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Abstract: As the velocity of a train increases, the corresponding air pumping power consumption of the brake discs increases proportionally. In the present experimental study, a standard axle-mounted brake disc with circumferential pillars was analyzed using a 1:1 scale model and a test rig in a wind tunnel. In particular, three upstream velocities were selected on the basis of earlier investigations of trains operating at 160, 250, and 400 km/h, respectively. Moreover, 3D steady computational fluid dynamics (CFD) simulations of the flow field were conducted to compare with the wind tunnel test outcomes. The results for a 3-car train at 180 km/h demonstrated: (1) good agreement between the air resistance torques obtained from the wind tunnel tests and the related numerical results, with differences ranging from 0.95% to 5.88%; (2) discrepancies ranging from 3.2 to 3.8 N · m; (3) cooling ribs contributing more than 60% of the air resistance torque; (4) the fast rotation of brake discs causing a significantly different flow field near the bogie area, resulting in 25 times more air pumping power loss than that obtained in the stationary brake-disc case.
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1  Introduction

The braking system of a high-speed train plays a pivotal role in ensuring braking efficiency and passenger safety. During the braking process, the brake disc generates a significant amount of heat, leading to elevated temperatures that can impact braking performance and longevity [1,2]. To enhance ventilation and heat dissipation, various cooling rib structures are incorporated within the brake disc to induce a pumping effect on the airflow. The European standard EN14535-3 mandates the specification of aerodynamic loss levels for brake discs to regulate the energy-efficiency design of their cooling structures.

Numerous scholars and engineers have investigated the power loss caused by the wind effect on brake discs through various methods such as numerical simulation, experimental testing, and others. Tirovic [3] conducted the first investigation on several designs of brake disc cooling structures, including radial vane, tangential vane, radial vane/pillared, and solid by Computational Fluid Dynamics (CFD) simulation, then a number of studies have been carried out on this basis [4–6]. Grivc et al. [7] proposed a novel design with hyperbolic cooling ribs and low-profile ribs based on periodic simulation, achieving a 37% reduction in ventilation loss and a 21.5% reduction in mass. Gerlici et al. [8] conducted numerical studies on the air-pumping loss of brake discs with radial vane and tangential vane designs. They found that the tangential vane design exhibits lower loss with good cooling characteristics. Kravchenko et al. [9] developed a test rig to examine the air resistance of brake discs using 1/4 and 1/3 scaled models. Zhou et al. [10] studied the pumping characteristics of wheel-mounted and axle-mounted brake discs of high-speed trains and analyzed the percentage of pumping power consumption during operation. Zuo et al. [11] investigated the air pumping characteristics and power consumption of wheel-mounted and axle-mounted brake discs during operation. Additionally, Zuo et al. [12] conducted a study to investigate the brake disc with a cooling rib structure and analyzed the flow field and pump characteristics of the cooling ribs using CFD. Ji et al. [13] developed a full direct 3D numerical approach based on the sliding mesh technique to simulate the heating and ventilation of a wheel brake system, which can be used as a benchmark test for different optimization approaches for the braking systems on high-speed trains. Besides, there are some simulation studies on brake discs are focused on solid thermomechanical problems [14,15] and many studies investigate the heat transfer performance of brake discs based on CFD [16–19].

However, the study of the brake disc pumping effect still encounters a number of unresolved issues. Firstly, the complex flow mechanism associated with the wind pumping effect of brake discs necessitates more comprehensive numerical simulations coupled with full-scale experimental validation in a wind tunnel. Secondly, previous research on brake discs often overlooked the influence of the real vehicle structures or employed over-simplified train structures, leading to significant deviations between the simulated and actual working conditions. Therefore, this paper aimed to investigate a 1:1 full-scale axle-mounted brake disc installed on a test rig in a wind tunnel with equivalent upstream velocities corresponding to the train bottom. Subsequently, the brake disc CFD simulation using the Moving Reference Frame (MRF) technique and appropriate turbulence models was validated by comparing the air resistance torque obtained from the wind tunnel test. Based on the validated simulation parameters, a 3-car train model equipped with brake discs was simulated at its maximum speed of 180 km/h to determine the air resistance torque and ventilation power loss.

