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3 Abstract 
 

 

In today’s scenario, the necessity of efficient transportation system puts manufacturers in a 

situation, where they cannot neglect the importance of improvement in safety systems. The 

brake system is one of the most crucial parts of the safety system. 

In previous research works, they have performed finite element analysis of disc brake 

mostly on ICEM-CFD CFX, structural analysis with structural boundary conditions and 

thermal analysis with thermal boundary conditions. But they didn’t show how that frictional 

heat generated when disc brake is rotating. So to perform that analysis we have to couple 

both thermal and structural analyses. And on ANSYS workbench, it is not possible to couple 

both without the help of User Defined Functions (UDF). 

In this thesis, we tried to find out the temperature with some varying boundary conditions 

by ANSYS simulation techniques. The simulations were performed by using thermo-

structural 3D coupled-field analysis in the transient structural module of ANSYS 15.0 

workbench. The analyses formulation was based on Augmented Lagrangian method. In this 

research work, we tried to analyse the temperature heat generation along with simultaneous 

cooling in the transient structural module. The analyses are performed using temperature-

dependent material models with grey cast iron, ceramic Al2O3, and structural steel. For this 

work, we have used element type SOLID226. We assume that percentage of frictional 

dissipated energy converted into heat is 100%. 

These simulation results find out one temperature profile hot band in the middle of the disc 

brake rotor where the pad is in contact with the rotor, which shows maximum temperature 

generated on the disc surface. These analyses show that we can also perform transient 

thermal analysis on the transient structural module with the use of some User-Defined 

Functions (UDF). 

 

Keywords: User Defined Function (UDF); Thermal-Structural Coupled Analysis; 

SOLID226; Grey cast iron; Structural steel; Al2O3. 
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Chapter 1 

 

1 Introduction 
 

1.1 Disc Brake 
 

1.1.1 Background 
 

The parts of a motor vehicle not included in the development and transmission of power 

may be classified under the heading of the running system. This classification includes 

brakes, wheels, tires. 

The function of a vehicle’s brakes is to slow down or to stop when moving or to prevent its 

movement when the vehicle is stationary. All brake system depends on upon the frictional 

force for their proper operation. The friction force is the force that resists or opposes the 

relative motion of a body which is in contact with another. A frictional force acts in opposite 

direction to the force producing motion. When we use energy to overcome friction, heat 

generates due to friction 

 

1.1.2 Brake system function 
 

To summarize, the use of brakes on motor vehicles serves two purposes: 

 

a) To aid in controlling the speed of the vehicle and to stop it when and where desired; 

b) To hold the vehicle in place without the presence of the operator after it has been brought 

to a complete stop. 

To accomplish these purposes most motor vehicles, have two different independent brake 

system- one of them is operated by a foot pedal known as a service brake, and another one 

is operated by foot or hand lever known as emergency or parking brake.
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1.1.3 Types of brake 
 

Brakes are classified according to the method of applying the stationary brake bands or 

brake shoes to the revolving brake drums as internal-expanding or external-contracting. 

They also are classified as mechanical or hydraulic or electric according to whether the 

brake force is transferred from the foot pedal or hand lever to the brake shoes using 

mechanical linkage or electrically operated or hydraulic pressure or a combination of 

hydraulics and air or hydraulics and electricity depending on which braking method is 

required. Hydraulic and Mechanical brakes can either disc be or drum brakes, and electric 

is only drum brakes.  

 

 

Figure 1.1 Types of brakes used in vehicles 

 

Brake pads 

Brake pads are basically used for stoppage of disk rotation. These are made up of frictional 

hard/soft materials such as asbestos, structural steel, Aluminium oxide (Al2O3), ceramic 

material, non-metallic, metallic and semi-metallic materials. 
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1.1.4 Brake components  
 

Brake components consists of mainly five to six parts, some of them are as follows. 

a) Master cylinder assembly 

b) Brake caliper assembly 

c) Wheel hub assembly 

d) Disc brake rotor 

e) Brake assembly at wheel 

 

Figure 1.2 Schematic of disc brake system from pedal to wheel 

 

We will try to explain brake components one by one. So that before going towards our main 

goal, we can have a basic idea about braking system and its working principle. 
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Wheel hub assembly 

 

The hub assembly helps to hold the disc rotor and the wheel, and the inside bearing allows 

its smooth rotation. It connects both rotor and wheel rigidly. 

 

 

Figure 1.3 Schematic of wheel hub assembly (Auto Tech Labs) 

 

Disc brake rotor 

 

Brake rotor is one of the most crucial section of a vehicle braking system which is attached 

to the wheel with the help of wheel hub assembly. When we apply brakes, pads squeeze 

against rotor disc. And vehicle’s kinetic energy is converted into brake heat when pads slide 

over rotor surface. 

 

 

Figure 1.4 Disc brake rotor 
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Brake caliper assembly 

 

The hydraulic force is used in brake caliper assembly, the foot pedal pressurize the pads 

against the disc rotor surfaces. It creates friction which stop or slow down the wheel. 

The caliper assembly exploded view is shown below in Figure 1.5. 

 

Figure 1.5 Exploded view of brake caliper assembly 

 

A banjo fitting is available in the caliper frame has through which the fluid reaches the 

piston. The piston is pushed with a great force by pressurized fluid from the pedal side. The 

caliper frame is totally free for the sliding along the slider pins up to a certain extent. 

