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Abstract: The operating conditions during the braking process in an automobile affect the tribological
contact between the pad and disc brake, thus, influencing the times and distances of braking and, in
a more significant way, the safety of the braking process. This mathematical work aimed to provide a
general visualization of the disc brake’s mechanical, dynamic, and thermal behavior under different
operating conditions through 2D maps of the power dissipated, braking time, and braking distance of
a disc brake with a ventilation blade N- 38 type. However, the dissipated energy on the disc brake in
terms of temperature was analyzed considering Newton’s cooling law and mathematical calculations
through classical theories of the dynamic and mechanical behavior of the disc brakes. For this
purpose, the Response Surface Methodology (RSM) and Distance Weighted Least Squares (DWLS)
fitting model considered different operating conditions of the disc brake. The results demonstrate
that the disc brakes can be used effectively in severe operational requirements with a speed of
100 km/h and an ambient temperature of 27 ◦C, without affecting the occupant’s safety or the
braking system and the pad. For the different conditions evaluated, the instantaneous temperature
reaches values of 182.48 and 82.94 ◦C, where the high value was found for a total deceleration to
100 km/h to 0, which represent a total braking distance of around 44.20 to 114.96 m depending on the
inclination angle (θ). Furthermore, the energy dissipation in the disc brakes depends strongly on the
disc, blades and pad geometry, the type of material, parameters, and the vehicle operating conditions,
as can be verified with mathematical calculation to validate the contribution of the effectiveness of
the braking process during its real operation.

Keywords: maps; wear; friction; gray cast iron; temperature

1. Introduction

Disc brakes are fundamental elements to maintain maneuverability and, above all,
safety in any vehicle, whether rotary or linear and that of its occupants. Braking systems
work by taking advantage of friction to slow down the moving vehicle through mechanical
contact between two surfaces (pad and disc brake). Depending on the application, there
are currently different brake types, which are drum, band, disc, and conical. In particular,
for the automotive sector, the most common is the disc auto-ventilated type at the front
part and the drum type at the rear part [1,2]. Disc brakes differ from other types in that the
applied force is normal to the disc herd and not radial, as in drum and band brakes, the
friction moment does not help the actuation moment (self-energizing effect), as occurs in
drum and band brakes. This behavior allows slight changes in the friction coefficient not to
affect the braking force required to stop the car [3,4].

During the braking process, different factors are involved in the effectiveness of this
process, resulting in an interest in knowing the influence of parameters/factors such as
deceleration, kinetic energy, execution force, braking force, vehicle weight, surface in
contact, the friction coefficient, adhesion coefficient, vehicle aerodynamics, maximum
braking force, road incline, distance, and braking time, mainly by applying mathematical
calculations or simulation [5–7].
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To provide a broader perspective on the behavior of the disc brakes, García-León [8]
selected three classes of commonly used disc brakes to perform mathematical calculations
and simulations for evaluating the behavior of each disc geometry. The results showed
that the discs with a superficial temperature higher than 80 ◦C could dissipate the heat
in 40–60 min through natural convection and airspeed air in the surroundings equal to
zero. Likewise, García and Flórez [9] studied the dynamics and kinetics of the brake
system, outset with the mathematical calculation of the pedal to simulate the behavior
through Finite Element Analysis (FEA) with the aid of the Solidworks simulation software.
The results of their simulations showed that the geometry of the ventilation blades is
an essential point for the design of disc brakes. García and Flórez [10] analyzed, under
different theories of heat transfer, the evacuation of the heat to the surroundings (air)
for three different disc brakes. The results show that by using CFD in the Solidworks
simulation software, the distribution of heat transfers by convection in a disc rotating at
high temperature through a horizontal airflow duct was studied, obtaining the behavior
of the speed and temperature inside the ventilation blades, along with the geometry
of the three-disc brakes. Baron et al. [11] investigated different disc brakes to evaluate
the efficiency and performance using the Finite Element Method (FEM) under extreme
operating conditions. The results indicate that the disc-assessed brakes can be used in
severe conditions, consistently providing high safety levels under FEM or FEA simulations.
Riva et al. [12] developed mechanical modeling approaches to know the wear and emission
dependence considering the contact pressure and sliding speed during motion and found
good results from the measured variables.

