2  

54 2.3 2.1  

59 2.6 2.3  

55 2.5 2.6  

52 2.2 2.5  

54 1.8 2.2  

52 2.5 1.8  

53 2.3 2.5  

57 2.9 2.3  

59 2.3 2.9 2.7 

55 2.1 2  

57 2.1 2  

54 2.4 2.1  

56 2.3 2.4 3.4 

59 2.9 2.7  

58 1.9 2.9  

55 2.3 1.9  

52 2.2 2.3  

53 2.1 2.2  

52 2 2.1  

52 1.8 2  

56 1.7 1.8  

53 1.8 1.7  

56 1.9 1.8  

58 2 1.9 2.6 

52 2.3 2.4 2.4 

47 2 2.2  

49 1.8 2 2 

51 1.4 1.3  

52 1.4 1.4  

52 1.2 1.4  

56 1.5 1.2  



 
 

65 
 

53 2.1 2  

60 2.4 2.1  

61 2.3 2.4  

58 2 2.3 2.4 

51 2.6 2.5  

53 2.7 2.6  

55 2.6 2.7  

56 2.5 2.6  

51 2.4 2.5  

59 2.8 2.4 3.1 

60 2.9 3  

61 2.7 2.9 2.8 

56 3.2 3 3.4 
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