 

Brake assembly at wheel 

Brake parts exploded view those are attached to the wheel are shown in Figure 1.6. 

 

Figure 1.6 Exploded view of disc brake parts attached to the wheel of the vehicle 
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1.1.5 Principle behind disc brake system 
 

The brake system works based on Pascal’s Law. It states that “In a contained incompressible 

fluid pressure exerted at each place is equally distributed in all the direction throughout the 

liquid/fluid.” 

We should make it basic. Consider two chambers with cylinders associated with each other 

and with incompressible liquid filled in it. The mathematical connection is as per the 

following. 

 

Figure 1.7 Basics of Pascal’s law  

Where, 

F1 = Force applied on left piston 

F2 = Force received on right piston 

A1, A2 = Surface area of left and right piston respectively 

P1, P2 = Pressure on left and right piston respectively 

 

𝑃𝑟𝑒𝑠𝑠𝑢𝑟𝑒 =  
𝐹𝑜𝑟𝑐𝑒

𝐴𝑟𝑒𝑎
  ,    𝑃1 =  

𝐹1

𝐴1
, 𝑃2 =  

𝐹2

𝐴2
                                                                       1.1 

 

According to Pascal’s Law, P1 = P2 

 

𝐹2 =  
𝐴2

𝐴1
 × 𝐹1                                                                                                                   1.2 

 

It concludes that with a smaller force F1 at left piston will be a reason for a high force F2 at 

the right piston, A1 is smaller than A2. With this, the left piston act as the pedal side, and the 

right side act as the wheel side. Transfer of energy from pedal to the brakes converts into 

heat due to friction. 
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1.1.6 Disc brake working 
 

When you apply the brakes, from the brake master cylinder high-pressure hydraulic fluid is 

received by the caliper. The fluid pressurized the piston due to which the inner pad compress 

against the disc surface. As result, the caliper frame will be pushed by the fluid’s backward 

force along the slider pin. 

 

Figure 1.8 Brake fluid pushes the piston to brake pad when we push the brake pedal 

 

Let’s see one more time. Whenever we push the inner pad of brake against the rotor, the 

caliper frame pushes because of the fluid. 

 

Figure 1.9 Schematic side view of brake rotor while braking occurs 

That is how disc brake system works on the wheel side. 
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1.1.7 Heat dissipation from disc brake 
 

Heat is dissipated from disc brake by three basic cooling phenomenon, as given below. 

a) 60% of the total energy is dissipated due to convection, 

b) 34% remains there as stored thermal energy, 

c) Remaining is lost by conduction and radiation to the brake lining. 

 

Figure 1.10 Heat dissipation from disc brake 

 

1.1.8 Problems with disc brakes 
 

If the temperature in the braking system reaches too high, brake deterioration occurs, and in 

extreme condition brake system can fail due to this. One of the most occurring problem 

caused by high temperature is brake fade. There are some other problems also that occur 

because of high temperature as excessive component wear, rotor wear, cracking, hot-spots, 

thermal judder, and brake fluid vaporization. So it is one of the most important tasks to 

control the excessive temperature in the brake system. 
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1.2 Objectives 

 

a) To understand the basics of frictional heat generation during braking phenomenon.  

b) To understand that how ANSYS Workbench works? 

c) Perform thermal analysis of disc brake. 

d) Perform transient thermo-structural 3D coupled analysis of disc brake with the help of 

User Defined Functions (UDF)/ Mechanical APDL (ANSYS Parametric Design 

Language) command 

 

1.3 Motivation 

 

The physical and mechanical state of the disk and pads interface is determined not only by 

the temperature of contact but by the non-stationary temperature field also. Therefore, the 

thermal analysis of disc brake has become one of the principal references in the industries 

for early design stage and also for producing a frictional material couple. 
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Chapter 2 

 

2 Literature Review 
 

O. Ukhanska et al. has been developed an analytical method to find out the distribution of 

temperature/heat between a rotating disc and a cylindrical pin (vertical stationary). They 

neglect the angular variation because they considered disc heating as very fast. They also 

considered heat transfer through convection which occurs only on the outer area of the 

circular disc which is outside the zone of contact. They find out that local temperature 

increment around the heat source is inversely proportional to Peclet numbers (Pe). They 

considered their problem as conduction problem [3]. 

Faramarz Talati et al. in this research paper they extracted heat governing equations along 

with generation of heat which is totally dependent to space and time. In these heat equation 

derivations, parameters as the vehicle velocity, braking duration, dimensions and the 

geometries of the brake parts, contact pressure distribution and disk brake rotor and the pad 

manufacturing materials have been taken into consideration. Analytically they solve the 

problem by the use of Green’s function approach. They concluded that whatever heat is 

generated due to the sliding phenomenon between the pad and the disk rotor must be 

removed to the atmosphere to avoid decrement in the frictional coefficient of the pad and 

the disk and to avoid the increment in brake’s various part temperature. The obtained 

temperature results for surface of contact for the disc and the pad show that there is a 

separation of heat between two different parts in sliding contact, and that is because of 

temperature resistance by wear particles collection at the contact surface between the disk 

and the pad and less facility for disc ventilation and removal of heat to the atmosphere 

through the disc. Temperature resistance in between the disk and the pad prevent the disc 

from absorption of the heat that is generated at the contact pad surface, this cause 

vaporization of brake fluid. The disc rotor must be work as a storage and an energy removal 

device. This purpose can be achieved; for that air should be properly circulate throughout 

the disc rotor to facilitate cooling. The passages, between the braking surfaces, is formed 

due to the radial fins, act as a centrifugal fan, provide the necessary air flow for cooling 

