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SUMMARY 

 

The increasing efforts in the automotive industry to reduce overall vehicle weight has 

led to the development of components made out of lighter materials such as composite 

materials. Further development of the composite materials has made it feasible to 

manufacture automotive wheels made out of the reinforced thermoplastic composites. The 

latest composite wheels utilize thermoplastic matrix bonding the carbon fibers. The plastics 

exhibit a reduced thermal strength compared to metal alloys; therefore, it is necessary to 

understand the behavior of the thermoplastics exposed to the radiation heat transfer from the 

brake system at critical thermal conditions. This study investigated the aerodynamic effects 

and heat transfer phenomena on the wheel-brake system. The radiative and convective heat 

transfer processes were investigated on a model of the wheel-brake system of the front axle 

of a vehicle. The front axle and the vehicle, for computational feasibility, were not included 

in the numerical model. The mass, momentum, and energy conservation equations were 

solved. The average heat transfer coefficient, average Nusselt number, average heat flux, and 

the average temperature on the inner surface of the wheel were estimated as a function of the 

incoming air stream velocity and the brake disc temperature. The computational analysis 

revealed that the radiative heat transport is the dominant source of heating of the wheel’s 

inner surface. The average temperature on the wheel inner surface increases with the 

increasing temperature of the brake disc and decreasing velocity of the vehicle. The average 

heat transfer coefficient on the inner surfaces of the rim increases with the increasing vehicle 

velocity and the increasing temperature on the inner surface of the rim. Finally, the heat 



   
 

 xix 

transfer phenomena were compared for the cases of the brake disc with and without vents. It 

was found that the vents have insignificant impact on the heating of the wheel. 
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CHAPTER 1 

INTRODUCTION 

 

The ongoing efforts for the weight reduction of all components in the modern 

vehicles drives the wheel manufacturers to consider implantation of composite materials for 

the wheels on the mass-produced vehicles. The composite materials provide a substantial 

weight reduction of a produced component by maintaining the required stiffness and the 

ultimate strength of the product. One particular brake-wheel system shown in Figure 1.1, is a 

common system that many car manufacturers apply on their vehicles of new generations. 

 

 
 

Figure 1.1: Wheel-Brakes System [1] 

 

The wheel represents the components that experience the mechanical stresses due to road 

conditions and require a careful analysis of the wheel design. Since the light-weight materials 
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are increasingly used in the wheel design, proper analysis and accurate physical models of 

the thermal processes within the suspension model are needed. A proper rim design of a 

wheel is a critical part of the structural stability and safety of the whole vehicle. The goal of 

this study is to investigate the convective and radiative heat transfer among the wheel rim, 

brake rotor, and brake caliper occurring during critical braking conditions, which 

corresponds to overheated components. The different vehicle velocity cases are investigated 

for one wheel’s design to get a general understanding of the physics of this system. Different 

wheel designs, and hence different resulting heat transfer correlation are expected to occur, 

which will be investigated in the future.  

 

 

1.1 Background 

 

1.1.1 History of Brake-Wheel Systems 

 

The automotive brake system finds its origins in preceding mechanical applications 

such as bicycles, steam machinery, etc. In 1902, Louis Renault patented a design of a first 

internal drum brake, which was used on the 1906 Ford Model N. As the cars were getting 

heavier, the necessary braking forces consequently increased, which required a more 

efficient brake system design. F.W. Lanchester’s patent of 1902, where brake pads act on the 

both sides of the brake disc surface, offered higher braking forces and could bring a larger 
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vehicle to a stop faster. The design, however, was more complex and expensive compared 

with the competing brake designs of the time, so it was utilized only on occasional vehicles 

of WWII [2]. Only when the brake discs were equipped with a floating caliper, which made 

it less expensive to fabricate and easy to maintain, the other brake designs lost its popularity. 

The first mass-produced vehicle with brake discs was Citroën DS-19 and was available to the 

public in 1955 [3]. Current brake system development focuses on the reduction of the mass. 

The heavy cast iron brake discs can now be replaced with ceramic C/SiC brake discs, which 

have excellent mechanical and thermal properties; however, the mass production of such 

brake discs is still cost-prohibitive and applied mostly on sports cars [4].  

 

1.1.2 Wheel-Brake System Design 

 

The wheel consists of several areas with a naming, generally, standardized by the 

automotive manufacturers, however, it can vary. Figure 1.2 shows a wheel with the most 

important areas whose naming will be used in the description of the wheel. This study has 

particular interest in the heat transfer on the rim and the spokes of the wheel, the hub is 

expected to have a minimal impact from the radiative and convective heat transfer. However, 

it is possible that the conduction from the brake disc might have a much stronger effect on it. 

The conduction to the hub from the brake disc would reduce the temperature of the brake 

disc moving its surface temperature to a lower range. 
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Figure 1.2: Overview of Wheel Areas 

 

The basic disc brake system can be seen in Figure 1.3 and Figure 1.4 (wheel not 

shown). The disc and the wheel that is connected to it rotate together, while the pads of a 

brake caliper are fixed on a static frame. When braking, the brake pads press against the disc 

with the assistance of a hydraulic system actuated by a driver. The required magnitude of the 

friction force that acts on the disc depends on the size of the disc. The larger the disc 

diameter the smaller the magnitude of the friction force that is necessary to stop a vehicle and 

vice versa, when the braking power is set equal for both cases. On a smaller brake disc, a 

higher pressure has to be applied on the pads, which translates into the higher heat generation 

on the brake system. Therefore, an effective cooling system for the brakes has to be 

incorporated as well [5]. 

R I M  
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Figure 1.3: The Basic Disc Brake System Design (wheel not depicted) [6] 

 

 

Figure 1.4: The 3D View of the Brake System 
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The brake system is designed in a way that a vehicle is able to pass some specified 

industry and safety requirements. A couple of these requirements are a set length of a braking 

path at a given initial velocity and a limit of discs temperature, that is allowed in normal 

operating conditions. As the braking distances need to be relatively short, a lot of resulting 

heat is generated at the braking system through friction between the pads and the discs. The 

heat is transferred through pads and disc to all surrounding components through conduction, 

convection, and radiation. Figure 1.5 depicts the components which are subject of the most 

impact of the generated heat. A typical performance car has larger brake calipers and discs, 

which are radially constrained by the inner rim diameter of the wheel with a specified 

clearance among these components. 

 

 

Figure 1.5: The Basic Front Disc Brake System Design (Back View) [7] 

 

The greatest amount of braking force and, therefore, the highest thermal stresses are 

experienced at the front wheels, as during the braking the additional weight of the vehicle 

tends to move forward caused by inertial forces. To address this factor, a front axle of 
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modern vehicles typically has larger discs equipped with internal venting channels to extract 

accumulated heat through convection of propelled air streams within them.  

 

1.1.3 Composite Materials in Wheel Design 

 

 The continuous efforts of reducing the vehicle weight drive the development of 

vehicle’s components from being made of cast iron or metal-based alloys to reinforced 

thermoplastic composites with comparable stiffness and strength. That is accomplished by 

significantly reducing the weight of the redesigned components. The wheels on most cars of 

today are primarily made of steel and aluminum alloys. Some performance car manufacturers 

and engineering institutions have already started implementing carbon fiber reinforced 

plastics in developing the entire wheel. Figure 1.6 depicts one of these wheels. 

 
 

Figure 1.6: Polyetherimide/Carbon Fiber Composite Wheel Developed by Sabic, Kringlan 

Composites [8] 
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The cost of production still prohibits the mass-production of cars with composite 

wheels, but efforts are continuously being made to reduce the manufacturing cost.  

 

1.2 Purpose 

 

The previous sections discussed the current stand of technology in the design of 

brake-wheel system and the increasing implementation of thermoplastic composites in the 

design of automotive wheels. The thermoplastics are a great matrix material for binding the 

reinforcing fibers, however, they have a much lower melting point that the metals commonly 

used for fabrication of the wheels. As it can be seen in Figures 1.7 and 1.8 the extreme 

operating conditions can heat up the brake discs to glowing temperatures. The accumulated 

heat in the discs dissipates through conduction, convection, and radiation to the surrounding 

vehicle components and the air stream. It is important that these heat transfer processes 

dispose of the heat efficiently so that the temperature on the brake disc does not reach a 

certain threshold. It has been experimentally demonstrated that the brake disc can reach 

temperatures of up to 700 ℃. At temperatures above 600 ℃, however, the tribological 

properties of the brake pads significantly deteriorated [4]. At such elevated temperatures 

more heat radiates to the wheels. It is also possible that in certain wheel designs, which do 

not allow much air circulation, the heat can be transferred by convection from discs to the 

wheel. If the wheel is made of a thermoplastic material, it can heat up to a temperature at 

which the thermoplastic can lose its structural stability.  
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Figure 1.7: Overheated Brakes [9] 

 

 

Figure 1.8: Porsche Dyno test [10] 
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The purpose of this study is to investigate the heat transfer phenomena occurring 

between the brake system and the wheels. The aerodynamic effects of the air stream between 

these components are also analyzed to demonstrate whether it is crucial to have a certain 

degree of air circulation to guarantee effective cooling of a wheel and the braking system. 

The convective and radiation heat transfer as well as thermal dispersion are calculated and 

analyzed with the aid of numerical solutions of the momentum and thermal energy equations. 

A few turbulence models are compared and discussed in terms of their performance and 

robustness. The experimental results for verification of the obtained simulations are not 

available for this simulated system, however, this work provides a valuable initial insight in 

the heat transfer phenomena on the wheel-brake system. 
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CHAPTER 2 

LITERATURE SURVEY 

 

 

2.1 Heat Transfer by Convection 

 

The convective heat transfer on the wheel-brakes system depends, for the most part, 

on the geometry of the wheel, if the initial conditions are set the same. The boundary 

conditions on the wheel surface would differ though, as the wheel geometry, observed in a 

complex dynamic system, dictates the resulting boundary layer forming on the wheel. For 

example, for a wheel without any windows between its spokes, the convective heat transfer 

rate is expected to decrease, as the air gets entrapped in the region between the wheel and the 

brakes, which, consequently, would lead to heating up of this air to the temperature of its 

surroundings. Car manufacturers consider that effect when designing a wheel-brakes system 

for new vehicles [11]. The aerodynamic effects induced by the window design of a wheel in 

this study will be briefly discussed in another chapter. 

