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A B S T R A C T   

During the braking process of a car, the temperature of the brake system increases continuously, and if the 
cooling performance of the brake system is insufficient, accidents can occur. For this reason, in this study, the 
experimental method of the Taguchi design was used to optimize the design of a ventilated brake disc with radial 
vanes using three design parameters (i.e., number of vanes, vane thickness, and steering angle), and the airflow 
and temperature distribution around the brake disc and tire were simulated using finite elements. The simulation 
results show that the solution in this study can increase the ventilation gap from 10 to 14 mm, the bending angle 
of the blades from 29◦ to 37◦, and the cooling effect after emergency braking by 6.1% and 8.8%, respectively, 
when dissipating heat for 100 s at a driving speed of 60 km/h.   

1. Introduction 

The disc brake is a component attached to the wheel hub that rotates 
with it, forming the moving component of the braking system (see 
Fig. 1). On the surface or friction area of the disc brake, the brake discs 
interact with each other, such that the vehicle stops owing to the con-
stant friction established between the brake disc and the brake pad. In 
this process, the hydraulic pump is enabled when the brake pedal starts, 
and the brake pedal delivers the brake fluid to the calipers. The pressure 
communicated by the fluid causes the caliper piston to push the pads 
against the disc brake, generating friction. Kinetic energy (which accu-
mulates in the vehicle owing to speed) is transformed into heat owing to 
the friction between the disc and the pad, slowing down the vehicle. 

During vehicle movement, which is often accompanied by several 
brakes, a large amount of heat accumulates on the vehicle brake discs, 
causing their temperature to increase. If the cooling performance of the 
braking system cannot maintain the temperature of the brake discs 
within a temperature range that ensures that the braking performance is 
not significantly affected, instability in the braking system and even 
safety problems may arise. If the braking system overheats, braking 
performance can deteriorate. Eventual premature failure can be caused 
by a number of factors, for example, (1) reduced coefficient of friction 
between the rotor and stator [1], (2) jitter due to excessive thermal 
distortion [2–3], (3) surface cracking due to high thermal stress on the 

metal rotor surfaces, (4) reduced mechanical strength and other per-
formance changes of the brake disc, (5) increased wear of frictional 
materials, and (6) evaporation of brake fluid in the brake hydraulic 
cylinder [4]. Owing to the limitation of battery energy density, the only 
way to enhance the range of electric vehicles at this stage is by 
increasing the battery size, which leads to a greater weight of electric 
vehicles compared with that of traditional energy vehicles. 

Under the same braking conditions, more heat will accumulate on 
the brake discs of electric vehicles because of their larger mass [5]; thus, 
the requirements of electric vehicles regarding the cooling performance 
of brake discs are more demanding. With the increasing popularity of 
electric vehicles in recent years, it has become essential to study ways to 
improve the cooling performance of brake discs. According to studies on 
the distribution of road traffic accidents caused by sudden failure of 
vehicle systems, braking systems have the greatest impact, with a pro-
portion ranging from 32% to 50% [6–7]. Data from the fatal analysis 
reporting system (FARS) from 2010 to 2014 show that 6.35% of fatal 
accidents were caused by design or manufacturing defects in vehicles, 
and the principal vehicle defects were related to airbags, braking sys-
tems, seat belts, and speed control. Therefore, the performance of the 
braking system is particularly important for vehicles. In the braking 
system, car brakes are an important factor that affect the overall braking 
performance of the car and have a significant influence on its safety. The 
improvement in safety performance of car driving is mainly reflected in 
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the improvement in the braking performance of the vehicle. Therefore, 
an accurate simulation of the disc brake cooling performance is essential 
for disc brake shape optimization, and many scholars have made im-
provements in this area. For example, Liu [8] obtained the transient 
temperature and stress field distributions under emergency braking and 
continuous braking. The disc bracket was optimized using the height, 
number, and angle of the ventilation slots as variables. Li [9] carried out 
structural optimization of the disc brake with a thermal structural 
ductility analysis of the disc brake during emergency braking, identified 
the areas where disc brake hotspots are likely to occur, and analyzed the 
finite element results. Belhocine et al.[10] studied the temperature 
changes in ventilated and solid discs under constant braking conditions 
and concluded that ventilated discs outperformed solid discs in terms of 
heat dissipation. Furthermore, the finite element results were analyzed 
to identify areas where hotspots tended to occur in the disc during 
braking. Qian [11] used computational fluid dynamics (CFD) and design 
of experiments (DOE) studies to optimize the shape and number of DC 
vanes to achieve maximum cooling performance. Sectors containing 
vanes with periodic boundary conditions were investigated because of 
their axisymmetric disc structure. Using three blade shape parameters, it 
was concluded that the number of vanes, leading-edge radius, blade 
length ratio, and taper length sequentially improved the cooling per-
formance. Although these methods are effective, the results exhibit poor 
stability and long response times. To improve the various properties of 
brake discs, many analyses of brake discs have been performed using 
thermal structural ductility analysis or CFD to obtain optimized models. 
However, the effects of the number, shape, and thickness of ventilated 
disc vanes on the performance of brake discs have been under- 
researched. 