[12].
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N. Laraqi et al. proposed a 3D analytical solution which determine the coefficient of 

partition for the heat flux and the temperature generated due to friction in a pin on disc 

device. They consider it under an explicit form. They proposed a model which is considered 

as a tool to assist in the interpretation and sizing of the tribological and thermal behaviour 

of friction medium. Their analytical solution is valid for every value of disc rotational 

velocity and avoid 3D numerical modelling. Their result shows that the fraction of heat flux 

due to friction evacuated by the disc (more than 0.9) is higher than the fraction of heat flux 

evacuated by the pin. This phenomenon is directly proportional to its convection coefficient 

and the speed of the disc [13]. 

Piotr Grzes et al. they proposed the 1-D analytical formulation as well as the 2-D Finite 

models to discover the conveyances of temperature in the plate slowing mechanism amid 

braking process. Both the convective cooling and weight variety (time-subordinate) on the 

free surfaces of a brake cushion have been utilized as a part of the contact scientific model. 

The 1-D warm frictional issue of the strip establishment framework while braking was 

figured. They acquired an answer utilizing fundamental Laplace change associated with 

Duhamel hypothesis. In the Finite Element plan to discretize the warmth conduction 

condition for the 2-D issue, Galerkin technique was utilized. They solely ascertained 

temperature dispersions for the plate by utilizing the warmth allotment proportion. The FE 

examination of the warmth exchange (transient) issue for the circle/cushion framework was 

performed utilizing the Nastran/MSC Patran program bundle. They have utilized the limited 

component numerical model and limited component plan of conduction issue [15]. 

Thilak VMM et al. performed a transient structural and thermal analysis of a disc brake to 

simulate its performance under different braking conditions and then to assist in disc brake 

rotor analysis and design. The new materials usage was simulated which aims to providing 

greater stability and improving the braking efficiency of the vehicle. This research has been 

performed using ANSYS 11 to analyse the variation of the deformation and stresses across 

the disc brake, and the temperature distribution, The new materials under study were high 

strength glass fiber composites and an aluminum-based metal matrix composite. These 

materials have a promising wear and frictional behaviour as a disc brake. The transient 

thermoelastic analysis of the brake discs in repeatedly applied brake conditions was 

performed and the results were compared to that of cast iron disc [17]. 
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Ali-Belhocine et al. demonstrates that stress field and temperature field in the braking stage 

were totally coupled. Von Mises stress, the aggregate deformations, and the temperature of 

the disk rotor and contact pressure increments in the pads, as the thermal stress are separated 

from the mechanical stress which causes wear and the crack spread of the disk rotor and 

pads. The creator discovers that the aggregate deformations and the Von Mises stress of the 

disc brake and brake pad contact pressure increment when the mechanical and thermal 

perspectives both are coupled [18-19]. 

N. Balasubramanyam et al. they play out a transient examination for the temperature 

contact issue of the disk brakes with the production of heat is recreated utilizing the finite 

element analysis (FEA). They break down thermo-elastic procedure happening in disk 

brakes, the heat conduction, and the elastic conditions were tackled alongside contact issues. 

The computational results were introduced for the temperature and the heat flux 

appropriation on each frictional surface between the pads and the brake rotor. Likewise, 

they explored the unstable development of temperature and contact pressure, and they 

additionally researched material properties impact on the thermo elastic practices (the most 

extreme temperature) to give the conceptualized configuration of the disk brake mechanism 

[22]. 

K. S. Narayana et al. obtained temperature results for surface of contact for the disc and 

the pad show that there is a separation of heat between two different parts in sliding contact, 

and that is because of temperature resistance by wear particles collection at the contact 

surface between the disk and the pad and less facility for disc ventilation and removal of 

heat to the atmosphere through the disc. Temperature resistance in between the disk and the 

pad prevent the disc from absorption of the heat that is generated at the contact pad surface, 

this cause vaporization of brake fluid. The disc rotor must be work as a storage and an 

energy removal device [23]. 

M. Bouchetara et al. introduced aftereffects of the thermal conduct of full and ventilated 

disks in a transient state. Utilizing the ICEM-CFD as a part of ANSYS 11 programming, he 

could check the thermal conduct of a gray cast iron (FG 15). He examined the impact of 

ventilation of brake rotor on the thermal conduct of the disk brake. The analysis 

demonstrates that spiral ventilation assumes a vital part in cooling of the rotor amid the 

braking stage [25]. 
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Chapter 3 

 

3 Finite Element Analysis 
 

3.1 Introduction 

The finite element method (FEM) plays the principal role for foreseeing and re-enacting 

the mechanical and physical conduct of complex engineering frameworks. The premise of 

FEA depends on the deterioration of the space into a limited number of subdomains 

(components). 

 

The finite element analysis technique requires the accompanying significant strides: 

a) Breakdown of the problem field into a finite number of elements (subdomains). 

b) Interpolation function’s selection. 

c) For the subdomain (element) the element matrix development. 

d) Assembly of the element matrices for each subdomain to find out the global matrix for 

the complete domain. 

e) Boundary condition imposition. 

f) A solution of equations. 

g) Additional calculations (if needed). 