There have been developed a few simplified analytical models of the cooling of a 

rotating disc by a air stream of the ambient temperature that has its inlet velocity vector 

parallel to the vector of the disc’s angular velocity. Figure 2.1 illustrates the concept of this 

problem. The solution of this problem gives an approximate solution for the air flow field, 

heat transfer coefficients on the disc’s surface, and the resulting heat flux on the disc-air 

interface.  
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Figure 2.1: Simplified Analytical Problem [12] 

 

The surface heat flux is obtained from the temperature difference between the disc surface 

and the air film immediately next to the surface 

 

𝑞̇𝑐𝑜𝑛𝑣 = ℎ(𝑇𝑑𝑖𝑠𝑐 − 𝑇𝑓𝑖𝑙𝑚) 

 

(2.1) 

 

The heat transfer coefficient can be derived from the equation below 

 

ℎ =
𝑘𝑑𝑖𝑠𝑐(𝜕𝑇 𝜕𝑛⁄ )|𝑠𝑜𝑙𝑖𝑑

𝑇𝑑𝑖𝑠𝑐 − 𝑇𝑓𝑙𝑖𝑚
=

𝑘𝑓𝑖𝑙𝑚(𝜕𝑇 𝜕𝑛⁄ )|𝑓𝑙𝑢𝑖𝑑

𝑇𝑑𝑖𝑠𝑐 − 𝑇𝑓𝑙𝑖𝑚
 

 

(2.2) 

Nondimensionalized representation of the local heat transfer coefficient can be obtained from 

 

𝑁𝑢 =
ℎ𝐿

𝑘𝑓𝑖𝑙𝑚
 

 

(2.3) 

The solution of these equations, consequently, allows the estimation of the 

temperature field of the air stream. This study, however, solves this heat transfer problem 

numerically, taking in account the complex geometry and turbulence models, but the 

principle remains the same.  
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2.2 Heat Transfer by Thermal Radiation 

 

The second mechanism by which the brakes emit heat to the environment is thermal 

radiation. The radiation heat transfer is mostly significant when a large temperature 

difference exists between the emitting body and its surrounding. The Stefan-Boltzmann law 

(2.4) illustrates that the heat transfer rate dependency on the temperature is to the power of 

four. For an isothermal object surrounded by a large, isothermal enclosure, for example, the 

radiative heat transfer rate from the object to the enclosure is 

 

𝑄̇𝑟𝑎𝑑 = 𝜀𝜎𝑏𝐴(𝑇𝑏𝑟𝑎𝑘𝑒
4 − 𝑇𝑠𝑢𝑟

4 ) 

 

(2.4) 

 

That makes the radiation an important element of heat transfer on the wheel-brakes 

system, as the temperatures on the disc reach 700 ℃ in certain cases. Noyes and Vickers 

(1969) and Limpert (1975) estimated that the radiation from the brake discs at the normal 

braking conditions accounts for less than 5 percent of the total heat dissipated [13]. That 

applies for the case when a significant amount of heat is dissipated by convection instead of 

radiation. If the convective heat transfer is less efficient then it implies that the radiation will 

account for a larger percentage of the dissipated heat.  

The emissivity value for a disc and the wheel varies depending on the surface finish 

and the temperature. For the polished cast iron, the emissivity value is 0.64. This number is 

used in this study. The same value has been used for an experimental work on the brake disc 

cooling by Stephens [14]. 
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2.3 Thermal Design of Brake System 

 

Before a brake system is ready to be integrated into the final design of the vehicle, a 

detailed thermal and structural analysis of the brakes has to be performed in order to meet 

various criteria, which primarily center around vehicle safety requirements. These 

requirements are set by the National Highway Traffic Safety Administration (NHTSA) to 

make sure that the vehicles are safe to drive in most of the road situations. On most major 

vehicles, the NHTSA independently performs validation tests to monitor the compliance of 

the vehicle design with its standards. For example, its brake test includes measurement of the 

total braking distance, maximum pedal force, and brake lining temperature among others. 

The OEMs also perform their brake tests internally, often specifically designed for a 

particular vehicle. Within the industry the brake test can have a different methodology and 

set of measured data, depending on the preferences of the manufacturer. It is a rule, however, 

to perform a brake cooling analysis for a new vehicle, as the roads with high speed limits and 

traffic density increase the need for more effective cooling of the brakes. 

The insufficient brake cooling increases the risk of thermal brake failure such as brake 

fade and fluid vaporization, reduced component life, wheel bearing damage, and damaged 

seals. These failures are caused primarily by the conduction among the components. When 

the brake disc reaches critical temperatures, the radiation heat transfer to the wheel must be 

controlled as well to prevent tire damage. The heat radiated to the tire can cause damage at 

tire temperatures as low as 200 °F (93 °C) [15]. Therefore, the directed airflow from the 



   
 

 15 

moving vehicle has to dissipate a significant amount of heat by the means of convection. The 

thermoplastic composite wheels are sensitive to the elevated temperatures as well and a 

proper thermal design has to be performed. After a literature search no documented research 

on the impact of the radiation heat transfer to the thermoplastic composite wheels has been 

found. 

 The latest development of Computational Fluid Dynamics (CFD) increasingly 

contributes to the experimental work on new vehicles and their components. Reports from 

the experimental aerodynamic testing are often accompanied by the data from the CFD 

analysis. It represents a less expensive alternative with faster results, which makes it an 

attractive tool. Figure 2.2 shows a schematic representation of how the CFD evaluates the 

airflow around the vehicle’s components of interest. The CFD analysis, however, will not 

replace the wind tunnel experiments in the foreseeable future. The large-scale wind tunnel 

facilities are still being built, as it is the most reliable source of the aerodynamic analysis of 

the vehicle we have now [17].  

 

Figure 2.2: Schematic Representation of the CFD Airflow Cooling for the Brakes and the 

Engine [18] 



   
 

 16 

 The most common brake testing is usually conducted on a test track or on a brake 

dynamometer. These tests, however, are performed at the final stages of the vehicle 

development and there are some limitations on what data can be collected. It is also 

challenging to keep the variables under control. The temperature measurements on the brakes 

are performed with infrared thermometers or with thermocouples placed inside the rotor, 

while the thermocouple signal is transmitted wirelessly. Figure 2.3 illustrates collected data 

with an infrared camera during a brake test. It is not easy to know the emissivity value with 

complete confidence, as this value is not constant and depends on the temperature and the 

surface finish of the observed object.  

 

 

Figure 2.3: Temperature Measurement on the Brake Disc with an Infrared Camera [11] 

 

 The temperature measurement of the disc during a fade testing provides an insight on 

how the disc temperature responds to the periodic braking and cooling cycles. Figure 2.4 

depicts these measurements performed on a cast iron disc during a fade test. It shows that the 
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repeated braking increases the peak temperature of the disc at each application of the brakes, 

so long as the disc does not have enough time to cool down. At extreme braking conditions 

the thermal failure of the brakes may occur. 

 

Figure 2.4: Brake Temperature versus Time for Multiple Brake Applications [19] 

 

 The mass of the disc determines its thermal storage capability. The smaller the brake 

disc the quicker it will get hot during braking and faster it will cool. For the larger disc these 

effects are converse. The presence of the vents in the disc will have a favorable effect on the 

cooling of the disc. These thermal phenomena are illustrated in Figure 2.5, where 

experimental temperature data collected by Stephens (2006) [11] are plotted for a continuous 

braking under application of a constant brake torque. The experiment was conducted for 

three discs with variable design features. The first disc is 287 mm in diameter without vents, 
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the second disc is 303 mm in diameter with vents, and the third disc is 303 mm in diameter 

without vents.  

 

Figure 2.5: Temperatures on Three Different Brake Disc Styles during Braking [11] 

 

 

2.4 Numerical Modeling 

 

In the last fifty years, extensive numerical research has been conducted on the brake 

disc cooling and wheel aerodynamics. The first numerical models consisted of slightly more 

than one hundred grid nodes. A significant increase in the number of nodes has been possible 

only with the further development of the computer processors. That also made it possible to 

solve the conservation equations with fewer simplifying assumptions and, consequently, 

greater confidence in the calculated results. However, even today, the numerical modelling 
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provides the best results when they are performed along with experiment, which, generally, 

helps to utilize the wind tunnel testing more efficiently [20]. A considerable amount of error 

of up to 30% is normal when performing numerical analysis on a complex geometry, 

especially when the engineering disciplines are coupled for the analysis. Still today many 

simplifications and assumptions on a numerical model need to be taken in order to be able to 

complete a study within a meaningful time frame using reasonable resources. Even though 

such a high error may be present, the strongest quality of the numerical methods is when the 

results for different design choices are compared with each other. That provides a valuable 

insight on the system responses in the sensitivity study. 

 Belhocine and Bouchetara [21] conducted a series of transient thermo-fluid 

simulations for two different designs of brake discs and compared their thermal and 

mechanical behavior during braking. The first design is a solid disc, while the second brake 

disc has cooling vents. The outer dimensions of both discs are the same, but their mass varies 

as the venting system eliminates some material making a whole disc lighter. Figure 2.6 

illustrates these discs. 

 

  

Figure 2.6: Three Brake Discs (a) Solid (b) with Vents (Read Left to Right) [22] 
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They found that the brake disc with vents has a lower overall temperature than the 

solid disc. That goes in line with the expectations that a larger cooling surface area of a 

vented disc would transfer more heat to the environment. The graph depicting the 

temperature comparison for the two discs is shown in Figure 2.7. They also found that the 

braking mode plays a significant role in the disc temperature profile. Fourteen braking cycles 

have been simulated for two braking modes. The first mode has a sawtooth-braking style, 

while the second mode has an idle between each braking cycle. For the case where the 

braking phase did not have an idle, the temperature of the disc would rise faster. The rate of 

the temperature increase would depend on the duration of the idle intervals. 

 

 

Figure 2.7: Temperature Variation through Radius on Both Designs 
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In addition, the study illustrates in Figure 2.8, how the heat transfer coefficients on 

different surfaces of the three discs change over time as the brake discs slow down to a 

complete stop. It can be seen that the heat transfer coefficient decreases drastically as the air 

motion abates, and the natural convection would have to take the place of the forced 

convection. 

 

 

Figure 2.8: Variation of Heat Transfer Coefficient of Various Surfaces for three Different 

Brake Discs 

 

 Hunt et al [23] developed steady-state numerical simulations of air stream and heat 

transfer on the front disc and the caliper of the sports car GT3. This particular car is equipped 

with a duct system that guides the incoming airstream from the front of the car to the brake 

disc and the caliper shown in Figure 2.9. The objective of these simulations was to optimize 

the duct air flow, in order to increase the heat transfer coefficient on the caliper. The 

temperature of the caliper needs to be controlled as increase in its temperature heats up the 

brake oil inside it.  
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Figure 2.9: Air Velocity Streamlines for Two Different Duct Designs 

  

This practical application of the numerical simulation successfully optimized the 

airflow in the duct in order to reduce the caliper temperature. Figure 2.10 depicts how the 

heat transfer coefficient varies for each component of the braking system. Even though a 

significant increase of the caliper cooling was achieved, the other surfaces experienced a 

decrease in the cooling. The optimization of the caliper cooling compromised to a certain 

degree the cooling of the brake disc, but the proper temperature of the braking oil was an 

objective of this study.  

