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Abstract - The article focuses on the research on the aerodynamics of the solar vehicle Eagle Two, constructed by the 

students of Lodz University of Technology for the sake of international solar car races such as Ilumen European Solar 
Challenge and Bridgestone World Solar Challenge. It presents an empirical method for determination of the vehicle power 
demand (due to aerodynamics and rolling friction) which allows estimation of vehicle drag coefficient. According to the 
experiment the drag coefficient of Eagle Two is equal 0.23. The verification of the result was performed based on the 
propulsion system efficiency. According to the manufacturer the efficiency of the electric motors is equal 88%. The authors 
experimentally determined the power consumption of the vehicle. The methods allow estimation of power consumption and 
demand excluding influence of the road inclination, hence the results are corresponding to the flat road testing. It was 
calculated that the power demand of the Eagle Two car is 3 447 W, whereas its actual consumption is 4 032 W. The value of 

the efficiency of the propulsion system obtained based on the experiment equals 85%.  
 

Index Term - Aerodynamics, drag coefficient, drag force, experimental method, power demand, vehicle 

 

I. INTRODUCTION  

 

Lodz Solar Team is a project established at Lodz 

University of Technology and the aim is to design 

and build a solar urban car for the international solar 

car races . For the sake of Bridgestone World Solar 

Challenge and Ilumen European Solar Challenge 

competitions the students constructed vehicle Eagle 

Two – a 5-person urban solar vehicle (a second 
prototype after Eagle One in 2015). The international 

solar car competitions distinguish two vehicle classes 

– Challenger category (racing vehicles) and Cruiser 

category (urban vehicles). The urban class bases not 

only on the time of the race completion but mainly on 

the car efficiency (referred to the covered distance 

and number of passengers on board) and on the 

practicality. 

The formula for the results of Ilumen European Solar 

Challenge 2018 (the race part) is as follows 

 
battery capacity ∙ number of chargingstops

laps1.8 ∙ (0.5 ∙ passengers + 0.5)
. 

 

The car with the lowest results takes the highest 

points number. As the formula shows, the crucial 

parameter is the efficiency of the vehicle. Hence, in 

order to design the battery and prepare an accurate 

strategy plan it is required to evaluate precisely the 

power demand of the vehicle. As far as power 

consumption is concerned, there has to be considered 

that the motors thrust force has to overcomethe drag 

forces acting on it.  

The two main drag forces acting on a vehicle in 
motion are aerodynamic drag force and rolling 

friction force and both of these forces are dependent 

on the fluid flow around the car body (rolling friction 

is dependent on the reactive normal force and, hence, 

the lift force) [1] 

Ft = Fd +  Ff = Fd + f ∙ Fn = Fd + f ∙  Fg − Fl , 
 

where: Ft −motor thrust force Fd − aerodynamic 

drag force, Ff − rolling friction force, Fn − reactive 

normal force, Fg − gravitational force, 

Fl −aerodynamic lift force. 

However, due to the fact that the rolling friction is 

dependent on RRC (rolling resistance coefficient) of 

the tyres which in Eagle Two case is 

f ϵ (0.0023 ; 0.00268), the predominant factor in the 

drag formula is the aerodynamic drag force 

(approximately 85% of the total drag). Taking 
aerodynamics into consideration, it is known that 

during a viscous flow past a body (or body moving in 

a viscous fluid) a normal force proportional to the 

static pressure and tangential force proportional to 

tangential stress acts on each element of that body 

[2]. The aerodynamic interactions are due to friction 

(viscosity) and surface pressure distribution on the 

body [3,4]. The aerodynamic force consists of two 

components – drag force  acting in the direction of 

relative motion and lift force in the perpendicular 

direction. The action of friction and pressure drag on 
an object is presented in the Figure 1. 

 

 
Figure 1. Aerodynamic force acting on a body [3] 
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However, in case of the research Reynolds number is 

significantly higher than 1 (Re = 7.5 ∙ 106), thus the 
aerodynamic drag force is mainly due to the pressure 

distribution on the body, which is due to the changing 
velocity around the body. The static pressure 

increases with decreasing flow velocity and it 

decreases with increasing flow velocity. The general 

formula for aerodynamic drag force can also be 

expressed as a function of different factors, such as 

velocity of the relative motion, object frontal area, 

fluid density and drag coefficient [3-7] 

 

Fd = cdρA
v2

2
, 

 

where: cd  − drag coefficient, A −object 

characteristic area, v −object velocity. 