2  Numerical Method and Validation of Wind Tunnel Test

2.1 Governing Equation and Turbulence Model

Considering the operating conditions outlined in this study, with a Mach number around the brake disc below 0.3, it is reasonable to consider the flow as incompressible. The primary emphasis of this paper is on the aerodynamic torque originating from the complex cooling structure within the brake disc. Therefore, it is essential to accurately simulate the internal flow field induced by the cooling ribs structure. In this paper, the realizable k-ε turbulence model was chosen for numerical simulation research [20], and the governing equations are as follows:


∂ui∂xi=0
(1)


∂ui∂t+uj∂ui∂xj=−1ρ∂p∂xi+(μ1+μt)1ρ∂2ui∂xj∂xj
(2)

where 
ui
and 
uj
are the velocities of different components, p is the pressure, 
ρ
is the constant density, 
μ1
is the laminar viscosity coefficient, and 
μt
is the turbulent viscosity coefficient given by 
μt=Cμ(ρk2)ε
.

The turbulent kinetic energy k equation is given by:


∂∂t(ρk)+∂∂xi(ρuik)=∂∂xj[(μ1+μtσk)∂k∂xj]+μt∂uj∂xi(∂ui∂xj+∂uj∂xi)−ρε
(3)

and the turbulent dissipation rate ε equation is:


∂∂t(ρε)+∂∂xi(ρuiε)=∂∂xj[(μ1+μtσε)∂ε∂xj]+C1μtεk∂uj∂xi(∂ui∂xj+∂uj∂xi)−C2ρε2k
(4)

where 
Cμ
is the turbulent constant, and 
C1
, 
C2
, 
σε
, 
σk
are the empirical constants. All the values of these parameters were set to the default values in the software Fluent.

2.2 Validation of a Single Rotating Brake Disc in Wind Tunnel Test

In this study, the speed conditions include velocities of 160, 250, and 400 km/h. Based on the previous simulation of a three-car model, the oncoming wind speed at the bottom of the second car was chosen as the upstream wind velocity for the wind tunnel experiment. The corresponding velocity-inlet values for each speed were 10, 30, and 39 m/s, respectively.

A 1:1 scale aerodynamic wind tunnel test of the cooling ribbed axle-mounted brake disc was conducted in the Wind and Sand Tunnel Laboratory at Central South University. The setups of the brake disc test stand and the wind tunnel are shown in Fig. 1. The wind tunnel applied oncoming wind speeds corresponding to the simulated conditions to create the bottom flow field during train operation. The test rig was equipped with a high-precision torque sensor which collected data at a time step of 10 milliseconds, enabling real-time recording of the air resistance torque of the brake disc.
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Figure 1: The setup of wind tunnel test: (a) the external view of wind tunnel and aerodynamic torque platform; (b) brake disc in wind tunnel

In the wind test, a light weighted 1:1 brake disc was manufactured by CNC engraving using tough polyurethane material, as the original steel brake disc is heavy. Consequently, the weight of the brake disc wind tunnel model was reduced to 11.2 kg.

To establish a CFD model for the rotating brake disc in the wind tunnel test, the MRF technique was applied to simulate the rotating flow field. A subregion with a diameter of 680 mm and a thickness of 970 mm was excavated in the fluid domain. The test section of the wind tunnel was the velocity inlet, while the end of the diffuser section served as the pressure outlet with a pressure value set to the atmospheric pressure (101.325 kPa). The turbulence intensity was set at 0.5% in the velocity inlet. Refer to Fig. 2 for specific geometries and settings.
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Figure 2: Numerical simulation model of air resistance torque in wind tunnel: (a) the axle-mounted brake disc; (b) the computational domain of wind tunnel test