According to the literature, the best cooling method for brake disc 
pads is convection [28]. Consequently, vented discs are now utilized in 
cars to enhance convection cooling. Two parallel friction surfaces are 
joined using a string of radial vanes or pins to form a vented disc, which 
has a larger cooling surface than a solid disc. Moreover, a vented disc 
functions as a centrifugal fan, drawing nearby cold air into the channels 
of the disc and allowing it to pass through, thereby dissipating the 
generated heat. To reflect the material property values with temperature 
and the stresses acting on the disc brake over time, a finite element 
model based on the contact analysis theory was created for this study. 
The output of the model was then analyzed. By calculating the heat flow 

rate, speed, and convective heat transfer coefficient generated during 
emergency braking, the loads were determined for the design and 
optimization of the disc brake. The braking performance was improved 
by varying the shape, number, distribution, and ventilation gap (thick-
ness) of the vanes. Using the UDF function, a heat flux was applied to the 
brake disc with time, and then, using a CFD method (the software used 
was Fluent 2020R2), a heat dissipation analysis was carried out to 
evaluate the cooling performance of different brake discs and obtain an 
optimized model. 

This paper contributes as follows:  

(1) Regardless of the braking that may occur during wheel locking, 
the wheels perform only a pure rolling action.  

(2) A braking pressure is applied to the bottom of the friction pad. 
The disc brakes are composed of isotropic elastic materials.  

(3) The initial temperature of the vehicle’s front wheel disc brakes is 
80 ◦C and is maintained at a uniform temperature. 

2. Related work 

Regarding the improvement in the cooling effect of the ventilation 
tray, recently, many scholars have also carried out a significant amount 
of research. For example, Coulibaly et al. [12] showed that the 
maximum temperature of the ventilated disc is approximately 47◦ C 
lower than that of the solid disc at different ambient temperatures. 
Vdovin et al. [13] studied the aerodynamics of a complete vehicle and 
calculated the convection and radiant heat transfer. The internal con-
vection of the brake disc was calculated as 53% of the total convection of 
the brake disc. Dubale et al. [14] studied the differences between the 
thermometric mechanical properties of drilled, slotted, and solid disc 
brake profiles. They noted that grooved brake discs showed the best 
performance, and it was also observed that as the number of vents in the 
disc brake rotor increased, the heat dissipation also increased. However, 
neither the relationship between stress and deformation nor the change 
with the increase in the number of holes was mentioned. Yan et al. [15] 
investigated the effect of cross-drilled holes on ventilated brake discs. 
Simulations were performed on some of the discs, and the results indi-
cated an improvement in the overall cooling performance of 22% to 
27%. In a downhill experiment, the temperature of the cross-drilled disc 
was 141 ◦C lower than that of the undrilled disc. 

