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Abstract - Most of super-effective car aerodynamic simulations are performed as fully turbulent. This is to a certain extent 
justified, but due to close to critical Reynolds number value, the fully turbulent model may not be perfectly adequate, 
especially that for such a vehicle small changes in drag are important. This paper investigates how laminar-turbulent 
transition influences the drag and lift characteristics of a super effective car. The analysis compares fully turbulent solution 
with SST turbulence model with and without Gamma-Theta transitional turbulence modelling. The study is performed for 3 
different car body shapes to investigate more general influence of applying laminar-turbulent transition instead of fully 
turbulent simulations. The results indicate that for every model the difference in drag and lift is above 20%. 
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I. INTRODUCTION 
 
Environmental awareness and urging need of cleaner 
transport have been driving the development of more 
and more  efficient vehicles. The topic, among other 
ways, is widely explored by numerous student 
competitions. Shell Eco-Marathon is the most popular 
student competition for super-effective vehicles. The 
aim of student teams from all over the world is to 
create a car consuming as little fuel as possible, 
where fuel may be ethanol, petrol, electricity or gas.  
The fuel consumption per kilometer, and therefore 
vehicle efficiency depends on many aspects. One of 
the main factors influencing fuel consumption is 
aerodynamic drag, which strongly depends on a shape 
of the car body and its frontal area. The importance of 
aerodynamic drag reduction for Shell Eco-Marathon 
vehicles is very high as drag can account for up to 
50% of total energy consumption [1]. Recent 
development in the field of CFD and PC 
computational power increase has given easier access  
to the sophisticated simulation tools,  making it 
possible to test multiple shape designs with lower 
cost than ever before. One of the most comprehensive 
aerodynamics studies was presented by [1] in 2005. 
The whole process of car body shape development 
was presented there. Other works, like [2, 3] were 
performed for different competitions or categories 
also using CFD tools. Car body optimisation was a 
subject of student thesis, for example [4] was 
describing the car body development for DNV GL 
Fuel Fighter, the competition car of Trondheim 
University. All of the aforementioned works focused 
on introducing minor changes to defined shapes of 
the car body and tested their influence on the drag. 
All of them were using fully turbulent flow 
conditions relying on the fact that the velocity is high 
enough for the flow to become turbulent on a car 
body. This approach is a standard procedure for 
development of aerodynamic shapes. As the design 

process in case of most student competitions is virtual 
and rarely intermediate wind tunnel testing or other 
experimental means are used for control of obtained 
results [1], the question of simulation approach arises. 
The most common approach in simulating external 
flows for car body development using fully turbulent 
formulation [1-5] . This approach is widely accepted, 
but considering the range of velocities and shape of 
super effective car body, it is highly possible that in 
certain car body regions the boundary layer will not 
be fully turbulent. This, in turn should raise an 
interest on how different the results incorporating a 
laminar-turbulent transition modelling would be from 
fully turbulent formulation. Laminar-turbulent 
transition is a process of flow transforming from 
laminar to turbulent. The change of flow type may 
have important influence on forces exerted on a car 
body. There exists a number of papers concerning the 
laminar-turbulent transition for airfoils [6-8]. The 
character of flow for super effective car may be to 
some extent similar to a flow around an airfoil, since 
the general, top view shape of the car body is very 
similar (Fig. 1 a) and b)). This may allow to expect 
similar influence of laminarturbulent transition on the 
car performance or at least imply that such an 
influence may exist. The overall effect of transitional 
turbulence modelling would probably be more 
complicated due to the car body geometry complexity  

 

 
Figure 1. Super effective car bodies in top view 

a) Pac car [9], b) EcoArrow 3.0 
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Assuming a car body to be an airfoil with chord of 
approximately 3m, then the Reynolds number for the 
car during race, calculated from (1) would vary from 
around 5x105 up to 2.5x106. The Re for smaller 
elements, such as wheel aerodynamic covers or car 
body elements will surely be smaller due to smaller 
characteristic dimension. According to literature for 
airfoil transition, the Re below 5x106 is enough to 
cause transition for NACA 0012 and thicker profiles 
could experience more significant effects of transition 
[6] Therefore it is highly possible that the 
supereffective car body is operating in transitional 
region and it is important to investigate how the 
application of laminar-turbulent transition model 
influences the aerodynamic characteristics of car 
body.  