 

 

Figure 2.10: Surface HTC per Part. The Values are Compared to the Baseline HTC 
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 Dekker and Krishnan [24] performed an aerodynamic analysis of the air flow in the 

brake disc vents and around a disc-caliper system. Figure 2.11 shows the visualization of the 

flow around their model. Different venting designs such as width and an angle as well as the 

test conditions have been evaluated in this study. One of the objectives of the study was to 

evaluate how different venting modifications impact the heat transfer on the brake disc when 

radiation and convection heat transfer mechanisms are coupled.  

 

 

Figure 2.11: Velocity Vectors with Magnitude and Streamlines through the Vents 

 

They found that the radiation heat transfer is significant at higher temperatures of the 

brake disc and it is recommended to consider it in the analysis at the temperatures above 300 

℃. Figure 2.12 shows how a total heat transfer rate due the convection would increase, if 

radiation heat transfer was added to the numerical model. Different areas of the brake discs 

are evaluated separately, where the outer surfaces of the brake discs radiated more heat to the 

environment than the surfaces in the vents. That is explained with the lower temperature 
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gradient in the surface-to-surface radiation model in vents than in the outer surfaces that 

radiate into the environment. Additionally, the study monitored the total computation time 

when radiation was added to the model. On average, the 90% increase in the computational 

time has been observed. 

 

 

Figure 2.12: Heat Transfer Increase due to Radiation on Various Brake Disc Surfaces at 

Different Temperatures 

 

 Noyes and Vickers [25] developed a thermal model of a brake disc for estimation of 

the friction surface temperature and the overall heat dissipation on the disc. They concluded 

that after 10 braking cycles from 60 mph, 60% of the energy dissipated by convection, 34% 

stored in the solids, and the remainder dissipated by radiation and conduction. The model, 

however, consisted of a stand-alone brake disc. 
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2.5 Closing Remarks 

 

 The literature survey revealed that the heat transfer and aerodynamic phenomena on 

the brake system qualitatively are well understood. That has been possible with utilization of 

the wind tunnel testing accompanied by the numerical simulation and mathematical models. 

The strength of the numerical analysis lies in the ability to find an optimum solution for the 

specific number of the requirements or constraints. Even though it is common to have a large 

deviation between the measured and the calculated results, it is still possible to draw 

meaningful conclusions on how to make a physical system more efficient and safer.  

 There have not been found any literature addressing the radiation heat transfer 

between the brake system and the wheel. It has been determined that the radiation is most 

powerful at the higher temperatures which may cause tire damage, as the wheel starts storing 

the radiated heat from the brakes. Also, no information has been found on the thermal 

exchange between the thermo-plastic composite wheels and the brake system. The goal of 

this study is to understand the heat transfer from the brake system to the wheel at critical 

braking conditions and determine if the structural integrity of the thermo-plastic composite 

wheel might get compromised by this heat transfer process. 
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CHAPTER 3 

SIMULATED SYSTEM 

 

 

3.1 Computational Model 

 

The computation model in this study consists of three-dimensional components of the 

wheel-brake system. As the radiation and, potentially, convection heat transfer phenomena 

between the wheel and the brake system are the objective of the study, the system is 

simplified to a certain degree, in order to eliminate unnecessary computational efforts on 

secondary components. The components shown in Figure 3.1 are the brake disc, caliper, 

wheel, tire, and air in the tire (not shown). Also, the wheel is modelled as rolling on a road. 

 

Figure 3.1: Schematic Illustration of the Computational Model 
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The three-dimensional model of the first simulation model is shown in Figure 3.2. 

The brake disc is modeled without a venting system. The model of the wheel and the tire 

remain the same throughout all simulations investigated in this study. The goal for the 

simulation of this model is to demonstrate the impact of pure radiation from the disc toward 

the inner surface of the rim without any convection heat transfer effects that a venting system 

may have on the rim. A more descriptive simulation setup will be discussed in the following 

chapter, along with the initial and boundary conditions placed on the model. In addition, the 

models are simulated for different velocities of the moving vehicle.  

 

 

Figure 3.2: Section View of Wheel with Tire and Solid Brake Disc 
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 The second simulation of the wheel-brake system model takes into consideration the 

venting system installed on the brake disc. Figure 3.3 depicts the brake disc with a spiral 

venting system; the only difference from the first model. The vents are oriented in such a 

way, so that the air gets sucked in with the vector toward the rim. Hypothetically, that would 

direct the heating air stream toward the rim and eventually increase its temperature to a 

certain degree. In this simulation, the convective heat transfer effects caused by the venting 

system will be investigated for any thermal impact on the rim. To isolate this heat transfer 

effect from the radiation, the high temperature surface is modeled only on the internal walls 

of the vents, while radiation heat transfer from the outer surfaces of the disc is deactivated. 

That will be discussed more in depth in the next chapter. 

 

Figure 3.3: Section View of Wheel with Tire and Brake Disc with Vents 
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3.2 Meshing Scheme and Grid Convergence 

 

The CFD simulation was performed with ANSYS Fluent 2020 R1 version. Figure 3.4 

illustrates the simulation model within the software. The wheel-brake system is placed into a 

large domain, which eliminates any airflow disturbances caused by the wheel on the far 

points from it. That improves the convergence of the simulation and helps to avoid erroneous 

simulation runs by the software. 

 

 

Figure 3.4: Wheel-Brake System in Simulation Domain 

 

 The model consists of two components, as shown above, that are connected to each 

other through a contact region between them. That allows meshing the wheel geometry, for 

the reduction of the calculation time, with a finer mesh.  The significantly larger component 

number two can be modeled with a coarser mesh. The component one is meshed with the 

Component 1 Component 2 



   
 

 30 

node dimension equal 6 mm. The component two is modeled with the element size of 200 

mm. The total number of the nodes in the model is around 1.3 million. Figure 3.5 shows the 

mesh constructed on the wheel-brake system.   

 

 

Figure 3.5: Illustration of Refined Mesh around the Wheel 

 

 The inflation on the surfaces of the wheel-brake geometry contains 14 grid layers, 

while the surfaces of the geometry are modeled with the no-slip condition. The walls of the 

components are modeled as having slip and no inflation layers. Figure 3.6 shows the cross-

sectional view of the wheel and the brake disc constructed with the tetrahedral mesh. The 14 

grid layers are depicted as thin finite volume elements if compared to the elements next to 

them. The thickness of these inflation layers has been chosen the way so that the flow 



   
 

 31 

boundary layer is captured. The flow boundary layer modeling will be discussed in the next 

chapter.  

 

 

Figure 3.6: Inflated Mesh next to Solid Surfaces for Capturing Flow Boundary Layer 

 

 The grid convergence tests are performed on the model to ensure that the simulation 

results are independent of the mesh. These results are discussed in the following chapters.  
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CHAPTER 4 

THEORY 

 

 

4.1 Flow Regime 

 

In this study, the aerodynamic and heat transfer phenomena on the inner side of the 

wheel and around the brake system are simulated with Reynolds Averaged Navier-Stokes 

Simulation (RANS) turbulence models, which are discussed in detail and compared with 

similar turbulence models later in the chapter. The Reynolds number is a dimensionless 

quantity that is defined as the ratio of inertia forces to the viscous forces in the fluid (4.1), 

 

𝑅𝑒𝐿𝑐
=

𝜌𝑓𝑈∞𝐿𝑐

𝜇𝑓
 

 

(4.1) 

 

where 𝐿𝑐 is a characteristic length of the object, 𝜌𝑓 is the fluid density, 𝑈∞ is the upstream 

velocity, and 𝜇𝑓 is the fluid dynamic viscosity. 

The flow regime around the geometry of the wheel, which in its nature is a blunt 

body, is expected to experience the boundary layer separation. This expectation is based on 

the experimental observations made on the formation of the boundary layer and the region of 

separation by the air flow across a cylinder, as there are some geometric similarities. Giebt 

[26] in his experimental work observed that even at lower Reynolds numbers > 5, the 
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boundary layer on a cylinder starts to experience flow separation creating a low-pressure 

region, which also is a source for the pressure drag. The region of separation expands with 

the increasing Reynolds number, namely the separation point happens sooner along the wall. 

When the separation happens, the boundary-layer arguments and equations downstream are 

no longer valid, as the boundary-layer and Reynolds number can be predicted only up to the 

point of separation. The geometries that involve flow separation are difficult to resolve 

analytically, and it is mostly done with empirical and/or numerical models [27].  

In this work the flow around the geometry is assumed to be fully turbulent and the 

numerical simulation is set up to resolve the region of separation with RANS turbulence 

models available in ANSYS Fluent. However, the RANS turbulence models solve for the 

eddies with time-averaged velocity contours. Figure 4.1 discusses the dependency of the 

energy spectrum function 𝐸(𝑘) for velocity fluctuations in terms of the wave number 𝑘.  

 

 

Figure 4.1: Qualitative Presentation of the Energy Spectrum in Isotropic Turbulence [28] 
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The wave number is related to frequency in the form 𝑘 = 2𝜋 𝑓/𝑈.The larger the 

eddies the more energy they contain. The area under the curve represents a turbulent kinetic 

energy. The RANS models use this approach for calculation of the turbulent kinetic energy. 

The mesh, in practical applications, does not resolve all the eddies of the turbulent flow and 

only resolves a fraction of the turbulent kinetic energy present in the flow field. As a rule of 

thumb, a “good” Large Eddy Simulation (LES), for example, resolves at least 80% of the 

turbulent kinetic energy. The higher percentage of the eddies’ resolution is possible with a 

finer mesh, which, in turn, increases the computational cost. In the dissipation range the 

eddies are small enough to show viscous behavior. They are affected only by their size, fluid 

density, and the turbulence dissipation rate, 𝜀 [28]. The Kolmogorov microscale can be 

expressed with (4.2), where eddies with 10 𝑙𝐷 have laminar flow characteristics. 

 

𝑙𝐷 = (
𝜈3

𝜀
)

1/4

 

 

(4.2) 

 

The macroscale of the turbulence of the largest vortices that occur in the flow field is too 

large to be affected by the viscosity and they are defined only by inertia. 

 

4.2 Turbulence Models  

 

There is a broad variety of numerical turbulence models available for the modeling of 

the turbulent flow for a wide range of the geometrical complexity. These models treat the 

turbulence as a transported property as opposed to the classical models, where the 
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equilibrium is assumed among the generation, dissipation, and transported turbulent energy 

for the entire eddy size spectrum [28]. The accuracy of the turbulence modelling and near the 

wall flow profile strongly depend on the quality of the mesh; with a finer mesh requiring 

more computational resources. Figure 4.2 summarizes two main computational approaches - 

space filtering and time-averaging - that make turbulence computationally tractable and are 

classified among the methodologies by which the Navier-Stokes equations are solved. 