Fig. 1. Disc brake.  
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Qiu et al. [16] studied the heat distribution ratio between the brake 
disc and pad at high thermal contact conductivity and found that the 
heat from the disc and pad accounted for 95% and 5% of the total heat, 
respectively. Hong et al. [17] added circular friction blocks to a brake 
disc to reduce the temperature and thermal stress on the disc and used 
the Taguchi design method to derive reductions in maximum tempera-
ture, temperature gradient, and thermal stress of 16.8%, 55.2%, and 
11.2%, respectively, for a disc using optimized bedding. Jafari et al. [18] 
considered all the braking components used in a normal car, including 
the tires and dust cover. The results indicated that the heat transfer over 
the internal vanes of the brake disc during cooling was between 58% and 
71% of the total convective heat transfer. Garcia-Leon et al. (who 
studied the changes in shape with vanes) proposed a new geometric 
arrangement. The airflow of the vehicle disc brakes was improved 
through CFD analysis by means of ventilation vanes based on the 
aerodynamic profile considerations of NACA 66–209, which in turn led 
to the model with the best cooling performance. Topouris et al. [19] 
compared a ventilated disc with radial vanes, two ventilated discs with 
curved vanes, and a solid disc. Experiments on a specially designed spin 
platform showed that a ventilated disc with radial vanes had the highest 
convective heat dissipation, with a 30% improvement compared to that 
of a solid disc. Park et al. [20] conducted a study to improve the heat- 
transfer rate of a ventilated disc brake. The surface geometry of the 
disc brake flow path was modified from smooth to a spiral groove. The 
numerical analysis showed that the local Nusselt number decreased 
monotonically with the distance between the wave crest and spiral 
groove. This suggests that the increase in surface area provided by the 
spiral groove geometry improved the recirculation behavior of the 
airflow and the formation of vortices. 

Duzgun [21] used finite element analysis (FEA) to model three 
different ventilated disc brakes and investigate their thermal structural 
behavior. The FEA results show that different rib shapes reduce the heat 
generation on the solid surface of the brake disc by up to 24%. The 
experimental study of the dissipation of heat generated on the surface of 
the disc was verified by the FEA, and was found to be in the range of 
1.13%–10.87% for the temperature analysis. This improves the braking 
performance so that the coefficient of friction between the brake pad and 
the brake disc surface does not change significantly, which would 
threaten the driving safety. Thus, the surface wear of the brake pads 
remains within manageable limits, especially under continuous braking 
conditions. Belhocine and Afzal [22] conducted transient thermal ana-
lyses of ventilated and solid brake discs. Using a finite-element 
approach, it was concluded that the materials used in the brake disc 
must have low thermal conductivity during the braking process, thus 
generating a large thermal gradient and increasing the surface temper-
ature of the disc brake. The results showed that brake discs made from 
FG15 were cooler than those made from FG20 and FG25AL. Therefore, 
the most suitable material for brake discs is FG15 gray cast iron because 
it has the best thermal properties. Lakkam et al. [23] investigated the 
temperature gradient of a disc brake to assess its thermal convection 
coefficient (h) using experimental and numerical tests. The value of h 
was corrected by varying the temperature distribution of the disc brake 
under steady-state forced thermal convection conditions. The distribu-
tion and dissipation of heat transfer were investigated using numerical 
and finite element calculations and verified experimentally. Modanloo 
[24] analyzed and simulated the thermal behavior of a high-speed brake 
disc. Forced convection was applied to the inner surface to simulate 
ventilation. The temperature gradient in the direction of disc thickness 
was higher in the ventilated disc than in the solid disc. In addition, the 
maximum temperature of a ventilated disc was reduced to 659 ◦C 
compared with 782 ◦C for a solid disc. Yan et al. [25] introduced a new 
heat-dissipation medium to replace ventilated vanes. Compared to fin-
ned discs, it not only reduced the disc temperature by 16%–36%, but 
also resulted in a more uniform heat transfer. Afzal and Mujeebu [26] 
simulated the thermal performance of brake discs with different con-
figurations using a uniform convective heat transfer coefficient. The 

results indicated that replacing straight vents with curved vents 
improved the thermal performance of the discs. Kumar et al. [27] 
simulated the temperature distribution of three solid discs and demon-
strated that drilled and slotted discs exhibited high heat fluxes and lower 
temperatures. 

Although these studies are effective in improving the cooling effect 
of ventilated discs, the obtained stability and robustness are poor. The 
scheme in this study effectively remedies the shortcomings of these 
schemes. 

