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Abstract. As an important basis for its structural optimization design, the heat transfer 
performance has a key influence on the reliability of automobile brake. Based on the finite element 
method, the transient heat transfer of automobile disc brake is analyzed under the condition of 
dynamic convection heat transfer coefficient. According to the simulation results, the CCD 
(Central Composite Design) sampling scheme is used to transform the optimization variable and 
target variable into multiple design points in the decision space. The optimization variable 
includes the total thickness, the height of the ventilation slot, the angle between the sides of the 
ribs, the number of ribs while the target variable includes the mass and temperature peak. 
According to the multiple quadratic regression model, the response surface function is 
constructed, and the approximate model of optimization analysis is obtained. The error analysis 
shows that the response surface function is equipped with good fitting accuracy. In order to 
facilitate the extremum search, the optimization of the quality is transformed into the constraint 
condition, and the multi-objective optimization problem of the brake disc is transformed into the 
single objective optimization problem. Through the sequential quadratic programming method, 
the Pareto optimal solution set of the optimal mathematical model is found. The results show that 
the temperature peak value is reduced by 7.8 % under the condition where the quality of the 
ventilation plate is basically unchanged. By weighting the Pareto optimal solution sets of different 
quality intervals, a good result evaluation of ventilation panel optimization is achieved. 
Keywords: heat transfer, disc brake, multi-objective optimization, response surface function. 

1. Introduction 

If the heat dissipation capacity of the brake disc is insufficient, the heat generated by friction 
will not be dissipated in time. When the brake disc is in a high temperature state for a long time, 
the incidence of hot cracks will be increased, which will have a great impact on the stability of 
friction coefficient and the linear output of braking torque, and even lead to failure brake [1]. 
There are two types of brake discs, ventilation type and solid type. The ventilation brake disc has 
a rib structure, which can effectively increase the heat exchange area when air flows and improve 
the heat exchange efficiency [2, 3]. However, if the structure and number of ribs are not designed 
properly, the strength and stiffness of the brake disc, especially the heat transfer capacity, will be 
greatly affected. If the disk mass is too large or the number of fins is too large, not only the 
processing cost will be increased, but also the heat exchange efficiency may be reduced. 
Therefore, in terms of engineering, it is significant to optimize design of the brake disc structure, 
for the quality and temperature peak value of the ventilation disc is one of the most important 
indicators to measure the cost performance. 

It is difficult and hot to improve the performance to price ratio of brake by advanced structural 
optimization scheme [4]. The traditional optimization design has a large amount of computation 
and a long research and development cycle, which makes it difficult to deal with the interaction 
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effects and meet the current needs of multi-disciplinary coupling design and research [5]. With 
the application of numerical technology in engineering, it has become one of the development 
trends of optimization design to express more accurate approximation function relationship in 
local area with less calculation, such as DOE optimization method [6]. Since DOE calculation is 
simple, it brings great convenience to design optimization. Through selecting regression model, it 
can fit the complex response relationship and has good robustness [7]. The mathematical theory 
of this method is well grounded, systematic, practical, and widely applicable. It has gradually 
become a powerful tool for complex engineering system design. The optimization problem needs 
to be transformed into a mathematical model first. The optimization variables and objectives of 
the model are obtained by discrete sampling technology, and the objective function is established. 
Then, the advanced search algorithm is used to realize the optimal solution or solution set of 
optimization variables in the range of constraints. 

2. Analysis of heat transfer characteristics 

2.1. Establishment of finite element model 

In this paper, ANSYS / workbench is used for the parametric modeling of ventilation disc with 
finite element analysis [8]. For the disc brake, the moving effect of friction heat source is not 
obvious under the condition of high speed. Therefore, in order to facilitate the parameter structure 
optimization of the ventilation disc, the brake pad model is omitted, and the friction surface within 
one week of the brake pad is separated as the bearing surface through freezing and plane cutting 
method, and the thermal load and boundary condition are considered to have axial symmetry 
characteristics. Without affecting the optimization results, such treatment effectively improves the 
calculation efficiency. 

In the design modeler, the three-dimensional model of the ventilation disc is established 
according to the initial design size of the disc body, as shown in Fig. 1. According to the working 
requirements of the brake disc, the peak temperature 𝑇௫ and mass 𝑚 are taken as the 
optimization objectives, and the total thickness 𝑙௦, ventilation groove height 𝐷௦, fin side angle 𝛼௦ 
and fin number 𝑁 are taken as the design variables. 

