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Abstract. The objective of this work is to develop a cooling analysis of the front brake disc of a formula SAE vehicle,
comparing the behavior of different aerodynamic configurations, through the CFD method. The study of different disc
cooling alternatives using CFD reduces prototyping costs, allows design changes more flexibly and reduces project
development time, which is very beneficial for SAE projects. The methodology used was to compare four different
aerodynamic configurations, one of the car without aerodynamic accessories, one with airfoils, another with a duct that
takes air to the brake disc and finally one containing airfoils and the duct that takes air to the disc. Through wind tunnel
simulations using ANSYS Fluent, for each aerodynamic configuration, the convection coefficient in the brake disc was
obtained. Then, with the results of the transient thermal simulation, it was possible to compare the cooling time and
evaluate the performance of each aerodynamic configuration. Concludes that the use of airfoils is more efficient in
cooling compared to the configuration without aerodynamic accessories and the aerodynamic configuration that uses
the duct that takes air to the disc is the one that promotes the greatest airflow in the inner region of the wheel, therefore
it is the one that promotes more efficient cooling.
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1. INTRODUCTION

A vehicle's brake system has the role of controlling its speed or keeping it stationary, which makes it possible to brake
the vehicle before there is a possible collision, that is, its role is essential for safety. Keeping the temperature controlled
in a brake system is essential for its proper functioning, as very high temperatures cause problems such as the formation
of bubbles in the brake fluid, loss of friction, noise generation, irregular wear of the disc and pads, reduced component
life, geometric deformation and thermal cracks (Breuer and Bill, 2004). Which in some cases leads to total system failure,
making it impossible to brake the vehicle. Thus, the thermal study is necessary for a complete brake design.

The analysis using numerical methods brings advantages such as the possibility of solutions approximate for complex
problems, which is not always possible in an analytical solution, which brings exact solutions, but limited to low
complexity problems (Pandey, 2013). Furthermore, numerical methods were incorporated into computer simulations,
optimizing the calculation process.

CFD (Computational Fluid Dynamics) is a type of numerical method that involves the study of fluid mechanics and
heat and mass transfer problems, based on computer simulations. The use of this type of simulation reduces prototype
development costs, allows changes to project more flexibly and reduces project development time. In addition, reliability
of renowned commercial simulation program algorithms, such as ANSY'S, is usually certified and validated through case
studies that have results obtained analytically.

The general objective of this work is to develop a thermal analysis of the front brake disc of a formula SAE type
vehicle, through the CFD method, in order to compare different acrodynamic configurations, for brake system cooling.
Also, analyze the thermal performance of the brake disc, evaluate the fluid behavior and compare the cooling results
obtained for each proposed aerodynamic configuration.
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2. HEAT EXCHANGE IN THE BRAKE SYSTEM

According to Limpert (1999), the brakes must be designed so that the operating temperature is kept below a level that
ensures the safe operation of system components. Furthermore, Milliken (1995) describes that the brake disc and the
caliper must be adequately ventilated, with the air being directed to the center of the disc and, in case of problems with
high temperature of the brake fluid, jets of air should be directed to the caliper.

Cooling air must be brought in from a high-pressure zone, for example from a geometry that precedes the brake
system, such as a front airfoil. Some duct can also be used to carry this air, and to be effective, it must have a diameter of
at least 76.2 mm, unless the duct is very short (Milliken, 1995).

According to Taborek (1957), the heat exchange in a brake system is done through conduction of the components
from the friction surfaces (disc and pad), for the parts to which they are connected; radiation, that it reaches every brake
system, however it depends on the absolute temperature; convection, which is responsible by the largest portion of heat
exchange, and is influenced by the size and shape of the contact surface and by the velocity and turbulence of the air.

The heat generated in the disc brake at the friction contact interface is directly dependent on the work performed to
stop the vehicle as defined by the local interface pressure, slip speed, friction contact and friction coefficient. These factors
decide the type of distribution of pressure at the interface. However, during dynamic braking applications, the interface
pressure is not uniform and changes with time, which causes a combination of mechanical distortions, thermal distortions
and wear at the interface (Afzal and Mujeebu, 2018).