 
where 
v – air velocity, 
d – characteristic dimension of an analysed body, 
ν – air kinematic viscosity. 
Modelling of laminar-turbulent transition in RANS 
CFD codes is a challenging issue. This is mostly due 
to different mechanisms of transition, such as flow 
instability or separation. The most advanced 
transitional turbulence model available in engineering 
grade software is Gamma-Theta model available in 
Ansys CFX. This is a general purpose transition 
model developed by Langtry and Menter [10]. It is 
acorrelation based model which relies on local flow 
variables, therefore it can operate with most RANS 
CFD codes. The model is multi-purpose, fully 
applicable to external flows such as aerodynamic 
analysis of a car body performance. The model solves 
2 additional equations – for turbulence intermittency 
and transition Reynolds number. Both of those 
variables have influence on how the boundary layer is 
treated – as laminar or turbulent [10]. Considering 
laminar-turbulent transition for a flat plate, there exist 
experimental correlations providing an estimate of 
how the skin friction coefficient would change on its 
surface [11]. They also allow to compute the 
boundary layer thickness. The shape of a car body is 
much more complicated than a flat plate, which 
makes the analytical approach inapplicable. The use 
of modern CFD code could provide a good estimate 
of the role of laminarturbulent transition. The aim of 
this article is to compare how the characteristics of 
lift and drag for different shapes ofsuper effective car 
bodies differ with application of fully turbulent and 
transitional-turbulence formulations. No publications 
covering this topic were found for the class of super-
efficientShell Eco- Marathon vehicles. The only 
research was found for a similarly sized and shaped 
vehicle, but operating at much different velocity 
range [12]. The research presented there focused on 
validating, among other aspects, the influence of 
transitional turbulence on the drag of vehicle. It was 
found that the application of laminar-turbulent 

transition model produced significantly lower drag 
than fully turbulent model. 
 
II. EXPERIMENTAL 
 
Commercial grade Ansys CFX CFD software was 
used in this paper to compare a performance of 
different numerical models on super-effective car 
aerodynamic characteristics. A standard fully 
turbulent model with application of Shear Stress 
Transport (SST) turbulence model was compared 
with simulations using SST model supplemented with 
gamma-theta model for laminar-turbulent transition 
prediction. The experimental procedure was 
performed for three distinct car body shapes tocapture 
a general dependence of the model choice, which 
would not be possible using only single geometry. 
 
Analysed models 
The car models were designed in one of the CAD 
programs and transferred to Ansys software. Two of 
the models, shown in the Figure 2 a) and c) are 
identical with the ones analysed in [5]. These models 
showed the highest potential for drag reduction 
according to [5], therefore their further analysis is 
valuable. A third model is a new car body of Iron 
Warriors team from Lodz University of Technology. 
Its geometry is more complicated, having protruding 
wheel covers, extending from main car body (Figure 
2 b)). All of the models are shown in the Figure 2.  

 
Figure 2. Front view of analyzed models  a) Model 1,b) Model 

2, c) Model 3 
 

Computational domain, mesh and pre-processing 
The car models are symmetric, therefore only a half 
of car body was used for simulations. This allowed to 
diminish the size of computational domain and 
therefore the number of mesh elements. This 
commonly applied method substantially decreased 
the time needed for solution. Figure 7 shows 
dimensions and boundary conditions for the 
computational domain. An inlet boundary condition 
was set with a range of normal velocities and low 
turbulence intensity (1%). This boundary was placed 
around three car lengths from the car body providing 
sufficient length for the flow to develop. Bottom of 
the domain was set to be a no slip wall in order to 
represent the influence of the  road. This boundary 
velocity was set to be identical with inlet fluid 
velocity to fully represent the conditions during car 
movement. The boundary in the symmetry plane of 
the car body was a symmetry condition. Rear surface 
was set to an outlet condition with static pressure of 0 
Pa. The outlet surface was located around 10 car 
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lengths from the car body. Remaining side and top of 
the domain were set to be free slip walls as no flow 
was expected through those boundaries and opening 
condition could cause unnecessary fluctuations. The 
car was placed at a height resulting from its standard 
position on the road. The height and width of the 
domain were of around 10 car heights and widths 
respectively. A car body was set to be a no slip, 
smooth wall. The wheels were also modelled as no 
slip walls with rotational velocity resulting from 
driving speed. 

