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Abstract

The present work aims to improve the external fluid-dynamics of the first prototype of the Formula-SAE (Society of Automotive
Engineers) race car of the University of Perugia. In the first phase, the study concentrates its attention on the nose of the prototype;
the latter has been tested in the wind tunnel of the Department of Industrial Engineering of the University of Perugia and the
acquired experimental data have been used to calibrate the models used in the CFD/3D analysis.

At the same time, with the goal of decreasing the vehicle's resistance and to increase its down-force, a comparative numerical
analysis was performed. The results obtained by the simulation of the complete original prototype (model A), are compared with
those obtained from the model B, obtained redesigning some particulars of the model A or adding some appropriate aerodynamic
elements such as: front wing, headrest, rear engine hood and aerodynamic extractor. The presented results show a remarkable
improvement of the parameters above mentioned.

For clarity, the model A is the one that participated at the international competition of Varano (Parma- Italy), 2013.

© 2015 The Authors. Published by Elsevier Ltd. Thisisan open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Peer-review under responsibility of the Scientific Committee of ATI 2014

Keywords: wind tunnel; CFD; drag force; lift force; formula SAE; racing car.

Nomenclature

b. L boundary layers

Cp aerodynamic drag coefficient
Co aerodynamic lift coefficient
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Ccv control volume
CFD  Computational Fluid Dynamics

Dr aerodynamic drag [N]

S Vehicle Frontal Area [m2]

SST Shear Stress Transport

u turbulent velocity distribution [m/s]

A" wind/vehicle speed [m/s]

u* friction velocity [m/s]

y the normal distance from the wall to the wall-cell centroid [m]
y+ non-dimensional wall coordinate, defined as: y - u* /v
B dimensionless constant

v kinematic viscosity [m2/s]

Pa air density [kg/m3]

1. Introduction

Formula SAE is a collegiate design competition where groups of students design, build and race their own open
wheel race cars. Since its beginnings in the USA in 1981 [1], this formula has spread to Europe, Asia, South America
and Australia, with several hundred international teams racing every year in a number of competitions held world-
wide. Unlike a conventional motorsport race, teams are awarded points for eight different events, and the team with
the highest cumulative total wins. There are three ‘static events’ (Cost, Presentation, Design) where teams are judged
on their design justification, presentation and costing skills, and five ‘dynamic events’ (Acceleration, Skid Pan,
Autocross, Fuel Economy, Endurance), which test the performance of the car and student drivers on-track [2, 3, 4, 5].
This weighted points system dictates a careful balancing of all aspects of the car design process and development.
Figure la and 1b are the result of this process; it represents the car that attended its first competition at Varano’s
meeting, in September 2013.
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Fig. 1. (a) Formula SAE racing car; (b) Characteristics measures of the car (all dimensions are in mm).

Predicting the aerodynamics flow around industrial and racing cars, using the CFD codes, is becoming increasingly
common both in the research centers and in the car companies [6, 7, 8,9, 10, 11, 12]. This rise in interest is due to the
increasing predictive capabilities of codes together with an ever more interesting reduction in the costs of computing
technology. As a consequence, these tools are viable alternatives to the increasingly expensive experimental
investigations.
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The reduction of the aerodynamic resistance of a sports car is an achievable goal in view of the performance
optimization. If one considers that the power required to overcome aerodynamic drag varies with the cube of the
speed, it is understandable that even small improvements of the coefficient of aerodynamic penetration, may result
in a considerable saving of the available power to the drive unit. In the specific case, the resulting decrease in fuel
consumption, is surely a remarkable goal to be pursued to overcome the endurance phase: one of the five dynamic
events required by the formula-SAE [6]. The ability to predict a value of the Cp as close as possible to the vehicle's
operating conditions allows one to have very useful information, especially in its design stage. It is easy to imagine
that, in this context, predictive tools such as the CFD codes could offer valuable assistance. In fact, the possibility of
having numerical estimates very close to the experimental ones, is a considerable advantage with regard to the
experimental activity executed in the wind tunnel on the prototype, being able to decrease time and development
costs. An aerodynamic optimization of a vehicle can be performed both in the wind tunnel and using CFD codes; if
it is a production vehicle purchased from a dealer and then transformed into a competition vehicle, the choice of the
wind tunnel is practically obliged, like in [13, 14]. In fact, if one wanted to use a CFD code, one would need to
perform a reverse engineering of the vehicle in order to obtain its numerical model. An aerodynamic development is
presented in [15] where the authors focused attention on the shape optimization of a vehicle exposed to constant
cross wind. In this case the study was carried out in wind tunnel. In [16] the authors suggest some good solutions for
improving drag coefficient; even in this case, the study was conducted entirely in a wind tunnel. If instead one is the
designer or somehow a member of the development team of the vehicle, the opportunity to trim the project with
CFD analysis should undoubtedly be exploited [17, 18, 19].