Limpert (1999) describes that the braking energy (Ey) in a vehicle, from the start of braking until its stop, considering
that all rotating components are expressed in relation to the wheel rotation, is given by:

__ kmv?

Ey = (1)
Where k is the correction factor for rotating masses, given by:

1
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Where R is the radius of the tire [m]; m the vehicle mass [kg]; I the moment of inertia for rotating parts [kg.m?] and
V the speed at the beginning of braking [m/s].

Gillispie (1992), considers that it can be assumed that the forces acting during the braking of a vehicle are constant,
so we have that the stopping time of the car (ts), will be the ratio between the speed at the start of braking (V) and
acceleration (a):

=1 3)

The braking power (Pp) is calculated by the ratio between the braking energy Eq. (1) and Eq. (2), and the time of
braking Eq. (3). So, the power can be calculated by (Limpert, 1999):

P, =" “@

Through the calculated power Eq. (4), the heat flux (q,”) generated on the friction surface of the disc:

6" =72 5)
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Where A is the friction surface area.

This braking power, calculated by Eq. (4), is the total power needed to stop the vehicle completely, and this power is
not distributed equally throughout the entire brake system of the car. So, due to load transfer during braking, the front
brakes are more required than the rear ones, that is, by Eq. (5) it is noted that the front brake will have greater heat input
and consequently a higher temperature than the rear (Limpert, 1999).

For the calculation of the convection coefficient, for a solid disc we have (Limpert, 1999):

0.7 (ka/d ) Re®SS, Re < 2.4 x 10°
h — out (6)
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Where k, is the thermal conductivity of air, 0.0267 W/m.K; dou the outer diameter of the disc [m] and Re Reynolds
number, which is given by:

Vpadout
Re = YPadout
R (7)

Where V is the car speed [m/s]; pa is the air density, 1165 kg / m* and p, the air viscosity, 1.8x10 Pa.s.
Equations (6 and 7) were obtained by experimental data collected in a brake disc system of a light truck (Limpert,
1999).

3. METHODOLOGY
3.1 Analyzed geometries and mesh
The analyzed geometry has 4 different aerodynamic configurations, one of the car without aerodynamic accessories,

one with only airfoils, another with only a duct that takes air to the front brake disc and a geometry containing airfoils
and the duct takes air to the disc (Figure 1).

Figure 1. Formula vehicle geometry with airfoils and duct that takes air to the brake disc.

The brake disc geometry is the same for the 4 types of configurations and has 220 mm of outer diameter. In addition,
the duct highlighted in Figure 1 that brings air to the front brake disc, is designed with a diameter of 80 mm, given the
minimum diameter of 76.2 mm recommended by Milliken (1995), and it is located so that its air outlet nozzle is aligned
with the center of the disc and points towards the front region of the inner part of the wheel.

In order to facilitate the mesh creation process, reduce the computational demand, some parts of the car's geometry
were not included, such as suspension arms, wing supports and suspension springs. Other parts like the rear wheel, pilot
and axle sleeve were designed in a simplified way. Furthermore, as this is a symmetric problem, it will be simplified using
only half of the car.

To measure the quality of the tetrahedral mesh, skewness was evaluated, which determines how much near ideal an
element or element face is. Using the average and maximum skewness data, meshes were created with average skewness
below 0.25 which, according to Ansys (2019), are values excellent, in addition to keeping the maximum skewness within
an acceptable value.

3.2 Turbulence models

Turbulence models have the function of simulating the effect of turbulence on fluid behavior, while leaving the details
of the turbulent structure in the background; determine a set of universal constants, which will be applied to the widest
possible range of problems; build one curve fitting procedure to achieve the desired result (Abbott and Basco, 1989). The
main models are:

The Spalart-Allmaras model, which is a relatively simple model, having only one equation that solves the transport
equation for turbulent viscosity kinematics. It is also a low Reynolds number model, requiring the region affected by the
boundary layer viscosity be properly resolved (Askari et al., 2011).