 
The aerodynamic force acting on the car body can be 

evaluated performing numerical simulation in CFD 

software, however, depending on the applied 

simplifications it may be burdened with substantial 

error (very detailed model including suspension, rims, 

ventilation system etc. requires huge computing 

power). It can also be estimated during wind tunnel 

testing, however it requires high expense. Therefore, 

in order to determine the drag force acting on the car 

there were performed empirical road tests allowing 

estimation of the total drag, including aerodynamic 

force and rolling friction. 
The forces acting on a vehicle during 

deceleratedmotion on a flat road are presented in the 

Figure 2 [8-9]. 

 
Figure 2. Forces during motion on flat road 

 

Hence, the formula for the acceleration is equal 

 

ma = −Fd − Ff , 

a =
−Fd − Ff

m
, 

where: a – acceleration, m – mass.  

In case of the inclined road the gravitational force 

contributes to the resultant acceleration. The forces 

are presented in the Figure 3. 

 

 
Figure 3. Forces during motion on inclined road 

The force equation for the inclined road is presented 

below for two cases – driving up the road, where the 
gravity increases deceleration  and down the road, 

where it decreases deceleration  

ma = −Fd − Ff − Fgsinα, 

a =
−Fd − Ff − Fgsinα

m
, 

 

ma = −Fd − Ff + Fgsinα, 

a =
−Fd − Ff + Fgsinα

m
, 

where α – road inclination angle. 

The mean acceleration in such case is equal to the 

acceleration of the flat road testing. 

 

am =

−Fd−Ff −Fg sin α

m
+

−Fd−Ff +Fg sin α

m

2
=

−Fd − Ff

m
 

Therefore, two-directional testing allows 

determination of the drag corresponding to flat road 

testing. 

 

II. DRAG COEFFICIENT DETERMINATION 

METHOD 
 

The purpose of the experiment was to determine drag 

coefficient of the Eagle Two vehicle at the speed of 

23.61 m/s (85 km/h) that is required for international 

solar car race. In order to do so, there was performed 

a power demand test. 

The experiments were performed on a straight road 

2 500 metres long. The plot of the elevation is 

presented in the Figure 4. 

 

 
Figure 4. Test road elevation [] 

 

Due to the fact that the road is not ideally flat the 

power demand tests were conducted in both 

directions in order to achieve a mean value 

corresponding to a flat road (no additional drag due to 

the road inclination). The first part of the experiment 

was choosing the test section. Based on the available 

elevation data it was observed that the flattest part of 
the road is approximately in its middle. Therefore, a 

section of approximately 200 metres was chosen 

(Figure 4) and a start position in its beginning was 

marked. During the tests the velocity in time was 

recorded. Due to the fact that the sampling time was 

equal to 1 second it was required to choose a wide 

velocity range therefore it was decided to test on the 

range 23.61-22.22 m/s (85-80 km/h). The drag 

coefficient decreases with velocity and according to 

the numerical simulations the difference between 

Eagle Two drag coefficient for 22.22 m/s and 23.61 
m/s is approximately 1% therefore the influence of 
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the velocity change in the test was neglected. The 

first  experiment (direction 1) was performedin such 
manner that the car was accelerated to 85 km/h, 

which was maintained until reaching a test start 

position. At that point the drive system was cut off, 

hence the car started moving freely. The end of the 

section was markedin position of recorded speed 

equal to 22.22 m/s. Subsequently, there was 

performed the test in the second direction in the same 

manner, starting the test on the end position from 

previous experiment with speed 23.61 m/s.The 

velocity of 22.22 m/s was achieved 17m ahead of end 

(start position from the first test). The length of the 

section in the first direction is equal s1 = 180 m, 
whereas the length of the section in the second 

direction is equal s2 = 163 m.Due to the fact that the 

chosen road part is fairly flat the sections in both 

directions concur satisfyingly and it was decided to 

perform the measurements. There were performed 4 

tests in each direction (8 experiments in total). There 

was recorded velocity in time by the motor 

controllers. The sampling time was equal to 1 second. 

 

Based on the results the drag coefficient can be 
determined according to the following derivation 

 

a =
Vstart − Vstop

t
, 

ma = Fd + Ff , 

ma = 0.5ρA cdv2 + f Fg − Fl , 

cd =
2ma − f(Fg − Fl)

ρAv2
, 

where:Vstart  – start velocity (23.61m/s), Vstop  – stop 

velocity (22.22 m/s), t – measured time. 

