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Transient Conjugate Heat Transfer CFD Simulations of an Experimental Brake Rig
Focus on Modeling of Radiation and Rotation
LINUS BÖRJESSON
FREDRIK HANSSON
Department of Mechanics and Maritime Sciences
Chalmers University of Technology

Abstract
This master’s thesis investigates transient conjugate heat transfer CFD modeling
of an experimental truck brake rig, with focus on how thermal radiation and brake
rotation should be modeled for accurate and efficient temperature prediction. A
numerical model of the rig was developed in Simcenter STAR-CCM+ and evaluated
using two braking cycles: a short severe cycle and a longer cycle adapted from the
Alpine descent test.

Two approaches for modeling disc rotation were compared: Rigid Body Motion
(RBM) and Convective Velocity Option (CVO). In addition, different implementa-
tions of surface-to-surface radiation were assessed in terms of temperature predic-
tion and computational cost. The results show that radiation has a comparatively
small influence during short braking events, but becomes more important in longer
high-temperature cycles, where neglecting radiation leads to over-predicted brake
temperatures. For RBM, radiation had to be modeled in the solid domain to ensure
energy conservation, although this significantly increased computational cost. To
mitigate this, a parameter sweep was conducted to optimize the radiation settings.
By reducing the Patch/Face Proportion and the Number of Beams, the solver com-
putational time was decreased by more than 14.8%. This optimization maintained
a high level of accuracy, yielding a Root Mean Square Error below 0.5 for the pre-
dicted temperatures compared to the most computationally expensive baseline.

The results also show that CVO predicts lower maximum temperatures than RBM
due to numerical smearing, while average disc temperatures remain relatively close.
However, CVO reduced computational time by about 84 to 86%, making it a wor-
thy engineering compromise when simulation speed is important. Comparison with
brake rig measurements showed that both approaches captured the overall temper-
ature development during braking, but both under-predicted temperatures during
cooling. The thesis concludes that radiation should be included in transient brake
thermal simulations, especially for long-duration braking, and that CVO is a promis-
ing alternative to RBM while, balancing accuracy and efficiency.
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1
Introduction

This chapter introduces the thesis topic, its relevance, and its scope. Followed by a
presentation of the limitations and thesis questions.

1.1 Background
The upcoming Euro 7 regulations introduce new challenges for truck manufacturers.
These regulations set limits on particle emissions due to brake wear and tire abrasion
for motor vehicles [1]. For Volvo Group, this creates the need for predictive tools
that can support the analysis and reduction of particulate emissions from brakes [2].

Particles are classified by size where the most important categories are Particu-
late Matter (PM) smaller than 10 µm (PM10) and PM smaller than 2.5 µm (PM2.5).
Therefore, PM2.5 is a subcategory of PM10. These particles are often airborne and
may pose significant health risks when inhaled. Deposition of these particulates and
where they become trapped in the respiratory system depends directly on their size
[3]. Around 50% of the particulate emissions from brake wear become airborne and
among these, around 80% are of size PM10. A mass-weighted mean of the particle
size distribution is between 2 and 6 µm [4].

Particulate emissions from brakes are strongly influenced by the temperature of
the disc and pads. As the brake disc and pad temperature increases from 25◦C to
100◦C, brake wear increases by 2-10 times [5]. It is therefore important to understand
and predict the thermal behavior of the brake system in order to support efforts to
reduce particulate emissions from brakes. Common cooling strategies include venti-
lated discs, air ducts, and rim designs that redirect air towards the brakes. The hot
surfaces in the braking system are cooled by forced convection heat transfer with
the surrounding air. Increasing the air flow around these parts results in increased
Heat Transfer Coefficient (HTC), which in turn enhances cooling.

In recent years, the demand for electric trucks has increased, resulting in new chal-
lenges for the automotive industry. Through regenerative braking, electric vehicles
can recover some of the braking energy as electrical energy and reduce emissions from
brake wear. The regenerated electrical energy is stored in the battery, which extends
the driving range [6]. However, if the batteries are fully charged, regenerative brak-
ing cannot be used since the electrical energy cannot be stored [7]. As a result,
friction braking remains important in certain operating conditions, particularly in
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demanding scenarios where regenerative braking is limited or unavailable. There-
fore, understanding and analyzing brake thermal behavior and particulate emissions
remain important, even for electric trucks.

To support the work in reducing particulate emissions from brakes, Energimyn-
digheten has initiated a project in collaboration with Volvo Group, Haldex AB, and
Chalmers University of Technology. This project consists of 5 work packages on
both fluid and solid analyses and involves one PhD student as well as several related
collaborations. The first step in the fluid-dynamics work is to establish an accurate
model that predicts the temperature of the brake system in a rig. The rig is located
at Chalmers and is used to simulate different braking cycles in order to measure
both temperatures and particulate emissions from brakes. The collaboration aims
to improve understanding of particle emissions in order to reduce them [8].

1.2 Aim
This thesis aims to predict temperatures in a truck brake system used in an ex-
perimental brake rig using Computational Fluid Dynamics (CFD) and Conjugate
Heat Transfer (CHT) simulations in Star-CCM+. Focus is placed on how thermal
radiation and brake rotation should be modeled to enable accurate simulations. The
results are intended to support future work on the prediction of particulate emissions
from brakes.

1.3 Limitations
The thesis is limited primarily by the 20-week project duration and therefore focuses
only on modeling the experimental brake rig at Chalmers University of Technology
using a solid brake disc and not a ventilated disc. It is further limited to ther-
mal analysis of the brake system and does not include direct analysis of particle
emissions. Furthermore, the model will not cover any structural analysis and will
therefore treat the solids as rigid bodies. In other words, no elastic or plastic defor-
mation due to temperature or loading will be modeled.