 

Figure 4.2: Classification of Turbulence Models [29] 

 

The Large Eddy Simulation (LES) solves the spatially averaged Navier-Stokes 

equations, where the large eddies are directly resolved, but the eddies smaller than the mesh 

are modeled. It is less expensive than Direct Numerical Simulation (DNS), but the required 

computational resources are still very significant to apply it in practical applications. The 

Direct Numerical Simulation (DNS) solves the full unsteady Navier-Stokes equations and 

resolves the whole spectrum of scales that does not require a space filtering or time 

averaging and eliminates the need for the turbulence modeling. However, the computational 

cost can be too prohibitive. Reynolds Averaged Navier-Stokes Simulation (RANS) solves 
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time-averaged Navier-Stokes equations, while all turbulent length scales are modeled. There 

are various different RANS models available and they are most widely used for industrial 

applications. Figure 4.3 illustrates the way the turbulent flow is modeled and visualized with 

the three different turbulent approaches. 

 

Direct Numerical Simulation 

(DNS) 

Large Eddy Simulation 

(LES) 

Reynolds Averaged Navier-

Stokes Simulation (RANS) 

   

 

Figure 4.3: Turbulence Resolution by Three Leading Computational Approaches [30] 

 

As it was already mentioned, the meaningful solution of the flow field using RANS is 

obtained by modeling the largest and smallest eddies in the flow field. The semiempirical 

analysis methods of the RANS are very popular practical methods. The observation is that 

even for very random flow the turbulent fluctuations can successfully be resolved with 

respect to their statistical patterns, where Navier-Stokes equations are averaged [28]. The 

RANS models contain empirical correlations that cannot be derived from the fundamental 

principles. As a result, some calibration to the observed empirical solutions is required, while 

a certain amount of “guessing” is always present in the model. The RANS models can be 

subdivided in various methods with their strengths and weaknesses for specific fluid 

mechanics problems. Figure 4.3 depicts selected RANS turbulent models available in 

ANSYS Fluent. The turbulent models are organized in a way that the least computationally 

demanding model is placed on top of the list with the increasing demand downstream.  
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Figure 4.4: Popular RANS Turbulence Models 

 

 Below are summarized the methodologies by which some of the turbulent models are 

solved, while comparing their limitations and strengths. Some of these models can be 

characterized as a one-equation and two-equation models. For example, Spalart-Allmaras 

(1992, 1994) model is a one-equation model that solves only one transport equation for the 

turbulent viscosity, 𝜇𝑡𝑢. This model has proved to be successful in aerospace applications 

showing good correlation with the external boundary-layer calculations involving well-

bounded flows. It also requires the least amount of computational resources. However, this 

model is unsuitable for complex geometries, as it is difficult to define the length scale. It also 

is rarely used for heat transfer problems due to lack of accuracy.  

The 𝑘 − 𝜀 turbulent model and 𝑘 − 𝜔 turbulent model are the two-equation models 

and solve two transport equations utilizing two independent scales for calculating the 

turbulent viscosity. These models are the most popular in industrial applications. The 𝑘 − 𝜀 
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two-equation models include two additional transport equations to represent the turbulent 

kinetic energy, 𝑘 and the turbulent dissipation rate, 𝜀. The model is suitable for a wide range 

of applications, but it has several limitations. It performs poorly for flows with larger 

pressure gradient, strong separation, high swirling component and large streamline curvature. 

The Realizable 𝑘 − 𝜀 model (Shih 1995 [34]) provides superior performance for 

flows involving rotation, boundary layers under strong adverse pressure gradients, 

separation, and recirculation. This model derives the dissipation rate, 𝜀, equation from the 

mean-square vorticity fluctuation, which is fundamentally different from the Standard 𝑘 − 𝜀 

model. 

The 𝑘 − 𝜔 model, which is also derived based on the 𝑘 − 𝜀 model, calculates the 

specific dissipation rate, 𝜔 instead of 𝜀, (Wilcox 1998 [35]). This model shows much better 

performance than 𝑘 − 𝜀 for boundary layer flows. It is more accurate for separation, 

transition, low-Re effects, and boundary layer flows with pressure gradient. However, 

separation is typically predicted to be excessive and early [31]. 

The Shear Stress Transport (SST) 𝑘 − 𝜔 model uses both 𝑘 − 𝜀 and 𝑘 − 𝜔 models 

combining their advantages. The 𝑘 − 𝜔 model performs much better for boundary layer 

flows, so it solves the region near the wall. As the 𝑘 − 𝜔 is very sensitive to the freestream 

value of 𝜔, while 𝑘 − 𝜀 is not, the 𝑘 − 𝜀 model solves the region far from the wall. 

 The Reynolds Stress Model (RSM) closes the Reynolds-Averaged Navier-Stokes 

equations by solving model transport equations for the Reynolds stresses, together with an 

equation for the dissipation rate. As a result, seven additional transport equations are required 

for three-dimensional problems. It is more computationally expensive and is difficult to 
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converge due to close coupling of equations [31]. As the RSM estimates the effects of 

streamline curvature, swirl, rotation, and rapid changes in strain rate more rigorously, it is 

more accurate in predictions of complex flows with strong swirls such as a cyclone. 

 

4.3 Governing Equations 

 

In the Reynolds-Averaged Navier-Stokes (RANS) Model, each fluid property is 

decomposed to mean and fluctuating components [32]. Equation 4.3 shows the general rule 

of the Reynolds decomposition for any fluid characteristic 𝜙 such as velocity, pressure, 

temperature, mass concentration, and density: 

 

𝜙 = 𝜙′ + 𝜙̅ 

 

(4.3) 

 

The fluid properties in this form are then inserted in the local and instantaneous mass 

conservation Equation 4.4, the momentum conservation Equations 4.5 (only one coordinate 

shown), and the thermal energy conservation Equation 4.7. All these equations are written in 

the Cartesian coordinate system and formulated using Einstein’s summation rule. 

 

𝜕𝑢𝑗

𝜕𝑥𝑗
= 0 

 

(4.4) 

 

Momentum in 𝑖-coordinate, 
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𝜕

𝜕𝑡
(𝜌𝑢𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢𝑖𝑢𝑗) = −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗

𝜕𝑥𝑗
+ 𝜌𝑔𝑖 

(4.5) 

where 

 

𝜏𝑖𝑗 = 𝜇 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) 

 

(4.6) 

 

Thermal energy equation, 

 

𝜕

𝜕𝑡
(𝜌𝐶𝑝𝑇) +

𝜕

𝜕𝑥𝑗
(𝜌𝐶𝑝𝑢𝑗𝑇) = −

𝜕𝑞𝑗
′′

𝜕𝑥𝑗
+ 𝜇Φ 

 

(4.7) 

 

where 

 

𝑞𝑗
′′ = −𝑘

𝜕𝑇

𝜕𝑥𝑗
 

 

(4.8) 

𝜇Φ =
𝜇

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
)

2

 

 

(4.9) 

 

After substituting all fluctuating properties (Eq. 4.3) in all the terms in Equations 4.4, 

4.5, and 4.7, and performing Reynolds averaging on all the terms in these equations, we get 

the Reynolds-averaged conservation equations. 

 

𝜕𝑢̅𝑗

𝜕𝑥𝑗
= 0 

 

(4.10) 

 

𝜕

𝜕𝑡
(𝜌𝑢̅𝑖) +

𝜕

𝜕𝑥𝑗
(𝜌𝑢̅𝑖𝑢̅𝑗) = −

𝜕𝑃̅

𝜕𝑥𝑖
+

𝜕

𝜕𝑥𝑗
(𝜏̅𝑖𝑗 − 𝜌𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ) + 𝜌𝑔𝑖 

 

(4.11) 
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𝜕

𝜕𝑡
(𝜌𝐶𝑝𝑇̅) +

𝜕

𝜕𝑥𝑗
(𝜌𝐶𝑝𝑢̅𝑗𝑇̅) = −

𝜕

𝜕𝑥𝑗
(𝑞̅𝑗 + 𝜌𝐶𝑝𝑢𝑗

′𝑇′̅̅ ̅̅ ̅̅ ) + 𝜇Φ̅ 

 

(4.12) 

 

where, 

 

𝜇Φ̅ =
𝜇

2
(

𝜕𝑢̅𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑖
′

𝜕𝑥𝑗
+

𝜕𝑢̅𝑗

𝜕𝑥𝑖
+

𝜕𝑢𝑗
′

𝜕𝑥𝑖
)

2̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅̅ ̅

 

 

(4.13) 

 

These equations are complicated because of the presence of terms such as 𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  and 

𝑢𝑖
′𝜙′̅̅ ̅̅ ̅̅ , where 𝜙′ is the fluctuation of any scalar transported property. All the flux terms have 

now a laminar and a turbulent component shown in Equations (4.14) and (4.15) 

 

𝜏𝑖𝑗 = 𝜌 [𝜈 (
𝜕𝑢𝑖

𝜕𝑥𝑗
+

𝜕𝑢𝑗

𝜕𝑥𝑖
) − 𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅ ] 

 

(4.14) 

 

𝑞𝑗
′′ = 𝜌𝐶𝑝 (−𝛼

𝜕𝑇

𝜕𝑥𝑗
+ 𝑢𝑗

′𝑇′̅̅ ̅̅ ̅̅ ) 

 

(4.15) 

 

The Reynolds stress is defined in Equation 4.16. This non-linear acceleration term 

cannot be solved directly, which is why it has to be modeled.  

 

𝜏𝑖𝑗,𝑡𝑢 = −𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅  

 

(4.16) 

 

The turbulence models for RANS provide the terms that are required to calculate the 

eddy viscosity 𝜇𝑡𝑢, which is then used in Boussinesq approximation to model the Reynolds 

stresses and solve the NS with considering the additional mixing provided by the turbulent 
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fluctuations. It is further assumed that turbulence is locally isotropic, which makes the eddy 

diffusivity, 𝐸 (or equivalently 𝜇𝑡𝑢 = 𝜌𝐸), a scalar 

−𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ = 𝜌𝐸 (
𝜕𝑢̅𝑗

𝜕𝑥𝑖
+

𝜕𝑢̅𝑖

𝜕𝑥𝑗
) −

2

3
𝛿𝑖𝑗𝜌𝑘 

 

(4.17) 

The turbulent kinetic energy is defined as, 

𝑘 =
1

2
𝑢𝑖

′𝑢𝑗
′̅̅ ̅̅ ̅̅  

 

(4.18) 

 

The term 
2

3
𝛿𝑖𝑗𝑘 is added to avoid unphysical prediction, such as zero turbulence 

kinetic energy for an incompressible fluid.  