The k-¢ model is the most used in the CFD industry, as it presents characteristics such as robustness, computational
economy and good results for a wide range of problems, which makes it popular in the industry in general (Belhocine and
Omar, 2018).
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The k-® model does not have the same computational economy as the k-¢, but it has robustness and best results for
problems with adverse pressure gradients and boundary layer separation.

SST is a calibrated model to accurately predict fluid separation from smooth surfaces and, is one of the most used
models in simulations where acrodynamic data such as gradients of pressure and velocity profiles are desired (Igali et al.,
2019).

Thus, for the turbulence model, the k- realizable model was selected, as it is widely used in industry, have lower
computational cost compared to the SST model and have good results for this type of simulation. As evidenced by Vidiya
and Singh (2017) in his work, that performing a thermal analysis of a FSAE vehicle brake disc and comparing with
experimental results.

3.3 Boundary conditions

Boundary conditions were defined for the control volume, shown in Figure 2, according to Guerrero and Castilla
(2020). This figure has the following definitions:

* Inlet - indicates the speed at which the car travels immersed in the working fluid (air), the selected speed was 48
km/h, as it is the average speed developed in the race that most demands of the vehicle in FSAE competition according
to SAE (2019);

« outlet - where the relative pressure is zero, as the pressure outside the control volume is equal the pressure within
the control volume (atmospheric pressure);

* walls - are areas where the air does not pass through, with slip condition;

» symmetry - face where the total geometry was halved for simplification;

* brake disc - located in the inner region of the wheel, having a rotation speed of 53.83 rad/s, like the wheel.

Figure 2. Control volume and its boundary conditions.

Due to air turbulence the ends of the control volume must be at a certain distance from the car. Distances were selected
according to Guerrero and Castilla (2020), with an additional distance on the side and top walls. Thus, the distances are
5 times the length of the car, from front to air inlet, 8 times its length, from rear to outlet, 5 times the height of the car
from its highest point to the top wall and 5 times the width from the side of the car to the side wall. Based on these
recommendations, Figure 3 was elaborated for this study.

f 8L T 5L

Figure 3. Measures used in the control volume.
3.4 Transient thermal simulation
The brake disc thermal transient problem has two main boundary conditions, the input of heat generated during

braking by friction between the disc and the pad and the heat transfer caused by convection on the free surfaces of the
disc (Belhocine and Bouchetara, 2011).
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The thermal boundary condition is mainly given by heat transfer by convection and radiation. Since the heat transfer
by radiation in the sudden braking process is not very important, and accurate calculation of radiation is complex, so the
influence of thermal radiation is disregarded (Jian and Shui, 2017).

For this work, the time after the heat was generated by friction was considered, thus, after performing the wind tunnel
simulation in Fluent, the convection coefficient values generated by each aerodynamic configuration were obtained, then,
this value of convection coefficient, together with the temperature of the brake disc after braking, are the input values for
the thermal transient simulation of the disc.

According to Belhocine and Bouchetara (2011), the heat generated by friction causes the brake disc temperatures,
after braking, range from 300°C to 800°C. In a SAE formula type vehicle this temperature ranges from 300°C to 550°C
during the endurance race, as evidenced by Vidiya and Singh (2017).

The analyzed disc is made of AISI 1045 steel, which has a density of 7850 kg/m?, thermal conductivity of 49.8 W/mK
and specific heat of 486 J/kg.K. Furthermore, the analysis was performed over 25 seconds with an initial temperature of
550°C and the convection coefficient obtained on the simulation before.

4. RESULTS

Using the calculation described by Limpert (1999) Eq. (6 and 7), considering a solid disc with an external diameter of
220 mm and car speed of 13.33 m/s, we have that the convection coefficient is equal to 66.94 W/m?K. While for the
simulation performed in Fluent, the convection coefficient in the disc generated by air at 25°C, with the car at 13.33 m/s

is shown in Table 1:

Table 1. Simulation data for each aerodynamic configuration.