1.4 Thesis Questions
The thesis is intended to address the following research questions:

• How is radiation modeled in a transient brake rig CFD-CHT model?
• How does radiation influence predicted brake temperatures and computational

cost?
• Can Convective Velocity Option (CVO) provide an acceptable alternative to

Rigid Body Motion (RBM) for this application?
• To what extent can the simulation predict brake temperatures measured in

the experimental rig?
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2
Theory

This chapter presents the relevant theory to accurately simulate a brake system. It
covers how brake systems work, governing equations for flow, turbulence modeling,
rotation modeling, heat transfer and discretization. Furthermore, this chapter also
covers how a CHT analysis is formulated and coupled between a solid and a fluid
domain, and the scalability of computational power.

2.1 Brake System
The function of brakes is to decelerate or stop a vehicle by converting kinetic and
potential energy into heat through friction between the brake disc and brake pads
[9]. Volvo uses a pneumatic disc brake system for heavy-duty trucks, consisting of
the following main parts, shown in Figure 2.1 [10].

1. Brake disc: The disc follows the rotation of the wheel. This is where braking
takes place.

2. Brake pads: Mounted in the caliper, they clamp the disc when braking,
resulting in friction.

3. Brake caliper: Main body of the system. It can either be fixed or floating.
4. Hub: The connection between the wheels and the disc.
5. Caliper piston: Receives mechanical force from the actuator and pushes the

pads toward the disc.
6. Actuator/Chamber: Converts air pressure into mechanical force.
7. Air system: Consists of compressors, air tanks, regulators, brake valves and

air lines. Delivers pressurized air to the actuator.
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Figure 2.1: Schematic of a truck brake system

2.1.1 Braking Parameters
To calculate the braking torque required to be applied for a vehicle traveling at
constant velocity on a slope with a given angle, first, the relevant forces need to
be identified to find the brake force, Fbrake. These forces could be divided into the
gravitational force, Fg, that drives the vehicle downhill and a resistance force, Fresist.

Fbrake = Fg − Fresist (2.1)

On a specific slope, the gravitational force can be computed as [11]:

Fg = mg sin(αslope) (2.2)

The resistance force can be further divided into different components. One way of
doing this is to divide it into a drag force, a roll resistance force and a term for other
miscellaneous forces presented in the equation below [11].

Fresist = Faero + Froll + Fother (2.3)

The drag force and the roll resistance force can be calculated as the equation below
[11].

Faero = 1
2ρACdU2 (2.4)

Froll = CrrN = Crrmg cos(αslope) (2.5)
From the braking force, the torque for each wheel can be calculated as:

M = Fbrakertyre

nbrakes

(2.6)

Given the brake torque, the heat generated between the pads and the disc can be
approximated as the following equation [12].

P = M
dθ

dt
= Mω (2.7)
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2.2 Governing Equations
For a compressible Newtonian fluid, a CFD simulation uses three different govern-
ing equations to solve the flow. These are conservation of momentum, energy, and
continuity equations. When the rate of accumulation and convective transport is
balanced by diffusive transport and source terms, the governing equations are satis-
fied. For the three equations the index j represents the dimensions and is equal to
1, 2, 3 for a three-dimensional case [13, p. 8].

2.2.1 Momentum Equations
The momentum equation describes the balance of momentum in a fluid control
volume. It shows that the rate of accumulated momentum is equal to the rate of
momentum entering the element, the momentum leaving the element, and the sum
of forces acting on the element. For a Newtonian fluid, the governing equation for
conservation of momentum is known as the Navier-Stokes equation and it reads as
follows [13].

∂Ui

∂t
+ Uj

∂Ui

∂xj

= −1
ρ

∂p

∂xi

+ ν
∂

∂xj

(
∂Ui

∂xj

+ ∂Uj

∂xi

)
(2.8)

The left-hand side describes acceleration where the first term represents the change
of velocity over time and the second term represents the convective acceleration.
The first term on the right-hand side is the pressure-gradient term, which repre-
sents forces due to pressure differences. The second term is the diffusion term that
represents the diffusion of momentum due to viscous forces [13, pp. 14-16].

2.2.2 Energy Equation
The energy equation describes energy conservation in a control volume for a transient
system. The total energy E can be described as the sum of the kinetic, thermal,
chemical, and potential energies. In balanced form, the governing equation for
conservation of energy reads as follows [13, p. 16].

∂E

∂t
= − ∂

∂xj

[
EUj − κ

∂T

∂xi

+
∑

n

MmolarnhnJn − τkjUk

]
+ Sh (2.9)

The left-hand side represents the change of total energy over time. The terms on
the right-hand side are the convective transport term, conductive heat flux term,
change of standard state enthalpy, viscous work term and source term [13, p. 16].

2.2.3 Continuity Equation
The continuity equation represents conservation of mass in a control volume. The
physical interpretation is that the accumulated mass is equal to the mass entering
and leaving the fluid element, and the equation is written as follows [13, pp. 12-14].

∂ρ

∂t
+ ∂ρUj

∂xj

= 0 (2.10)
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2.3 Turbulent Flow
Turbulence is a common flow phenomenon in engineering applications. It can be
characterized by three-dimensional structures, occurring at large Reynolds numbers,
irregularity, dissipation of turbulent kinetic energy and diffusivity.[13, pp. 63-66].

Irregularity refers to the fact that turbulent flows are irregular, chaotic and random.
In the flow, a wide range of time scales, velocity scales and length scales occur.
The different length scales are often referred to as turbulent eddies or vortices and
can be described as a motion that is to some extent coherent over a certain region.
Different length scales coexist in the flow which means that smaller eddies can oc-
cur inside larger eddies. The smaller eddies are bounded by viscous effects while
the larger eddies, which may be several orders of magnitude larger, are bounded by
the geometry of the flow. Because of the different length scales and irregularity of
the flow it is difficult to model the flow with a deterministic approach [13, pp. 63-64].

Dissipation of turbulent kinetic energy occurs in all turbulent flows. Energy is
extracted from the mean flow and enters the turbulence in the largest eddies. The
energy is then transferred by inviscid processes into smaller and smaller eddies be-
cause the larger eddies are unstable and break down to smaller ones. By viscous
action due to molecular viscosity, the energy is dissipated into viscous heat at the
smallest scales [13, pp. 65-66].