Similarly, as for molecular diffusion we can define the turbulent Prandtl number (Eq. 

4.19), which allows solving Equation 4.17 by replacing the eddy diffusivity, 𝐸 with “known” 

variables. These variables are determined empirically. 

 

𝑃𝑟𝑡𝑢 =
𝐸

𝐸𝑡ℎ
 

 

(4.19) 

 

After several mathematical manipulations of the turbulent terms, the mass, 

momentum, and thermal energy equations take the laminar form of the same equations, 

which now can be more easily solved. 
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4.3.1 Standard 𝑘 − 𝜀 Model 

 

In the 𝑘 − 𝜀 model the velocity scale (𝑈𝑡𝑢) and the length scale (𝑙𝑡𝑢) are treated as 

the transported properties. The Prandtl mixing-length model assumes that the turbulent 

viscosity (𝜇𝑡𝑢) is related to these properties in a form shown in Equation 4.20. 

 

𝜇𝑡𝑢 = 𝜌𝑙𝑡𝑢𝑈𝑡𝑢 

 

(4.20) 

 

The Equation 4.20 can be rewritten with 𝑙𝑡𝑢 = (𝑘3/2 𝜀⁄ ) and 𝑈𝑡𝑢 = √𝑘 to a following form: 

𝜇𝑡𝑢 = 𝐶𝜇𝜌
𝑘2

𝜀
 

 

(4.21) 

 

Now that we treat the turbulent kinetic energy (𝑘) and the dissipation of turbulent 

kinetic energy (𝜀) as transported properties, two additional transport equation can be derived 

to solve for them (Equation 4.22 and 4.23). The derivation of these equations can be found in 

Appendix A. The resulting transport equations are 

 

𝜌
𝐷𝑘

𝐷𝑡
=

𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡𝑢

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑖
] + 𝜇𝑡𝑢

𝜕𝑢̅𝑖

𝜕𝑥𝑗
(

𝜕𝑢̅𝑖

𝜕𝑥𝑗
+

𝜕𝑢̅𝑗

𝜕𝑥𝑖
) − 𝜌𝜀 

 

(4.22) 

 

𝜌
𝐷𝜀

𝐷𝑡
=

𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡𝑢

𝜎𝜀
)

𝜕𝜀

𝜕𝑥𝑖
] + 𝐶𝜀1

𝜀

𝑘
𝜇𝑡𝑢

𝜕𝑢̅𝑖

𝜕𝑥𝑗
(

𝜕𝑢̅𝑖

𝜕𝑥𝑗
+

𝜕𝑢̅𝑗

𝜕𝑥𝑖
) − 𝐶𝜀2𝜌

𝜀2

𝑘
 

 

(4.23) 

 



   
 

 44 

These equations contain five constants, the values of which are shown in Equation 

4.24. These constants were determined empirically, with the most widely used values 

determined by the Launder and Sharma (1974). 

 

𝐶𝜇 = 0.09,   𝐶𝜀1 = 1.44,   𝐶𝜀2 = 1.92,   𝜎𝑘 = 1,   𝜎𝜀 = 1.3 (4.24) 

 

The assumption in the 𝑘 − 𝜀 model that there is local isotropy in the turbulent field 

hinders application of the 𝑘 and 𝜀 transport equations all the way to the walls. These 

equations are invalid in the near-wall region. Also, it is assumed in the model that the 

Reynolds stresses are linearly related to the local mean strain rate. That leads to a relatively 

poor performance for the flows with strong curvature or rotation. The modifications of the 

standard 𝑘 − 𝜀 allowed to address these issues and are discussed next. 

 

4.3.2 Standard 𝑘 − 𝜔 Model 

 

The standard 𝑘 − 𝜔 model has superior performance compared to the 𝑘 − 𝜀 model in 

the near-wall region, as long as the mesh adjacent to walls is defined fine enough to model 

the flow boundary layer. The specific turbulence dissipation rate (𝜔) is defined in Equation 

4.25. Both 𝑘 and 𝜔 describe the dissipation of turbulent kinetic energy, so we can solve the 

transport equation of either of them, while these entities can be easily converted using the 

relationship below, where 𝛽∗ is a constant. 



   
 

 45 

𝜔 =
1

𝛽∗  
𝜀

𝑘
 

 

(4.25) 

For an incompressible flow the standard transport equations for 𝑘 and 𝜔 are  

 

𝜌
𝐷𝑘

𝐷𝑡
=

𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡𝑢

𝜎𝑘
)

𝜕𝑘

𝜕𝑥𝑗
] + 𝜏𝑖𝑗,𝑡𝑢

𝜕𝑢̅𝑖

𝜕𝑥𝑗
− 𝜌𝛽∗𝜔𝑘 

 

(4.26) 

 

𝜌
𝐷𝜔

𝐷𝑡
=

𝜕

𝜕𝑥𝑖
[(𝜇 +

𝜇𝑡𝑢

𝜎𝜔
)

𝜕𝜔

𝜕𝑥𝑗
] +

𝛾𝜔

𝑘
𝜏𝑖𝑗,𝑡𝑢

𝜕𝑢̅𝑖

𝜕𝑥𝑗
− 𝜌𝛽𝜔2 

 

(4.27) 

 

where 

𝜇𝑡𝑢 =
𝛾∗𝜌𝑘

𝜔
 

 

(4.28) 

 

𝜏𝑖𝑗,𝑡𝑢 = 2𝜇𝑡𝑢 [𝑆𝑖𝑗 −
1

3

𝜕𝑢̅𝑘

𝜕𝑥𝑘
𝛿𝑖𝑗] −

2

3
𝛿𝑖𝑗𝜌𝑘 

 

(4.29) 

 

The elements of the mean strain-rate tensor are 

𝑆𝑖𝑗 =
1

2
(

𝜕𝑢̅𝑖

𝜕𝑥𝑗
+

𝜕𝑢̅𝑗

𝜕𝑥𝑖
) 

 

(4.30) 

 

This model has six empirical coefficients (𝛾, 𝛾∗, 𝛽, 𝛽∗, 𝜎𝑘 , 𝜎𝜔), with their optimized values 

summarized in the forthcoming equation 

𝛾 =
5

9
,   𝛾∗ = 1, 𝑎𝛽 =

3

40
,   𝛽∗ = 0.09,   𝜎𝑘 = 2,   𝜎𝜔 = 2 

(4.31) 
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The 𝑘 − 𝜔 model is more accurate than the 𝑘 − 𝜀 model, when there is an adverse 

pressure gradients and near-separation conditions. However, small changes in freestream 

turbulence lead to significant changes in the turbulent viscosity (𝜇𝑡𝑢), which greatly affects 

the results. For example, this will affect the forces on the body and erroneously predict the 

flow separation inception. One solution is to blend the 𝑘 − 𝜔 with the 𝑘 − 𝜀 model, which 

performs better in freestream conditions. The next subchapter discusses this solution. 

 

4.3.3 Shear Stress Transport (SST) k-ω Model 

 

The use of Shear Stress Transport (SST) 𝑘 − 𝜔 model developed by (Menter 1994 

[36]) combines the strengths of two models, as it uses both 𝑘 − 𝜀 and 𝑘 − 𝜔. The turbulence 

viscosity is defined in a way that the transport of the principal turbulent shear stress is taken 

into account. Near the wall, the SST model uses the robust 𝑘 − 𝜔 model, while in the far 

field it switches to the 𝑘 − 𝜀 model, which is free-stream independent. The SST 𝑘 − 𝜔 model 

is similar to the standard 𝑘 − 𝜔 model, but certain refinements are included. For example, 

the standard 𝑘 − 𝜔 and 𝑘 − 𝜀 models are both multiplied by a blending function (𝐹2) defined 

in Equation 4.32 and both models are added together.  

 

𝐹2 = 𝑡𝑎𝑛ℎ(𝑎𝑟𝑔2
2) 

 

(4.32) 

 

where 
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𝑎𝑟𝑔2
2 = 𝑚𝑖𝑛 {

2√𝑘

0.09𝜔𝑦
;

500𝜇

𝜌𝜔𝑦2} 

 

(4.33) 

 

The other modifications include different modeling constants, additional terms added 

to the transport equations, and the definition of the turbulent viscosity is modified to account 

for the transport of the turbulent shear stress. 

The widely used model constants are 

𝛾2 = 0.44, 𝑎𝛽2 = 0.083,   𝛽∗ = 0.09,   𝜎𝑘 = 1,   𝜎𝜔,1 = 2,   𝜎𝜔,2 = 1.17 (4.34) 

  

4.3.4 Turbulent Heat Transfer 

 

Thermal energy conservation equation (Eq. 4.12) and heat flux (Eq. 4.15) for 

turbulent flows can be solved with help of Equation 4.35. These equations are numerically 

solved along with the mass, momentum, and energy conservation equations and the transport 

equations for 𝑘, ε, and 𝜔. Furthermore, for the energy equation one can write 

 

𝜌𝑢𝑗
′𝑇′̅̅ ̅̅ ̅̅ = −

𝜇𝑡𝑢

𝑃𝑟𝑡𝑢

𝜕𝑇̅

𝜕𝑥𝑗
 

 

(4.35) 

 

By defining a turbulent Prandtl number, we can calculate the eddy diffusivity for heat 

transfer with Equation 4.36 

𝐸𝑡ℎ =
𝐸

𝑃𝑟𝑡𝑢
=

1

𝑃𝑟𝑡𝑢

𝐶𝜇𝐾2

𝜀
 

 

(4.36) 
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4.3.5 Near-Wall Turbulence Modeling and Wall Functions 

 

The RANS turbulence models often use wall functions to model the turbulent effects 

in the proximity of the wall. An alternative method is to use Low-Reynolds number versions 

of the aforementioned turbulence models and resolve the boundary layers by defining much 

finer mesh near walls.  That is necessary, because the assumption of isotropic turbulence is 

not valid near the wall. In addition, in comparison with low-Re models and models based on 

switching to one-equation representation of the turbulence in the boundary layers, wall 

functions are the least expensive in terms of the calculation cost making them a useful tool. 

The viscosity starts to play a larger role near the wall and the turbulence become very 

complex. However, it must be mentioned that when wall functions are used, the boundary 

layer is resolved only partially. That leads to the loss of considerable portions of information 

about the unresolved layers. 

The boundary layer can be considered of two layers - the inner layer and the outer 

layer. The inner boundary layer is strongly influenced by the viscosity and the shear stress at 

the wall. The outer boundary layer, in contrast, is strongly influenced by the turbulent eddies, 

while viscous effects are insignificant. The inner boundary layer typically consists of 10% to 

20% of the entire boundary layer. The inner and outer boundary layers smoothly merge 

through the overlap layer. The shape of the velocity profile in the inner and the overlap 

layers, to the most part, are independent of the flow conditions. That makes the models of 

these layers universal for different types of flow scenarios. 
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The inner layer can be further subdivided into sub layers – viscous sublayer, buffer 

sublayer, and the fully turbulent (overlap) zone. Often, in the near-wall turbulence modelling, 

the buffer zone and viscous sublayer are assumed to merge and the normal distance from the 

wall 𝑦𝑢
+ = 9 defines the intersection between the viscous sublayer and the overlap zone [28]. 