3. Studied configuration 

The material used for the disc brake must have a low thermal con-
ductivity during the braking operation to produce a large thermal 
gradient and increase the disc brake surface temperature. The brake disc 
can cool faster because of the more rapid heat exchange between the 
surface and air. Grey cast iron (GCI), which has great thermal conduc-
tivity, outstanding corrosion strength, low noise, low weight, long life, 
steady friction, low wear rate, and excellent longevity, as well as good 
castability, machinability, and affordability, is the best material for 
brake discs. Disc brakes assume that the friction contact interface is an 
ideal plane and that friction follows Coulomb’s law. The instantaneous 
temperature of the disc brake during braking was assumed to be equal to 
the maximum temperature at that point in the contact zone. The effect of 
the radiative heat transfer was ignored in this study. The ambient tem-
perature was maintained at a constant value during braking. 

Many light alloys have been tested as gray cast iron substitutes; 
however, their high cost prevents their extensive use. The thermal 
conductivity and specific heat capacity of gray cast iron as a function of 
temperature are presented in Table 1 [29]. A new material was formed 
by inserting the data from Table 1 into the CFD procedure. 

All the components of the brake disc were assumed to be composed 

Table 1 
Values of thermal conductivity and specific heat capacity of grey cast iron.  

Temperature 
[℃] 

Poisson’s 
ratio 

Thermal 
conductivity 
[W/m•℃] 

Specific 
heat 
[J/kg•K] 

0  0.25  53.3 457 
20  0.25  53.1 460 
100  0.256  52.5 474 
200  0.263  51.0 488 
300  0.27  49.5 502 
400  0.275  49.0 516 
500  0.279  48.0 530  

Table 2 
Design parameters and interval levels.  

Variable Level 1 2 3 

1 Ventilation gap (mm) 10 12 14 
2 Vane angle (◦) 29 37 45 
3 Vane number 30 36 42  

Table 3 
DOE L9(33) Orthogonal arrays for three factors and three levels.  

L33 Ventilation gap (mm) Vane angle (◦) Vane number 

1 10 29 30 
2 10 37 36 
3 10 45 42 
4 12 29 36 
5 12 37 42 
6 12 45 30 
7 14 29 42 
8 14 37 30 
9 14 45 36  
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of gray cast iron for simplicity in the calculation. The model measure-
ments were derived from the brake disc of a small SUV. All brake discs 
were modeled such that the number of vanes, steering angle, and 
ventilation clearance could be altered without affecting the size of the 
disc to maintain the same variables (see Tables 1, 2, and 3 and Fig. 2). 

It can be observed from Fig. 2 that orthogonal arrays are arrays that 
can be designed so that the factor levels have equivalent weights, thus 
allowing each factor to be evaluated independently of all other factors. 
The ability to evaluate multiple factors independently without interac-
tion makes it possible to process a large number of experiments and 
obtain results at once [30]. In the simulation, three parameters were set 
to improve the thermal performance of disc brakes. Three factor levels 
were used for each parameter, requiring 27 analyses; however, only nine 
analyses were performed using an orthogonal alignment table. An 
orthogonal alignment table was prepared. The figure shows the inter-
mediate cross-section of each group of models (see Table 4). 

As shown in Table 5 that we did a grid sensitivity test. Modell was 
tested on 87,521 grids, 16,308 grids, and33278grids, and the calculation 
results were consistent between 16,308 grids and33278grids, so in order 
to save calculation time this paper uses 16,308 grids for cfdcalculation. 

As can be observed from Figs. 3 and 4, the simulation was divided 
into two steps. First, the velocity and pressure distributions were 
calculated using the SST k-omega turbulence model. 

The k–omega equation based on the SST model considers the trans-
port of the flow shear stress and can accurately predict fluid separation 
at the onset of flow and under negative pressure gradients. The greatest 
advantage of the SST model is that it considers the turbulent shear stress 
and thus does not overpredict the vortex viscosity. The flow kinetic 
energy equation for the SST model is given by Eq. (1), and the specific 
dissipation rate transport equation is as follows: 

ρ Dω
Dt

+ ρ ∂(ωui)

∂xi
=

∂
∂xj

(

Tω
∂ω
∂xj

)

+Gω − Yω +Dω (1) 

where Dω represents the orthogonal dispersion term, and the 
remaining parameters have the same meaning as those in the standard k- 
omega model. 

The parameters of the SST model are set as listed in Table 6. 

Fig. 2. Cross sectional view of the Taguchi L9 design for radial ventilated brake disc.  

Table 4 
Number of grids for step 1 and step 2.  