In any case, in the first phase of the project, an experimental verification in the wind tunnel for the analysis of the
correlation with numerical models, is an essential activity to develop a good aerodynamic design [20]. This even
considering the fact that the modeling results, are too "mesh dependent" in order to be trusted a priori. Furthermore,
the synergy between the two approaches becomes useful also in relation to the analysis of sensitivity of the models
and to the optimization of the computational resources. In [21] the authors investigated the flow around a generic
Sport Utility Vehicle (SUV) with two different CFD methods and compared the results with experimental data, such
as aerodynamic coefficients and Particle Image Velocimetry (PIV). Results of the numerical simulations were within
3 - 7% of the measured values. In [22] the author compared the results of CFD simulations of the flow around the
Ahmed body for two slant angles finding a 3% discrepancy with the experimental data.

In general, the strengths of the present work consist in having put together experimental and numerical activities
applied to a real car on which, using a comparative methodology, it was possible to evaluate the aecrodynamics
contributions on the model coming from some changes executed on pre-existent elements and from the effects
produced by the insertion of new parts.

In particular, the study is divided in two parts: the first, limited to the nose of the car, includes both experimental
measurements and numerical simulations. This phase was essential both for a proper choice and tuning of the models
and an in-depth mesh analysis in order to obtain an appropriate development of the boundary layer. As known, this
evaluation is strictly correlated to the quality of the mesh close to the skin of the model. The main goal of this first
part of the work, was to obtain a good agreement between the experimental and calculated values of the drag. This
objective involves a very refined boundary layer and consequently, a large number of volumetric cells, which, in turn,
imply a very high simulation time. In the present work the nose model has been discretized with 13 million volumetric
cells and simulated in 46 hours, using 24 parallel processors.

The second phase, which was only numerical, compares two entire race car models named RB11.1_A and
RB11.1_B respectively; that differ from each other for some changes and for some additional elements. The changes
between the two models aim at decreasing the drag coefficient and to increase the down-forces trying to eliminate, at
the same time, any points of recirculation and stagnation. Without affecting the physical consistency of the result, to
obtain an acceptable simulation time, the total number of cells was limited considerably; reducing particularly the
refining of the wall mesh.

The experimental apparatus, described in the next section, is the wind tunnel plant available to the Faculty of
Engineering of the University of Perugia. The code used for the numerical activities is CCM+ (V-8.04), of ©CD-
adapco.

The main characteristics of the car, including also the constraints imposed by the international federation, are
summarized in Table 1.
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Table 1. Formula-SAE car characteristics and regulatory constraints.

car weight 240 kg

V engine (77°) — Aprilia (sxv) 550 cm3 - 4T, 4V
bore x stroke 80x55 mm
compression ratio 12.5

max torque at 10900 RPM 65.9 N.m
max power at 13000 RPM 52 kW
intake maximum size (diameter) 20 mm
maximum allowed velocity 27.78 m/s
gear shift 5 speed
body carbon-fiber
cooling system liquid

2. Wind tunnel description and experimental setup
2.1 The wind tunnel of the University of Perugia

The facilities at the University of Perugia also include a Wind Tunnel in closed loop configuration (Figure 2, Figure
3a and 3b ). An impeller with 11 blades in carbon warped shell, can accelerate the air to a maximum speed of 200
km/h. In each curve there are fixed blades to enhance the air flow pattern. The impeller is driven by a 375 kW electric
motor. Just prior to the test room (approximately 4 m2 of effective section), the turbulence of the flow is conditioned
and reduced by means of a honeycomb structure.

Fig. 2. Perugia Wind Tunnel facility.
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Fig. 3. (a) Wind Tunnel front view (all dimensions are in mm); (b) Wind Tunnel top view.

The flow is further accelerated by a converging duct into the testing room. Both the static and dynamic air
conditions are monitored and correlated with the aerodynamic forces; two Pitot tubes monitor air speed that runs over
the tested body, while a control station positioned in the testing room provides data about static air pressure,
temperature and relative humidity. Aerodynamic forces are acquired by four biaxial load cells, mounted under the
frame that supports the vehicle. The supporting frame is structured on three levels: the base, fixed to the ground, the
top plate and the triangular structure that transfers forces. The top plate simulates the effect of the ground’s
aerodynamics. The signals are acquired by National Instruments cards, while the post processing is performed by a
software developed by the authors in ©LabView environment, evaluating, for each of the tested configurations, the
Cp-S value as a function of p,, Dr and V collected data.