On the other hand, García-León et al. [13] proposed a new geometric arrangement
to improve airflow in a common vehicular disc brake, considering the ventilation blades
based on NACA 66-209 type aerodynamic profiles; this purpose was used particle image
velocimetry (PIV) technique. The results indicate that a configuration of 20 blades improves
heat dissipation [14,15]. A similar study proposes a new geometric arrangement to enhance
the airflow in a vehicular disc brake, considering the ventilation pillars based on N-38 type
aerodynamic profiles. It was evidenced that as the speed of the vehicle increases, the suction
force is greater; that is, the test length is shorter for each one. Moreover, for a higher speed, the
airflow counteracts the amount of heat generated at the moment of braking, as there is more
energy to reduce [16]. García-León et al. [17] evaluated five different geometries of disc brake
to design a new disc with improved heat transfer properties using N-38 type blades. With
these blades, the temperature dissipation was around 23.8%, related to the others studied
through CFD analysis using ANSYS. The results indicated that the heat dissipation depends
on the geometry of the disc and the blades, the material from which it is manufactured, the
pad’s material, the weight of the vehicle, and the operating conditions.

Different authors have developed maps to evaluate different operating conditions
on disc brakes. Wahlström et al. [18] reported contact pressures and sliding speed maps
of the friction wear and debris promoted as a product of mechanical contact. The results
indicated that 2D maps are a useful tool for understanding the material’s behavior under
different experimental conditions. Candeo et al. [19] developed frictional maps of material
without Cu to evaluate the performance of the disc brake considering the maximum disc
temperature and deceleration. The results indicate that decelerations increased strongly
with the contact pressure and decreased slightly when the sliding speed increased.

The present study aims to provide a general visualization of the mechanical, dynamic,
and thermal behavior on the performance of a disc brake with N-38 type blades. This is
because, in the open literature, no studies have recently developed 2D maps using the RSM
and DWSL fitting model considering different operating conditions of a disc brake. For
this purpose, mechanic, dynamic and thermal laws in a mathematical way were taking
into account in this study.
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2. Materials and Methods

The disc brake is the element attached to the wheel hub rotating simultaneously
with the vehicle’s speed, forming the mobile element of the braking system. Against
the surface or friction area of the disc brake, the pads interact with is performed to the
vehicle is stopped thanks to the continuous friction that is established between the pads
and the disc. Notice that during this process, the transformation of kinetic energy into
thermal energy is generated, which in many cases produces an increased temperature in the
braking system [20–22]. The use of self-ventilated disc brakes (with ventilation channels) is
widespread today for all four vehicle wheels. Figure 1a shows a 3D view and parts of a
common ventilated disc brake.
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type ventilation blades. Source: [17,23].

The mechanical, physical, and thermal properties of nodular gray cast iron of laminar
graphite (main material used to manufacturing disc brakes) are summarized in Table 1,
obtained from different references to develop mathematical calculations. For the case of
properties with range values, the maximum value was considered to estimate the severe
operational condition of the disc brake.
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Table 1. Main mechanical, physical, and thermal properties of nodular gray cast iron.

Property Symbol Value

Brinell hardness / 170–250 HB
Young modulus E 130-140 GPa
Shear strength G 151 MPa

Impact resistance J 2.0 J/mm2

Friction coefficient µ 0.30–0.50 (Dimensionless)
Thermal conductivity k 41–57 W/m × K

Thermic dilatation coefficient /
10.5 µm/m between 0 and 100
◦C13 µm/m between 0 and

500 ◦C
Melting point P 1130 ◦C–1250 ◦C
Specific heat Cp 434–460 J/Kg ◦C

Volumetric mass density ρ 7250–8131 Kg/m3

Thermal diffusivity α 11.60 × 106m2/s
Thermal transmission

coefficient U 32 J
m2×s×◦C

Source: [24–28].