Model Step 1 Step 2 

1 1,630,182 1,729,228 
2 1,639,819 1,743,417 
3 1,632,998 1,733,759 
4 1,654,945 1,768,840 
5 1,657,242 1,786,913 
6 1,649,840 1,763,739 
7 1,687,137 1,799,454 
8 1,684,291 1,773,266 
9 1,684,374 1,779,539  

Table 5 
Grid Sensitivity Test.  

Number of grids Temperature after cooling (℃) 

875,321  147.67 
1,630,182  137.14 
3,327,890  137.26  
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While the disc rotated with the vehicle (at a speed of 60 km/h), a 
monitoring surface was also provided between each of the disc’s vanes 
to track the volume flow rate via each surface. For each model, a graph 
of the volumetric flow of air through the monitoring surface was ob-
tained, and the stabilized portion was averaged. The middle portion of 
the brake disc’s velocity distribution and the volumetric flow velocity 
via the monitoring surface were determined by transient analysis, and 

velocity clouds were created for each model’s middle section to accel-
erate the simulation. The volumetric flow rate passed through was then 
imported into the second step of the simulation process and the heat flux 
during braking (the car decelerated from 100 km/h, at a deceleration 
rate of 0.5 g, to 0 km/h in 5.663 s) was calculated and input using Eq. 
(1). In the second step only the heat convection process was calculated, 
first importing the decreasing heat flux in the time between 0 and 5.663 
s. The cooling process of the brake disc was calculated from 5.663 to 
100 s by introducing a directional air flow, and the disc was not 
considered to rotate in the second step. The temperature of the brake 
disc after the cooling process was obtained by transient analysis and the 
maximum temperature difference during the simulation was obtained. 
Table 6 presents the speed of the car as a function of time during the 
simulation (see Fig. 5 and Table 6), and the heat flux on the brake disc 
surface was equal to 1102721 − time × 194723.8 (Kw/m2). 

Fig. 6 shows the calculation domain and boundary conditions. The 
meshes used in this study were unstructured tetrahedral. The rotational 

Fig. 3. Flowchart of the simulation process.  

Fig. 4. Mesh.  

Table 6 
Parameter settings.  

Average speed 50 m/s 

Medium density  1.225 Kg/m3 

Dynamic viscosity  1.7894e − 5 Kg/(m.s) 
Characteristic length  0.004 m 
Turbulent kinetic energy  8.87476e + 0 m2/s2 

Turbulence intensity  4.86478% 
Turbulence length scale  1.70403e − 3 m 
Turbulent kinetic energy dissipation rate  1.55152e + 4 m2/s3 

Turbulent Viscosity Ratio  25.53258 
Specific dissipation rate  23795.541281/s  
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speed of the pad and brake disc was 60 rad/s. The size of the fluid 
domain was 2 m * 0.8 m * 1.5 m, which was sufficient to simulate the air 
flow around the tires when the car was moving. The convective heat 
exchange between the brake disc and surrounding airflow was consid-
ered. Air entered the fluid domain instead of the car, and the boundary 
conditions of the inlet are listed in Table 7. The airflow entered the area 
from the entrance, passed through the channel, and left the area through 
the exit. The rotational motion of the tires, rims, and brake discs is 
proportional to the speed of the car. To reduce calculation time and 
complexity, parts that have little effect on air flow were removed from 
the model, and only the rotation of tires, wheels, and brake discs were 

simulated. An inlet speed of 100 km/h (16.667 m/s) and outlet pressure 
were used (Table 8) [34,35]. Sliding wall boundary conditions were 
assigned to the side and upper walls to reduce their effects on airflow. 
This method provides a good simulation of the car motion and rotation 
of the brake disc with the car motion (see Fig. 7). 

The airflow velocity was significantly influenced by the steering 
angle of the vanes of the disc, with the effect being the highest at a 
steering angle of 37◦, as can be observed in the velocity cloud diagram of 
the middle cross-section of the brake disc (Fig. 8). Given that all three 
variables can affect the volumetric flow rate past the monitoring surface, 
the influence of the number of vanes on the airflow velocity is ambig-
uous and thus needs to be examined further (see Fig. 9). 

As shown in Table 9, the ventilation gap has the greatest effect on the 
volumetric flow rate of the monitoring surface, which also plays a 
decisive role in the heat dissipation in the next step. 

