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Abstract

:

In the world of motorsports engineering, improving brake performance is a crucial goal. One significant factor that affects this performance is the increase in brake disc temperature due to reduced cooling airflow, a phenomenon called “blanking”. This temperature increase also impacts the rim and the air inside the tire, causing changes in tire temperature and pressure, which affects the vehicle’s performance. Properly adjusting the brake blanking can be essential to keep the tire running at the right temperature, resulting in maximization of the performance on track. To address this complex problem, this study describes the problem of cooling brake discs, and this problem is then used as an opportunity to introduce a new variable in order to optimize the performance of the vehicle. By changing the thermal evolution of the brake disc, through the blanking, it can change a large percentage of heat that heats the tire. When combining an existing brake model in the literature with a tire thermal model in a co-platform simulation, it was seen that it is possible to work these two models together with the aim of being able to obtain the prediction of the optimal blanking value to be adopted before proceeding on track, thus saving time and costs.
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1. Introduction


In the automotive field, particularly within the fiercely competitive domain of motorsport, where the difference between victory and defeat narrows to a mere 0.01 s, and the pursuit of vehicular perfection is unending, the quest for optimizing tire grip reigns supreme. Since the inception of organized motorsport championships, researchers and engineers from diverse disciplines have astutely recognized that the primary driver of grip variability resides in the intricate interplay between tire temperature and pressure [1]. This temperature nexus is intricately influenced by several factors, including road conduction, internal air convection, external air convection, frictional forces, SEL (Strain Energy Loss), the viscoelastic properties of the tire’s rubber [2] and the thermal profile of the braking system [3].



Notably, the frictional forces generated during the interaction between the brake disc and pads yield a substantial quantity of heat. This heat follows a double path, with a portion dissipating into the ambient air through strategically designed intakes, thereby averting the risk of thermal fatigue fractures. Simultaneously, this thermal energy very much affects the temperature of the rim of the tire which heats the internal air of the wheel, thus affecting the pressure, and subsequently also affects the temperature of the layer-defined inner liner in direct contact with the air inside the tire [4,5,6]. The inherent variability among race tracks, dictated by distinct characteristics such as velocity profiles, turn geometries, and energy dissipation levels, renders the task of maintaining tires within their ideal thermal operating range a complex undertaking.



Obviously, for what concerns the brake, the disc must be cooled in an appropriate manner, otherwise its temperatures rise significantly, reaching values that involve incorrect operation of the brakes and, consequently, the impossibility of slowing the car. The cooling of the brakes therefore becomes a new parameter to modify with the objective to increase the performance by varying the air flow needed to cool the braking system. This technique is widely recognized as “blanking” [7,8].



To systematically determine the optimal occlusion percentage for each circuit while concurrently reducing the costs and time associated with empirical testing, it was decided to incorporate a thermal model for the brakes housed inside the wheel rim, to be associated with a tire thermal model named “thermoRIDE” (an iteration of the Thermo Racing Tire model, developed at the University of Naples Federico II). ThermoRIDE, a physical–analytical model based on Fourier’s law and operating within a Lagrangian reference system, faithfully replicates the thermal dynamics of the tires. It provides a granular and localized distribution of temperatures across the tire’s inner rubber layers. While the model attributes immobility to the tire, it is important to note that the boundary conditions, inherently linked to thermal interactions with the external environment, dynamically evolve during the simulation. A comprehensive review of the existing literature allowed us the selection of an already established thermal brake model to complement the “thermoRIDE.”



This was implemented to enhance the understanding of the thermal effects that brakes and braking have on tire temperatures under operational conditions. Further exploration of this prototype model could lead to additional insights into brake performance management and the improvement of vehicle dynamics in the motorsport sector.