Car without aerodynamic accessories

Mesh | Number of Average | Iterations to Drag Diff (%) | Convection Average
elements skewness | converge coefficient coefficient [Wm"-2 K*-1]
(RMS < 1x107-3) [W m"-2 KA-1]
1 2097406 0.214 1066 39.668 52.780 53.506
2 2713530 0.213 941 38.967 1.767 54.235 Star}dgrd
deviation
3 3252913 0.213 820 39.416 1.152 53.042
4 3868081 0.212 872 39.383 0.084 53.968 0.704
Car with airfoil only
Mesh | Number of Average | Iterations to Drag Diff (%) | Convection Average
elements skewness | converge coefficient coefficient [Wm"-2 K*-1]
(RMS < 1x10"-3) [Wm"-2 KA-1]
1 5972610 0.214 796 64.321 68.608 68.646
2 6685735 0.213 860 62.561 2.736 70.587 Standard
deviation
3 7141993 0.213 836 64.319 2.810 67.430
4 7781555 0.213 840 62.866 2.259 67.958 1.381
Car with air duct only
Mesh | Number of Average | Iterations to Drag Diff (%) | Convection Average
elements skewness | converge coefficient coefficient [W m"-2 KA-1]
(RMS < 1x107-3) [Wm"-2 KA-1]
1 3770116 0.213 852 40.318 89.142 88.270
2 4397927 0.220 984 40.542 0.556 87.613 Standard
deviation
3 4911594 0.220 836 41.562 2.516 87.953
4 5492930 0.212 952 40.888 1.622 88.373 0.659
Car with airfoil and air duct
Mesh | Number of Average | Iterations to Drag Diff (%) | Convection Average
elements skewness | converge coefficient coefficient [W m"-2 KA-1]
(RMS < 1x107-3) [W m"-2 KA-1]
1 7053255 0.213 718 63.787 85.058 85.082
2 7657587 0.213 864 63.186 0.942 85.239 Standard
deviation
3 7963165 0.213 730 63.194 0.013 85.498
4 8213176 0.213 786 63.950 1.196 85.015 0.106
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From Table 1, it is observed that, for the simplest geometry (without aecrodynamic accessories) it was possible to obtain
a difference of 0.084% between the drag coefficient of the last two meshes, as for the more complex geometries (with
some type of acrodynamic accessory), it was not possible to obtain a difference close to this value, as there was an increase
in the complexity of the mesh, which generates a higher computationall cost for the simulation, so due to computational
limitations, the number of mesh elements was limited. Even with this limitation, for the other 3 geometries, it was possible
to obtain a difference of less than 2.3 % between the drag coefficient results of the last two meshes. As for the convection
coefficient, which is the variable of interest, a minimum standard deviation of 0.11 and a maximum of 1.38, was obtained
between the studied meshes.

Table 1 shows that the result of the convection coefficient obtained by calculating Eq. (6) was closer to the coefficient
of the car with airfoils and without the air duct, with a difference of 3%. As Eq. (6) was obtained with experimental data
from a light truck for a solid brake disc, differences are expected, mainly in relation to the aerodynamic configurations
that use the air duct, since it has the objective of forcing the circulation of air around the disc.

The greater the air flow promoted in the region of the brake disc, the greater the convection generated, therefore, the
aerodynamic configuration that has the lowest convection coefficient value is the one that does not have aerodynamic
accessories, with a convection coefficient of 53.51 W/m?.K (Table 1), as it has no means of forcing air circulation in the
inner region of the wheel. While the configuration which has the highest convection coefficient is the one containing the
air duct, as it takes air directly to the brake disc, obtaining a value of 88.27 W/m2.K for the car with only the duct and
85.08 W/m? K for car with duct and airfoils.

This difference between the air flow promoted by the car with and without a duct can also be noticed by the velocity
vectors shown in Figure 4:
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Figure 4. Comparison between airflow of geometries with and without the duct.