Below, the three sublayers for smooth surfaces are briefly discussed in terms of the 

dimensionless velocity (𝑢+) and the dimensionless distance from the wall (𝑦+). 

The viscous sublayer extends within 𝑦+ < 𝑦𝑢
+ and its velocity profile follows 

Equation 4.37. The viscous effects in the viscous sublayer are dominant and the flow field is 

nearly laminar, while in the overlap layer the viscous and turbulent effects are important. 

 

𝑢+ = 𝑦+ 

 

 

 

(4.37) 

 

The fully turbulent (overlap) zone is in the region 𝑦+ > 𝑦𝑢
+ and its velocity profile 

follows Equation 4.38. The turbulent eddies dominate the transport processes within this 

layer, while the viscous effects can be neglected. 

𝑢+ =
1

𝜅
ln 𝑦+ + 𝐵 

 (4.38) 

 

The dimensionless velocity and normal distance to the wall can be determined with 

Equations 4.39 and 4.40. 

 

𝑦+ = 𝑦
𝑈𝜏

𝜈
 

 

(4.39) 

 

𝑢+ =
𝑢̅

𝑈𝜏
 

 

(4.40) 
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The friction velocity (𝑈𝜏) based on the wall shear stress with the velocity zero at the 

wall can be determined with 

 

𝑈𝜏 = √
𝜏𝑠

𝜌
 

 

(4.41) 

 

The velocity profiles for the inner boundary layer on a complex geometry may differ 

from the models in Equations 4.37 and 4.38. These models work the best for the boundary 

layer on a flat smooth plate when the ambient velocity is constant. The large positive and 

negative pressure gradients along the streamline, for example, alter the velocity profile in the 

wake zone. It has been found, however, that moderate pressure gradient can still be predicted 

well [28].  

The 𝑦+ helps to determine the mesh height of the first cell near the no-slip wall. It is 

recommended to select the first cell height 𝑦+~1. Having the viscous sub-layer resolved is a 

requirement for the low Reynolds turbulence models. For a complex geometry, 𝑦+ will differ 

at different locations. Depending on the simulation requirements, an appropriate near-wall 

treatment needs to be applied with a possibility of sacrificing accuracy at certain regions of 

the simulated model. 

Similarly, the wall function for temperature profile can be derived as well. For    

𝑦+ < 𝑦𝑇
+, where 𝑦𝑇

+ can be estimated from the simulation, temperature profile in the viscous 

sublayer and the buffer layer is determined with 

 

𝑇+ = 𝑃𝑟 𝑦+ 
 

(4.42) 

 

where the dimensionless temperature is defined as 
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𝑇+ =
𝑇𝑠 − 𝑇̅

𝑞𝑠
′′

𝜌𝐶𝑝𝑈𝜏

 

 

(4.43) 

 

For 𝑦+ > 𝑦𝑇
+, the temperature represents the buffer zone where the temperature profile can in 

general be represented as 

 

𝑇+ = 𝑃𝑟𝑡𝑢(𝑢+ + 𝑷) 
 

(4.44) 

 

The function 𝑷 provides a smooth transition from the viscous to the logarithmic 

temperature profile and can be calculated with Equation 4.45. In addition to this model, there 

are also other models proposed by Launder and Spalding (1972), but not discussed in this 

thesis. 

 

𝑷 = − (1 −
𝑃𝑟

𝑃𝑟𝑡𝑢
) 𝑦𝑇

+ 

 

 

(4.45) 

 

 ANSYS Fluent provides several near-wall treatment options with their strengths and 

weaknesses. For the geometry in this study, where separation is present, two near-wall 

treatment methods are of particular interest – “Non-Equilibrium Wall Functions” and 

“Enhanced Wall Treatment.” The Non-Equilibrium Wall Functions perform better for the 

flows with separation and adverse pressure gradient. The near-wall mesh can be relatively 

coarse. The Enhanced Wall treatment is used for low Reynolds flow and the flows with 

complex near-wall phenomena. Generally, it requires a very fine near-wall mesh capable of 

resolving the near-wall region, but it can handle a coarse mesh fairly well [31]. The 

Enhanced Wall treatment was used in this study. 
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4.4 Calculated Parameters 

 

As mentioned in the introduction, the aim of this study is to evaluate the heat transfer 

phenomena between the brake disc and the inner side of the wheel as a function of various 

parameters. Table 4.1 lists five selected parameters, which impact the heat transfer processes 

in the model.  

 

Table 4.1: List of Evaluated Parameters 

# Parameter 

1 Mesh dependency 

2 RANS turbulence models 

3 Vehicle velocity 

4 Brake disc temperature 

5 Brake system configurations 
 

 

These parameters have been chosen in such a way as to provide insight on the thermal 

interaction in the wheel-brake system. The first two parameters on the list - the mesh 

dependency and RANS turbulence models - focus on the evaluation of the precision and 

quality of the simulated model. As the experimental data are not available, it is difficult to 

draw a definite conclusion on the precision and quality of the model. Nevertheless, the 

obtained results provide valuable information about the aerodynamic and thermal behavior of 

the simulated system.  

The last three parameters – vehicle velocity, brake disc temperature, and the brake 

system configuration – evaluate the heat transfer on the wheel-brake system parametrically. 



   
 

 53 

The results for average heat transfer coefficients and average temperature on the inner side of 

the wheel are plotted against the corresponding variables.  

Next, the evaluated parameters listed in Table 4.1 are briefly discussed. 

1) The mesh dependency parameter. Five cases of different cell numbers and sizes are 

evaluated in terms of heat transfer coefficients, mass flow rate, and the drag coefficient. 

The goal is to find the least computationally expensive mesh definition that provides 

mesh independent results for the remaining four parameters. The mesh height of the first 

cell adjacent to the wheel-brake system is targeted to take the value 𝑦+~1. With an initial 

guess for the mesh size near the wall, a few iterations are sufficient to refine the mesh to 

the desired 𝑦+. The 𝑦+ distribution plots for these iterations are extracted from the CFD 

results using a post-processor. 

 

2) RANS Turbulence Models. Three RANS turbulent models - Realizable 𝑘 − 𝜀, Standard 

𝑘 − 𝜔 and Shear Stress Transport (SST) 𝑘 − 𝜔 - are compared among each other. The 

(SST) 𝑘 − 𝜔 model is chosen as a baseline due to the promise of the superior 

performance. For all three simulations the initial conditions are set the same. That way, 

the differences in the calculated results are only due to the selected turbulence model. 

Since the empirical velocity field is not available to confirm the accuracy of the results, 

the best judgment is used to interpret the simulation. 

3) Vehicle velocity. Five vehicle velocity values are chosen to perform the parametric 

analysis with SST 𝑘 − 𝜔 model. These values are 0.1 m/s, 1 m/s, 3 m/s, 6 m/s, 10 m/s. 

The first value 0.1 m/s is chosen as non-zero, so that the natural convection cooling will 

not be dominant. It is possible that the natural convection could take place at lower 
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velocities of the vehicle, but that would add an additional variable making the results 

comparison for the five velocities depended on more than just one variable. 

 

4) Brake Disc Temperature. Four brake disc temperature values are chosen to perform the 

parametric analysis with SST 𝑘 − 𝜔 model. The values are 300 °C, 400 °C, 500°C, and 

600 °C.  

 

5) Brake system configurations. Two brake system configurations presented in Chapter 3 

are simulated with Shear Stress Transport (SST) 𝑘 − 𝜔 model and compared in terms of 

the heat transfer phenomena on the wheel-brake system. 

 

These five evaluated parameters are presented and discussed in the next chapter with 

help of post-processing results shown in Table 4.2.  

 

Table 4.2: List of Post-Processing Results Calculated with ANSYS Fluent 

# Post-Processing Result 

1 Velocity profile and circulation between the wheel and the brake system 

2 Pressure and separation regions on the inner side of the wheel 

3 Turbulence and kinetic energy around the system 

4 Temperature distribution on the inner side of the rim and spokes 

5 Local heat transfer coefficients on the inner side of the rim and spokes 
 

 

 

4.5 Inlet, Initial, and Boundary Conditions 

 

The model is simulated using SST 𝑘 − 𝜔 turbulence model for a steady state case, 

with an exception of the RANS turbulent model comparison. The moving components are 
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defined as moving walls. The gravity is considered in the simulation. A no-slip boundary 

condition is applied to the walls. The pressure-based coupled algorithm in Fluent was used to 

solve the local instantaneous mass, momentum, and energy conservation equations. The air 

stream is modeled as incompressible fluid with air properties shown in Table 4.3. The air 

properties are assumed to be pressure-independent, as the air stream velocity is low for a 

compressibility effects to be significant. 

 

Table 4.3: Air Properties for an Incompressible Fluid 

Variable Description Value 

𝜌𝑓 Density 1.225 [kg/m3] 

𝑘𝑓 Thermal Conductivity 0.0242 [W/m-K] 

𝐶𝑝𝑓 Specific Heat 1006 [J/kg-K] 

𝜇𝑓 Viscosity 1.789x10−5 [kg/m-s] 
 

 

For the radiation heat transfer, the model is assumed to be optically thin, meaning the 

fluid is transparent to the radiation at wavelengths where the heat transfer occurs. The 

radiation heat transfer occurs only between the walls. The natural convection is not 

considered in this study. 

 Using Equation 4.46, the angular velocity of the wheel and brake disc can be 

determined knowing the vehicle velocity and the outer radius of the tire.  

 

𝑁(𝑟𝑝𝑚) =
60

2𝜋𝑟
𝑣(𝑚/𝑠) 

 

(4.46) 
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where (N) is number or revolutions per minute, (v) is the forward vehicle velocity, and (r) is 

outer radius of the tire with 𝑟 = 0.313 m. The wheel’s angular velocity is shown in Table 4.4 

for five vehicle velocity cases. 