 

 
Figure 3. Computational domain; CL – car length; 

CH – Car height; CW – car width 
 

To perform an accurate analysis, a sufficiently dense 
mesh had to be used. The computational domain was  
divided in a number of blocks to allow for different 
meshing definitions and methods. The most important 
region is in the nearest neighbourhood to the vehicle 
body. Due to irregular shape of the car surface the 
tetrahedral mesh was applied. The mesh was refined 
in this zone and inflation layers of prismatic elements 
were used to properly solve the boundary layer 
flow.A boundary layer mesh was created with a 
growth rate of 1.10 to ensure slow growth of elements 
to fully capture the laminar-turbulent transition 
(Figure 4). The mesh away from car body was made 
hexahedral, as then lower number of nodes could be 
used for meshing the same volume. In order to check 
quality of the generated mesh, aspect ratio and 

skewness were verified. Aspect Ratio is a ratio of the 
longest to the shortest edge of the element and should 
not exceed 100. Skewness is a measure of mesh 
element angular deformation. It is defined as a 
difference between the shape of the  analyzed cell and 
the shape of an equilateral cell of equivalent volume. 
Maximum skewness value should be kept below 0.95, 
with an average value that is significantly lower [10]. 
The maximum aspect ratio for created meshes was on 
average around 500, yet only in places far away from 
car body - in the region of small mesh density and 
negligible velocity gradients. The region in the 
closest neighborhood of the car body had aspect ratio 
below 50. The skewness appeared to be of max value 
equal to 0.98. Due to [10], such a high value of 
skewness may lead to some convergence difficulties, 
however, this problem did not take place. The mesh 
on average was composed of 6 million nodes and 10 
millionelements in total.   
 

 
Figure 4. Boundary layer mesh 

 
The flow in domain was air, treated as an ideal gas at 
the temperature of 25˚C. The Shear Stress Transport 
(SST) turbulence model was used for half of the 
simulation, which provides good results in a wide 
range of flow types. The other half of analysed 
computations was done using SST turbulence model 
enhanced with gamma-theta transition turbulence 
modelling. The solver settings were defined as listed 
in Table 1.  

 
Table 1. Simulation parameters 

 
 
4 Solution quality 
 In order to provide reliable numerical solution of 
flow structure in the boundary layer region, an 
appropriate refinement of the computational mesh 
should be applied. The quality of solution in that 
layer can be evaluated by the Yplus (y^+) parameter, 
which describes the non-dimensional wall distance 
for a wall-bounded flow [13].  
y^+=(u_* y)/ν       (2)  
where 

u_* - friction velocity at the nearest wall, 
 
y- distance to the nearest wall, 
ν - local kinematic viscosity of the fluid. 
For the y^+ value below 1 (2 in ANSYS CFX), the 
software may fully solve the flow in the boundary 
layer. In case the value of the parameter is greater 
than 1, the flow structure is reproduced with the u se 
of the wall function. The smaller the y^+ value, the 
more precise the solution near the wall, however the 
mesh size and simulation time is longer. In case of 
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attached flow, the difference in solution between full 
solution and wall function is negligible. However, in 
cases of separated flows differences can be 
significant, therefore a full solution of the 
boundarylayer is recommended. The y^+ for all of the 
models was contained below 2 for majority of the car 
body. For all the solutions, the root mean square 
(RMS) value of mass and momentum residuals 
reached a level lower than 2e-5. This level of 
convergence was    obtained after around 100 
iterations. The residuals did not attain lower values 
due to unsteady flow eddies behind the vehicle.RMS 
turbulence intermittency level converged below 10e-
4, indicating sufficient  quality solution for this 
variable.  
 
RESULTS AND DISCUSSION 
 
The results of analysis are lift and drag forces and 
their distribution along the car bodies. Since the aim 
of article is to compare the differences in results of 
computations, this presentation is the most 
convenient. The results for fully turbulent solution 
will be referred to as FT while results obtained using 
the transitional turbulence model will be marked TT. 
The results will be presented for each model 
separately and their common characteristics will be 
discussed at the end. The difference in values 

presented in percent is calculated as shown in (2). 
The values for further comparison on surfaces along 
the car body arecomputed as fully turbulent model 
result minus the result coming from transitional 
model. Therefore a positive difference value indicates 
that the property for a fully turbulent solution is of 
higher value than that from transitional turbulence 
solution. The results concerning differences between 
the turbulent and transitional solution are shown for a 
specific velocityof 25 km/h as this is the most 
common velocity in race conditions 
 
𝐷𝑖𝑓𝑓 % = 𝐹𝑇𝑣𝑎𝑙𝑢𝑒 − 𝑇𝑇𝑣𝑎𝑙𝑢𝑒 
𝐹𝑇𝑣𝑎𝑙𝑢𝑒            (3) 
Table 2 Summarizes the results for model 1. The 
results indicate that there is an important difference 
between the lift and drag computed using fully 
turbulent and transitional model. The difference is 
much more important for lift value, expecially 
considering relative difference.It is important to 
notice that very low drag in fully turbulent model, 
being a base for difference calculation, is responsible 
for high percentage value. A difference in drag is 
fairly similar for all of the velocities, the lowest 
difference is observed for the highest speed, which 
may probably be attributed to highest portion of 
boundary layer becoming turbulent in this case.  