Furthermore, the incorporation of a prototype thermal model described in this paper, capable of simulating brake temperatures, could offer significant advantages for manufacturers of brake discs and braking systems in a not too distant future. Such simulation could aid in the refinement of component designs, encompassing cooling systems and material selections. By emulating the complexities of the braking process and examining the resulting forces, this approach aims to determine the actual operating temperatures. This analysis methodology could translate into substantial time and cost savings compared to conventional on-track testing protocols.



The sections in this paper cover the following topics: In Section 2, we discuss previous research related to estimating brake temperatures with considerations for blanking, evaluating tire temperatures while taking into account brake heat, and simulation platforms designed to improve air intake configurations. Section 4 offers a detailed explanation of the models developed and the co-simulation framework. Section 5 introduces a comprehensive set of tests, considering different vehicle speeds, brake blanking levels, and the sensor setup used for different vehicles. In Section 6, we discuss the simulation results and validate them through real-world experiments with a racing reference vehicle. Lastly, in Section 7, we conclude this scholarly presentation with final remarks and a plan for future research.




2. Braking System


Brakes are a critical component in the automotive industry, serving the fundamental role of slowing down or stopping the motion of vehicles and equipment. Their significance lies in enhancing safety and control, preventing accidents, and allowing for smooth deceleration [9]. The fundamental concept behind a braking system revolves around the idea of decelerating or halting a vehicle by transforming its kinetic energy into heat through frictional contact between the brake pad and the disc [10]. The braking system consists of three main components:



	
The brake disc (or rotor);



	
The brake pad;



	
The brake caliper.






The brake disc is generally a flat, rotating metal component attached to the wheel. It is usually made of cast iron or ceramic composites including carbon, kevlar, and silica that are connected to the wheels and axles with the goal of stopping the wheels [11]. The brake pad, on the other hand, is a frictional material whose role is to generate a frictional force during braking conditions, contributing to the slowing down or stopping of the vehicle (depending on the amount of pressure applied to the brake pedal). Indeed, during the braking phase, the brake pads come into contact with the brake disc’s surface, generating friction useful for the braking procedure. The brake pad constituent materials are binder, reinforcement, filler, friction modifier and abrasive [12]. The brake disc and pads are represented in Figure 1.



Finally, the caliper is the component that houses the brake pads and applies pressure to the rotating disc when the driver activates the brakes. Key considerations for a caliper are achieving a balance between low weight and high stiffness. High stiffness, coupled with evenly distributed pressure on the brake pads, is essential for optimizing braking performance. The significance of stiffness is due to the necessity that the caliper remains robust and unwavering under the forces applied during braking. At the same time, an even pressure distribution helps ensure uniform heat distribution, which is crucial for minimizing wear and preventing noise caused by temperature variations in the brake disc. These characteristics are influenced by factors such as material selection, manufacturing precision, and caliper design [13].



An exploded view of a brake caliper is shown in Figure 2.



From what has been said, it is clear that brakes are not just a convenience but a vital safety feature in any vehicle or machinery due to their ability to control speed to ensure the safety of passengers, operators, and the surrounding environment. The synergy between the brake disc, brake pad, and brake caliper is essential for the efficient conversion of kinetic energy into heat, making brakes an indispensable component in the modern world of transportation and machinery. Regular maintenance and replacement of brake pads are essential to ensure optimal braking performance and overall safety.




3. Brake Modeling


Disc brakes are a critical safety component in vehicles, and their performance is affected by a variety of factors, including the geometry, material properties, and operating conditions. Modeling can be used to understand the behavior of disc brakes and to predict their performance under different conditions.



Finite element analysis (FEA) is a common approach to modeling disc brakes. FEA models can be used to predict the stress, strain, and temperature distribution in the brake under different loading conditions. Chengal Reddy, Gunasekhar Reddy, and Gowd present a case study on the modeling and analysis of a disc brake for an FSAE car [14]. The authors use FEA to model the brake and to predict its performance under a variety of conditions. The authors find that the FEA model is able to accurately predict the stress, strain, and temperature distribution in the brake. FEA models are typically more accurate than analytical models, but they can be more computationally expensive.