 
Fig. 1. Establishment of parameterized model 

 
Fig. 2. Convective coefficient distribution 

Because the key content of the model optimization is the heat transfer performance of the 
ventilation disc, the stress problem of the model can be ignored, and the transient heat transfer 
problem of the model can be solved in the transit thermal module. The total time of heat transfer 
analysis is 120 s and the time step is 1 s. The temperature field distribution of the model is 
calculated under the condition of constant speed downhill braking for 10 s. The preprocessing of 
the model mainly includes mesh generation, load application and the definition of boundary 
conditions. In order to ensure the accuracy of calculation, the tetrahedral structure grid type with 
a large degree of correlation is used to mesh the model. Finally, the number of mesh elements is 
94338, and the number of nodes is 152023 Through the calculation of heat flow density (1 MPa, 
60 km/h), the heat flow load of friction surface in 10 s is defined as 8.2×105 w/m2 by tabular data. 
The thermal radiation direction is defined as 0.28, and ambient temperature is 20 ℃. Establish the 
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cylindrical coordinate system, and define the convection heat transfer coefficient of the end face 
of the ventilation disc and the ventilation groove surface respectively according to the vehicle 
speed. The convection heat transfer coefficient is shown in Fig. 2. 

2.2. Result analysis 

Through the finite element calculation, the transient temperature field of the ventilation disc 
can be obtained as shown in Fig. 3. The temperature field of the ventilation disc shows obvious 
difference at different time, and the conduction rate of the temperature in the axial direction is 
greater than that in the radial direction. When the input of heat flow load is stopped, the convective 
heat transfer becomes more obvious with time. At the 80 s time, the phenomenon of “hot spot” 
appeared obviously. The temperature rise rate of 𝑇௫ is very large in the initial stage (0-1 s), and 
it is stable in the range of 1-10 s. 𝑇 showed a trend of increasing first and then decreasing in 
the whole process. 

 
a) The 5th second 

 
b) The 10th second 

Fig. 3. Temperature field of ventilated disk at different time 

3. Construction and solution of optimized mathematical model  

3.1. Response function fitting and accuracy checking 

The response surface model is also called the fitting function, which can obtain objective 
function with discrete data, including design variables and target variables (optimization 
objectives). The CCD (Central Composite Design) method is applied to realize discrete data 
sampling during the construction of response function, which is the basis for the optimized 
mathematical model [9]. This method can save the sampling time and shorten the single sampling 
period on the premise of sufficient sample data. In addition, it can intuitively show the influence 
of parameter change on performance. Given the cost of manufacturing process, the range of design 
variables is defined as shown in Table 1. By using the values of the four optimization variables, 
145 sample design points combination (including initial values) in the decision space can be 
constructed. 

Given the interaction between structural parameters, the second-order polynomial is used to 
obtain the response surface function. Define 𝑙௦ as 𝑥ଵ, 𝐷௦ as 𝑥ଶ, 𝛼௦ as 𝑥ଷ and 𝑁 as 𝑥ସ, the fitting 
objective function 𝑦ොሺ𝑥ሻ can be expressed as follows: 

𝑦ොሺ𝑥ሻ = 𝑏 +  𝑏𝑥ସୀଵ +   𝑏𝑥𝑥ସୀସୀଵ , (1)

where 𝑏, 𝑏, 𝑏 are undetermined regression coefficient. 
According to the least square method, the regression analysis of error 𝜀 can be obtained: 

𝑠 =  𝜀ଶୀଵ =  ቈ𝑦 − ቆ𝑏 +  𝑏𝑥ସୀଵ +   𝑏𝑥𝑥ସୀସୀଵ ቇଶୀଵ , (2)
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where 𝑦 is the actual discrete response value that obtained from FEA, 𝑛 is the number of samples. 
Then the regression coefficient of fitting function can be solved by Matlab. According to the fitting 
principle, it can be known that the error of response surface model is inevitable. In order to ensure 
the reliability of the optimized mathematical model, it is necessary to verify the fitting accuracy. 
If the error is within the allowable range, it can prove that the response surface function designed 
in this paper has good feasibility. The fitting accuracy of response surface function is evaluated 
by four parameters, including fitting decision coefficient 𝑅ଶ, correcting decision coefficient 𝑅ௗଶ  
and root mean square error RMS. The error checking results of response surface functions are 
calculated. It can be seen that the fitting function is equipped with good fitting accuracy and can 
effectively ensure the reliability of the optimization results. 

Table 1. Range of design variable 
Design variable 𝑙௦ / mm 𝐷௦ / mm 𝛼௦ /° 𝑁 

Initial value 25 10 3 26 
Upper limit value / lower limit value 20/30 7/13 2/4 22/30 

3.2. Construction of optimized mathematical model 

In order to improve the efficiency of optimization calculation, the multi-objective optimization 
problem is transformed into the single-objective optimization problem [10, 11] when the 
optimization mathematical model is constructed. In other words, the mass objective function 
should be transformed into constraints within a specific range. According to the mass and 
temperature peak value under the initial structure of the brake disc, the searching range of the 
mass is set as less than 9.6 kg and the temperature peak is set as less than 298 ℃. The objective 
function and constraint function can be represented respectively as follows: 𝑚𝑖𝑛ሾ𝑦ଶሺ𝑋ሻሿ, (3)𝑠. 𝑡.  ቐ𝑦ଵሺ𝑋ሻ ≤ 𝑌௧,   𝑋 = ሾ𝑥ଵ, 𝑥ଶ, 𝑥ଷ, 𝑥ସሿ,𝑥 < 𝑥 < �̅� ,    𝑖 = 1, . . . ,4, (4)

where 𝑋 is the design variable matrix; 𝑦ଵሺ𝑋ሻ is the mass response function; 𝑦ଶሺ𝑋ሻ is the 
temperature peak response function; 𝑌௧ is the initial value of the optimization target calculated for 
the parameter test sample; 𝑥 is lower limit of design variables; �̅� is upper limit of design variables 
(search results of 𝑥ସ need to be integers). 