One of the most important characteristics of turbulence is enhanced diffusion. Due
to the chaotic fluid motion, turbulent transport can produce mixing rates for species,
momentum, and energy that are several orders of magnitude higher than those as-
sociated with molecular diffusion [13, p. 64].

To model a turbulent flow, special attention must be given to the regions close
to walls where a turbulent boundary layer is created. In this layer the velocity
increases rapidly from zero to the free stream velocity. The boundary layer can
then be divided into an inner and an outer region. The inner region closest to the
wall is then divided into sub-layers based on the wall friction velocity u∗ and the
dimensionless wall distance y+. These quantities can be calculated as a function of
the wall shear stress τw, density ρ, kinematic viscosity ν and wall distance y shown
below [13, pp. 101-103].

u∗ =
√

τw

ρ
(2.11)

y+ = u∗y

ν
(2.12)

There are three different sub-layers in the inner region. The closest to the wall is
the viscous sub-layer with 0 < y+ < 5. This is followed by the buffer sub-layer with
5 < y+ < 30. Finally, the log-law sub-layer with 30 < y+ < 400. When discretizing
the domain, it is possible to select the extent to which the flow in the sub-layer
should be resolved by choosing the first cell height to a desired y+ [13, p. 103].
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2.3.1 Direct Numerical Simulation
Simulating turbulent flow using Direct Numerical Simulation (DNS) seems the ob-
vious choice of method at first glance. In this method, the unsteady Navier-Stokes
equations are solved directly and therefore no turbulence model is required. Since
turbulent flows contain a wide range of length and time scales, very short time-steps
and dense computational grids would be required to resolve the flow properly. In
combination with non-linear equations, a large amount of computational power is
needed to solve the problem. In fact, it would not be possible to perform DNS for
a real engineering problem with the computers used today [13, p. 79].

2.3.2 Large Eddy Simulation
Since the challenges of DNS is that very short time-steps and dense computational
grids are required to resolve the smallest length and time scales in the flow, Large
Eddy Simulation (LES) can be used instead. When using LES, the largest and
intermediate turbulent scales are resolved, while the smaller scales are modeled.
Approximately 80% of total turbulence energy is resolved. The smallest turbulence
scales remain unresolved, but can be modeled using universal subgrid models. As a
result, the larger turbulence scales that are more complicated to model, can then be
simulated directly. The LES method requires less computational power compared
to DNS. However, a fine grid with short time-steps is still needed to obtain good
results. As a consequence, the computational cost is still high compared to other
turbulence models [13, pp. 79-80].

2.3.3 Reynolds-Averaged Navier-Stokes
In the Reynolds-Averaged Navier-Stokes (RANS) equations, each solution variable ϕ
is decomposed into a mean part and a fluctuating part. The solution variable can be
pressure, velocity components, energy or species concentration. The decomposition
is represented in the equation below [14].

ϕ = ϕ + ϕ′ (2.13)

For steady-state situations, the averaging can be seen as time-averaging and for
transient situations, it can be seen as taking the average of many independent real-
izations. For the mean quantities, the averaged equations are identical in form to the
original equations except that in the momentum equation, an extra term appears.
It is the Reynolds stress tensor and is defined in the equation below [14].

TRANS = −ρ

u′u′ u′v′ u′w′

v′u′ v′v′ v′w′

w′u′ w′v′ w′w′

+ 2
3ρkI (2.14)

The main challenge is to model this stress tensor, which offers closure for the gov-
erning equations [14].
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2.3.3.1 Realizable K-Epsilon Two-Layer Turbulence

K-Epsilon turbulence models introduce transport equations for the turbulent kinetic
energy k and dissipation rate ϵ. These equations are then solved to determine the
turbulent eddy viscosity. Several variants of the K-Epsilon model exist, one of which
is the Realizable K-Epsilon Two-Layer model [14].

K-Epsilon models can use either a high or low Reynolds number approach. In
the high Reynolds number approach the K-Epsilon model is applied with wall func-
tions. However, this method does not account for the blocking effects of the viscous
and buffer layers. Hence, the low Reynolds number approach was introduced where
damping functions are applied to the coefficients in the model. As a function of the
Reynolds number and often wall distance, the damping functions tune the coeffi-
cients in the model. An alternative to the low Reynolds number approach is the
K-Epsilon Two Layer turbulence model, that enables application of the K-Epsilon
model in both the viscous sub-layer and buffer layer [14].

As the name suggests, the two layer model divides the computation into two layers.
There is the layer next to the wall where the turbulent viscosity µt and dissipation
rate ϵ are calculated as a function of the wall distance. The transport equations
are solved in the region far from the wall, and these values are then mixed with
the calculated turbulent dissipation rate close to the wall. This allows the flow
properties to be solved in the entire domain. The two-layer approach can be used in
Star-CCM+ with both low Reynolds number meshes and wall function type meshes,
with y+ ≈ 1 and y+ > 30, respectively [14].

A modified version of the K-Epsilon model, called Realizable K-Epsilon, ensures
that normal stresses remain within physically allowable limits. It introduces a new
transport equation for the turbulent dissipation rate and a variable damping func-
tion fu. The damping function is applied to the model coefficients and is a function
of the mean flow and turbulence properties [14].

The Realizable K-Epsilon Two-Layer model combines the Realizable K-Epsilon and
Two-Layer K-Epsilon formulations. This model is known to perform well in free-
stream regions, although it may exhibit reduced accuracy in predicting near-wall
effects and flow separation [15].

2.4 Modeling of Rotation
There are different approaches to simulating rotating objects. For the solid do-
main, examples include RBM and CVO while for the fluid domain, one example
is Tangential Velocity Specification (TVS). The RBM approach is used for tran-
sient simulations, while TVS and CVO are methods mostly used in steady-state
simulations.
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2.4.1 Rigid Body Motion
The motion of an object can be modeled by moving the vertices of its mesh according
to a specified rotation, translation or trajectory. For RBM, the object moves a fixed
displacement per time step, thus it must be a transient analysis. The advantage
of this approach is that the solution is time-accurate and captures transient effects.
Thus, this is the most accurate approach for simulations involving moving parts
[16]. Due to the unsteady nature of this approach and the fact that it often involves
changes in the interface that needs to be recomputed, it is the most computationally
intensive [17].