The aerodynamic drag of a vehicle linearly depends on both its characteristics of shape and frontal section S,
according to the following equation:

2'DR (1)
p-V?

C,-S=

where Dg is the drag resistance [N], p is the air density [kg/m3] and V is the vehicle/wind speed [m/s].

The total drag coefficient Cp , of a sport car is determined by a multitude of parameters. Body drag (fore-body
drag, underbody drag, after-body drag, skin friction drag), internal drag (engine cooling systems), protuberance drag
(wheels drag, mirrors drag, suspension parts drag, etc.), and frontal area, affect the drag resistance. All the variables
mentioned above have a strong non-linear mutual influence. In general, since the acrodynamic drag is what is meant
to be minimized, the drag reduction can be carried out minimizing the product Cp-S.

2.2 Experimental setup and results

The vehicle nose used in this work was a full scale model (Figure 4a and 4b). The body was placed on the
aerodynamic scales respecting both its orientation and the height from the ground, which are scheduled on the vehicle
in running order. The wind tunnel test runs took about 75 seconds each, which included start up, data collection, and
ramp down (Figure 5). The test were divided into three steps:

e rising speed ramp (15 s);
e regime (50 s);
e decreasing speed ramp (10 s).
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Most of the tests were carried out at a regime speed value of 85 km/h for each examined configuration, repeating
the run at least two times. All quantities were acquired at a 1 kHz sampling rate, while the presented data (Figure 5)
were obtained by re-sampling them at 1 Hz. Tests of intuitive aerodynamic were also conducted through the use of
wool tufts (Figure 4). Five runs were carried out in order to characterize the FSAE nose, in the reference condition,
obtaining an averaged value of aecrodynamic drag of 3,402 kg (with a standard deviation evaluated on the five samples
0f 0,02 kg) and a Cp*S averaged value of 0,106 (with a standard deviation of 0.001 evaluated on the five samples).

Recent experimental studies, by the same group, has been developed on different motorcycles to evaluate the
influence of the speed on the aecrodynamic drag. Five different full scale road motorcycles were tested in the same
wind tunnel, focusing on the transient phase of rising wind speed [23].

Fig. 4. (a) The vehicle’s nose
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Fig. 4. (b) Characteristics measures of the nose (all dimensions are in mm).
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Fig. 5. Time histories of physical quantities monitored during a typical test in the wind tunnel.

3. The numerical setup

As discussed above, the present work concentrates on the measurement and on the numerical evaluation of the
drag coefficient (Cp). In particular, the activity is divided into two main parts, the first of which concerns the
experimental and numerical evaluation of the Cp. The availability of the experimental Cp value allowed the
optimization of the mesh and a suitable choice of the CFD/3D models adopted. The second part follows a numerical-
only approach and compares the results obtained from the simulation of the original car’s geometry, with those from
the simulation executed on the same car modified with some performance features. The basic terms of comparison
between the two simulated models were the Cp values and the consequent down-forces.

All the simulations are configured in steady state and with the incompressible model on. As proved by a great
amount of specialized literature [24, 25, 26], between the different tested models, the k- SST resulted in the best one
capturing the complex turbulent phenomena in terms of displacement from the experimental evidences.

The k-w model [24, 25], is one of the most used turbulence models. It is a two equation model, it includes two extra
transport equations that represent the turbulent properties of the flow. The two equations take into account both the
effect of the convection and the effect of the diffusion, associated to the turbulent energy. The first transported variable
is the turbulent kinetic energy, k, while the second one is the specific dissipation, w. While w determines the scale of
the turbulence, the first variable, K, determines the energy in the turbulence. The shear stress transport (SST)
formulation combines the better of the two previous variables. The use of a k-w formulation in the inner parts of the
boundary layer makes the model directly usable all the way down to the wall through the viscous sub-layer, hence it
can be used as a Low-Re turbulence model without adding any extra damping functions. This approach effectively
blends a K-Epsilon model in the far-field with a K-Omega model near the wall. Finally the SST k-o model is often
appreciated for its good behavior when you are both in adverse pressure gradients and in separating flow conditions;
a very common situation during the analysis of an external aero problem.
Table 2 shows the type and the values of the boundary conditions, in harmony with the experimental activity. The
control volume (CV), in which is contained the model to simulate, has the same dimensions of the test chamber

indicated in the previous experimental descriptions.
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Table 2. Boundary type and conditions.

inlet boundary type velocity
outlet boundary type relative static pressure
inlet velocity value 23.5m/s

relative static pressure value 0 Pa

test temperature 300 K

3.1. Boundary layer and mesh definition

In order to perform external aerodynamic analysis on a vehicle, three conditions must be met: the volume must be
sealed, no internal geometry must be present and no overlapping or intersecting surfaces should be present. These
iterative activities, together with a suitable volume mesh definition, are very time consuming steps. Concerning the
mesh definition, the main attention was focused on the boundary layer (b. 1.) definition; in particular, on the adoption
of a suitable b. 1. thickness, number of sub-layers and growing-law of the sub-layers, starting from the skin of the
shell.