Numerical models are typically simpler than FEA models, but they can still provide useful insights into the behavior of disc brakes. Analytical models are often based on simplifying assumptions, such as assuming that the brake is a thin plate or that the material is homogeneous. Lee presents a numerical model for predicting the temperature rise of brake fluid during braking and heat soaking [15]. The author uses CFD to model the flow of the brake fluid through the brake system. The author finds that the model is able to accurately predict the temperature rise of the brake fluid under a variety of conditions.



Aerodynamic and thermal modeling is also important to consider. The aerodynamic drag of the brake can contribute to heat dissipation, while the thermal expansion of the brake can affect its performance. Vdovin and Le Gigan provide an overview of the challenges and limitations of aerodynamic and thermal modeling of disc brakes [16]. The authors identify a number of challenges, including the complex interaction between the brake and the airflow, the need to consider the effects of thermal expansion, and the need to account for the effects of heat soaking.



This same subject is dealt with more broadly by Sheridan, Kutchey, and Samie, who discuss different approaches to thermal modeling of disc brakes. The authors review a number of different approaches, including analytical models, FEA models, and computational fluid dynamics (CFD) models. The authors conclude that there is no single best approach to thermal modeling of disc brakes, and that the best approach depends on a specific application.



Modeling is a valuable tool for understanding the behavior of disc brakes. By using models, engineers can improve the design, performance, and safety of disc brakes.



With regard to the objective of this work, namely to find a brake model to complement the existing thermal tire model, it is decided to continue on the path taken by Lee in his work. In this case, the goal is to extend the knowledge on the thermal influences that affect the internal air and the various rubber layers of the tire during normal operation by extending knowledge due to the addition of the thermal brake model. Knowledge of these values is essential to improve vehicle performance by choosing the right parameters. To perform faster simulations, it is therefore necessary to choose numerical models, faster than the FEM one. The computational speed is crucial to then introduce this platform of co-simulation in driving simulators in real time to provide the driver with feedback, as realistic as possible.




4. Co-Simulation Platform


The University of Naples research group worked on the development of a co-simulation platform representing a possible improvement in the domain of brake blanking testing, validation, and prediction. This platform leverages the integration of two models: the brake thermal model (presented in paragraph Section 3) and the tire thermal model. To comprehensively grasp the intricacies of this cutting-edge system, it is useful to delve into Figure 3, a visual representation of the co-simulation platform overarching architecture.



Starting from the leftmost part of the diagram, there are input channels sourced from several placed sensors, useful for obtaining the data that drives the subsequent stages of analysis. The initial phase of this analysis is the kinematic and load estimator, a computational powerhouse that processes the incoming sensor data. In particular, it calculates the state of the vehicle, spanning from its basic kinematics to the intricate load dynamics manifesting at the wheel hubs. The data extracted through this estimation process serve as input to the tire model, an indispensable component of the co-simulation platform. At the heart of this model lies the evaluation of the vehicle’s state at the tire–road interface. Here, a confluence of factors comes into play, including the blanking percentage, tire pressure, and the complex thermal phenomena unfolding within this critical juncture. The tire model’s ability to dissect and assimilate these multifaceted variables renders it a cornerstone of the platform’s predictive capabilities.



One of the central objectives driving the research endeavors is the reduction in both cost and time associated with traditional brake blanking test sessions. Historically, such tests have been labor-intensive, resource-demanding, and time-consuming affairs. Through the deployment and improvement of this co-simulation platform, it could be possible to usher in a new era of efficiency and efficacy in brake blanking testing and prediction. By merging the power of advanced computational models with real-world sensor data, the aim is to streamline the testing, validation, and prediction processes.



Therefore, with its fusion of cutting-edge technology and academic rigor, this platform holds the possibility of improving the ways in which brake blanking testing is conducted and optimized. The amalgamation of the brake thermal model and the tire thermal model represents a synergy to enhance the understanding of brake blanking phenomena and, in turn, augments the overall safety and performance of vehicle braking systems.