The well-known Navier-Stokes equations for k-∊ turbulent model are 
solved to describe the velocity and pressure fields for the computational 
domain as 

ρ∇⋅(u) = 0 (2)  

ρ(u⋅∇)u = ∇⋅
[
− pI + (μ + μT)

(
∇u + (∇u)T) ] (3)  

ρ(u⋅∇)k = ∇⋅
[(

μ +
μT

σk

)

∇k
]

+ μT
[
∇u :

(
∇u + (∇u)T) ]

− ρε (4)  

ρ(u⋅∇)ε = ∇⋅
[(

μ +
μT

σε

)

∇ε
]

+Cε1
ε
k
μT
[
∇u :

(
∇u + (∇u)T) ]

− Cε2ρ ε2

k
(5) 

The energy equation is used to simulate the temperature distribution 
for 3D Cartesian coordinate as 

ρCp
∂T
∂t

+ ρCpu⋅∇T − ∇⋅(k∇T) = Q (6) 

When the vehicle is traveling at a stable speed, given its mass mv and 
speed V, the kinetic energy can be expressed as: 

KE =
1
2
mvV2 (7) 

So when the vehicle decelerates from V1 to V2, the energy consumed 
during the braking process is: 

KE =

(
1
2
mvV2

1

)

−

(
1
2
mvV2

2

)

(8) 

However, it is also necessary to consider the rotational inertia of 
transmission system components, which increase kinetic energy. Given 
the inertia ID and angular velocity ω of the component, this portion of 
kinetic energy is represented as: 

KEI =

(
1
2

IDω2
1

)

−

(
1
2
IDω2

2

)

(9) 

The total kinetic energy is 

KET =

((
1
2
mvV2

1

)

−

(
1
2
mvV2

2

))

+

((
1
2
IDω2

1

)

−

(
1
2
IDω2

2

))

(10) 

Due to the unavailability of inertia data for rotating components, a 
constant k was used. Listen to Bryant’s suggestion [31], and for the 
simulation conducted in this article, take the value of k as 1. 

When the deceleration is constant, the average braking power Pb is 
equal to the ratio of kinetic energy KET to stopping time ts 

Pb =
KET

ts
(11) 

The proportion of braking force acting on the front axle is xf , and the 
braking power on one side of a front rotor can be expressed as Pbf 

Fig. 5. Velocity change in the emergency braking and cooling analysis.  

Fig. 6. Motion track.  

Table 7 
Velocity change in the emergency braking.  

100–0 km/h Symbol Value Unit 

Maximum Velocity of 
Vehicle 

Vmax 100 km/h 

Minimum Velocity of 
Vehicle 

Vmin 0 km/h 

Deceleration ad 0.5 g m/s2 

Time for Decelerating td 5.663 s  

Table 8 
Initial and boundary conditions of the domain.  

Parameter Value 

Inlet velocity 16.667 m/s 
Outlet pressure 1 atm 
Initial temperature of the domain 26 ℃ 
Initial temperature of the disc and pads 80 ℃ 
Angular velocity of the disc and pads 60 rad/s  
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Fig. 7. Set up of a monitoring surface between the vanes of the brake disc to obtain the volume flow rate across the monitoring surface.  

Fig. 8. Velocity distribution of the middle cross section of brake disc.  
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Pbf = Pb × xf × 0.5 × 0.5 (12) 

Given that the surface area on one side of the brake disc is AD, the 
heat flux on one side can be expressed as 

q̇ =
Pbf

AD 

In order to calculate the heat flux, the coasting deceleration value of 
the vehicle was used, which takes into account the transmission resis-
tance and rolling resistance. Therefore, a constant of 0.07 g was used, 
called rr. Using the coasting deceleration value, the proportion of vehicle 
deceleration caused by the brake was obtained. Then use it to calculate 
heat flux. 