2.1. Disc Brake Geometry

The N-38 type ventilation blade geometry improves heat dissipation during the
braking process is proposed after analyzing the previous results in other studies. According
to [13], an increase in the number of blades on the disc brake geometry with the block
effect design does not promote low speed and provides better performance on the heat
dissipation. Figure 1 shows the disc brake used: (a) 3D view, (b) transparent view, and
(c) blade geometry. The disc brake analyzed had the following considerations: DExternal =
0.350 m, DInner = 0.200 m, DBell = 0.080 m, and NBlade = 12, for a rim designation 275/30/R-
19. On the other hand, the contact area between the disc brake and pad is calculated with
the following expression Acontact = 2 × π×

(
r2

ext − r2
int
)
, where a value of 0.5183 m2 was

obtained considering the assumptions from Figure 1 (rext = 0.350 m and rint = 0.200 m) for
the overall mathematical calculations developed to the dynamic maps obtained.

2.2. Mathematical Equations Applied to Disc Brakes

The braking force is the driver’s pressure on the brake pedal to execute the braking
process. Depending on the force applied to the pedal, the higher efficiency of the process is
obtained. On the other hand, the conditions of mathematical calculations are considered
suitable concerning experimental and numerical calculations [17,29]. The mathematical
analysis of the brake system is associated with braking force, resistance coefficient, rolling
coefficient, deceleration, pedal force, peripheral speed, dissipated energy, braking decel-
eration, and dissipated power that aid to obtain the thermal calculations such as rise in
temperature, surface temperature, and instantaneous temperature applying Newton’s
cooling law. Therefore, considering the above mathematical calculations, dynamic math-
ematical equations had a place in analyzing the in-depth way the performance of the
braking process in terms of braking time and braking distance under different operating
conditions in everyday life, thus obtain the 2D maps with DWSL fitting model. Notice that
the calculations are related to particles in motion, and in this way, the operating conditions
of the brake system can be obtained mathematically.

All equations were obtained from [1,17,30] from different bibliographic sources. The
disc brake characteristics considered in this study depend on the vehicle and disc brake
capacity with the geometry detailed in Figure 1. Thus, a disc brake of 4.5 kg for a vehicle
mass of 2000 kg was analyzed to provide a general visualization of the physical, mechanical,
and thermal behavior of the disc brakes under different operating conditions. Notice that a
sliding speed of 100 km/h (27.77 m/s) and 27 ◦C of environmental temperature were taken
into account for mathematical calculations. However, Table 2 summarized the different
speeds in km/h considered to develop the mathematical calculations for the braking
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distance and braking time with the aim to simplify understanding of the mechanical,
dynamic, and thermal calculations in the following section.

Table 2. Sliding speeds assumed for mathematical calculations.

Braking Distance Braking Time

V1 V2 ∆V V1 V2 V1 V2

(Km/h) (Km/h)

100 to

80 20

100 to

80 100

to 0

70 30 70 80

60 40 60 70

50 50 50 60

40 60 40 50

30 70 30 40

20 80 20 30

10 90 10 20

0 100 0 10
Source: Own elaboration.

Mathematical calculations (mechanical, dynamic and, thermal) were developed con-
sidering the assumptions proposed by [17], and the equations used are summarized in
Table 3. Notice that this calculation is consecutive of each of these, which means that in
order to use Equation (7), it is necessary to have calculated Equation (1). The main objective
of using these equations is to provide a general way to analyze the performance of the brak-
ing process and thus develop different assumptions, considerations, and improvements for
the analysis of this kind of automotive system.

Equation (11) was used to obtain the energy of the disc brake (heat dissipation), and
therefore it must be dissipated as quickly as possible to avoid overheating, thus maintaining
the braking system’s safety. The energy behavior depends strongly on the disc, blades, and
pad geometry, the type of material of the disc brake and pad, functional parameters, and
the vehicle operating conditions. Firstly, for this calculation, it is considered that the motor
does not act as a disc brake, then the safety coefficient is increased. As a general rule, in the
event of any emergency on the road, it is advised to perform a dry braking act not only
on the brake but also on the clutch since the rotating masses of the vehicle’s transmission
system are disarticulated. Secondly, to calculate the friction force between the disc and the
pad, it is necessary to apply the adhesion factor between the road and the tire equal to 0.85
under dry road conditions [32].