4.1. Brake Thermal Model


The developed brake thermal model [17] takes into account four factors affecting temperatures:




	
The brakes generate heat through friction;



	
Heating/Cooling of the brake due to the convection with the surrounding air;



	
Heating/Cooling of the brake due to the brake radiation from the wheel;



	
Heating/Cooling due to the conduction phenomena between the wheel and the brake.








To correctly simulate the listed heat exchanges, it is essential to find correct analytical formulations for the heat exchange mechanisms. In this way, it is possible to describe the thermal dynamics concerning the brake.



In regard to the brake friction power, it can be evaluated as follows:


   Q f  =  M  b r a k e   ·  n  w h e e l   ,  



(1)




where



	
  Q f   is the brake friction power;



	
  M  b r a k e    is the brake torque;



	
  n  w h e e l    is the wheel speed.






The brake torque   M  b r a k e   , in turn, can be computed as


   M  b r a k e   =  p  b r a k e   ·  μ  b r a k e   ·  A  p i s t o n s   ·  r  d i s c   .  



(2)







Equation (2) includes the following variables in order to evaluate the brake torque:   p  b r a k e    that is the brake pressure,   μ  b r a k e    that is the coefficient of friction of the brakes,   A  p i s t o n s    that is the sum of the piston area on the inboard and outboard side of a single front caliper and   r  d i s c   , which is the effective radius of the brake discs.



The rate of convective heating from the air on the brakes can be computed as follows:


   Q  c o n v   =  k  c o n v    (  v  a i r   )  ·  A  d i s c   ·  (  T  a i r   −  T  d i s c   )  .  



(3)




where



	
  Q  c o n v    is the convective heating power;



	
  k  c o n v    is the output of the kConvective lookup table;



	
  A  d i s c    is the area of the disc brakes, which includes friction surface and side surface of the disc;



	
  T  a i r    is the air temperature;



	
  T  d i s c    is the brake disc temperature.






This heat exchange mechanism is strongly affected by the brake blanking. Using the data acquired during the different track test sessions at several brake blanking configurations, it has been possible to correctly populate the   k  c o n v    lookup table. For what concerns the heat transfer due to the thermal radiation from the wheel, it is crucial to introduce, from the very beginning, the geometry factor c that is given by


  c =   1 −  e  d i s c      A  d i s c   ·  e  d i s c     +  1   A  d i s c   ·  k v    +   1 −  e  w h e e l      A  w h e e l   ·  e  w h e e l     .  



(4)







In this formula,   e  d i s c    represents brake emissivity,   A  w h e e l    is wheel area,   e  w h e e l    is wheel emissivity,   k v   is the view factor from the wheel to the brake. Once geometry factor c is computed, the heat transfer rate is given by the following equation [18]:


   Q  r a d   = σ ·    T  w h e e l  4  −  T  d i s c  4    k  g e o m    ,  



(5)




where



	
 σ  is the Boltzmann constant;



	
  T  w h e e l    is the wheel temperature.






Finally, the brake conductive heating can be evaluated, introducing the thermal conductivity between the brake and the wheel,   k  c o n d   , as presented in Equation (6):


   Q  c o n d   =   k  c o n d   ·   T  w h e e l   −  T  d i s c    .  



(6)







The brake model used in this work (presented in paragraph Section 3) is based on the equations just described. However, the presented formulas contain coefficients and quantities that depend on the type of brake, materials, and geometries of the brake components. For this reason, a testing campaign was conducted, with some of our partners, on various brake systems, including different types of calipers (floating and fixed), and vented and non-vented discs to better understand the ways in which that could affect the variability of the parameters present in the various equation. In addition, the aim of the campaign was to analyze the thermal behavior of the brake system when subjected to different operating conditions and configurations.