The study performed by Tirovic [31] showed that the heat generated 
during braking was dispersed between the brake pads and discs in a ratio 
of 1 to 99. However, research by Day and Newcomb [32] has shown 
changes in the interface pressure distribution due to wear and thermal 
expansion, resulting in temperature changes between the disc brake and 
brake pad. To simplify this study, a constant value was used for ηd, based 
on Tirovic’s [31] study, resulting in a value of 0.99. For a single-disc 
brake on the front axle of a vehicle, the equation for calculating the 
instantaneous heat flow rate is given by Eq. (14). 

q̇n =

[
0.125mvk(V2

n − V2
n+1)xf ηd

]

(tn+1 − tn)AD
× (1 −

rr

ad
) (14) 

Table 10 lists the data for the car and the values of the constants in 
the formula. The above equation calculates the maximum heat flux 
during braking to be 1102 Kw/m2. The heat flux was fed into the friction 

Fig. 9. Volume velocity diagram of monitoring surface.  

Table 9 
Volume flow rate across the monitoring surface for each model.  

NO Average Volume Flow Rate (m3/s) 

1  0.010378057829 
2  0.010807989317 
3  0.008024563916 
4  0.009806321282 
5  0.008265661186 
6  0.011833464403 
7  0.011499608247 
8  0.013295819824 
9  0.013470219039  

Table 10 
Constant values.  

Variable Value 

mv[kg] 1900 
k[-] 1 
xf [-] 0.72 
ηd[-] 0.99 
AD[m2] 0.0328 
rr[m/s2] 0.07 g  
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surface of the brake disc via the UDF function (linearly decreasing from 
0 to 5.663 s) and the heat was dissipated by maintaining a speed of 60 
km/h at the end of braking to obtain the temperature of the brake disc 
after 100 s [32,36,37]. The temperature obtained was the temperature 
of the brake disc after 5.663 s of braking process (the braking process 
also includes the heat dissipation process) and 100 s of heat dissipation 
process. The graphs of the temperature profiles from 0 to 100 s for each 
model show that during the braking process of the car (0 to 5.663 s), the 
temperature did not increase continuously, but started to decrease 
slowly after a maximum value. This occurred because the heat flux 
decreased over the period from 0 to 5.663 s. The braking process was 
also accompanied by heat transfer from the various parts of the brake 
disc and convective heat exchange with the air (see Fig. 10). 

Cooling performance is a property where the greater value is the 
better; therefore, the signal-to-noise (SN) ratio was calculated using the 
following formula: 

The SN ratio was calculated from the results of a cooling analysis of 
the emergency brake. The temperature difference is characterized by the 
SN ratio calculation, and the results of the analysis of the nine models 
and their influence on the design parameters are plotted along with the 
optimization factor. The x-axis coordinates are the ventilation gap and 
steering angle of the ribs, and the number of ribs and y-axis coordinates 
are the SN ratios (see Fig. 11). The higher the SN ratio of the temperature 
difference expressed by the larger-the-better characteristics for each 
design variable, the better are the expressed characteristics. 

SN = − 10log10
1
10

∑n

i=1

y2
i

n
(15) 

The black lines represent case 1, grey lines represent case 2, light 
grey lines represent case 3, and dashed lines represent the simulation 
results to which the failure strain of the criterion was applied. The 
failure strains calculated by the criterion are listed in Table 10, where h 
is the height of the mesh and b is the width of the mesh [33]. As shown in 

these figures, the simulation results before applying the criterion show a 
significant mesh dependency. According to the mesh size, the HJC 
model had a difference of 201 m/s in the simulation results, the CSC 
model had a difference of 198 m/s, and the K&C model had a difference 
of 239 m/s. The reliability of the simulation results cannot be confirmed 
using these values. When the failure strain determined by the criterion 
was applied to the concrete plate in the FEA, the variation in the 
simulation results decreased significantly. As indicated by the dashed 
lines in Figs. 6, 7, and 8, the difference in the residual velocity was 
reduced. Subsequently, the criterion was applied to the concrete plate 
presented in Table 11. 

4. Results 

A data analysis of the cooling performance of a ventilated brake disc 
was performed. The heat flux generated during the braking process was 
calculated using Eq. (16). The heat flux was fed into the friction surface 
of the brake disc using a UDF function. The change in temperature after 
100 s of heat dissipation was calculated using CFD. The effects of the 
three parameters on the cooling performance of the ventilated disc were 
evaluated using Taguchi’s L9 design, the S/N ratio, and linear regression 
prediction methods. Based on the analysis, we obtained the following 
results: 

The volume flow of air and heat exchange area were increased by 
increasing the ventilation gap from 10 to 14 mm, enhancing the heat 
dissipation capacity on the disc and increasing the temperature differ-
ence between 0 and 100 s. 