The analysis procedure on ANSYS consists of these three main steps  

a) Build the geometry model  

b) Obtain the solution  

c) Review of the obtained results  

 

3.1.1 Building the model 

There are so many different softwares available for geometry modelling some are as follows 

a) Mechanical Desktop 

b) Pro-E 

c) Inventor 

d) CATIA V6 

e) Ideas 

f) Solid Works
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We have used SolidWorks, CATIA V5 and ANSYS Design Modeler for geometry 

modelling. 

 

3.1.2 Obtaining the solution 

Analysis type and different choices are characterized in this progression, then apply loads 

and begin the finite element solution. It includes all out three stages 

Table 3.1 Phases involved for obtaining the solution in ANSYS 

 

  

PRE-PROCESSOR  

PHASE 

SOLUTION PHASE POST-PROCESSOR 

PHASE 

Geometry Definition Analysis Setting Post-Solution Operation 

Define Real Constant Formulation of Element Matrix  

Mesh Generation Triangularization of Overall 

Matrix 

Post-Data Report 

Material Definition Wave Front Post Data Scanning 

Constrain Definition Displacement, Stresses etc. Post Data Display 

Load Definition Convergence Results 

Model Display Calculations  
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3.2 Mathematical model of the problem 

On the off chance that we need to assess the states of contact temperature, there are both 

numerical, and explanatory methods have been created. For the analysis, the beginning stage 

of the thermal field in the disk volume is thermal conduction condition in the coordinate 

(cylindrical) framework (r, ϴ, z) and that is placed in the axis of disk and z defines the disc 

thickness. [15] 

 

𝜕2𝑇

𝜕𝑟2 +
1

𝑟

𝜕𝑇

𝜕𝑟
+

1

𝑟2

𝜕2𝑇

𝜕𝛳2 +
𝜕2𝑇

𝜕𝑧2 =
1

𝑘𝑑

𝜕𝑇

𝜕𝑡
, 𝑟𝑑 ≤ 𝑟 ≤ 𝑅𝑑, 𝑜 ≤ 𝛳 ≤ 2𝜋, 𝑜 ≤ 𝑧 ≤ 𝛿𝑑, 𝑡 > 𝑜             3.1 

where: 

𝑟𝑑- inner radius of the disk, 

𝑅𝑑- outer radius of the disk, 

𝑘𝑑- thermal diffusivity of the disk. 

 

In vehicle disk brake system, the Peclet numbers (Pe) almost is in order 105. So, the 

distribution of the flow of heat will be uniformly distributed in outer direction, that means 

neither flow of heat nor temperature will be varying in ϴ direction. Then, the heat 

conduction equation reduces to the following equations as follows 

 

𝜕2𝑇

𝜕𝑟2 +
1

𝑟

𝜕𝑇

𝜕𝑟
+

𝜕2𝑇

𝜕𝑧2 =
1

𝑘𝑑

𝜕𝑇

𝜕𝑡
 , 𝑟𝑑 ≤ 𝑟 ≤ 𝑅𝑑 , 𝑜 ≤ 𝛳 ≤ 2𝜋, 𝑜 ≤ 𝑧 ≤ 𝛿𝑑 , 𝑡 > 𝑜                        3.2 

 

The initial and boundary conditions are as given below 

 

𝐾𝑑
𝜕𝑇

𝜕𝑧
|

𝑧=𝛿𝑑

= {
ℎ[𝑇𝑎 − 𝑇(𝑟, 𝛿𝑑, 𝑡)] , 𝑟𝑑 ≤ 𝑟 ≤ 𝑟𝑝  ∧  𝑅𝑝 ≤ 𝑟 ≤ 𝑅𝑑, 𝑡 ≥ 𝑜

−𝑞𝑑(𝑟, 𝛿𝑑, 𝑡) , 𝑟𝑝 ≤ 𝑟 ≤ 𝑅𝑝, 𝑡 ≥ 𝑜                                       
                        3.3 

𝐾𝑑
𝜕𝑇

𝜕𝑟
|

𝑟=𝑅𝑑

= ℎ[𝑇𝑎 − 𝑇(𝑅𝑑, 𝑧, 𝑡)] , 𝑜 ≤ 𝑧 ≤ 𝛿𝑑, 𝑡 ≥ 𝑜                                                     3.4 

𝜕𝑇

𝜕𝑟
|

𝑟=𝑟𝑑

= 𝑜 , 𝑜 ≤ 𝑧 ≤ 𝛿𝑑, 𝑡 ≥ 𝑜                                                                                       3.5 

𝜕𝑇

𝜕𝑧
|

𝑧=𝑜
= 𝑜 , 𝑅𝑑 ≥ 𝑟 ≥ 𝑟𝑑, 𝑡 ≥ 𝑜                                                                                       3.6 

𝑇(𝑟, 𝑧, 𝑜) = 𝑇ο , 𝑅𝑑 ≥ 𝑟 ≥ 𝑟𝑑, 𝑜 ≤ 𝑧 ≤ 𝛿𝑑                                                                         3.7 
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3.3 FE formulation for heat conduction  

The target of this area of the thesis is to build up an approximate time-stepping strategy for 

axisymmetric governing conditions that changes with time. If that is going to happen, the 

accompanying starting and conditions for the boundary are considered [15] 

𝑇 = 𝑇𝑝   on  Γ𝑇                                                                                                                    3.8 

𝑞 = −ℎ(𝑇 − 𝑇𝜊)     on  Γℎ ,                                                                                                 3.9 