The dimensionless, logarithmic, universal velocity distribution law (eq. 2), for turbulent flows, asserts that the
velocity, referred to the friction velocity u*, is a function of the dimensionless wall distance y*:

u 1 .
— = [In(y") =In(p)] @
u* k
The term y* is used as the index of the quality of the mesh near the walls and its formal definition is:
+ u*
y =7 3)
1%

where Yy is the normal distance from the wall to the wall-cell centroid, u* is the friction velocity and v is the
kinematic viscosity. In problems of external flows, such as the one presented here, the best practices employed for the
wall treatment, suggest for y* a value less or equal to 1. As shown in Figure 6, this choice has been implemented and
reached in almost all the model.
For a full boundary layer development, an accurate wall treatment was adopted using a boundary layer with a thickness
equal to 10mm, subdivided into 60 sub-layers, distributed starting from the shell, with a geometric progression with a
common ratio 1.05. With these characteristics, the resulting dimension of the wall-layer is equal to 2.73 *10-°m. Figure
7 shows the model and its control volume, discretized with a polyhedral mesh. Exploiting the condition of symmetry
of the model the number of volumetric cells resulted of about 12 million; at the right top corner of the figure 4 it is
shown a zoom of the mesh near the wall; the mesh is obtained using the CCM+ Advanced Layer Mesh model. This
very specialized mesher allows a gradual transition from the boundary layer zone to the core of the main flux. As
shown in Figure 8§, this wall treatment allowed a complete development of the boundary layer. For a better readability,
Figure 9 replicates with a zoom a part of the red window evidenced in Figure 8. Table 3 summarizes the main
characteristics of the mesh previously described.
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Fig. 6. Dimensionless distance (y+) on the model profile.

Fig. 7. Zooming of the mesh in the boundary layer.

Velocity (m/s)
12 18, 24, 30.

Fig. 8. Scalar velocity field on the nose.
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Fig. 9. Zooming of the mesh boundary layer.

Table 3. Mesh features

general mesh type polyhedral

boundary layer mesh type advanced layer mesh
volumetric cells 12 million

boundary layer thickness 10mm

number of sub-layers 60

geometric progression common ratio 1.05

wall-layer thickness 2.73x10° m

4. Code validation: experimental vS numerical results.

Some works of external aerodynamics were developed putting in synergy the experimental and numerical
approaches [15, 18, 21, 27, 28]; one of the shared aim is the code validation, passing through a preliminary analysis
of the mesh as one of the more important setup activities to ensure the numerical success. Both, the mesh development
and the optimal model’s setup are highly interdependent tasks that are decisive in determining the results of a CFD/3D
simulation. To this end, the measured drag coefficient (Cp), was used as the global comparative parameter. As reported
in the previous paragraph 2.2, this coefficient resulted equal to 0.43 against a value of 0.46, obtained from the

simulation, with a consequent error equal to 6%.

Incidentally, it should be noted that the prototype, used for the experimental activity, is made of polished wood.
This choice was for two reasons: the first is trivial and is related to the unavailability of the original model, transported
to another location, for assembly reasons, the second for reasons of structural strength and fixing of the model to the

wind-tunnel platform.

Figure 10 shows a zoom evidencing the velocity field around the stagnation point of the model.
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Fig. 10. Zooming the nose scalar velocity field.

5. CFD Analysis: RB11.1_A versus RB11.1 B model
5.1. General characteristics

The model RB11.1_A (henceforth named A), as shown in Figure 1, is the first prototype model without the
improvements subsequently realized and evaluated in the RB11.1_B model (henceforth named B), in order to reduce
the drag and increase the down-forces. The enhancements applied in the model B consist in the implementation of a
front wing, in removing the excess surface of the headrest, in the introduction of rear extractors and in the introduction
of the rear hood. The couples of figures (a) and (b) from 11 to 18, highlight the improvements, described below,
achieved with the previous changes. The series of figures (a) concern model A while series (b) shows results obtained
from model B. Figures 11 show the polyhedral mesh of the two models. To contain the computational time, these
meshes are defined coarser than that of the previous nose’s model. If carried out for comparative analysis, as is in the
present case, this choice does not affect the quality of results. The meshes are characterized by approximately 4 million
volumetric cells, a boundary layer with a thickness equal to 4.9mm, subdivided with 4 sub-layers distributed starting
from the shell, with a geometric progression with a common ratio 1.5 and a consequent wall-layer equal to 0.6mm.