 
Table 2. Results for model 1 

 
 
Pressure difference contour in the Figure 5 shows that  
there exists a complicated pattern of pressure 
differences,  resent mostly in the front and back of the 
car. The highest values are present close to the back, 
where the difference in solutions is caused by adverse 
pressure gradient. The difference is also visible in the 
region of front wheel, both at the side and at the 
bottom of the car. 
 

 
Figure 5. Contour of pressure differences for model 1 a) side 

view, b) bottom view 

 
Figure 6. Contours form model 1 car body 

 
Figure 7. Difference of lift and drag on contours for model 1 

 
Figure 8 shows turbulence kinetic energy difference 
between the models, which defines where the 
turbulence generation intensity is different between 
the models [13]. It is visible that the difference is 
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present in the front of the car, before the front wheel. 
A significant region of difference is also in the back, 
where the adverse pressure gradient may appear and 
difference in solutions should occur. 
 

 
Figure 8. Turbulence kinetic energy difference for model 1 

 

Table 3 shows the results for model  
2. The difference in lift for this case is less significant 
than in case of model  
1. It is generally increasing for higher drive speeds. A 
different trend is observed for drag difference. One 
may notice that its value is almost identical for four 
intermediate speeds, while its valuedrops for both the 
lowest and the highest speed.  
 

Table 3. Results for model 2 

 
Figure 9 depicts the pressure difference for model 2. 
Compared to model 1, its value is lower as well as 
maximum values of difference, being the extremities 
of the scale. The difference is more distributed along 
the car body, but again the most significant regions 
are present in the proximity of front and rear wheels. 
The difference is especially important at the front, 
close to the stagnation point for the flow. A 
difference, having important influence on lift value, is 
present at the bottom of the wheel cover. Despite 
lower pressure differences, the difference in forces on 
contours (Figure 11) is more significant than in case 
of model 1. Both lift and drag differ along the whole 
length of a car body, with lift difference attaining 
higher absolute value.  

 
Figure 9. Pressure difference for model 2 a) side view, b) 

bottom view 
 

 
Figure 10. Contours for model 2 car body 

 
Figure 11. Difference of lift and drag on contours for model 2 

 
Due to interesting characteristics of this model, a 
more detailed turbulence study was performed. 
Figure 12 presents turbulence intermittency for 
transitional turbulence model. It is visible that 
intermittency, being a measure of flow oscillations , 
therefore its willingness for becoming turbulent is 
slightly elevated at the beginning of the car and at the 
very end. The intermittency at the very end 
corresponds well to turbulence kinetic energy contour 
(Figure 13) indicating that turbulent boundary layer 
should be present in this area, while the remaining car 
body regions would have a laminar boundary layer. 
This is furtherly confirmed by the Figure 14 depicting 
difference in turbulence kinetic energy. The 
difference is visible for most of the car body, with it 
being the lowest where in both solution, the boundary 
layer becomes turbulent, so at the end of the car.  

 
Figure 12. Turbulence intermittency for model 2 
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Figure 13. Turbulence kinetic energy for transitional   

turbulence solution for model 2 
 

 
Figure 14. Difference in turbulence kinetic energy for model 2 

 
Table 4 summarizes the results for model 3. The 
difference in lift for this case is less significant than 
in case of model 1 and 2. It is generally increasing for 
higher drive speeds. A drag difference remains almost 
constant for all of the velocities, being higher than for 
model 2 and comparable with model 1. 
 

Table 4. Results for model 3 

 
 
Figure 15 shows pressure difference for model 3. The 
extremities of the scale are the highest among all of 
the models, but the difference value for most of 
thecar body is at relatively low level. A distributed 
difference in pressure is more important in 
theproximity of the front wheel. This finds 
correspondsto the Figure 17, where lift curve is 
highly variable along the whole car body. The drag 
difference is less variable, but it has a constant offset 
along the whole car body. The level of absolute 
difference is the highest of all models, which is due to 
highest drag values present for model 3.  
 