In Figure 4, the disc, brake pad, and caliber temperatures for three typologies of brake systems are shown.



Furthermore, it was necessary to install surface-mounted thermocouples on the discs and into the brake pads through dedicated holes (Figure 5) to obtain the data.



The test scenarios encompass several variables, such as vehicle speeds, rotor designs, brake pad materials, and environmental conditions. The primary objective was to analyze the impact of these factors on brake temperature and to understand whether the implemented equations were suitable for all these different situations.



The tests revealed distinct temperature patterns and variations in gradients following modifications to the brake material. These findings can be useful for improving the model’s adaptability and practicality. While the primary objective was to enhance vehicle performance during high-performance racing scenarios, the adaptability of this model could also represent a useful tool for brake manufacturers seeking to gain comprehensive insights into the ways in which diverse brake configurations impact temperature dynamics. By elucidating the intricate interplay between various brake system components and their thermal behavior, this model could enable manufacturers to make informed decisions regarding the safety and quality of their brake systems.



Table 1 presents a summary of the maximum temperatures recorded across the three distinct braking systems employed in the outdoor testing sessions. The notable disparities in maximum temperatures among these various system configurations serve as compelling evidence of the model’s sensitivity to even subtle changes in setup. This underscores the model’s possible potential as a diagnostic instrument for brake system evaluation and design enhancement, offering manufacturers data to inform their engineering decisions and product development strategies.




4.2. Tire Thermal Model


Racing teams that are in competition strive to maximize the performance of their vehicles. The fundamental need to ensure drivability and secure excellent grip across a wide spectrum of riding conditions necessitates that vehicle tires function within an optimal temperature range [19,20]. This temperature window is essential for attaining the highest possible interaction force between the tire and the road surface, a parameter that profoundly influences the vehicle’s stability and handling characteristics [21]. However, accurately measuring and controlling the internal temperature of a tire presents a formidable challenge. Despite these difficulties, it remains abundantly clear that tire temperature profoundly impacts the performance and the handling on the track. To address this critical challenge, a physical–analytical model, known as thermoRIDE [22], can be used. This model has proven its mettle by faithfully replicating the thermal dynamics of tires across diverse operational conditions. Notably, it empowers us with a granular and comprehensive temperature distribution map within the tire’s inner rubber layers. The ability to predict the tire local temperature field and to link it to the grip of the tire is fundamental in terms of the vehicle handling improvement and of the asset optimization according to highly variable outdoor testing conditions. Due to the availability of the tire local temperature field, it is possible to obtain much more correlations from which optimal tire thermal windows can be identified. In addition, this model makes it possible to evaluate the inflation pressure trend and to understand the heat transfer mechanisms affecting the tire.



In greater detail, the thermoRIDE takes into account the physical mechanism of heat exchange and heat generation [18].



	
Heat generation within the tire structure due to



	–

	
tire/road tangential interaction, known as FP (Friction Power) that is related to the sliding velocity and the tangential force in the contact patch [23];




	–

	
effect of tire cyclic deformation during the tire rolling, known as SEL (Strain Energy Loss) that depends on the wheel rotation frequency, the vertical force acting on the tire, the camber angle, and the inflation pressure.







	
Heat exchange with the external environment due to



	–

	
thermal conduction between the tire tread and the road pavement;




	–

	
forced convection of the tread surface with the external air modeled by Newton’s law of cooling formulation;




	–

	
natural/forced convection of the inner liner surface with the inner air modeled again referring to Newton’s law of cooling.







	
Heat conduction between the tire layers due to the temperature gradient.