Through continuous iteration operation, the Pareto solution sets [12] of temperature peaks in 
different mass ranges can be obtained as in Fig. 4, and all the solutions satisfy the optimization 
mathematical model. In order to verify the optimization results of heat transfer performance, a set 
of solutions is randomly selected for finite element calculation (𝑙௦ = 20.04 mm, 𝛼௦ = 2.29°,  𝐷௦ = 8.26 mm, 𝑁 = 30). Keeping the load and boundary conditions of the finite element model 
unchanged, the maximum and minimum temperature curves of the brake disc before and after 
optimization can be shown more clearly by setting the total analysis time of 120 s (braking 
pressure is canceled during 10th-120th second, no heat source input). It can be seen that the 
optimized structure is more conducive to heat transfer than the initial parameters, especially when 
the heat flow load is relieved, the temperature drops significantly, thus promoting the heat 
dissipation efficiency of the brake disc. It can shorten the time of continuous high temperature 
stage and effectively enhance the reliability of continuous braking. 

The optimization results must meet the cost performance requirements of disc brakes, but the 
mass and temperature peaks in the optimization objectives are different dimension parameters 
[13], so it is impossible to evaluate the performance directly from the results. Therefore, a 
weighted normalization evaluation method is proposed to standardize the data of the optimization 
objectives [14]. 
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a) 9 < 𝑚 ≤ 9.6 

 
b) 𝑚 ≤ 9 

Fig. 4. Pareto solution of objective function in different mass ranges 

3.3. Weighted normalization 

In weighted normalization, the objective decision value of any Pareto solution of the 
optimization objective can be expressed as: 𝐵 = 𝜆 ⋅ 𝑦ଵ௪ + ሺ1 − 𝜆ሻ ⋅ 𝑦ଶ௪ . (5)

According to the manufacturer's agreement, the weighting coefficient of 𝜆 is 0.5. The Pareto 
solutions in different mass ranges are weighted and normalized by expanding the mass interval, 
and finally the scatter plots of the target decision-making values in four mass ranges are obtained 
as shown in Fig. 5. The minimum of objective decision value 𝐵 and the corresponding solution 
results are shown in Table 3, including the rate change of target variables and structural 
parameters. 

 
a) 11.2 < 𝑚 ≤ 12 kg 

 
b) 𝑚 ≤ 9 kg 

Fig. 5. Scatter plot of target decision value under different mass 

As can be seen from Table 2, the 𝐵 value in Number 2 is the smallest. Compared with the 
initial value, the mass increases by 11.3 %, and the peak temperature decreases by 15.2 %. 
According to the corresponding structural parameters in serial Number 2, the brake disc is 
manufactured, and the noise level is tested with the same brake pad and load conditions. 

Table 2. The optimizing decision results 

Number Mass range / kg 𝐵  
Pareto solution Rate change of 

target variables/% 𝑙௦ / 
mm 

𝐷௦ / 
mm 

𝛼௦ / 
mm 𝑁 𝑚 / kg 𝑇௫ / ℃ 𝛿 𝛿்௫   

1 11.2 < 𝑚 ≤ 12 0.3772 11.40 244.37 +18.6 –18.1 27.86 8.44 2.28 30 
2 10.6 < 𝑚 ≤ 11.2 0.3383 10.70 253.10 +11.3 –15.2 26.10 8.12 2.34 30 
3 9 < 𝑚 ≤ 10.6 0.3913 9.66 269.642 +0.5 –9.8 24.56 8.16 2.08 30 
4 𝑚 ≤ 9 0.3442 8.81 287.25 –8.3 –3.7 22.76 8.06 2.16 30 
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4. Conclusions 

Based on the DOE optimization scheme, the multi-objective optimization of disc brake is 
realized. The optimization results effectively improve the heat transfer capacity and cost 
performance of the disc body, thus improving the thermal fatigue resistance and thermal stability 
of the brake. In addition, the optimized structure of the ventilation disc can be applied to different 
types of locomotives, with good economic and social benefits. The conclusions are as follows: 

1) For DOE optimization, it is necessary to select a reasonable parameter test sample design 
scheme, sample within the range of design variables, and calculate the optimization objective 
according to the spatial decision data. According to the sample calculation results, the response 
surface model is established, which can verify that the accuracy of the approximate model meets 
the requirements. 

2) Compared with the initial parameters, the optimized structure is more conducive to 
convective heat transfer. Especially when the heat flow load is released and the temperature drop 
rate increases obviously. The optimized structure can promote the heat dissipation efficiency of 
the brake disc and shorten its duration in the high temperature stage, which can effectively improve 
the reliability of continuous braking. 
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