Due to the intricate cooling ribs in the brake disc, polyhedral grids which can be automatically generated were selected to discretize the fluid domain. The realizable k-ε model was applied for the turbulence flow around brake disc. To ensure accuracy, the boundary layer grid was created with a growth factor of 1.2 and 6 layers. Based on the maximum tangential velocity and the diameter of the cooling ribs as characteristic lengths, the first layer thickness was chosen to achieve a y+ value of 50, which can balance the accuracy and the computational cost. Other regions transition from dense boundary layer grids to sparse grids in the far-field with a growth factor of 1.2. The total number of grids for the axle-mounted brake disc is approximately 5.6 million, as illustrated in Fig. 3.
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Figure 3: The grid of axle-mounted brake disc: (a) the surface mesh; (b) the volumetric mesh near the cooling ribs

The fluid domain was filled with air characterized by a density of 1.225 kg/m³ and a dynamic viscosity of 1.7894 × 10−5 kg/(m∙s). The pressure-velocity coupling scheme was SIMPLE. The spatial discretization was specified as follows: the Least Square Cell Based method was used for gradient calculations, PRESTO was employed for pressure, which is particularly suitable for rotating flow fields. The Second Order Upwind scheme was applied for momentum and energy, while the First Order Upwind method was used for turbulent kinetic energy and turbulent dissipation rate.

After the simulation, the experimental results were compared with the simulated results, as shown in Fig. 4. The experimental data was subjected to a moving average with a period of 200. The curve fitting of the aerodynamic torque data followed a quadratic curve, as shown in Fig. 5. Table 1 presents the averaged and smoothed torque data over a 2-s interval under three constant-speed conditions. The results indicate a good agreement between the experimental data and the numerical results, with the maximum error not exceeding 6%.
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Figure 4: The comparison of aerodynamic torque obtained by wind tunnel test and numerical simulation of brake disc at different speeds
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Figure 5: The curve fitting of aerodynamic torque obtained by wind tunnel test and numerical simulation of brake disc at different speeds
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3  Numerical Simulation Model for Three-Car Train

3.1 Geometry

The axle-mounted brake disc studied in this paper is widely used, particularly in the CR200J type of train, where all non-powered bogies are equipped with this brake disc. A three-car model of this train was utilized as shown in Fig. 6a. It comprises three main parts: the car bodies, the bogies, and the brake discs. The focus of the study is on the aerodynamic characteristics of the brake discs under the front and middle car. Therefore, the third car was identical to the middle car, and the bogie under its body was not considered. The bogie geometry includes components such as air springs, brake calipers, and gearboxes, so as to preserve its complex shape, as illustrated in Fig. 6b. The overall dimensions of the vehicle were 77.5 m in length, 3.5 m in width, and 4.05 m in height. The diameter of the brake disc was 0.64 m. For ease of later reference, the bogies and brake discs are labeled as shown in Fig. 6c.
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Figure 6: The geometry of trains and brake discs: (a) the three cars; (b) the bogie; (c) the brake disc labeling

3.2 Computational Domain and Boundary Conditions

The overall view of the computational domain for the three-car model is shown in Fig. 7a. The top boundary is positioned 10 h above the ground (where h = 3 m), the left and right sides are 8 h from the track centerline, the velocity inlet is located 10 h from the front car, and the pressure outlet is situated 50 h from the tail car. A close-up view near the bogie is shown in Fig. 7b. In this study, the train’s motion was considered steady-state, with the brake discs rotating uniformly, allowing them to be treated as steady-state components. The regions around the brake discs were set as MRF zones, as indicated by the green portion in Fig. 7b. The center of the MRF region was the geometric center of the brake disc, with the z-axis serving as the rotation axis. The rotational speeds for the three velocity conditions were 96.618, 150.966, and 241.546 rad/s, respectively. To ensure sufficient space for grid generation, the distance between the brake caliper and disc was appropriately increased, and the rotational angular velocity in the inner region was maintained consistent with the brake disc.
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Figure 7: The computational domain of three-car train model: (a) the three cars; (b) the bogie and the MRF region around the brake disc

The boundary conditions for the simulation of the three-car model were set as follows: The front face served as the velocity inlet with a constant value. The turbulence intensity and turbulence viscosity ratio followed the default settings of Fluent. The bottom face used the slip wall boundary condition to simulate the relative motion between the train and the ground. The velocity direction and magnitude were consistent with the velocity inlet. The symmetry condition was set on the side and top faces. The back face was set as the pressure outlet with a constant value corresponding to standard atmospheric pressure. The surfaces of the cars and the bogies were set as no-slip walls. The axle-mounted brake discs and the wheel surfaces were modeled as rotating slip walls, with corresponding angular velocities applied.