 

Table 4.4: Wheel’s angular velocity as a function of vehicle velocity 

Velocity, [m/s] N, (rpm) 

0.1 3.05 

1 30.5 

3 91.5 

6 183 

10 305 
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CHAPTER 5 

RESULTS AND DISCUSSION 

 

 

5.1 General Remarks  

 

The simulation on the wheel-brake system was performed for a steady state case, 

where the temperature of the brake disc is fixed to a specified value, as well as the forward 

velocity of the vehicle. As discussed in Chapter 2, the actual braking of the vehicle, on the 

contrary, is a transient process. In this study, the prolonged braking-accelerating cycles 

(Figure 2.4) are modeled having a constant averaged surface temperature, which is expected 

to lead to an averaged heat transfer rate among the components. For example, if the 

experimental multi-cycle measurement constitutes the average brake disc temperature of 

400℃ with the minimum value of 300 ℃ and the maximum value of 500 ℃, then the 

simulation of the brake disc temperature with the constant value of 500 ℃ would overpredict 

the heat transfer rate on this system. That overprediction is suggested for a hypothetical case, 

where a wheel with 100,000 operated miles would have revolved around 85 million times, 

while, statistically, experiencing a significant number of these temperature picks at different 

points of time. In order to simulate the potential thermal yield of the thermoplastic composite 

material over time, it was reasoned to perform the worst-case scenario simulation of the 

wheel-brake system as a steady-state case with a rotor pick temperature taken as a constant. 



   
 

 58 

For the most adequate accuracy of the simulation results, the numerical model should 

be correlated with the experiments on a physical model. The parametric study in this thesis 

answers to what extent the changes of the selected parameters impact the heat transfer on the 

wheel-brake system. It is expected that the degree of change in output parameters estimated 

numerically, would correlate well with the degree of change measured on a physical system, 

even if the mean values are different to some extent. However, this statement needs to be 

validated with the experimental work, in order to reduce uncertainty in the interpretation of 

the results. 

 

5.1.1 Convergence 

 

For all simulations in this study, the convergence criterion with a tolerance of 10−3 

was applied on the residuals for the continuity and momentum equations. A convergence 

criterion of 10−4 was used for the energy equation residuals. These tolerance criteria are 

acceptable for performance of an adequate simulation with Fluent, however, a tolerance of 

10−6 is preferred for improved accuracy [31]. The convergence of the inlet and outlet mass 

flow rate and drag coefficient on the wheel for all simulations were monitored as well. 

 

5.1.2 Grid Dependency Study 

 

The grid dependency study was carried out for five different mesh cases ranging from 

3.09 million to 8.12 million cells. Table 5.1 illustrates the details of the grid dependency 
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study. The cell volume increase was mostly due to refinement of the elements in the 

boundary layers on the wheel surfaces, so that the 𝑦+ would become less than 1. To 

determine if the solution was mesh independent, the drag coefficient on the wheel, the 

average temperature and the average heat transfer coefficient on the surfaces of the rim and 

spokes were recorded.  

 

Table 5.1: Details on various grid configurations with estimated parameters  

 

 

The resulting average values were compared. It can be seen that the solutions IV and 

V have the results for the three recorded variables close to each other. The maximum 

differences were 0.028 and 4.6 ℃ for the drag coefficient and the temperature on the rim, 

respectively. However, the grid configuration IV has the average 𝑦+ slightly larger than 1. 

Therefore, the grid configuration V has been chosen to perform the simulations in the 

parametric study.  
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5.2 RANS Turbulent Models Comparison 

 

Three RANS turbulent models - Realizable 𝑘 − 𝜀 with Enhanced Wall-Function 

treatment, Standard 𝑘 − 𝜔 and Shear Stress Transport (SST) 𝑘 − 𝜔 - are compared among 

each other in this section. As discussed in Chapter 4, the (SST) 𝑘 − 𝜔 represents a baseline 

and is used for parametric studies.  Table 5.2 illustrates the calculated results for inlet 

velocity of 3 m/s and the brake disc temperature of 500 ℃.  

 

Table 5.2: Monitored variables on the wheel-brake system using the RANS models 

 

 

The comparison shows that the parameters are not very much different from each 

other. Therefore, it was decided not to perform a further comparison of the turbulent models 

for different inlet velocities. The subchapter discussed next compares the aerodynamic 

results in terms of velocity, pressure, and kinetic energy fields.  
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5.2.1 Aerodynamic Results 

 

Figure 5.1 depicts the XZ plane through the center of the wheel model, on which the 

calculated results are presented and evaluated in this chapter. For additional information, 

Appendix B contains the discussed results plotted on a YZ plane plotted through the center 

of the wheel as well. 

 

  

Figure 5.1: Depiction of the plane for the illustration of the results 

 

 Figure 5.2, Figure 5.3, and Figure 5.4 illustrate the velocity profile, pressure, and 

kinetic energy for three RANS turbulence models, respectively. The velocity and pressure 

profiles for the three simulations are very similar. The Realizable 𝑘 − 𝜀 model underpredicts 

slightly the pressure in the center of the brake disc. The (SST) 𝑘 − 𝜔 model calculated less 

kinetic energy in front and on the sides of the wheel. The out of the range data are not 

displayed in the result images. 
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a) 

 

 

 

 

 

b) 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

Figure 5.2: Velocity profile for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 
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a) 

 

 

 

 

 

b) 

 

 

 

 

 

c) 

 

 

 

 

 

 

Figure 5.3: Pressure profile for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 
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a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

Figure 5.4: Kinetic Energy for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 
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5.2.2 Heat Transfer Results 

 

 Figure 5.5 illustrates the temperature profile of the air adjacent to the surfaces of the 

brake disc and the rim. The temperatures out of the specified range are not displayed in the 

presented results to simplify the interpretation of the results. It can be seen that the inner 

surface of the rim heats up through radiation from the brake disc. As a result, the rim surface 

transfers heat to the adjacent air, while there is no visual indication that the convection 

contributes in any way to the heat transfer between the brake disc and the rim. The c) SST 

𝑘 − 𝜔 model calculates the air temperature distribution close to the hot surfaces to be 

slightly larger than for the other two models. It also can be seen in Table 5.2, that the average 

surface temperature of the rim for the SST 𝑘 − 𝜔 model is only 7 ℃ higher than the 

Standard 𝑘 − 𝜔 turbulent model and only 4 ℃ higher than the Realizable 𝑘 − 𝜀 turbulent 

model. 

 Figure 5.6 presents the temperature distribution on the inner side of the rim for three 

RANS turbulence models. The temperature distribution is not uniform in the axial direction 

and on the circumference of the inner side of the wheel. This can be explained with the way 

the simulation was set up. As the simulation was defined as a steady-state without moving 

dynamic mesh, the temperature distribution was calculated for that specific instance in time. 

That set up prevents each point of the rim to be periodically exposed to different 

temperatures and heat transports during every wheel revolution. For the transient case, the 

rim temperature is expected to look more uniform on the circumference and vary only in an 

axial direction. 
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a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

 

Figure 5.5: Temperature of the air for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 
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a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

 

c) 

 

 

 

 

 

 

 

Figure 5.6: Temperature on the surface of the wheel for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 −

𝜔 c) SST 𝑘 − 𝜔 
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5.3 Effect of Parameter Variations on Heat Transfer 

 

5.3.1 Parametric Tests 

 

The parametric tests were performed using the SST 𝑘 − 𝜔 turbulence model and the 

same mesh definition on all simulations. The only two variables were the vehicle velocity 

with the corresponding angular velocity of the wheel and the temperature of the brake rotor. 

Table 5.2 sums up the 20 parametric tests discussed in this chapter.  

 

Table 5.3: Varied parameters 
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5.3.2 Aerodynamic Results 

 

 The mass flow rate for twenty parametric tests is shown in Figure 5.7. The 

temperature of the brake rotor has no effect on the mass flow rate, while it is linearly 

proportional to the vehicle velocity. 

 

 

 

Figure 5.7: Mass Flow Rate 

 

 The drag coefficients for the parametric tests plotted in Figure 5.8 shows no 

dependency on the temperature of the system. The drag coefficient parabolically increases 

with the increasing vehicle velocity. 
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Figure 5.8: Drag Coefficient 

 

 Figure 5.9, Figure 5.10, and Figure 5.11 depict the air velocity, pressure, and kinetic 

energy for the parametric tests, respectively. The brake disc temperature has no effect on the 

aerodynamic results, at least, using this method of CFD modeling. The calculated 

aerodynamic results only vary as a function of the vehicle velocity. All plotted results for 

different parametric tests have different scales. That way the gradients were visually 

captured.  
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a) 

 

 

 

 

 

b) 

 

 

  

c) 

 

 

  

d) 

 

 

  

e) 

 

Figure 5.9: Air velocity for vehicle velocities a) 0.1 m/s, b) 1 m/s, c) 3 m/s, d) 6 

m/s, e) 10 m/s 
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a) 

 

 

 

 

 

b) 

 

 

 
 

c) 

 

 

 
 

d) 

 

 

 

  

e) 

 

Figure 5.10: Pressure for vehicle velocities a) 0.1 m/s, b) 1 m/s, c) 3 m/s, d) 6 m/s, 

e) 10 m/s 
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a) 

 

 

 

 

 

 

 

b) 

 

 

 

 

  

c) 

 

 

 

  

d) 

 

 

 

  

e) 

 

Figure 5.11: Kinetic Energy for vehicle velocities a) 0.1 m/s, b) 1 m/s, c) 3 

m/s, d) 6 m/s, e) 10 m/s 
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5.3.3 Heat Transfer Results 

 

 Figure 5.12 shows the average inner rim surface temperature plotted against the 

vehicle velocity for various brake rotor temperatures. It is noticed that the rim surface 

temperature increases with decreasing vehicle velocity and increasing brake rotor 

temperature. That confirms the importance of the well circulated brake system for adequate 

cooling of the brake rotor. 

 

 

 

Figure 5.12: Inner Rim Surface Temperature vs. Vehicle Velocity for variable brake rotor 

temperatures 
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 Figure 5.13, Figure 5.14, and Figure 5.15 depict the heat flux, the convective heat 

transfer coefficient, and Nusselt number on the inner surface of the rim for variable brake 

rotor temperatures, respectively. These three parameters increase in accordance to the plots 

with the increasing vehicle velocity and increasing brake rotor temperature.  

 

 

 

Figure 5.13: Heat Flux on the rim vs. vehicle velocity for variable brake rotor temperatures 
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Figure 5.14: Rim Heat Transfer Coefficient vs. vehicle velocity for variable brake rotor 

temperatures 
 

 

Figure 5.15: Nusselt Number on the rim vs. vehicle velocity for variable brake rotor 

temperatures 
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 Figure 5.16 shows the inner rim heat transfer coefficient plotted against the inner rim 

surface temperature. The heat transfer coefficient has a significant degree of dependency on 

the air flow near the surface and the inner rim surface temperature. 

 

 

Figure 5.16: Heat transfer coefficient versus temperature on the inner rim surface for various 

parametric variables 

 

Figure 5.17 to Figure 5.21 depict the air temperature for all twenty parametric tests, 

while the scale was kept the same for all of them and the results that were out of range are 

not displayed. 