𝑞 = 𝑞𝑑      on   Γ𝑞 ,                                                                                                             3.10 

𝑇 = 𝑇𝜊   on   at time  𝑡 = 𝑜                                                                                              3.11 

where: 

𝑇𝑝- prescribed temperature, 

Γ𝑇 , Γ𝑞 , Γℎ- are the boundaries (arbitrary) on which the temperature, heat flux and convection 

are specified 

 

To get the matrix form of Equation (3.2), the use of the standard Galerkin’s technique was 

there. The approximated temperature which is over the space as given below 

 

𝑇(𝑟, 𝑧, 𝑡) = ∑ 𝑁𝑖(𝑟, 𝑧)𝑇𝑖(𝑡)𝑛
𝑖=1                                                                                          3.12 

where: 

𝑁𝑖- shape function, 

𝑇𝑖(𝑡)- nodal temperature (time dependent), 

𝑛- total number of nodes in an element. 

 

The Galerkin’s technique of Equation (3.2) prompts the equations as follows 

 

∫ К𝑑𝑁𝑖 [
𝜕2𝑇

𝜕𝑟2 +
1

𝑟

𝜕𝑇

𝜕𝑟
+

𝜕2𝑇

𝜕𝑧2 − 𝜌𝑑𝑐𝑑
𝜕𝑇

𝜕𝑡
]

Ω
𝑑Ω = 𝑜                                                                  3.13 

 

Using by parts integration of the Eq. (3.9), we will obtain 

 

− ∫ К𝑑𝑁𝑖 [
𝜕𝑁𝑖

𝜕𝑟

𝜕𝑇

𝜕𝑟
+

𝜕𝑁𝑖

𝜕𝑧

𝜕𝑇

𝜕𝑧
−

𝑁𝑖

𝑟

𝜕𝑇

𝜕𝑟
− 𝑁𝑖𝜌𝑑𝑐𝑑

𝜕𝑇

𝜕𝑡
]

Ω

𝑑Ω + 

                       ∫ К𝑑𝑁𝑖
𝜕𝑇

𝜕𝑟
𝑙𝑑Γ

Γ
+ ∫ К𝑑𝑁𝑖

𝜕𝑇

𝜕𝑧
𝑛𝑑Γ

Γ
= 𝑜                                                          3.14 
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Integral form of the boundary conditions 

 

∫ К𝑑𝑁𝑖
𝜕𝑇

𝜕𝑟
𝑙𝑑Γ

Γ
+ ∫ К𝑑𝑁𝑖

𝜕𝑇

𝜕𝑧
𝑛𝑑Γ

Γ
= − ∫ 𝑁𝑖𝑞𝑑𝑑Γ𝑞 −

Γ𝑞
∫ 𝑁𝑖ℎ(𝑇 − 𝑇𝑎)𝑑ΓℎΓℎ

                     3.15 

 

Substituting Equation (3.15) and spatial approximation Equation (3.12) to Equation (3.14) 

we obtain 

 

− ∫ К𝑑 [

𝜕𝑁𝑖

𝜕𝑟

𝜕𝑁𝑗

𝜕𝑟
+

𝜕𝑁𝑖

𝜕𝑧

𝜕𝑁𝑗

𝜕𝑧

−
𝑁𝑖

𝑟

𝜕𝑁𝑗

𝜕𝑟

]
Ω

𝑇𝑗𝑑Ω − ∫ 𝑁𝑖𝜌𝑑𝑐𝑑
𝜕𝑁𝑗

𝜕𝑡Ω
𝑇𝑗𝑑Ω − ∫ 𝑁𝑖𝑞𝑑𝑑Γ𝑞 −

Γ𝑞
∫ 𝑁𝑖ℎ(𝑇 −

Γℎ

                                             𝑇𝑎)𝑑Γℎ = 𝑜                                                                               3.16 

where: 

j and i- both showing nodes 

 

Equation (3.16) can be written in the matrix form 

 

[ʗ𝑇] {
𝜕𝑇

𝜕𝑡
} + [К𝑇][𝑇] = {𝑅} ,                                                                                             3.17 

where: 

[ʗ𝑇]- heat capacity matrix, 

{𝑅}- thermal force matrix, 

[К𝑇]- heat conductivity matrix. 

 

Or 

[ʗ𝑖𝑗] {
𝜕𝑇𝑗

𝜕𝑡
} + [К𝑖𝑗][𝑇𝑗] = {𝑅𝑖} ,                                                                                         3.18 

where: 

[ʗ𝑖𝑗] = ∫ 𝜌𝑑𝑐𝑑𝑁𝑖𝑁𝑗𝑑Ω ,
Ω

                                                                                                  3.19 

[К𝑖𝑗] ∫ К𝑑 (
𝜕𝑁𝑖

𝜕𝑟

𝜕𝑁𝑗

𝜕𝑟
{𝑇𝑗} +

𝜕𝑁𝑖

𝜕𝑧

𝜕𝑁𝑗

𝜕𝑧
{𝑇𝑗} −

𝑁𝑖

𝑟

𝜕𝑁𝑗

𝜕𝑟
{𝑇𝑗}) 𝑑Ω + ∫ ℎ𝑁𝑖𝑁𝑗𝑑Γ ,

Γ
 

Ω
                       3.20 

[𝑅𝑖] = − ∫ 𝑞𝑑𝑁𝑖𝑑Γ𝑞 + ∫ 𝑁𝑖ℎ𝑇𝑎𝑑ΓℎΓℎΓ𝑞
                                                                            3.21 
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or in the matrix form 