2.4.2 Convective Velocity Option
It is also possible to simulate the heat transfer of a moving solid without physically
moving the solid. To do that, a convective term is included in the solid energy
equation. The solid energy equation can then be written as follows, where vs is the
convective velocity [18].

d

dt

∫
ρCpTdV +

∮
A

ρCpTvs · da = −
∮

A
q′′ · da +

∫
V

sdV (2.15)

In order to be able to use this method, it is important that the body subjected to
the translation or rotation does not contain any holes or grooves parallel to the axis
of rotation.

2.4.3 Tangential Velocity Specification
For the fluid domain, the rotation can be simulated using TVS. It is implemented
through wall boundary conditions with the no-slip condition, which implies that the
fluid sticks to the wall and follows its motion. To apply a rotating motion of the
wall, the tangential velocity is set to the desired value. This means that motion
can be applied without physically rotating the body [19]. Alternatives for modeling
rotation in the fluid domain would be sliding or overset meshing techniques.

2.5 Heat Transfer
Heat transfer can be described as the study of energy transport due to temperature
gradients. It is governed by the first and second law of thermodynamics. The first
law states that the heat generated in a system and the net energy flow across the
system boundary are equal to the change in internal energy of the system. The sec-
ond law states that heat flows spontaneously from regions of higher temperature to
regions of lower temperature. Heat transfer can occur through three different funda-
mental mechanisms simultaneously, conduction, convection, and radiation, described
further below [20, pp. 1-2].
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2.5.1 Conduction
Due to temperature differences in a body or between bodies without the presence of
mass flow and mixing, conduction occurs. The heat rate due to conduction can be
described through Fourier’s law, which states that the heat rate Q in any direction
is proportional to the temperature gradient and area perpendicular to the flow and
is shown in the following equation [20, pp. 2-3].

Q = −κA
dT

dx
(2.16)

In the equation above, κ is the thermal conductivity with units of W/mK and is
a measure of how much energy is transferred due to molecular interactions in the
material. A good conductor has a high value of κ and therefore conducts more
energy while insulators have a low value of κ and therefore conduct less energy. A is
the area perpendicular to the flow in m2, dT is the temperature difference in kelvin
and dx is the distance over which the temperature difference occurs [20, pp. 2-3].

2.5.2 Convection
The second mode of heat transfer is called convection. It occurs when a fluid flows
over a surface and transfers energy in the form of heat between the fluid and the
surface. It can be viewed as conduction in a thin layer near the surface, combined
with bulk fluid motion. The transfer of energy depends on the properties of the fluid
and occurs due to molecular diffusion and the bulk flow. However, the shape of the
surface has a significant impact on the heat transfer [20, p. 5].

Convection can be described by the following relation, where A is the surface area,
and T1 and T2 are the temperatures of the surface and fluid, respectively. The heat
transfer coefficient H represents the strength of convective heat transfer between
the surface of the solid and the fluid [20, pp. 5-6].

Q = HA(T1 − T2) (2.17)

There are generally two types of convection and those are forced convection and
free, or natural, convection. Forced convection occurs when the flow is driven by
external inputs such as pumps or fans. Natural convection occurs when the flow is
driven by buoyant forces due to temperature differences within the fluid [20, p. 5].

To describe the relation between the heat transfer across a boundary due to convec-
tion and conduction, the non-dimensional Nusselt number can be used. Typically,
in laminar flow, the magnitude of heat transfer due to conduction and convection is
similar, therefore the Nusselt number is close to one. In a turbulent flow, the mag-
nitude of the heat transfer due to convection is much larger, which yields a Nusselt
number often in the range of 100 to 1000 [21].
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2.5.2.1 Heat Transfer Coefficients

To model the heat transfer for turbulent flows in Star-CCM+, typically, a standard
wall function is used, which can be written as follows.

q̇”
w = ρf (yc)Cp,f (yc)u∗(y+(yc))

T +(y+(yc))
(Tw − Tr) (2.18)

The variable yc is the distance to the near-wall cell center, T + is the non-dimensional
temperature that depends on the density, ρ and specific heat, Cp of the fluid. From
Equation 2.18, the heat transfer coefficient can be written according to Equation
2.19 [22].

H(yc) = ρf (yc)Cp,f (yc)u∗(y+(yc))
T +(y+(yc))

(2.19)

2.5.3 Thermal Radiation
The third mode of heat transfer is thermal radiation. Thermal radiation is emitted
by all surfaces at non-zero temperature and is typically associated with wavelengths
in the range relevant for thermal emission [20, p. 6]. For radiative heat transfer to
take place between two surfaces, they need to have line of sight to each other, and no
medium is required between them. Radiation can however, also occur to a surface’s
surroundings. The heat rate, Q, in W, can be described by Stefan-Boltzmann law
seen below [20, p. 6].

Q = FradσA(T 4
1 − T 4

2 ) (2.20)

In the equation above, Frad is a factor that depends on the geometry and sur-
face properties. The variable σ is the Stefan Boltzmann constant with a value of
5.67 ·10−8 W/mK4. The area of the surface that emits or absorbs the energy is given
in m2. The temperatures T1 and T2 are given in kelvin. Due to the fourth-power
temperature dependence, radiative heat transfer increases strongly with increasing
surface temperature [20, p. 6].

When using a surface-to-surface radiation model in Star-CCM+, it requires the
computation of radiation patches in order to compute view factors. Patches are
created on the surfaces included in the model, and view factors are then calculated
by tracing beams between these patches [17].

2.6 Thermal Effusivity
The thermal effusivity e is a property that describes how readily a material can
exchange heat with its surroundings and can be calculated according to the following
equation.

e =
√

κ · ρ · Cp (2.21)

It is based on the thermal conductivity κ, density ρ and specific heat Cp. A high
value implies that the material can absorb high amounts of energy quickly, while a
low value implies the opposite [23, p. 58].
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2.7 Discretization
In computational fluid dynamics, meshing is a critical step in the simulation process.
It is the process of dividing a geometric domain into smaller elements in which
the governing equations are solved. When using the finite volume method, the
equations are solved in the center of each element, and in the finite element method
the equations are solved in the nodes or edges of the elements. A mesh can be
conformal or non-conformal. In a conformal mesh, adjacent parts share matching
nodes and element edges [24].