The heat dissipation of the disc brake is mainly attributable to the action of the
convection coefficient. The equations used for this calculation are summarized in Table 4.
When temperatures of at least 300 ◦C are generated in the braking process, the radiation
coefficient acts as dissipating the heat. The calculations developed at 100 Km/h do not
generate enough heat for the radiation to affect the braking area. This also depends on
the material properties of the disc brake [33,34]. Moreover, the dynamic equations are
summarized in Table 5.
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Table 3. First stage, mechanical, mathematical calculations.

Details and Considerations Equation Number

Braking force. The vehicle braking force is developed on the
surface of the tire-roadway; this force is also limited to two factors

(roadblock and brake system), with the surface’s adhesion.

Ff = W ×
(

a
g − Fr

)
=

(mv × g)(µ − fr)
Equation (1)

Resistance coefficient. This variable is defined as the force
opposite to the advancement of the tire in the

longitudinal direction.
Rr = Fr × W Equation (2)

Rolling coefficient. This variable is the rolling resistance
coefficient, related to the contact between the tire and the surface. Fr = 0.01 ×

(
1 + V

160

)
Equation (3)

Deceleration, considering a constant value of 0.015 of rolling
resistance for particle vehicles that circulate on a concrete or

asphalt surface [9]. µ = 0.75 and µ = 0.55 for dry and wet,
respectively, and a new tire is assumed [31].

aMáx = W×µ
W
g

= µ× g Equation (4)

Pedal force. This is the necessary force to be applied to the pedal
to develop the braking process. FPedal =

Ff
FP×FS×FC

Equation (5)

Peripheral speed. An adherence of 80% is assumed, and the
variable is obtained VP. X = (Vi−VP)

VP
× 100 Equation (6)

Dissipated energy. The correction factor γF = 1.25 for rolling
masses, and the vehicle speed at the moment of braking initiation

100 km/h or 27.27 m/s
Ef =

γF×mv×(V2
i −V2

f )
2

Equation (7)

Energy dissipated in the front of the disc brake. Thus, the total
energy is distributed between 70 and 80% on the front axle. EFront axle = Ef × 0.70 Equation (8)

Total energy absorbed in the front axle. Ninety percent is
dissipated in the disc brake and the remaining 10% in the pad

EDisc = EFront axle × 0.9 Equation (9)

EPad = EFront axle × 0.1 Equation (10)

Dissipated energy. This is the amount of kinetic energy
transformed in heat by the interaction of the pad and the disc

brake, which produces the deceleration of the vehicle.
E = EDisc Brake

2 Equation (11)

Braking deceleration. In this calculation, as Equation (13), Sin θ is
related to the inclination angle of the road. a =

Ff+(m×g×Sin θ)+(m×g×fr)
m

Equation (12)

Dissipated power. This is the amount of energy dissipated to the
environment by the heat convection process.

H =
[(γF × m × a) + (m × g × Sin θ)]× V Equation (13)

Source: Own elaboration.

Table 4. Second stage, thermal mathematical calculations.

Name and Considerations Equation Number

Rise in temperature. This is calculated considering
the disc energy, the disc mass, and the material’s

specific heat (Gray cast iron).
∆T = EDisc Brake

mD×Cp
Equation (14)

Surface temperature. This is the real temperature on
the surface of the disc that is dissipated to

the environment.
Ti − T∞ = ∆T Equation (15)

Instantaneous temperature. Newton’s cooling law
Ti − T∞ =

(Ti − T∞)× e
− A×U

m×Cp
×t Equation (16)

Source: Own elaboration.
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Table 5. Third stage, dynamic mathematical calculations.

Name and Considerations Equation Number

Braking time (s). This is the need time to stop partial or the
movement of the vehicle. In this calculation, as Equation (18),

sin θ is related to the inclination angle of the road.

tV1− V2 = m × γF ×
1

Ff+(m×g×Sin θ)+(m×g×Fr)
×

(V1 − V2)

Equation (17)

Braking distance to reduce speed (m). This is the total distance
recorded until the automobile decelerates related to

braking time.