3.3 Grid Generation Strategy

Due to the intricate geometry of the bogie region, the polyhedral grids were employed, offering significant advantages in terms of mesh quantity, quality, and efficiency. The MRF areas near the brake discs used the same mesh parameters as described in Section 2.2. The total number of the meshes is approximately 20 million. The thickness of the first boundary layer mesh was controlled to maintain an average y+ value of 200, with some regions possibly having values lower than 200. Each inner region of the brake disc was meshed with approximately 380,000 elements. The mesh used in the three-car model is displayed in Fig. 8, including the overall mid-section mesh, the surface mesh of the bogie, and the sectional mesh where the brake disc is located.

[image: images]

Figure 8: The mesh of three-cars and bogie area: (a) the mesh of three cars in y = 0 cross-section; (b) the surface mesh of bogie in head car; (c) the mesh of brake disc in middle cross-section

Fig. 8a shows the mesh on the Y = 0 section of the train, where the mesh was refined around the train and the ground, gradually increasing in size. Fig. 8b depicts the surface mesh on the first bogie, with mesh refinement in smaller and high-curvature areas to enhance accuracy. Fig. 8c illustrates the mesh on the mid-section of the brake disc of the first bogie.

3.4 Numerical Simulation Setting

For the simulation of the three-car model, the air was configured with the same parameters as the simulation of a single brake disc in the wind tunnel. The realizable k-ε turbulence model was also employed. The solver and settings were also consistent with those used in the simulation of a single brake disc. A total of 15,000 iterations were set while monitoring the variation of the aerodynamic drag force and torque for the entire train and brake discs. Once the monitored quantities exhibited a smooth change, it was considered that the airflow around the train had reached a steady state.

4  Results and Discussions

4.1 Pressure Filed Analysis

In the full-speed operation of the train, the air-resistance torque is at a relatively high value. In this section, the train running at a constant-speed operation of 180 km/h was considered. Fig. 9 shows the surface pressure distribution of the front and the middle cars. It was revealed that the nose tip and fairing of the front car, being in direct contact with high-speed air, exhibit the maximum pressure. As the air flows around the streamlined front of the train, the pressure values on the middle car are significantly lower than those on the front car.

[image: images]

Figure 9: The pressure distribution on trains running at 180 km/h: (a) the head car; (b) the middle car

Figs. 10–13 illustrate the surface pressure distribution of each bogie during the steady-state operation. Bogie 1, located at the front of the head car, experiences higher velocity due to the impact of airflow in this region, resulting in higher pressure compared to the other bogies. A positive pressure zone is observed on the windward side near the ground where the wheels and brake disc are located. Bogies 2 and 4, situated at the rear of the head and middle cars, experience lower air flow velocity, and the pressure difference between the windward and leeward sides is not significant. The box-shaped auxiliary structure in front of bogie 3 obstructs most of the air flow, resulting in a pressure distribution similar to that of the bogies 2 and 4.
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Figure 10: The streamlines around brake discs in bogie 1: (a) the brake disc 1-1 (3.482 N · m) and 1-2 (3.3565 N · m) in rotating condition; (b) the brake disc 1-1 (0.687 N · m) and 1-2 (0.687 N · m) in stationary condition; (c) the brake disc 1-3 (3.767 N · m) and 1-4 (3.800 N · m) in rotating condition; (d) the brake disc 1-3 (0.414 N · m) and 1-4 (0.437 N · m) in stationary condition
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Figure 11: The streamlines of brake disc in bogie 2: (a) the brake disc 2-1 (3.620 N · m) and 2-2 (3.629 N · m) in rotating condition; (b) the brake disc 2-1 (0.015 N · m) and 2-2 (0.014 N · m) in stationary condition; (c) the brake disc 2-3 (3.634 N · m) and 2-4 (3.616 N · m) in rotating condition; (d) the brake disc 2-3 (0.010 N · m) and 2-4 (0.023 N · m) in stationary condition
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Figure 12: The streamlines of brake disc in bogie 3: (a) the brake disc 3-1 (3.733 N · m) and 3-2 (3.711 N · m) in rotating condition; (b) the brake disc 3-1 (0.016 N · m) and 3-2 (0.003 N · m) in stationary condition; (c) the brake disc 3-3 (3.409 N · m) and 3-4 (3.211 N · m) in rotating condition; (d) the brake disc 3-3 (0.019 N · m) and 3-4 (0.017 N · m) in stationary condition
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Figure 13: The streamlines of brake disc in bogie 4: (a) the brake disc 4-1 (3.691 N · m) and 4-2 (3.736 N · m) in rotating condition; (b) the brake disc 4-1 (0.006 N · m) and 4-2 (0.012 N · m) in stationary condition; (c) the brake disc 4-3 (3.753 N · m) and 4-4 (3.749 N · m) in rotating condition; (d) the brake disc 4-3 (0.002 N · m) and 4-4 (0.006 N · m) in stationary condition