2.7.1 Surface Wrapper
The domain where the equations are solved is called the simulation domain, and
the aim of the meshing operation is to create a suitable simulation domain. When
a more complex geometry is used, it can be difficult for the mesh to capture the
domain properly. For those cases, the Surface Wrapper is used to create a closed,
manifold and non-intersecting surfaces. Examples of when the Surface Wrapper is
used are geometries with intersecting parts, surface mismatches, and a high level of
detail [24].

2.7.2 Prism Layer
To improve the accuracy of the flow simulation, the prism layer can be used. It
is used together with a core volume mesh and creates orthogonal prismatic cells
alongside a wall or boundary. There are four important parameters that define the
prism layer. The first parameter, defines the overall thickness of the prism layers.
Then there is a parameter that defines how many cell layers should be used. The
third parameter controls the method used for the thickness distribution of the cells
in the prism layers. The last parameter determines the formula used to generate the
distribution of the cell layer thickness by stretching. It can either be by geometric
progression or a hyperbolic tangent [24].

The prism layer enables the flow to be resolved near the walls, increasing the accu-
racy of the simulation since it enables forces and heat transfer to also be resolved
near the walls. The prism layer also helps to resolve features such as pressure drop
or drag. To obtain an accurate prediction of these features, it is important to resolve
the temperature and velocity gradients normal to the wall. In the viscous sub-layer
of a turbulent boundary layer, these gradients are much larger compared to if they
were captured in a coarse mesh. The viscous sub-layer can therefore be resolved
directly if it is supported by the turbulence model by using the corresponding y+

value for the first cell in the prism layer [24].

2.7.3 Thin Mesher
When parts or regions contain thin volumes, the Thin Mesher can be used. It rec-
ognizes areas of the geometry that are either bulk or thin automatically. For the
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thin areas, the Thin Mesher creates a prismatic type of mesh and in the bulk areas,
the core volume mesher is used. The different meshes are then connected with a
conformal mesh [24].

By using the Thin Mesher, the overall cell quality is improved, while also reduc-
ing the overall cell count compared to an equivalent tetrahedral or polyhedral type
core mesh. Furthermore, the convergence can be aided in simulations with thin
geometries that involve CHT [24].

2.7.4 Surface Remesher
The Surface Remesher can be used to improve the overall quality of an existing
surface and optimize it for the volume mesh models. Based on a user-specified target
edge length, the Surface Remesher re-triangulates the surface. It can also be applied
at specific part surfaces and boundaries that need localized refinement. Typically,
the Surface Remesher is used on surfaces generated by the Surface Wrapper [24].

2.7.5 Automatic Surface Repair
When different types of geometric problems exist in a geometry as a consequence of
the Surface Remesher and Surface Wrapper, the Automatic Surface Repair can be
used to correct those. It uses three different metrics to examine if automatic repair
is needed. These are Surface Quality, Surface Proximity and Pierced Surfaces. It
fixes those metrics by either re-meshing the surface or deletes the local surface and
uses the hole filler [24].

2.7.6 Polyhedral Mesher
The Polyhedral Mesher is used to generate a volume mesh containing polyhedral-
shaped cells. The polyhedral mesher works well for analysis of heat transfer, swirling
flow and complex flow. An advantage of the polyhedral mesh is that it is relatively
efficient and easy to build, and requires fewer elements compared to other meshers,
while retaining accuracy [24].

2.8 Conjugate Heat Transfer
To model the coupled heat transfer between a solid and a fluid, CHT is used. It
combines a fluid-flow model with a thermal model. An illustration of the process
can be seen in Figure 2.2.
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Figure 2.2: Illustration of a conjugate heat transfer coupling approach

In the fluid domain, the convective HTCs on the surfaces of the solid parts and the
temperature of the fluid next to these surfaces Tfluid are calculated. These quantities
allow the convective heat transfer at the solid surfaces to be calculated. The solid
domain uses these values to calculate its temperatures. The surface temperatures
Twall are then returned to the fluid domain allowing the flow to be recalculated [25].

2.8.1 Energy Coupling
At the interface between a solid and fluid domain in Star-CCM+, either implicit or
explicit energy coupling can be selected. In the case of implicit energy coupling, the
interface is updated every time step if there exists a relative motion between the
fluid and the solid domains. For the explicit energy coupling, the same interface
established during solution initialization is retained for the complete simulation.
However, it does not take into account the physics due to rotation of the solid [26].

2.9 Computational Scalability
When increasing the computational resources by adding cores, a non-linear efficiency
curve is achieved. This means that when doubling the number of cores, the compu-
tation time is not halved. The loss in efficiency at high core counts is mainly caused
by hardware bottlenecks, primarily memory bandwidth limitations and interconnect
latency. There is an optimal number of cores for a specified simulation setup which
depends directly on the mesh size [27]. The cores are often connected in nodes where
a node contains a specified number of cores.

The efficiency is dependent on both CFD software and the type of High-Performance
Computing (HPC) cluster but the general optimal setup spans from 50,000 to
100,000 cells/core. Below this range, an almost linear efficiency curve can be ex-
pected. If computational speed is more important than efficiency, this ratio can

14



2. Theory

be reduced to 20,000 cells/core where the efficiency reaches 80% and the speed is
maximized [28]. When increasing the number of cores beyond a certain limit, the
communication between the cores takes more time than the actual computation,
thus turning out to be counter productive.
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Methodology

This chapter first describes the braking cycles used in the simulations and the ex-
perimental rig. It presents the experimental and numerical setups, followed by the
investigations conducted using these setups.

3.1 Braking Cycles
To evaluate the performance of the simulations and the effects of different simulation
parameters and setups, several braking cycles were used. For most braking cycles,
the inlet velocity was fixed at 7.5 m/s, which resulted in a mass-flow-averaged ve-
locity of 2.5 m/s at a plane just upstream of the brake system. The radius of the
wheel was simulated as 0.386 m.