LV1− V2 =
W×γF
2×g×C ×

Ln
[

Ff+(W×Sin θ)+(W×fr)+(C×V2
1)

Ff+(W×Sin θ)+(W×fr)+(C×V2
2)

] Equation (18)

Braking performance (%). This variable is the quality as the
braking process is developed ηf =

aMax
µMax×g Equation (19)

Source: Own elaboration.

2.3. Response Surface Maps

The Response Surface Methodology (RSM) and the Distance Weighted Least Squares
(DWLS) fitting model were used with the aid of statistical software to plot the behavior
of the different mechanical and dynamic parameters such as speed, inclination angle
on the response variable as power dissipated by the braking system, braking time, and
braking distance [35]. The aim of surface plots (2D maps) is to describe the behavior of
a response variable in a function of different parameters. The contour lines, or isolines,
represent the points and combinations between the factors X and Y without adjusting the
data based on a statistical model [36]. The DWLS model functions perfectly to expose
the real behavior of the measurement variables when there are fewer than five samples
on the experimental design. Notice that this model does not adjust a statistical method
to approach the data’s behavior, only to make a representative plot of the experimental
data [37]. 2D maps obtained showed a color scale where green has fewer values, and
red is high; additionally, blue dots on the maps are the calculated value for the assumed
mathematical conditions. Moreover, the 2D maps provide information about the contour
plots with the maximum-minimum value according to the color on the map.

3. Results and Discussions
3.1. Mechanical and Dynamic Results

Table 6 presents the most relevant parameters and dimensions of the disc brake
analyzed, such as rolling coefficient, rolling resistance, maximum braking deceleration,
braking force, pedal force, peripheral disc speed, the contact area between the pad and disc,
and braking performance. Notice that the deceleration is constant for the disc analyzed
concerning the speed for each angle of descent (θ, theta). It was observed that the vehicle
braking deceleration as to the angle of descent increases, the decelerations increase because
the gravitational resistance increases, considering that, in this particular case, it is also a
propelling force. It is important to mention that the results of the Equations presented in
Table 6 were used to develop 2D maps, considering Equations (13), (17), and (18) under
different braking operating conditions.
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Table 6. Main mechanical and dynamic variables calculated for the disc brake.

Parameter Value Units Note

Fr 0.01625 / /
Rr 318.83 N /

aMax 8.34 m/s2 /

Ff
14,396.18 N Dry
10,472.18 N Wet

FPedal
75.17 N Dry
54.76 N Wet

VP 15.428 mm/s /
AContact 0.5183 m2 /

ηf
1.13 % Dry
1.55 % Wet

Source: Own elaboration.

Currently, in many cases, the driver could not exert enough force to stop the vehicle at
the ideal distance; therefore, the force is multiplied using levers or hydraulic circuits, thus
obtaining a greater friction force. During real braking conditions, the maximum braking
force on all four wheels of the vehicle is difficult to achieve simultaneously due to the
weight distribution on the vehicle (passengers, road incline, undulations) being variable.
This action determines its limit of adhesion, which varies dynamically during the braking
process. The weight distribution on the wheels is too variable, and the operating conditions
change every fraction of a second.

Notice that maximum deceleration (aMax) for a vehicle inclination angle of θ = 0 is
equal to 8.3385, where, compared with the calculating in Equation (12), there is a difference
of 0.981 when it is determined that the deceleration fulfills each condition of descent during
the sliding. The value of aMax is exceeded when the angle reaches a value of the inclination
angle of θ = 10, considering that it is the negative variation in the speed; that is, the physical
magnitude that expresses the passage of a moving body from one speed to another with
lower speed, always following the same path. These results are similar to those reported
by [38]. However, it is possible to determine the adhesion coefficient (µ) mathematically
for a dry road with an average speed of 100 km/h at 27 ◦C, where for a new tire under dry
and wet conditions, the µ value will be 0.80. On the other hand, it was observed that the
braking force of a braking system for a vehicle that circulates on a dry concrete or asphalt
surface, at different masses, and with a rolling resistance coefficient of 0.015.