 

[ʗ] + ∫ 𝜌𝑑𝑐𝑑[𝑁]𝑇
Ω

[𝑁]𝑑Ω ,                                                                                              3.22 

[К] = ∫ [𝐵]𝑇
Ω

[𝐷][𝐵]𝑑Ω + ∫ ℎ[𝑁]𝑇
Γ

[𝑁]𝑑Γ,                                                                    3.23 

{𝑅} = − ∫ 𝑞𝑑[𝑁]𝑇
Γ𝑞

𝑑Γ𝑞 + ∫ ℎ𝑇𝑎[𝑁]𝑇
Γℎ

𝑑Γℎ .                                                                  3.24 

 

To find out the solution of the simple differential equations (3.18), the integration method 

(direct) can be used. On the basis of assumption, the temperature {𝑇}𝑡 and {𝑇}𝑡+∆𝑡 at time t 

and 𝑡 + ∆𝑡 respectively, the relation of both the variables are given below 

 

{𝑇}𝑡+∆𝑡 = {𝑇}𝑡 + [(1 − 𝛽) {
𝜕𝑇

𝜕𝑡
}

𝑡
+ 𝛽 {

𝜕𝑇

𝜕𝑡
}

𝑡+∆𝑡
] ∆𝑡 .                                                        3.25 

 

Substituting Eq. 3.25 to Eq. 3.18 we obtain the implicit algebraic equation as follows 

 

([ʗ] − 𝛽∆𝑡[К]){𝑇}𝑡+∆𝑡 = ([ʗ] − (1 − 𝛽)∆𝑡[К]){𝑇}𝑡 + (1 − 𝛽)∆𝑡{𝑅}𝑡 + 𝛽∆𝑡{𝑅}𝑡+∆𝑡 ,  

3.26 

where: 

 𝛽 - an integration accuracy factor ranges from 0.5 to 1. 

 

To avoid unstable or inaccurate results, we need a spatial mesh size with proper initial time 

step. 

 

∆𝑡 = ∆𝑥2 𝜌𝑑𝑐𝑑

10𝐾𝑑
 ,                                                                                                                 3.27 

where: 

∆𝑥- smallest element dimension of mesh size, 

∆𝑡- time step. 

 

 



Chapter 3   Finite Element Analysis 

19 

3.4 Basic analysis types 
 

3.4.1 Thermal analysis 
 

A thermal analysis ascertains the temperature dissemination and related thermal amounts in 

brake disk. Average thermal amounts are:  

a) The temperature distribution  

b) The amount of heat lost or gained  

c) Thermal fluxes  

Types of thermal analysis 

 

a) A steady-state (not change with time) thermal simulation decides the temperature 

appropriation and other thermal amounts under the loading conditions which will not 

change over the period of time. A steady state loading condition is a circumstance where 

impacts of heat storage changing with a time period can be overlooked. 

b) A transient (change with respect to time) thermal analysis the temperature conveyance 

and other thermal amounts under conditions that changing over a time period.  

3.4.2 Structural analysis  
 

The structural investigation is a standout amongst the most widely recognized sorts of finite 

element analysis. The fundamental analysis suggests architectural designing structures such 

building and extensions. Additionally, mechanical, maritime and aeronautical structures, for 

example, instruments, machine parts, airship bodies, and so forth. 

Types of structural analysis  

 

Basic types of structural simulation in ANSYS software. We can perform any of the given 

types of structural analysis. Structural analysis types are as given below  

a) Harmonic  

b) Static 

c) Transient dynamic  

d) Buckling  

e) Modal  

f) Explicit dynamic  

g) Spectrum 
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3.5 Analysis planning 
 

a) Analysis type- h-thermal analysis 

b) Steady or Transient- transient 

c) Thermal or Structural- thermal-structural coupled analysis 

d) Material properties- isotropic and homogeneous 

e) Objective- to find out temperature generation because of braking process  

f) Units- MKS units 
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Chapter 4 

 

4 Modelling and Analysis 
 

4.1 Assumptions 

It is very difficult to reproduce actual brake model during braking condition. So assumptions 

are needed to model any complex geometry. In modelling, we always try to neglect less 

important factors that can affect geometry modelling. So we make assumptions to simplify 

our calculations and analyses. Some of them are given below.  

a) Disc brake rotor and pad material are considered as isotropic and homogeneous. 

b) Domain of the problem is considered as axisymmetric. 

c) Rotational velocity of disc brake rotor is considered to be uniform throughout the 

analysis. 

d) Behaviour of the contact region is asymmetric. 

e) For the analyses body force and inertia effects are neglected. 

f) Before application of brake, the disc is considered as stress-free. 

g) The analysis is based on Thermal-Structural 3D coupled field through direct coupling. 

h) These analyses will not predict the life span of disc brake system. 

i) Convection cooling is considered as main heat dissipated method. 

j) Kinetic energy is totally converting into frictional heat. 

k) Disc brake rotor is of solid type. 

l) Isotropic thermal conductivity is considered as uniform throughout the analyses. 