Fig. 11. Polyhedral volume meshes: model A, model B.
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5.2. Results and comparative analysis

The first improvement, obtained removing the excess surface of the headrest, is labeled with X in Figure 12 (a).
This change, obviously, directly influences the drag coefficient, interacting perpendicularly with the air flow. The
ground effect generated by the front wing is well evident in Figure 13; it is shown in terms of total pressure exerted
on the shell surface, whose growing produces a correspondent increase of the down-force. increasing the stability of
the car, especially in the parts less fast of the circuits. A further attribute that enhances the ground effect is constituted
by the rear air extractors, whose effect is shown in Figure 14; they concur to the generation of the desired ‘Venturi’
geometry with a positive effect on the down-force, due to a reduction in total pressure in case B compared to A. Figure
15 shows another beneficial effect coming from the adoption of the front wing whose cross sections are visible in a
transparent way. As a matter of fact, the wings that divert the flow of air towards the top of the shell, increase the
down-force on the vehicle. In addition, it is also clear an appreciable reduction in drag due to the shield carried by the

wings on the front wheels.

A

B

Total Pressure (Pa)

-1200.0 -840.0  -480.0

-120.0 240.0 600.0

Fig. 12. Headrest modification.

A

Total Pressure (Pa)

-1200.0 _ -840.0  -480.0

-120.0 240.0

Fig. 13. Effect of the adoption of the front wing.
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Fig. 14. Effect of the adoption of the extractor.

Total Pressure (Pa)
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Fig. 15. Effect of the front wing on the front wheel.

The stream lines technique is another way to appreciate the benefits obtained with the changes made to the original
model A. Stream lines allow to appreciate the quality of the flux; Figures 16 and 17 show, respectively, the effects of
the rear hood and of the underbody, while Figure 18 offers an overall view of the improvements obtained with the
model B. A more regular flux is a clear evidence; in some areas it is evident the disappearance of recirculation and
stagnation points.

Fig. 16. Stream lines before and after the adoption of the rear hood.
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Fig. 18. Stream lines before and after the adoption of the front wing.
5.3. Analysis of the aerodynamic forces and weight distribution
It follows some quantitative analysis based on the comparison between model A and B; in particular the evaluations

were made both on the entire car - where the values, in terms of total drag, are equal to 352 N (model A) and 301 N
(model B) - and on some significant components in terms of down-force and drag.

- 12260 1376 N o 1499,2N 12741

Fig. 19. down-forces evaluation on the original (a) and on the modified (b) vehicle.

Figure 19 shows the sketches of profiles A and B with the down-forces acting on the front and rear wheels. Figure
20 is an alternative and more accurate way of interpreting these results; in fact, for each component of model B, not
present in A, and for the components of A modified in B, it has been evaluated a quantity named improvement, defined
as follows:

_FR-F,

7

I -100 “4)
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Where F} and F§ represent the value of the forces acting on the component i of model A and B respectively;
accordingly, positive values express an increase while the negatives a decrease of the force acting on model B
compared to A. Generally, there is a remarkable improvement in all the components. Incidentally, as easy to
understand, it is noted that the increase of the drag force in the nose is due to the introduction of the front wing; in
fact, in model B, the nose label means the set consisting of the original nose and front wing.
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Fig. 20. Percent improvement of the forces on the model B in relation to the model A.

6. Conclusions and future activities

In the present work, an experimental and numerical analysis of the Formula-SAE race car of the University of
Perugia, has been presented. In the second part of the work, the numerical comparative analysis, between model A
and B, has shown an interesting global enhancement, evidencing the contribution that each new component and each
change has brought in terms of down-force and drag.

With regard to future activities, in view of the participation to the next 2014 Formula-SAE meeting - that will be
held in Spain - the technical team will be involved in the development of various improvement activities. Concerning
the external aerodynamics activities, the main task will be the experimental and numerical evaluation of the forces
acting on the full car in model B setting. In particular, for the numerical modeling activity, it will be important to
investigate the optimization of the number of the sub-layers; in fact, in the present work the oversizing of the number
of the layers defined near to the shell’s skin is evident.
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