The angle of the vanes had the greatest influence on the heat dissi-
pation capacity of the disc, increasing the heat transfer from 0◦ to 37◦, 
but not as much at 45◦ as at 37◦. 

The number of vanes was 30, which provided the best cooling effect 
on the disc. 

The effect of each parameter on the cooling performance of the disc 
was in the following order: angle of vanes > ventilation gap > number of 

Fig. 10. Temperature profiles for each model (0–100 s).  
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vanes. 
The model with the highest cooling capacity was predicted using the 

Taguchi correlation presented in Table 12. 

y = β0 + β1x1 + β2x2 + ...βkxk + ε (16) 

Linear regression is an analysis method in mathematical statistics 

that uses regression analysis to determine quantitative relationships 
between two or more variables. With the independent and dependent 
variables, the relationship between the two variables can be approxi-
mated by a straight line, predicting the value of the dependent variable. 
When there is one independent variable and one dependent variable, it 

Fig. 11. Optimization factors legend.  

Table 11 
Failure strain calculated by the criterion of mesh.  

B (mm) Case 1（h = 35.5 
mm） 

Case 2（h = 18.8 
mm） 

Case 3（h = 7.22 
mm）  

3.04  0.0365  0.0425  0.0458  
4.08  0.0364  0.0425  0.0456  
6.21  0.032  0.0399  0.0458  
8.72  0.01335  0.01558  0.0174  
12.3  0.00548  0.005898  0.00635  
20.4  0.00188  0.001874  0.00235  

Table 12 
Taguchi L9 design for the ventilated brake disc and temperature change results.  

NO Ventilation gap (mm) Vane angle (◦) Vane number ΔT (℃) 

1 10 29 30  55.16 
2 10 37 36  62.03 
3 10 45 42  56.79 
4 12 29 36  54.72 
5 12 37 42  60.57 
6 12 45 30  63.34 
7 14 29 42  60.75 
8 14 37 30  63.12 
9 14 45 36  60.66  
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is called univariate linear regression analysis. When two or more inde-
pendent variables are included and the relationship between the 
dependent and independent variables is linear, it is called multiple 
linear regression analysis. In general, linear regression allows the 
equation to be found using least squares and the line y = ax + b to be 
calculated [33,38,39]. In general, there is often more than one factor 
that affects y. Assuming the factors X1,X2,…, XK, the following linear 
relationship can generally be considered: 

y = β0 + β1x1 + β2x2 + ...βkxk + ε (17) 

ΔT = 44.8 + 0.879 ventilation gap + 0.212 Vane angle − 0.097 Vane 
number (5) 

Using this linear equation, the brake disc model with the best cooling 
performance can be predicted, and subsequent studies can be conducted 
without being limited to the three parallels of the three variables in this 
study. 

Table 13 presents the brake disc model with the best cooling per-
formance and its parameters obtained by Taguchi’s predictions. After 
the braking process and cooling up to 100 s, the optimized maximum 
temperature reduction is 64.59 ◦C. 

5. Conclusion 

Through the outer fan outlet of the brake system of a car, the air is 
blown into the brake system along the space between the rear disc of the 
fan and the fan cover by the action of the fan. Part of the air is obstructed 
by the end cap and cooling fins. This causes the air to decrease in speed 
after passing through the end cap and blow through the cooling fin air 
ditch at a lower speed to reach the other end, whereas the other part 
forms a disturbance at the fan. 

Therefore, in this study, the experimental method of Taguchi design 
was used to optimize the design of a ventilated brake disc with radial 
vanes using three designs. For this reason, in this study, the experi-
mental method of the Taguchi design was used to optimize the design of 
a ventilated brake disc with radial vanes using three design parameters 
(i.e., number of vanes, vane thickness, and steering angle), and the 
airflow and temperature distribution around the brake disc and tire were 
simulated using finite elements. 

The future research direction of this study considers that the lowest 
airflow velocity occurs in the middle of the brake housing because the 
airflow moves laterally between the air grooves of the adjacent cooling 
fins in the middle of the housing. The obstruction of the airflow by the 
adjacent cooling fins is large, resulting in a sharp drop in airflow ve-
locity. Therefore, more attention will be paid to the optimization of this 
part. 
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