 

4.2 Problem definition 

When we apply braking force through the brake pedal, friction generates between rotor and 

pad. Due to that friction temperature of the disc rotor increase to very high temperature.  So 

transient analysis of disc brake is very important. So we break our work in some of the 

following tasks 

a) In our first task, we perform geometry modelling for disc rotors on CATIA V6, 

SOLIDWORKS, and ANSYS Design Modeller.
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b) In our second task, we learn how to perform static and transient thermal analysis. For 

that, we gave heat flux as input for temperature and convection as the cooling medium. 

c) From the second task, we understand how to perform thermal analysis. But we still don’t 

know that how to perform analysis when the disc is rotating and heat is generated due 

to the braking phenomenon. So our third task is to understand the basics of coupled field 

analysis. 

d) Our fourth task was to perform thermal-structural coupled analysis to generate steady 

temperature profile with conduction cooling. 

e) Our fifth task was to perform thermal-structural coupled analysis to generate steady 

temperature profile along with both convection and conduction cooling. 

So let us elaborate our tasks one by one properly. 
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4.2.1 First Task- Geometry modelling 

Disc brake geometry modelling on CATIA V6 

 

 

Figure 4.1 Disc brake geometry on CATIA V6 

Disc brake geometry modelling on SOLIDWORKS 

 

Figure 4.2 Disc brake geometry on SOLIDWORKS 

Disc brake geometry modelling on ANSYS Design Modeler 

 

 

Figure 4.3 Disc brake geometry on ANSYS Design Modeler 
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4.2.2 Thermal analysis (steady-state and transient) using structural steel. 

Steady-state thermal analysis of CATIA V6 geometry model 

 

 

Figure 4.4 Tetrahedral meshing with 35271 number of elements 

 

 

Figure 4.5 Steady-state thermal analysis of CATIA V6 geometry model 

 

Table 4.1 Analysis boundary conditions 

Heat Flux (W/m2) 23451 

Convection heat transfer coefficient, h (W/m2-˚C) 230 

Radiation emissivity 1 
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Steady-state thermal analysis of SOLIDWORKS geometry model 

 

 
 

Figure 4.6 Tetrahedral meshing with 132848 number of elements 

 

 

Figure 4.7 Steady-state thermal analysis of SOLIDWORKS geometry model 

 

Table 4.2 Analysis boundary conditions 

Heat Flux (W/m2) 23451 

Convection heat transfer coefficient, h (W/m2-˚C) 230 

Radiation emissivity 1 
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4.2.3 Basics of coupled-field analysis 

Multiphysics Coupling 

Coupled field analysis are more computationally intensive. However, coupled field analysis 

gives more accurate and realistic results. 

 

 

  

 

 

 

 

 

 

 

 

 

                                

  Figure 4.8 Multiphysics Coupling 

Thermal-structural coupling 

 

 

 

 

 

 

 

Figure 4.9 Thermal-Structural coupling 

Coupling methodology 

 

 

 

 

 

 

 

Figure 4.10 Thermal-Structural coupling methodology 
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Chapter 4   Modelling and Analysis 

27 

Sequential coupling 

 

 

 

 

 

 

 

 

 

 

 

 

 
Figure 4.11 Sequential coupling method 

 

Direct coupling 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 4.12 Direct coupling method 

We can easily couple thermal to structural in one-way direction on ANSYS Workbench. 

But it is not possible to couple structural to thermal on ANSYS Workbench. Which means 

direct coupling is available in ANSYS, but not in workbench interface 

For the representation of Direct coupling, APDL commands must be used. 
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4.2.4 Element types used in Coupled-Field 
 

Table 4.3 Elements used in Coupled-Field analysis 

COUPLED-FIELD 

Type Dimension Element Pictorial 

  SOLID5 8-Node Coupled- 

Field Solid  

 
 

  SOLID226 20-Node Coupled- 

Field Solid 

  
  SOLID227 10-Node Coupled- 

Field Solid 

  
 3D LINK68 2-Node-Coupled 

Thermal-Electric Line 

 
  SOLID98 10-Node Tetrahedral 

Coupled-Field Solid 

 
  ROM144 20- or 30-Node 

Reduced-Order Electrostatic- 

Structural Coupled-Field  

  SHELL157 4-Node Thermal- 

Electric Shell 
 

CONTACT 

  TARGE170 8-Node Contact 

3-D Target Segment 

 
  CONTA173 4-Node Surface-to-

Surface Contact 
 

  CONTA174 8-Node Surface-to-

Surface Contact 

 
 2-D/3-D CONTA175 1-Node Node-to-

Surface Contact 

 

 2-D TARGE169 3-Node Contact 2-

D Target Segment 
 

  CONTA171 2-Node Surface-to-

Surface Contact 

 
  CONTA172 3-Node Surface-to-

Surface Contact  
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Table 4.4 Elements used in thermal-structural coupled-field analysis 

General Purpose Coupled 

Field 

Degree of freedom Coupled Physics Capabilities 

PLANE223--Higher-order 

quadrilateral 

UX, UY, TEMP, 

CONC, VOLT  

Structural-thermal 

Piezoresistive 

Electroelastic 

Thermal-electric 

SOLID226-- Higher-order 

hexahedral 

UX, UY, UZ, TEMP, 

VOLT, CONC 

Thermo-piezoelectric  

Structural-thermal-electric 

SOLID227-- Higher-order 

tetrahedral 

 Structural-diffusion  

Thermo-diffusion 

SOLID5-- Higher-order 

hexahedral 

UX, UY, UZ, TEMP, 

VOLT, MAG 

Structural-thermal-

electromagnetic 

Thermo-electro-magnetic 

Piezoelectric 

PLANE13--Higher-order 

quadrilateral 

UX, UY, UZ, TEMP, 

VOLT, AZ 

Structural-thermo-electro-

magnetic 

Piezoelectric 

Electromagnetic 

SOLID98-- Higher-order 

tetrahedral 

UX, UY, UZ, TEMP, 

VOLT, MAG 

Thermo-electro-magnetic 

Piezoelectric 

Structural-thermo-electro-

magnetic 

 