3.1.1 Disc Crack Test
The disc crack test cycle consists of repeated braking events of 40 seconds, each
with a torque of 1200 Nm per brake with inspections in between to monitor crack
formation. A torque of 1200 Nm per brake is high, making this a severe brake event.

The first braking cycle that was used for the thesis was a short and modified cycle
of the disc crack test introduced to evaluate different setups and settings of the
simulations. It consisted of 40 seconds of braking followed by 60 seconds of cooling
and was therefore called the 40/60 braking cycle. This test cycle was used when
the accuracy and simulation time were analyzed. The disc rotated with an angular
velocity representing a vehicle moving with a constant velocity of 85 km/h = 23.611
m/s resulting in a heat source of 73402 W, calculated from Equation 2.7. After the
brake event, the rotation of the disc and the default inlet velocity were kept constant
with the same values as during braking.

3.1.2 Alpine Descent
The alpine descent braking cycle represents a truck descending a mountain. Without
braking, the truck would accelerate down the slope, but the applied brakes keeps
the truck moving with constant velocity. After a period with constant velocity and
braking torque, the vehicle is stopped to cool down. This results in a braking cycle
with less braking torque than the disc crack test but during a longer time, which
still generates high temperatures in the brakes.
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3.1.2.1 The 900/1800 Braking Cycle

For this investigation, a modified version of the alpine descent braking cycle was
used, called the 900/1800 braking cycle. In this cycle, the brakes were applied for
900 seconds followed by 1800 seconds of cooling. During the cooling phase, the disc
rotation was stopped, while the default inlet velocity was kept constant. Since the
air flow was maintained during cooling, this did not represent a classical alpine de-
scent braking cycle. The air flow was kept constant because the experimental rig was
not designed to withstand the heat that would follow with stagnant air surrounding
a hot brake system.

For this simulation, the applied torque was calculated to 306 Nm using the equations
described in Section 2.1.1 corresponding to a heat source of 7927 W. The torque was
calculated for a truck with four brakes and a mass of 4000 kg descending a slope
of 10% at a velocity of 10 m/s. The drag coefficient Cd was set to 0.65 [29], the
frontal area to 7.5 m2, and the air density to 1.225 kg/m3. The rolling resistance
coefficient Crr was set to 0.009 [30] and Fother was estimated to around 200 N . All
parameters in these calculations were estimated using generic values for quantities.
Since this cycle was used only for comparison with other simulations and not with
a real truck, it was considered sufficient to use estimated values.

3.1.2.2 Rig Braking Cycle

Due to the rig’s operational limits, which are presented in Section 3.2.3, a braking
cycle with a lower torque had to be designed. This resulted in a braking cycle
similar to the 900/1800 cycle but with a torque of 197 Nm during 333 seconds,
followed by a cooling phase of 2000 seconds with the stationary disc. The inlet
velocity was 8.0 m/s throughout the cycle and the simulated vehicle velocity was
29.05 m/s corresponding to 104.58 km/h during the braking phase. This cycle was
developed by identifying feasible operating conditions in the rig while keeping the
torque constant.

3.2 Experimental Setup
In this section, geometry, measurements, and operating limitations of the brake rig
built at Chalmers University of Technology are described.

3.2.1 Geometry
The geometry of the brake rig can be seen in Figure 3.1, both in a zoomed-in and
zoomed-out view. In the zoomed-out view, the enclosure is visible with its inlet on
the left side and its outlet on the right side of the brake system. In the zoomed-in
view, the brake system is shown. The full brake system was included except for the
hub. The actuator was mounted on the outside of the enclosure behind the black
rubber plate located behind the caliper. Instead of the hub, a measuring device was
mounted in the front of the disc, with a holder that held the device and its cords.
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Behind the brake system, a caliper holder was mounted with an axle in the middle
that rotated the disc.

Figure 3.1: Geometry of the experimental brake rig

The rig was rotated clockwise by an electric motor, including an inertia generator,
that was designed for a car brake test rig. A fan circulated air through the rig,
and a Diesel Particulate Filter (DPF) was used upstream of the inlet to produce a
uniform flow. The brakes were applied by applying force on the pads and controlled
by a computer program developed for this rig. In this program, torque control was
implemented to maintain a near constant torque over time. This program used a
Proportional-Integral-Derivative (PID) controller to adjust the brake pressure. To
apply the brakes, a piston stroke was generated by pressurized air, which pushed
the pads onto the disc. The disc rotation and the inlet velocity were also controlled.

3.2.2 Measurements
In this rig, temperature at different locations and particle emissions were measured.
Particle emissions were measured using an Electric Low Pressure Impactor (ELPI)
[31].

For the temperature, six thermal probes were mounted in the disc and the loca-
tions of the probes are shown in Figure 3.2. The probes were labeled T1 to T6. In
the axial direction, T1 and T2 were located at the center of the disc while T3-T6
were located 5 mm from the front side. In the radial direction, T1 and T2 were lo-
cated at the center of the pads, T3 and T4 close to the inner radius. T5 and T6 were
located close to the outer radius. In theory, the pairs T1/T2, T3/T4 and T5/T6
should give the same results during rotation. T6 was not functioning properly and
was therefore not monitored.
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Figure 3.2: Locations of temperature sensors in the disc

To improve control of the braking process, additional measurements were taken
including brake pressure, brake torque, inlet velocity, disc angular velocity and inlet
temperature. Together with the temperature measurements and time, these values
were saved for later comparison with the simulation results.

3.2.3 Operating Limits
Because the rotational motor was designed for car brake testing, its power was in-
sufficient for the larger truck brake to perform the braking cycles originally planned.
When the prescribed torque was applied, the motor was unable to maintain disc
rotation. This limitation of torque was seen above 200 Nm at which point the disc
started to decelerate and eventually came to a stop. Consequently, a new braking
cycle was designed, as described previously.