The braking efficiency is the magnitude of the braking system performance, where the
vehicle must stop at a required time and distance, according to the operating conditions
and the force applied on the brake pedal; in this way, the effectiveness of the braking system
is considered to reach 100% when the measured deceleration is equal to the acceleration
due to gravity. From Figure 2, it was observed that when the inclination angle and speed
difference increased, the braking system required more energy power to be dissipated (red
areas), with values around 930,003.35 to 510,794.44 W. On the other hand, lesser H values
were found for speed difference values of 5 m/s for all ranges of inclination angles with
values around 102,085.31 to 185,866.71 W product, with less energy to dissipate according
to the speed that the vehicle had (green areas). Notice that a light increase is evidenced
when the inclination degree is more than 10, with severe power dissipating energy at a
high sliding speed of the vehicle as a product of the kinetic energy.
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speed difference (m/s). Source: Own elaboration.

As is observed in Figure 3, considering the calculations developed using Equation
(17), the braking time increased with speed and decreased with the angle of descent, with
present values around 0.65 to 1.73 s. However, high values were found at high speed and
high inclination angle with values around 4.72 to 8.67 s. This behavior is due to more
inclination angle; the vehicle needs more energy to dissipate the energy that generates
during movement. Therefore, for this calculation, the reaction time of the driver tRC is not
considered, which is the time that arises from when there is an unforeseen circumstance
until the driver acts on the brake pedal; the value varies between 0.5 and 2.0 s. In addition,
the reaction time of the tRS system is not considered, which is the time that elapses from
when the brake pedal is actuated until the required force is achieved; this is an approximate
value of 3 s. On the other hand, the aerodynamic actions are not considered since the
aerodynamic resistance affects the vehicle from more than 90–100 km/h.
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The braking distance is an important parameter to design brake discs due to the safety
and performance during the braking process. This dynamic parameter is the time that the
driver delays when performing this process (this assumption was not considered in the
calculation). The drivers should always maintain a safe distance between the front vehicle,
considering that it may generate severe braking. To calculate this dynamic parameter
is important to consider the speed during the vehicle motion, which depends on many
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parameters such as vehicle mass, road condition, tires quality, disc brake type, pad type,
and others. According to [38], the phase of effective braking occurs during the phase of
settled braking without wheels locked, resulting in high deceleration values at the constant
braking phase and the end, where at the same time, this variable increases with the initial
sliding speed of the vehicle. However, the results from the mathematical calculations in
this study indicated that inclination angle exhibits deceleration values from 7.358 to 10.712
for 0 and 20 theta (θ) degrees, respectively, which is influenced mainly by the braking force
and vehicle mass. These results are similar to those reported by [9,39].

The braking distance was calculated, as is shown in Figure 4 using Equation (18).
Figure 4a shows a high pronunciation value of braking distance when the inclination angle
increases in a negative way (0 to −20) influenced by the increase in the speed difference of
more than 10 m/s that change with positive values of inclination angle, thus obtaining a
total braking distance of around 63.85 to 114.96 m (red areas) and 40.15 to 22.60 m (green
areas). Figure 4b shows the behavior of the braking distance to decelerate the vehicle until
cero. Notice that the braking distance behavior is less than a gradual with speed difference,
where a maximum braking distance reach values of around 44.20 to 114.96 m (red areas),
which appears from a speed difference of more than 22 m/s for the inclination angles in
a negative way (0 to −20), for the remaining 2D map green areas dominate with values
around 0.45 to 31.70 m. Moreover, from Figure 4b, blue mathematical points calculated are
not presented for 25 m/s because of the assumptions shown in Table 2 for the operating
conditions of the disc brake.
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The braking progression is a mechanical process where the physical and kinetic energy
act considering the mass and speed with the vehicle moves. When braking in a progressive
way, the energy turns into heat and disappears by the braking action. In the opposite case,
when severely braking, the energy is absorbed by the vehicle and the occupants; thus, the
bodily injury gravity increase by the speed when the braking.