For our analyses, we have used element type SOLID226 

4.2.5 SOLID226 Geometry 
 

 
Figure 4.13 Element type SOLID226 geometry 
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Table 4.5 SOLID226 Field Keys for Thermal and Structural 

Field Field key DOF Level Force Label Reaction 

Solution 

Structural 1 UZ,UY,UX FZ,FY,FX Force 

Thermal 10 TEMP HEAT Heat Flow 

 

KEYOPT (1) determines the element DOF set and the force labels for the same and reaction 

solution. KEYOPT (1) is put equal to the summation of the field. For example, KEYOPT 

(1) is set to 11. 

4.2.6 Fourth Task- Thermal-Structural Coupled-Field Analysis 

Material properties used for all coupled field analyses 

 

Table 4.6 Material properties used for coupled field analysis 

 

 Disc Rotor Brake Pad 

Material Properties Gray Cast Iron Structural 

Steel 

Ceramic 

Al2O3 

Density, ρ (kg/m3) 7200 7850 3800 

Coefficient of thermal 

expansion, α (×10-6/˚C) 

11 12 7.3 

Poisson’s ratio, v 0.28 0.3 0.22 

Young’s modulus, E (GPa) 110 200 325 

Bulk modulus (GPa) 83.33 166.67 193.43 

Shear modulus (GPa) 42.969 76.923 133.2 

Isotropic conductivity, k 

(W/m-˚C) 

52 60.5 12 

Specific heat, c (J/kg-˚C) 447 434 750 
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Thermal-Structural coupled-field analysis for 1st geometry 

a) Geometry 
 

 

Figure 4.14 Disc brake rotor and pad geometry 

b) Geometry meshing 

 

 
 

Figure 4.15 Tetrahedral meshing with 57417 number of elements 
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Thermal-Structural coupled-field analysis for 2nd geometry 

a) Geometry 

 
 

Figure 4.16 Disc brake and pad geometry 

b) Geometry meshing 

 

 
 

Figure 4.17 Tetrahedral meshing with 21036 number of elements 
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Thermal-Structural coupled analysis for 2nd geometry without convection and 

conduction 

a) Geometry 

 
 

Figure 4.18 Disc brake and pad geometry 

b) Geometry meshing 

 

Figure 4.19 Tetrahedral meshing with 32981 number of elements 
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Thermal-Structural coupled analysis for 2nd geometry with conduction 

a) Geometry 

 
 

Figure 4.20 Disc brake rotor and pad geometry 

b) Geometry meshing 

 

 
 

Figure 4.21 Hexahedral Meshing with 25614 number of elements 
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Thermal-Structural coupled analysis for 2nd geometry with convection 

a) Geometry 

 
 

Figure 4.22 Disc brake rotor and pad geometry 

 

b) Geometry meshing 

 
 

Figure 4.23 Hexahedral Meshing with 25614 number of elements 
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Thermal-Structural analysis for 2nd geometry with convection and conduction 

a) Geometry 

 
 

Figure 4.24 Disc brake rotor and pad geometry 

b) Geometry meshing 

 

 
 

Figure 4.25 Hexahedral Meshing with 25614 number of elements 
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Chapter 5 

 

5 Result and Discussion 
 

Temperature results for 1st geometry- FAILURE 

 

 
Figure 5.1 Temperature field generated due to friction between brake rotor and pads 

In this analysis temperature field was not generated uniformly because most of the settings 

was used as default. For the boundary conditions Refer Annexure-A. 

 

Temperature results for 2nd geometry- FAILURE 

 

 

Figure 5.2 Temperature field generated due to friction between brake rotor and pads 

This analysis was also a failure because the temperature patches generated were not steady 

and uniform. For the boundary conditions Refer Annexure-A.
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Temperature results for 2nd geometry without convection and conduction 

 

 
 

Figure 5.3 Temperature generated due to friction and without convection cooling 

 

Temperature results for 2nd geometry with conduction 

 

 
 

Figure 5.4 Temperature generated due to friction and without convection cooling 

If we compare both the above analyses results, we can easily understand that hexahedral 

meshing will give better results than the tetrahedral meshing. But it doesn’t only depend 

upon the meshing technique, also on other boundary conditions. Refer Annexure-A for the 

boundary conditions of both the analyses. 
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Temperature results for 2nd geometry with convection 

 
 

Figure 5.5 Temperature generated due to friction with convection cooling 

When we only consider convection cooling phenomenon, the results will be like in above 

result. But conduction phenomenon is not considered in the analysis; that is why 

temperature profile generated due to friction is so smooth and with sharp edges. For the 

boundary conditions Refer Annexure-A. 

 

Temperature results for 2nd geometry with conduction and convection both 

 

Figure 5.6 Temperature generated with conduction and convection cooling 

In this analysis, we have considered both the conduction and convection phenomenon. Both 

the last analyses are almost same but still showing different results, and that is because of 

the boundary conditions. For the boundary conditions Refer Annexure-A.
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