To find the right trade-off between result accuracy and computational burden, the model is based on the following assumptions:




	
a road is schematized as a geometric plane without irregularities, isotropic and homogeneous in all its characteristics, expressed by its pavement temperature Tr and diffusivity characteristics   K  r o a d    and   C v  ;



	
the tire system’s heat exchange with the external environment can be described by convective and conductive terms, with negligible radiation phenomena;



	
quantities representing the tire/road interaction within the contact patch extension are considered global, expressed by average values of slip velocities and generalized force components;



	
tire tread is modeled as slick, so without grooves, where inhomogeneities of thermodynamic and geometric characteristics concern only the radial direction;



	
pressure is evaluated using the ideal gas formula starting from the internal air temperature;



	
the humidity effect is not taken into account;



	
rim and brake temperatures can be considered as inputs for the model.








Concerning the mathematical tire model, it is based on the use of the diffusion law of Fourier applied to a three-dimensional domain:


    ∂ T   ∂ t   =    q ˙  G   ρ  C v    +   d i v ( k ∇ T )   ρ  C v    .  



(7)







The tire is analyzed by considering its curvature and the presence of the shoulder and sidewall. The tire is made up of seven layers along the radial direction, including a compound layer (divided into three sub-layers), cushion, carcass, and inner liner. Along the lateral direction, the nodes are grouped into ribs (usually three for cars and up to fifteen for motorcycles) to consider the position of the contact patch due to steering and camber changes. To determine the temperatures of the different layers and the inner pressure, the thermoRIDE model requires proper telemetry that includes several channels used to calculate the heat exchanges. Table 2 lists the essential channels required for the model to function, with the signals listed with reference to the left front corner. Certain channels are essential for acquiring the accurate data needed in the investigation of forces and thermodynamics. For instance, the vehicle’s longitudinal velocity can also be estimated utilizing neural network methods, employing a collection of recorded data points associated with signals typically accessible within the vehicle. These signals encompass longitudinal and lateral acceleration, steering angle, yaw rate, and linear wheel speed [24].





5. Experimental Tests


In order to calibrate both the brake model and the thermal model together, a systematic run plan was implemented. The primary objective of this plan was to explore a broad spectrum of disc temperatures across various operational conditions. This approach was undertaken to ensure a calibration to align the inner liner and inner air temperatures within our models and the real-world temperatures as recorded by sensors during all phases of operation. In Figure 6, it is possible to see an example of the way in which the blanking was performed. The air flow was partialized horizontally from the bottom up to completely cover the air flow. Figure 6a presents the case with no inlet blanking, so all the air flow entering in the duct is directed towards the disc in order to cool it. Figure 6b shows the way in which the duct is partialized, through insulating adhesive tape; the portion of the area of the duct in contact with air is reduced. Finally, in Figure 6c, it is possible to see the extreme case of full close inlet blanking; in this case, there is no air flow entering in the duct.



To achieve this calibration, a series of test runs were executed, each designed to cover a specific range of operational parameters and scenarios. These runs encompassed a diverse set of conditions, including variations in braking intensity, speed, and environmental factors. The goal was to capture the thermal responses exhibited by the braking system under the following circumstances:




	
Run 1: Full closed brake inlet;



	
Run 2: Inlet partially closed;



	
Run 3: Inlet partially closed (a smaller tape for inlet blanking was used than the one used in Run 2);



	
Run 4: No inlet blanking (full open inlet).








Through this comprehensive array of runs, it was possible to gather an extensive dataset of temperature measurements, which served as the reference benchmarks for our simulations. The key focus was on achieving a high degree of concurrence between our modeled predictions and the empirical data acquired from the sensors.



For all the listed runs, the following test procedure was followed:




	
The first two laps of each run were considered warm-up laps to bring the tires up to temperature.



	
Two laps had the brake balance at 60%, in which the driver ran the main straights of the circuit at a constant speed of 90 kph.



	
One lap had the brake balance at 60%, in which the driver ran the main straights of the circuit at a constant speed of 130 kph.



	
One lap had the brake balance at 65%, in which the driver ran the main straights of the circuit at a constant speed of 130 kph.



	
One lap had the brake balance at 55%, in which the driver ran the main straights of the circuit at a constant speed of 130 kph.