 
Figure 15. Pressure difference contour for model 3 a) side view, 

b) bottom view 

 
Figure 16. Contours for model 3 car body 

 

 
Figure 17. Difference of lift and drag on contours for model 3 

 
Figure 18. Shows turbulence kinetic energy 
difference. It may be noticed that there exist a region 
of important difference at the side of the car body, 
starting from the front wheel area. This region is 
influenced by protruding region of car body, 
resultingin a less favorable pressure gradient and 
possible detachment. Regions of differences are also 
visible in the front and in the back of the car body.  
 

 
Figure 18. Turbulence kinetic energy difference 

 
CONCLUSIONS 
 
The analysis of laminar-turbulent transition on 
aerodynamic lift and drag values computed for a 
Shell Eco-Marathon class car was performed. The 
laminar-turbulent transition was modelled using 
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Ansys CFX Gamma-Theta model, introduced by 
Langtry and Menter [10]. The outcomes were 
Laminar-turbulent transition influence on 
aerodynamic performance of super-effective car 
compared with fully turbulent flow results, which 
used SST turbulence model. The analysis was done 
for three distinct car bodies of shapes used in Shell 
Eco-Marathon to draw more general conclusions for 
the type of flow experienced by car bodies rather than 
a specific geometry. The results indicate that laminar-
turbulent transition has important influence on values 
of lift and dragcomputed for the models. The 
application of gammatheta model lead to decreased 
drag and increased lift predictions. Depending on the 
model, the difference in computed drag varied from 4 
% up to 37 %. An interesting observation is that the 
difference between fully turbulent and laminar-
turbulent solution drag remains fairly constant across 
all velocities. The difference in lift is more variable 
with speed, which is observed for all of the models. 
The analysis of regions being the source of 
differences provides good indication that the lift 
differ ences are more significant, while drag 
discrepancy is more subtle. This comes from the fact 
that laminar-turbulent transition model modifies the 
pressure distribution on the surface of the car body. 
This is mostly visible in the regions where flow 
detachment may take place, for example behind the 
wheels or where wheel covers end. There, due to 
pressure difference, the normal force on the surface 
changes. The main direction of surface vector is 
vertical with respect to the car body, so the influence 
in those regions is mostly visible on lift force. The 
influence on lift force in these areas is less 
pronounced. The drag force difference is mainly 
visible at the rear of the car, where the flow 
detachment may take place. At this region, the 
surface normal is also mostly directed along the 
horizontal axis, therefore pressure difference 
contributes highly to the drag component. It is 
valuable to notice that such a situation  is not present 
at the front of the car. In this region, due to flow 
stagnation and relatively high gradients, the influence 
of laminar-turbulent transition is not so important. 
The rear of the vehicle, where the flow is influenced 
by the difference in pressure gradients over the whole 
car body, is more prone to showing higher differences 
in drag force. The differences in pressure distribution 
are also visible near the front wheel. The analysis of 
turbulence intermittency and kinetic energy provides 
better insight into the boundary layer character and 
allows to capture further differences between the 
models. The regions of different 
turbulence quantities are not always fully coherent 
with the regions of altered pressure, therefore they are 
not the only indicator of differences between the 
models. In the light of presented results it may be 
stated that laminar-turbulent transition modelling is 
important in the analysis of car body shapes for Shell 

Eco- Marathon class of vehicles. Depending on the 
model, the difference in results may reach up to 37 % 
for drag computation. The differences on lift may be  
even higher.  he results obtained in the course of this 
study should be confirmed experimentally to 
investigate which of the models represents the reality 
better. This is a challenging task, since to avoid 
scaling and related uncertainty, the full scale model 
should be  investigated. In this case, the influence of 
unmodelled aspects, such as the possibility of air 
entering the inside of the car body and disturbances 
coming from  this kind of flow could be higher that 
the difference in forces coming from different type of 
modelling. This aspect could, however, also be 
investigated numerically. The further analysis could 
focus on assessing how the commonly used, fully 
turbulent model compares with laminar-turbulent 
transition model when it comes to analysis of car 
body geometry changes. It is possible, that the 
response of both models would be different for the 
same geometry change. It would be valuable to check 
whether some changes in the geometry could lead to 
increase of drag for fully turbulent model and 
decrease in case of laminar-turbulent transition  
model. 
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