4.2 Flow Field Analysis

To compare and analyze the impact of whether the brake discs are rotating on the underbody bogies and to observe the flow characteristics around the brake discs, the streamlines for the four bogies are shown in Figs. 10 to 13. Upon comparing the results of the flow field with the brake disc rotating and stationary at the same locations on the bogies, it is evident that under the rotating condition, the streamlines exhibit a significant air pumping effect. The region around the bogie demonstrates higher velocity and is more chaotic in the rotating condition compared to the stationary condition.

Analyzing the streamline characteristics in the bogie region, specifically bogie 1 with the rotating brake disc located at the front of the head car, it is observed that the high-speed oncoming flow underside significantly influences the streamlines around the bogie. The windward side of the lower surface exhibits a higher velocity and smooth streamlines as shown in Fig. 10. In contrast, bogies 2, 3, and 4, with the rotating brake disc, experience less influence from the oncoming flow at the bottom, and the rotating condition presents typical air pumping features of brake discs. The streamlines are drawn into the internal cooling ribs through the inlet hole and then expelled from the outer edge. The streamlines in the stationary condition of the brake disc do not show such distinct features.

4.3 Aerodynamic Drag and Torque Analysis

The aerodynamic drag results for the brake discs and the entire train are extracted as shown in Table 2. Compared to the stationary condition, the aerodynamic drag force of the brake discs increased by 1.52%, while the entire train’s aerodynamic drag increased by 4.76% in the rotating condition. As we can see that the rotating brake discs themselves have a minor influence on the aerodynamic drag. However, the air pumping effect of the brake disc has significant influences on the air flow under the train’s body. Therefore, the rotating brake discs can redistribute the air flow in bogie area, leading to an increase in the total aerodynamic drag.

[image: images]

The aerodynamic torque of each brake disc and the percentage of the aerodynamic torque for the brake disc cooling ribs are shown in Figs. 14 and 15, respectively. Generally, there is minimal difference in the aerodynamic torque of the brake discs on each bogie, due to the low oncoming flow position of the head car, which is consistent with the rotation direction of the brake disc. Specifically, brake discs 1-1 and 1-2 exhibit smaller aerodynamic torque compared to 1-3 and 1-4, where the flow velocity is lower. Bogie 2, located at the rear of the head car, experiences a reduced oncoming flow velocity compared to the front, resulting in uniform aerodynamic torque for all four brake discs on bogie 2. Bogie 3 has a box-type auxiliary structure at the front, obstructing most of the upstream flow and generating larger aerodynamic torque for 3-1 and 3-2. Bogie 4 experiences smaller upstream flow velocity at the bottom, resulting in relatively small differences in the aerodynamic torque of its brake discs.
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Figure 14: Histogram of air-resistance torque for brake discs
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Figure 15: Percentage of air-resistance torque for brake disc cooling ribs

Meanwhile, the air-resistance torque obtained from the single brake disc simulation at 180 km/h is 3.478 N · m. The difference compared to the above realistic condition is relatively small, with a maximum error of less than 8%. This demonstrates that the air pumping effects of rotating brake discs can be approximately obtained by simulating a single brake disc with the corresponding upstream flow velocity. This conclusion is helpful for conserving computational resources in comparing and optimizing brake disc cooling structures.