	
Two laps had the brake balance at 60%, in which the driver ran the main straights of the circuit at a constant speed of 170 kph.









6. Simulation Results and Validation


To calibrate the brake model to predict blanking and work together on the tire thermal model, simulations were conducted to compare some of interest parameters. These parameters include:




	
The pressure of the air inside the wheel;



	
The temperature profiles of the inner air inside the wheel;



	
The temperature of the inner liner, i.e., the innermost side of pneumatic rubber layers in direct contact with the air inside the tire;



	
The temperature of the disc.








In regard to the value of pressure and temperature for the inner air, they were measured with the TPMS sensor. This sensor was installed on the side of the rim and contained the flywheel to effect the inflation of the tire (Figure 7).



For the measurement of the internal temperature of the coating, an IR sensor that measures various ribs of the inner liner can be used, as can be seen in the Figure 8. This remote monitoring tool offers real-time, multi-point data collection.



The analysis reported here was performed for a straight section of the circuit where the driver proceeded at a constant speed of 130 km/h. Figure 9 presents the results of the simulated pressure of the inner air (solid lines) compared to the acquisition values (dashed lines) for the two extreme cases: full open blanking (blue line) and full close blanking (purple line). It is evident that the pressure varied significantly between these two cases, indicating the influence of the blanking position on the airflow within the system. The initial conditions were the same, and it can be seen that the run with full close blanking had higher pressure values than in the case of fully open blanking. The reason for this may lie in the fact that with a 100% blanking, it happens that the brake discs are more difficult to cool down, leading to higher temperatures. Radiation and convection heat the rim which is in direct contact with the air inside the tire, which increases the temperature and therefore also increases pressure. The simulation results obtained for both cases demonstrate that the used model tried to follow the progress of the experimentally acquired model. Obviously, the experimental model introduces quite high frequencies of update, while the simulated one has a more smooth course.



Similarly, Figure 10 illustrates the simulation results for the inner liner temperature, showcasing pronounced variations between the full open and full closed blanking scenarios. In this case, almost at the end of the straight line, before the braking phase, the simulated and the acquired models tend to diverge. This seems to be due to the fact that at high speeds, the phenomena of fluid flows is not yet well analyzed by the model that is in a first phase of development. However, it is a fairly promising first basis from which to develop and interpret well all the phenomena.



Additionally, Figure 11 demonstrates the simulated temperature of the FL disc for both blanking configurations, further highlighting the substantial influence that blanking exerts on the thermal behavior of the components. Through the thermal model of the brake disc used, it is quite possible to follow the trend of the thermal evolution of the disc. The thermal level increases and decreases due to braking and acceleration.



To provide a comprehensive analysis, Figure 12, Figure 13 and Figure 14 display the simulated temperature profiles of the inner liner, the pressure of the inner air and the temperature of the rim, respectively, for all the studied blanking cases. These trends allow for a deeper understanding of the phenomenon and enable the study and approximation of the model.



From the simulation data, it is evident that particularly when observing the trends of the inner liner temperature and rim temperature, the run performed with fully open-air intakes (purple line) exhibited a very similar pattern of values compared to the run conducted with partially close air intakes (yellow line). This observation may be explained by the fact that within a certain opening interval of the brake air intake, the thermal behavior of the tested components and their simulation in the model remained relatively unchanged, perhaps because there were the phenomena of air flows that were generated at high speeds, therefore suggesting a model threshold value for the opening of the air intake that ensures a constant dynamic of the thermal evolution of the quantities indicated. It can be observed that the temperature of the inner liner and the disc was significantly lower in the case of full open blanking compared to that of the full close blanking. This is because the airflow through the brake system is greater with the blanking valves fully open, which helps to dissipate the heat more effectively.