3.2. Thermal Results

Table 7 summarized the main thermal variables calculated in terms of energy for the
disc brake with N-38 type ventilation blades, obtaining values similar to those reported
by [40,41]. By considering Equation (15), it was possible to obtain the instantaneous
temperature on the surface of the disc brake; thus, Equation (16) was used to obtain the
cooling time considering Newton’s law under natural convection (that is, the air in the
environment must have a speed equal to zero [1,15,42]) under intervals of 100 s. Notice
that natural convection during cooling is the addition of the convection in the bell and the
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periphery of the disc brake, considering the assumptions previously mentioned for the
mathematical calculations. It is important to mention that the dissipation heat is influenced
by the geometry and material of the disc brake (a big disc brake provides quick heat
dissipation and performance of the braking process). Different operating conditions (mass,
speed, and roadway conditions) of the vehicle affect the braking system’s performance, and
thus energy and temperature values of the disc brake [34]. Notice that the instantaneous
temperature increases (182.48 ◦C) according to the speed difference increase due to the
braking system’s need to dissipate kinetic energy in heat (tribological behavior). This
behavior causes an increase in the temperature in contrast when the deceleration is minor
(82.94 ◦C) relative to the speed difference.

Table 7. Main thermal variables calculated for the disc brake.

Vi Vf Ef Efront axle EDisc EPad ETotal in disc ∆T Ti ID

(m/s) (J) (◦C)

27.77

22.22 346,805.60 242,763.94 218,487.54 24,276.39 109,243.77 55.94 82.94 Ti_1
19.44 491,574.10 344,101.89 309,691.70 34,410.19 154,845.85 79.29 106.29 Ti_2
16.66 617,021.60 431,915.14 388,723.62 43,191.51 194,361.81 99.52 126.52 Ti_3
13.88 723,148.10 506,203.69 455,583.32 50,620.37 227,791.66 116.64 143.64 Ti_4
11.11 809,676.00 566,773.20 510,095.88 56,677.32 255,047.94 130.59 157.59 Ti_5
8.33 877,230.00 614,061.00 552,654.90 61,406.10 276,327.45 141.49 168.49 Ti_6
5.55 925,463.00 647,824.10 583,041.69 64,782.41 291,520.85 149.27 176.27 Ti_7
2.77 954,375.00 668,062.50 601,256.25 66,806.25 300,628.13 153.93 180.93 Ti_8

0 963,966.10 674,776.29 607,298.66 67,477.63 303,649.33 155.48 182.48 Ti_9

Source: Own elaboration.

The disc brake reaches an ambient temperature of 27 ◦C in around 10 min (800 s) after
being subjected to the different temperatures on the surface of the braking track during
the friction process between the disc and the pad (See Figure 5). In most cases, the heat
dissipation is more pronounced according to the surface temperature; thus, the sliding
speed provides a significant influence on the disc brake temperature on the surface by
tribological contact. When the temperature differential increases, the surface temperature
also increases. Therefore, the final shock generated on the disc’s surface is greater, so per-
formance is compromised during the braking process due to abrupt temperature changes
when disc brake cooling is carried out in less than 800 s. According to [19], the temperature
on the disc increase conforms to an increase in the vehicle’s sliding motion.
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The speed of the vehicle influences the kinetic energy that is generated during the
movement. It does not affect it linearly but increases its value exponentially. This means that
a vehicle of the same weight but twice the speed of another vehicle does not require double
braking force to stop the vehicle, but rather it requires four times more force. Therefore, the
stopping distance will be longer, as long as the vehicle rides on a flat road [43,44]. On the
other hand, the material of the brake pad influences the thermodynamic properties of the
disc brake and thus causes an increase in temperature. However, the disc brake material,
geometry, and the configuration of the blades are relevant factors in the heat dissipation to
the environment; they affect the useful life of the brake pads components of the braking
system [30].