Another limitation identified early in the study was that the air velocity gener-
ated by the fan was limited to a maximum of 8 m/s. As a result of this limitation,
most simulations were performed with an inlet velocity of 7.5 m/s except the sim-
ulation used for comparison with the rig, in which the fan operated at maximum
power.

3.3 Numerical Setup
In this section, the base setup of the numerical simulation is described and the
choices made are motivated. Modifications to the base setup resulted in several
additional configurations, which are also described in this section. These configura-
tions represented different approaches to modeling rotation, radiation, and energy
coupling.

3.3.1 Geometry
The simulation geometry followed that of the rig, with some simplifications and
modifications. Several differences can be identified when comparing Figure 3.1 with
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Figure 3.3. Compared with the numerical model, the experimental rig also included
thermal-probe cables, a connection between the measurement device and its holder,
and a rubber plate behind the caliper. In addition, the enclosure contained two
covered openings in the front and at the top of the enclosure which may have af-
fected the flow. The enclosure was created in Catia v5 based on a drawing of the
standardized rig [32] and can be seen in Figure 3.3 together with an overview of
the brake system. The inlet pipe was 0.5 m long, while the outlet pipe was 2 m
long. The inlet was designed to represent the rig inlet to capture the boundary layer
development.

Figure 3.3: Geometry of enclosure and the brake system in the numerical setup

The parts in the brake system are shown in greater detail in Figure 3.4 and 3.5 where
the most critical parts are numbered. Different colors represent different parts. The
numbered parts are listed below:

1. Caliper holder
2. Axle
3. Disc
4. Thermocouple measuring device
5. Caliper
6. Measuring device holder
7. Pads
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Figure 3.4: Brake system in numerical setup - left view

Figure 3.5: Brake system in numerical setup - top view

The air domain was generated by applying a surface wrap to the enclosure and brake
system as shown in Figure 3.6. In this figure only the surfaces of the air domain are
visible.

22



3. Methodology

Figure 3.6: Surfaces of the wrapped air domain

3.3.2 Mesh
For the mesh, the following meshers were used:

• Surface Remesher
• Automatic Surface Repair
• Polyhedral Mesher
• Thin Mesher - only in solids
• Prism Layer Mesher - only in fluid

The mesh was generated using the default controls listed in Table 3.1, which were
suggested to be used from an industry professional at Volvo. Beyond these settings,
custom controls were used to refine the mesh in both the solid and fluid domains
where a finer resolution was considered necessary. Refinements were applied to
capture gradients and physics.

Table 3.1: Mesh default controls

Setting Value
Base Size 15 mm
Target Surface Size 50% relative to base
Minimum Surface Size 10% relative to base
Surface Growth Rate Slow
Number of Thin Layers 3
Volume Growth Rate 1.15
Number of Prism Layers 4
Prism Layer Stretching 1.5
Prism Layer Total Thickness 2 mm
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3.3.2.1 Surface Mesh

In Figure 3.7, the surface mesh for the air domain can be seen, and in Figure 3.8 for
the solid domain. These two meshes were not conformal to each other and therefore
communicated through interpolation rather than direct node-to-node mapping.

Figure 3.7: Surface mesh of the air domain

Figure 3.8: Surface mesh of the solid domain without the enclosure

3.3.2.2 Volume Mesh

Using the default and custom controls, together with the surface mesh shown pre-
viously, a volume mesh was generated for both the air and solid domains. A cut
of the volume mesh for the air domain is shown in Figure 3.9, while a cut of the
volume mesh for the solid domain is shown in Figure 3.10. At the disc surface, five
prism layer was used instead of the default value of four, using custom controls to
achieve the desired y+ value, which can also be seen in Figure 3.9. To the right of
the brake system and close to its surface, the mesh was refined to better capture
the flow around it.
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Figure 3.9: Cut of volume mesh of the air domain with zoomed in figure, showing
the prism layers

Figure 3.10: Cut of volume mesh of the solid domain - left view

Combining the solid and fluid domain, the cell count for this mesh reaches around
6.335 millions with 1.685 million faces.

3.3.2.3 y+

To ensure that the boundary layer was resolved, the target y+ should ideally be
either greater than 30 or less than 5. For this model, less than 5 was chosen. See
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Figure 3.11 for the y+ values for the setup with the conditions of the 40/60 braking
cycle. The final mesh was iteratively refined by adjusting the number of prism layers
and thickness of the prism layer through custom controls to achieve the desired y+.
It can be seen that in some small areas on the caliper, the y+ reached values above
5. Although this was not optimal, it was considered acceptable because the caliper
was expected to remain at a lower temperature compared to the disc and pad, and
therefore, have less influence on the overall brake temperature.

Figure 3.11: y+ scene of the numerical setup

3.3.3 Physics
The physics models used for the air domain can be seen in the following list in
alphabetical order.

• Gas
• Gradients
• Ideal gas
• K-Epsilon Turbulence
• Realizable K-Epsilon Two-Layer
• Reynolds-Averaged Navier-Stokes
• Segregated Flow
• Segregated Fluid Temperature
• Solution Interpolation
• Steady
• Three Dimensional
• Turbulent
• Two-Layer All y+ Wall Treatment
• Wall Distance

For the solid domain, the following physics models were used.

• Gradients
• Implicit Unsteady
• Multi-Component Solid
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• Multi-Part Solid
• Polynomial Density
• Segregated Solid Energy
• Solution Interpolation
• Three Dimensional

For both domains, the radiation models were implemented separately in different
setups that are explained later. The implemented radiation models were:

• Gray Thermal Radiation
• Radiation
• Surface-to-Surface Radiation
• Surface Materials
• View Factors Calculator

3.3.3.1 Flow Solver

The air was simulated using a steady RANS solver in order to reduce computational
cost. The primary results of interest were the temperature in the brake system rather
than the transient development of the flow. Therefore, a steady flow approach was
considered sufficient to capture the important physics. The main purpose of the
flow simulation was to calculate HTCs and fluid temperatures at the solid bound-
aries in order to obtain accurate convective heat fluxes and, consequently, accurate
temperature predictions.