It is also interesting to note that the configuration with airfoil and without duct promoted a greater airflow than the
airfoil and without duct configuration, with a difference of 15.14 W/m?.K, due to characteristic of the airfoil to generate
vortices by altering the airflow through the car.

In addition, the configuration with airfoil and duct achieved a 3.5% convection coefficient smaller than the
configuration only with duct, as the airfoil generated an air deceleration in the region that precedes the air duct, as shown
in Figure 5:
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Figure 5. Comparison between airflow entering the duct with and without airfoil.
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With the convection values in Table 1, the cooling curve of the brake disc over 25 seconds was obtained through
thermal transient simulation. The simulation was done with a mesh of 134958 hexahedral elements, 25 steps of 1s and 13
substeps, for each of the 4 aerodynamic configurations, shown in table 2:

Table 2. Transient simulation data for each aerodynamic configuration.

Car w1thoqt o e Car with air duct | Car with airfoil and air
aerodynamic Car with airfoil only
. only duct
accessories
Convection coefficient 53.506 68.646 88.270 85.082
Initial temperature (C°) 550 550 550 550
Final temperature (C°) 460.443 437.467 410.532 414.765

The Table 2 and Figure 6 shows the difference between the average disc temperature of each aerodynamic
configuration, in which it is noted that the difference between the temperatures of the configuration of the car with only
the air duct (final temperature of 411°C) and with airfoils and air duct (final temperature of 415°C) is only 4 degrees after
25 seconds. While for the car without aecrodynamic accessories (final temperature of 460°C), after 25 seconds, there is a

difference of 23 degrees in relation to the car with airfoils (final temperature of 437°C) and 49 degrees in relation to the
one with the air duct.

550
@ Car without aerodynamic acessories (Author)

g
o 900 Car with airfoils (Author)
3
g ® Car with airfoils and air duct (Author)
Q.
5
[ ® Car with air duct (Author
g 450 [ \ ( )
o Vidiya and Singh data (Vidiya and Singh, 2017)

400

0 25
Time (s)

Figure 6. Comparison between average disc temperature for each aerodynamic configuration and Vidiya and Singh
(2017) data.

The data found by Vidiya and Singh (2017), is a graph of the brake disc temperature variation over 8 laps of the
endurance track of the formula SAE competition, and his data in Figure 6 is the part of the graph plotted by Vidiya and
Singh (2017) after a 550°C peak and before another temperature peak.

The study carried out by Vidiya and Singh (2017) was also carried out on a formula SAE car that uses airfoils, which
makes the comparison in Figure 6 interesting, as similar values are expected. At the main differences found are in relation
to the type of chart, while data from Vidiya and Singh (2017) were collected for the speed variations along the endurance
track, the author data are in relation to the average speed on the endurance track, but the drop in temperature over the time
studied remained similar.

The temperature distribution along the disc for the car with airfoils and air duct is displayed in Figure 7, the highest
temperatures being located near the center of the disc and the temperatures located on the outer region of the disc. For
other aerodynamic configurations the regions of high and low temperature remained similar.
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Figure 7. Temperature distribution on the brake disc for the car with airfoil and air duct.
5. CONCLUSION

The use of the air duct proved to be really effective in bringing air to the disc, promoting a greater decrease in the
temperature of the brake disc, with values of up to 50 °C lower compared to a car without aerodynamic accessories.
Furthermore, the use of airfoils also proved to be more efficient in cooling compared to the configuration without
aerodynamic accessories, with a difference of 23 °C after 25 seconds.

The combination using the duct with airfoils generated a slight drop in airflow in the disc region compared to the use
of the duct alone, which, despite not having resulted in significant differences, indicates that there is a need to optimize
the use of these accessories together. So that the air duct inlet does not coincide with the low pressure zone, but with the
high pressure generated by the front airfoil. Another complementary study would be in relation to the change in the drag
of the car generated by the use of the air duct.

In conclusion, for application in the SAE formula project, the use of an air duct increases the life of the brake system
components, resulting in greater safety for the vehicle and preventing failures in the brake system during the endurance
race, which is essential for the FSAE competition.
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