Additionally, the contribution of the air-resistance torque was analyzed, and the results indicate that the cooling ribs of the brake disc contribute to the majority of the aerodynamic torque, accounting for approximately 60%. Brake discs 1-1 and 1-2 exhibit the highest aerodynamic torque contributions, while 1-3 and 1-4 have the smallest contribution percentages, with the remaining differences being relatively small.

Combining the previously mentioned air-resistance torques for each brake disc, the power losses P generated by the aerodynamic torque caused by the air pumping effects of brake discs are calculated as follows [12]:


P=Tv/(3.6Rw)
(5)

where T is the aerodynamic torque of brake disc, v is the velocity of wheel tread (unit: km/h), and Rw is the radius of wheel (unit: m). The above equation can be simplified to:


P=T⋅ω
(6)

where ω is the angular velocity of the rotating brake disc (unit: rad/s).

The aerodynamic losses for all brake discs are summarized in Table 3. In the rotating condition, the total power consumption for all brake discs is 6493.21 W, which is significantly higher than the power consumption in the stationary condition. This demonstrates that the air-pumping losses due to the rotation of the brake disc are not negligible.
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5  Conclusions

This study conducted wind tunnel tests on a 1:1 scale axle-mounted brake disc at three speed conditions: 160, 250, and 400 km/h. The results were compared with CFD simulation results obtained with the MRF method. Additionally, a three-car model at a constant speed of 180 km/h was simulated to compare and analyze the aerodynamic drag and torque of each brake disc on the four bogies of the head car and the middle car. The following conclusions were drawn:

1. The air-resistance torque results from the wind tunnel test and numerical simulations using the MRF method showed good consistency, with errors within the range of 0.95% to 5.88%. Therefore, the simulation settings proposed in this paper can accurately obtain the air-resistance torque of a rotating brake disc;

2. The differences in air-resistance torque results for each brake disc on the 3-car train model were relatively small and close to the single brake disc simulation at the same speed. Therefore, engineers can test and optimize the cooling structure of a brake disc on a relatively small-scale simulation of a single rotating brake disc;

3. The aerodynamic torque provided by the cooling ribs accounted for approximately 60% of the overall brake disc, confirming that the air pumping loss of the cooling ribs is the main source;

4. The total aerodynamic drag and power losses for all brake discs in the rotating condition are significantly higher than in the stationary condition. This demonstrates that the aerodynamic performance design of a train should not neglect those rotating brake discs.

In this paper, due to the difficulties in creating the MRF region between brake pads, only the axle-mounted brake discs are studied. In the future, the air pumping of wheel-mounted brake discs will be studied using more sophisticated simulation techniques such as overset mesh.
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Table 3: The aerodynamic losses of brake discs in different conditions

Brake disc Stationary condition (W) Rotating condition (W)
1-1 74.67 406.19
1-2 74.67 404.99
1-3 45.00 386.29
1-4 47.50 387.06
2-1 1.63 413.47
2-2 1.52 413.90
2-3 1.09 410.53
2-4 2.50 407.71
3-1 1.74 415.53
3-2 0.33 414.45
3-3 2.07 407.27
3-4 1.85 408.25
4-1 0.65 404.45
4-2 1.30 399.45
4-3 0.22 407.71
4-4 0.65 405.97

Sum 257.39 6493.21
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Table 1: The comparison of air-resistance torque of single brake disc between wind tunnel test and numerical
simulation

Speed (km/h) Experimental results (N - m) Numerical results (N - m) Errors
160 2.846 2.873 0.95%
250 6.674 6.814 2.09%

400 16.694 17.676 5.88%
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Table 2: The aerodynamic drag results of brake discs and trains in stationary and rotating condition, and the
percentage of discs

Aerodynamic drag (N) Brake discs Entire train Percentage
Stationary condition 64.97 9851.11 0.66%
Rotating condition 65.97 10343.127 0.64%

Difference 1.52% 4.76% \
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