7. Conclusions


The simulation results presented in this study provide a comprehensive insight into the efficacy of the proposed brake model in accurately replicating the behavior of the brake system across a range of blanking conditions. Through this analysis, the model, using a co-simulation platform, establishes the foundation for predicting pressure and temperature profiles of key components, such as the air inside the tire, the inner liner, the disc, and the rim. Acquiring these values offers a significant advantage in the world of motorsport, as it enables fine-tuning and optimization of both the design and operation of the brake system, thereby ensuring safe and efficient braking performance in various contexts. The central focus of this paper is the addition of information related to the brake discs to the existing tire model. This addition allows for the prediction of the optimal blanking percentage required to execute the warm-up procedure effectively on a racing field, aligning with the tire’s thermal windows while considering the thermal working range of the disc.



The calibration of these models is conducted using experimental data collected from a racing vehicle equipped with all the previously mentioned sensors. As depicted in the figures and evident from the simulation outputs, the proposed model can accurately simulate pressure and temperature profiles within the inner air, inner liner, and disc under various blanking configurations. For brake manufacturers, this method proves valuable as it enables meticulous design of brake system components and the selection of materials tailored to specific brake applications, both in motorsport and passenger vehicles. The thorough exploration of various blanking cases contributed to a robust calibration process, allowing the model adaptation to the experimental data obtained. These simulation results also lay the foundations for further model development by addressing phenomena that occur at high speeds, aiming to replicate the complex thermal behavior inherent in the blanking process.



Consequently, this study provides a substantial basis for advancing the design and operation of brake systems, with implications extending to a wide spectrum of automotive applications. For example, this model can be applied to passenger cars for checking the state of brakes and predicting wear, facilitating predictive maintenance. It can also assist brake manufacturers in the design phase, helping describe the most suitable shape and choose materials that best match the performance requirements of the vehicle.
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Figure 1. Brake disc and pads. 






Figure 1. Brake disc and pads.
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Figure 2. Brake caliper. 






Figure 2. Brake caliper.
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Figure 3. Co-simulation platform. 
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Figure 4. Temperatures acquired for disc, brake pad and brake caliper. 
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Figure 5. Thermocouples installed to acquire temperatures of disc and brake pad. 
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Figure 6. Examples of the ways in which the air flow is partialized. 
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Figure 7. TPMS sensor. 
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Figure 8. IR sensor. 
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Figure 9. Comparison between simulated and acquired pressure for the two extreme blanking levels. 
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Figure 10. Comparison between the temperatures of the inner liner simulated and the acquired models for the two extreme blanking levels. 
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Figure 11. Comparison between the temperatures of simulated and acquired discs for the two extreme blanking levels. 
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Figure 12. Comparison of inner liner temperatures simulated in different blanking levels. 
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Figure 13. Comparison of inner air pressures simulated in different blanking levels. 
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Figure 14. Comparison of rim temperatures simulated in different blanking levels. 
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Table 1. Maximum temperatures reached by the braking systems.






Table 1. Maximum temperatures reached by the braking systems.





	Braking System Tested
	Disc Max T (°C)
	Pad Max T (°C)
	Caliper Max T (°C)





	01
	478
	495
	89



	02
	548
	553
	93



	03
	582
	561
	132










 





Table 2. ThermoRIDE Model Inputs.
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	Quantity
	Description
	Unit





	vWheelFLLong
	Tire Longitudinal Velocity
	m/s



	nWheelFL
	Tire Rotation Frequency
	rad/s



	FzTireFL
	Tire Vertical Load
	N



	FxTireFL
	Tire Longitudinal Force
	N



	FyTireFL
	Tire Lateral Force
	N



	vSlidingSpeedFLLong
	Tire Longitudinal Sliding Speed
	m/s



	vSlidingSpeedFLLat
	Tire Lateral Sliding Speed
	m/s



	aCamberFL
	Tire Camber Angle
	rad



	TDiscFL
	Tire Disc Temperature
	°C



	TAirFL
	External Air Temperature
	°C



	TTrackFL
	Road Temperature
	°C



	lTireFLcompoundThickness
	Tire Tread Thickness
	m
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