 

The power demand was calculated according to the 

formula 

 

Pdemand =  Fd + Ff v. 
 

 

III. VERIFICATION METHOD 

 
The second part of the experiment was a power 

consumption test, which allowed verification of the 

measurements. The experiment was performed 

similarly as the previous one. The car was driven with 

velocity23.61 m/s at three chosen road sections 

(Figure 5).  

 

 
Figure 5. Power consumption test section 

 

The time of acceleration to the desirable velocity (85 

km/h) was equal t1 = 51 s in the first direction, 

whereas in the second direction t2 = 41 s. The 

corresponding distances are x1 = 706 m and 

x2 = 581 m. The section of the road where the 

vehicle drives with 85 km/h in both directions is 

marked in the Figure 5. Inside this region there were 
chosen 3 independent test sections (Section 1, 2 and 

3) and for each of them the test was performed 5 

times in each direction. 

 

Then, there was calculated a mean power value.  The 

power consumption was measured directly. The 

sampling rate was 0.1 s. 

 

IV. RESULTS 

 

The results of the first part of the research (power 

demand test) – the velocity records in time are 
presented in the Figures 6 and 7 (for direction 1 and 2 

respectively). Due to the fact that the elevation 

difference is imperceptible the function of velocity 

was approximated using a linear function and 

assuming constant deceleration. 

 
Figure 6.  Velocity in time for direction 1 
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Figure 7. Velocity in time for direction 2 

 

Having the average deceleration for both directions 

the total drag force in each direction was calculated 

(Table 1). The mass of the vehicle during the tests 
was 703 kg. 

 
Table 1. Total drag force 

 
 

Subtracting the value of rolling friction force 

(RRC=0.0028 for 85 km/h according to the 

manufacturer) the drag force and drag coefficient 
values were calculated for each direction (Table 2).  

Subsequently, it was calculated that the average drag 

coefficient of the vehicle (corresponding to the flat 

road) at the speed23.61 m/s is equal 0.23. 

 
Table 2. Drag force and drag coefficient calculation 

 
 

Having the drag coefficient for velocity equal to 85 

km/h the total drag force was recalculated for the 

mass of the vehicle equal to 860 kg (estimated for the 
competition). There was obtained total drag force 

equal to 146 N.The corresponding power demand at 

the speed 23.61 m/s is then equal 3 447 W. 

The second part of the measurements included 

evaluation of the power consumption at the same 

speed. The tests were conducted in such manner that 

the vehicle was driven with speed of 23.61 m/s both 

ways at each section. The mass of the vehicle during 

the test was 860 kg. 

After performing the experiment the mean power 

consumption was calculated for each direction for all 

three sections. The results for three test regions are 

presented in the Table 3. 

 
Table 3. Results of power consumption test 

 
 

The results for all three tested regions are 

approximate and the arithmetic mean value is equal 4 

031 W. 

Therefore, taking into consideration the evaluated 

power demand and power consumption the efficiency 

of the propulsion system is equal 

 

η =
Pd

Pc

∙ 100% =
3 447

4 032
∙ 100% = 85 % 

 

According to the BLDC electric motor datasheet the 

efficiency of the motors at chosen rotational speed 

under corresponding load is equal 88%.  

 

V. CONCLUSIONS 
 
The authors proposed an experimental method for 

determination of vehicle drag coefficient, through 

measurements power demand and power 

consumption. The road testing method allows 

determination of the drag coefficient without a need 

to perform CFD simulation or wind tunnel tests. 

According to the method Eagle Two drag coefficient 

for velocity 23.61 m/s (85 km/h) is equal 0.23 which 

is a low score compared to serially manufactured 

urban cars. There power demand corresponding to the 

total mass equal 860 kg is equal 3 447 W, whereas 
actual consumption 4032 W. That leads to the 

conclusion that the efficiency of the propulsion 
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system according to the measurements is equal 85%. 

Whereas, according to the manufacturer datasheet it 
is 88%. The corresponding relative error is equal 3%.  

The existing error may be due to the fact that the 

theoretical efficiency relates only to the electric 

motors.  

It does not include the losses due to the friction in 

cooperating mechanical elements of the propulsion 

system and non-ideal wheels alignment.  

The applied method, however, allowed estimation of 

the drag coefficient with satisfying accuracy. 
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