   
 

 78 

 

a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

c) 

 

 

 

 

 

d)  

 

 

 

Figure 5.17: Air Temperature at the vehicle velocity 0.1 m/s and a) 300℃, b) 400℃, c) 

500℃, d) 600℃  
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a) 

 

 

 

 

 

 

b) 

 

 

 

 

c) 

 

 

 

 

 

d)  

 

 

 

Figure 5.18: Air Temperature at the vehicle velocity 1 m/s and a) 300℃, b) 400℃, c) 

500℃, d) 600℃ 
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a) 

 

 

 

 

 

b) 

 

 

 

 

c) 

 

 

 

 

 

d)  

 

 

 

Figure 5.19: Air Temperature at the vehicle velocity 3 m/s and a) 300℃, b) 400℃, c) 

500℃, d) 600℃ 
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a) 

 

 

 

 

 

b) 

 

 

 

 

 

c) 

 

 

 

 

 

d)  

 

 

 

Figure 5.20: Air Temperature at the vehicle velocity 6 m/s and a) 300℃, b) 400℃, c) 

500℃, d) 600℃ 
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a) 

 

 

 

 

 

 

b) 

 

 

 

 

 

c) 

 

 

 

 

 

d)  

 

 

 

Figure 5.21: Air Temperature at the vehicle velocity 10 m/s and a) 300℃, b) 400℃, c) 

500℃, d) 600℃ 
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5.4 Brake System Configurations Comparison 

 

5.4.1 Aerodynamic Results 

 

 The comparison of air velocity, pressure and kinetic energy for the two brake rotor 

configurations are shown in Figure 5.22, Figure 5.23, and Figure 5.24, respectively. The air 

velocity field slightly varies for the two different cases, while the pressure fields are nearly 

identical. There is a subtle difference in the kinetic energy result in the wake region. 

 

a) 

 

 

b) 

 

Figure 5.22: Air velocity for a) Solid rotor b) rotor with vents 
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a) 

 

 

b) 

 

Figure 5.23: Pressure for a) Solid rotor b) rotor with vents 

 

a) 

 

 

b) 

 

Figure 5.24: Kinetic Energy for a) Solid rotor b) rotor with vents 
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 Figure 5.25 and Figure 5.26 illustrate the air velocity vectors inside the vents. It can 

be noticed that the air stream in vents is established from the outer toward the inner regions 

of the brake disc. As a result, the pre-heated air stream does not move toward the rim 

eliminating the danger of the additional heat transport to the rim by convection. It is possible 

though that in certain instances and, potentially, with different wheel-brake system design, 

the air flow in the vents would flow outward transporting heat from the brake disc to the rim. 

 

 

 

Figure 5.25: Air velocity vectors inside the vented rotor 
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Figure 5.26: Air velocity vectors inside the vented rotor (close-up view) 

 

 

5.4.2 Heat Transfer Results 

 

 Table 5.4 summarizes the estimated parameters for two brake rotors with and without 

the vents. It can be noted that the brake rotor configuration with vents caused the temperature 

and heat transfer coefficient increase on the inner side of the rim.  Both models had to be 

discretized slightly differently, as the vents had to be modeled with a finer mesh. It is 

possible that the grid dependency may impact the results as well. 
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Table 5.4: Calculated Parameters for brake rotor with and without vents 

 

 

 The air temperature near the brake rotor and the inner side of the rim are shown for 

both rotor configurations in Figures 5.27 and 5.28. The temperature results that are out of the 

scale range are not displayed. It can be seen that the interior region of the brake disc b) 

displays the air temperature with higher temperatures than for the solid disc a). As it was 

shown in Figure 5.25 and Figure 5.26, the air flows in the vents inward heating up the center 

of the brake system and the wheel. Nevertheless, the temperature of the air near the rim is 

slightly higher for the case of the vented brake disc as shown below. 
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a) 

 

 

b) 

 

Figure 5.27: Air temperature for a) solid rotor b) vented rotor 

 

  
 

a) b) 

Figure 5.28: Air temperature for a) solid rotor b) vented rotor (Side View) 
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CHAPTER 6 

CONCLUSION AND RECOMMENDATIONS 

 

6.1 Concluding Remarks 

 

The modern personal vehicles are built with a brake system integrated right next to 

every wheel. Once the brake system is activated to slow down the vehicle, the friction forces 

between the brake pads and the brake disc generate heat, which is transferred to the 

surrounding air and the surrounding components of the vehicle. The convection and 

conduction are the major heat transfer processes that cool down the brake system. The 

radiative heat transfer plays an increasing role, when the brake discs reach critical 

temperatures, typically, 500 ℃ and above. At these temperatures some brake system 

components, especially, the one made of plastic based materials can be damaged. The 

reinforced thermoplastic composites are, increasingly, becoming more popular in the 

manufacturing of the automotive wheels, replacing the aluminum and steel alloys. The 

structural strength of the thermoplastic matrix, however, can be compromised at elevated 

temperatures. For some types of the thermoplastic matrices, the operation temperatures are 

below 200 ℃.  

The heat transfer phenomena on the brake discs have been investigated extensively in 

the past, however, not much work is published on the heat transfer between the brake discs 

and the wheel at critical brake disc temperatures. In this study, heat transfer phenomena on 
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the wheel-brake system were investigated. The aerodynamic effects, radiation, and 

convection heat transfer phenomena were numerically studied for various incoming air 

stream velocities and the brake disc temperatures. The conduction was simulated only on the 

rim with 10 mm rim thickness. The numerical investigation was performed using ANSYS 

Fluent. 

 The theoretical investigation revealed that the radiative heat transport is the dominant 

source of heating of the wheel’s inner surface, while only insignificant heat transfer rate is 

transported by the circulating air stream per convection. The average temperature on the 

wheel inner surface increases with the increasing temperature of the brake disc and 

decreasing velocity of the vehicle. The average heat transfer coefficient on the inner surfaces 

of the rim increases with the increasing vehicle velocity and the increasing temperature on 

the inner surface of the rim. Similar trends were found for the average Nusselt number and 

the average heat flux on the rim. Also, it was found that the temperature on the inner rim 

surface reached the 200 ℃ limit for certain combinations of the incoming air stream velocity 

and the brake disc temperature. Finally, the heat transfer phenomena were compared for the 

cases of the brake disc with and without vents. It was found that the vents have insignificant 

impact on the heat transfer between the brake disc and the wheel. The vents transport the air 

from the outer to the inner vent end, which is a desirable effect for the reduction of the 

temperature on the inner surface of the wheel. 
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6.2 Recommendations for Future Work 

 

• The numerical simulation performs the best when confirmed with the 

experimental observations on the physical system with the same initial and 

boundary conditions. Therefore, it is recommended to conduct a series of 

experiments to correlate the temperatures on the inner side of the wheel and the 

brake disc.  

• The numerical model of the wheel-brake system was created with several 

geometrical simplifications. For computational feasibility, the vehicle was not 

included in the studied model, even though it would have a significant effect on 

the air stream profile around the brake system and, therefore, brake rotor cooling. 

It is recommended to incorporate the entire vehicle with suspension components 

in the numerical model for the more complete results. 

• The current study was an initial investigation of the heat transfer on the wheel-

brake system; however, the simulation can render more accurate results if 

modeled as a transient multi-cycle brake case. The numerical modelling of the 

conduction heat transfer on the wheel-brake-suspension system can be beneficial 

as well. 

• The study was performed with an emissivity coefficient value of 0.64 as a most 

realistic case for this specific simulated system. However, it is reasonable to 

perform a sensitivity study for different emissivity coefficients, in order to 

estimate how the system responds on the wider range of the emissivity 

coefficients. 
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• Finally, more wheel designs with different numbers of spokes and different 

proximities of the rim to the brake disc would be interesting and useful to 

investigate. Some geometries, naturally, foster the air circulation around the brake 

system, while others may hinder it. 



   
 

 93 

APPENDIX A: Turbulent Fluxes 

 

Turbulent fluxes and properties can be written as shown in the forthcoming equations  

𝜏𝑡𝑢 = 𝜇𝑡𝑢

𝜕𝑢̅

𝜕𝑦
= 𝜌𝐸

𝜕𝑢̅

𝜕𝑦
= −𝜌𝑢′𝑣′̅̅ ̅̅ ̅̅  

 

(A.1) 

 

𝑞𝑦,𝑡𝑢
′′ = −𝑘𝑡𝑢

𝜕𝑇̅

𝜕𝑦
= −𝜌𝐶𝑝𝐸𝑡ℎ

𝜕𝑇̅

𝜕𝑦
= −𝜌𝐶𝑝

𝐸

𝑃𝑟𝑡𝑢

𝜕𝑇̅

𝜕𝑦
= −𝜌𝐶𝑝𝑣′𝑇′̅̅ ̅̅ ̅̅  

 

(A.2) 

 

𝜏𝑖𝑗 = 𝜌(𝜈 + 𝐸) (
𝜕𝑢̅𝑗

𝜕𝑥𝑖
+

𝜕𝑢̅𝑖

𝜕𝑥𝑗
) 

 

(A.3) 

 

𝑞𝑗
′′ = −𝜌𝐶𝑝 (

𝜈

𝑃𝑟
+

𝐸

𝑃𝑟𝑡𝑢
)

𝜕𝑇̅

𝜕𝑥𝑗
 

 

(A.4) 

 

The Reynolds-averaged conservation equations in Cartesian coordinates for an 

incompressible fluid are 

𝜕𝑢̅𝑖

𝜕𝑥𝑖
= 0 

 

(A.5) 

 

𝜌
𝐷𝑢̅𝑖

𝐷𝑡
= −

𝜕𝑃

𝜕𝑥𝑖
+

𝜕𝜏𝑖𝑗,𝑙𝑎𝑚

𝜕𝑥𝑗
+

𝜕𝜏𝑖𝑗,𝑡𝑢𝑟𝑏

𝜕𝑥𝑗
+ 𝜌𝑔𝑖 

 

(A.6) 
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𝜌𝐶𝑝

𝐷𝑇̅

𝐷𝑡
= 𝜏𝑖𝑗

𝜕𝑢̅𝑖

𝜕𝑥𝑗
−

𝜕𝑞𝑖,𝑙𝑎𝑚
′′

𝜕𝑥𝑖
−

𝜕𝑞𝑖,𝑡𝑢
′′

𝜕𝑥𝑖
+ Φ𝑡𝑢 

 

(A.7) 
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APPENDIX B: RANS Models Simulation Results (Front View) 

 

  
 

 

Figure B.1: Velocity profile for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 

 

  

 

 

Figure B.2: Pressure profile for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 
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Figure D.3: Kinetic Energy profile for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 

 

   

 

Figure D.4: Kinetic Energy profile for a) Realizable 𝑘 − 𝜀, b) Standard 𝑘 − 𝜔 c) SST 𝑘 − 𝜔 
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