4. Conclusions

In this study, 2D mathematical maps on an auto-ventilated disc brake with N-38 type
blades were investigated, and the main conclusions are summarized as follows:

• Mathematical calculations allowed corroboration of the behavior of the data ob-
tained for the disc brake considered. The mechanical, dynamic, and thermal calcula-
tions were carried out, considering different speed values with a maximum value of
100 km/h in the cities at an ambient temperature of 27 ◦C. Therefore, the disc brake
performance depends on some mechanical, physical, and chemical properties of the
material which this automotive component is fabricated.

• 2D maps of the braking time, distance, and power dissipation evidenced that the
inclination angle provides a great variable to evaluate due to the difference in the
behavior during the braking process, which, in many cases, affect the performance
of the disc brake. Besides, the temperature in the braking track is mainly influenced
by the pressure exerted during braking, as well as the time in which this action is
executed; it also is influenced by the speed difference as the driver decelerated the
vehicle according to the queries as was observed from the cooling process analyzed
by Newton’s law. On the other hand, the wear of the brake pad is influenced by the
braking actuation time and thus by the mechanical properties of the brake pad and
the disc brake materials.

• The disc brake reaches an ambient temperature of 27 ◦C in around 10 min (800 s) after
it is subjected to the different temperatures on the surface of the braking track during
the friction process between the disc and the pad. For the different conditions evaluated,
the instantaneous temperature reaches values of 182.48 and 82.94 ◦C, where the high
value was found for a total deceleration to 100 km/h to 0, which represent a total braking
distance of around 44.20 to 114.96 m depending on the inclination angle (θ).
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Nomenclature

a Deceleration (m/s2)
A Heat transfer area (m2)
aMax Maximum deceleration of braking (m/s2)
C Aerodynamic constant (1 Dimensionless)
CP Specific heat of the material (J/Kg×◦C)
D Disc brake diameter (m)
DBell Disc brake bell diameter (m)
DExternal Disc brake outer diameter (m)
DInner Disc brake inner diameter (m)
EDisc Brake Disc brake energy (J)
EEach Disc Energy in each disc brake (J)
Ef Energy to dissipate by the braking system (J)
EFront axle Front axle energy (J)
EPad Energy in the pad (J)
ETotal in Disc Total energy in the disc brake (J)
FC Force in cylinder (5.0 N)
Ff Braking force (N)
FP Torque force on pedal (4.5 N)
FPedal Pedal force (N)
fr Rolling resistance (Dimensionless)
FS Force produced by the brake booster (8.5 N)
g Acceleration of gravity (9.81 m/s2)
H Power dissipated by the brake system (W)
HB Brinell Hardness (Dimensionless)
K Thermal conductivity (W/m × ◦C or J/s × m × ◦C)
L(V1-V2) Distancia total de frenado recorrida entre dos velocidades (m)
m = mv Vehicle mass (2000 Kg)
mD Disc brake mass (4.5 Kg)
NBlades Number of blades (N)
Nu Nusselt number (Dimensionless)
Q Heat generated during disc braking (W/m2)
Rr Rolling resistance (N)
t Newton cooling time (s)
t(V1-V2) Braking time (s)
T∞ Environment temperature (27 ◦C)
Ti Instantaneous temperature at all times (◦C)
TP Disc periphery temperature (m)
U Coefficient of surface thermal transmission of the material (J/s × m2 × ◦C)
V Vehicle speed (km/h or m/s)
VF or V2 Final vehicle speed (m/s)
Vi or V1 Initial vehicle speed (m/s)
VP Peripheral speed of the disc (m/s)
W Vehicle weight (Kg or N)
X Percentage of adherence (%)
α Thermal diffusivity (m2/s)
γF Rotating mass coefficient (1.25, Dimensionless)
∆T Temperature differential between the disc brake and the environment (◦C)
ηf Braking performance (Dimensionless)
θ Descent angle (Degrees).
µ Coefficient of adhesion between tire and road (µ = aMax/g or 0.85, Dimensionless)
µMáx Maximum coefficient of adhesion between tire and road (Dimensionless)
P Material density (Kg/m3)
υ Fluid cinematic viscosity (m2/s)
ω angular speed (Rad/s)
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