3.3.3.2 Turbulence

The Realizable K-Epsilon Two-Layer turbulence model was employed due to its
robustness and computational efficiency for high Reynolds number flows, even if it
could result in reduced accuracy when modeling effects near walls. Given the focus
of the study on brake thermal behavior, this trade-off was considered acceptable.

3.3.3.3 Rotation

In this thesis, two different approaches for simulating rotation were used. The first
was RBM where the rotating parts were physically rotated in the simulation. This
was the more accurate method but it came with a higher computational cost com-
pared to the second approach that used CVO.

In the air domain, rotation was simulated by applying a TVS at the boundary
of the rotating parts. Both the RBM and the CVO setups used this rotational
model in the air domain.

3.3.3.4 Regions

For the RBM configuration of the simulation, three regions were used: a fluid region
containing the air, a static solid region and a rotating solid region. In Figure 3.12,
the two solid regions can be seen where the yellow parts are the rotating region and
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blue parts the static region.

Figure 3.12: Solid regions for the RBM setup

For the CVO configuration, three regions were also used: a fluid region, a convective
solid region containing two thin slices of the disc and a solid region containing all
other solid parts. The two solid regions are static and can be seen in Figure 3.13
where the yellow parts are the convective region and the blue parts, the remaining
solid region.

Figure 3.13: Solid regions for the CVO setup

3.3.3.5 Radiation

To model radiative heat transfer inside the system, a Surface-to-Surface radiation
model was implemented. This approach is suitable for enclosed configurations in
which the fluid is assumed to be non-participating. With this radiation model, the
standard choice is to use Gray Thermal Radiation and to solve the energy balance
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correctly, the View Factors Calculator was also implemented. This corresponded to
a standard setup for surface-to-surface radiation modeling in CFD software [33].

Even though this radiation model setup was considered relatively computational
efficient, the combination of this and RBM drastically increased the computational
cost. Each time the radiation model was updated, RBM had moved the rotating
parts, which required the radiation patches and view factors to be recalculated.

Two different implementations were used, one with radiation enabled in the fluid
domain and one in the solid domain. For the one in the fluid domain, the radia-
tion was enabled internally to radiate to and from the different boundaries of the
domain. In the setup using radiation in the solid domain, the radiation was enabled
externally to radiate out of the domain and between the different solid regions.

Radiation in the fluid domain was computationally economical for this type of sim-
ulation because new patches and view factors were only calculated when the fluid
domain was solved. For a steady flow, as used in this simulation, this process could
be manually controlled, making it less computationally expensive than a simulation
using radiation in the solid domain. When radiation was applied in the solid domain
in an unsteady time scale, the radiation had to be calculated for every time step.

When CVO was used instead of RBM, no mesh motion was introduced, and the
radiation patches and view factors therefore only had to be calculated once during
initialization.

To further increase the computational efficiency when including radiation models,
the patches created on the enclosure walls were limited in size. The Patch/Face
Proportion was set to 0.5 which, combined with a bigger surface size than the brake
system’s, resulted in around 975 patches for the whole enclosure. This value was
increased because capturing local radiation effects on this wall was considered less
important, while capturing the general effect of its inclusion was still deemed nec-
essary.

3.3.3.6 Energy Coupling

For the simulations used in this project, the implicit energy coupling was chosen
because the loss of interface was deemed less significant compared to the loss of
physics associated with the explicit approach.

3.3.3.7 Boundaries

The inlet of the enclosure was set to a velocity inlet, while the outlet was set to a
pressure outlet. At the inlet, the velocity was set to a constant value to approximate
the rig conditions, where the DPF in the experimental rig helped produce a more
uniform inflow. The pressure outlet was chosen to drive the pressure field and the
outlet was long enough so that it would not affect the flow next to the brake system.
The walls of the enclosure were set to a wall boundary with a convective outer
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boundary. At the outer boundary, the HTC was set to 8 W/m2K with an external
temperature of 23◦C.

3.3.3.8 Heat Application

The heat was applied in the interface between the pads and the disc, see Figure
3.14. For the braking cycles that were tested, this heat was constant in the braking
stages and zero in the cooling stages. In more complex braking events, this could
vary over time. The heat was applied at an interface that combined both sides of
the disc, implying identical heat generation on both sides.

Figure 3.14: The interface between brake disc and brake pad where the heat is
applied

3.3.3.9 Materials

Different materials were used to simulate different parts of the brake system. The
different material properties are listed in Table 3.2 below. In the table, some values
are given over a temperature range. In this temperature range, the property varied
from the first to the second value but was not always linear. In other words, some
properties were represented using higher-order polynomial fits. Outside this range,
the property was treated as constant, taking the boundary value of the range. For the
thermophysical properties for which temperature dependent data were not available,
a constant value was assumed.

Table 3.2: Material properties of the used materials

Material Conductivity
[W/mK]

Specific Heat
[J/kgK]

Density
[kg/m3]

Grey Iron 45-38
(0-1000◦C)

434-600
(0-1000◦C)

7212-7020
(0-1000◦C)

Steel VSHR420 50 520 7850
Organic Pad 4.9-2.0

(0-300◦C)
720-438

(100-249◦C)
2400

Plastic 0.9 692 1100
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The disc and the caliper were modeled as Grey Iron. The material of the pad was
modeled as Organic Pad. Some smaller parts inside the caliper and the measuring
device were modeled as plastic. The rest of the rig was modeled as steel, including
the enclosure, the measuring device holder, the caliper holder, the axle, all bolts and
some more smaller parts inside the brake system.

3.3.4 Monitored Variables
This chapter presents the variables obtained from the simulations and outlines the
quantities monitored throughout the analysis.

3.3.4.1 Thermal Probes

Point probes were created to measure the temperatures in the same locations as
the thermocouples in the experimental rig. These points were fixed in space and
therefore, measured along the path generated by the disc rotation. This did not
affect the results during rotation because the temperatures in the simulations were
assumed to vary smoothly in both time and space. In the simulations the probes
were labeled T1/T2, T3/T4 and T5/T6, representing the corresponding probe pairs
in the rig, meaning that only one probe in the simulations were compared with two
in the rig. These probes were located to the left of the center of the disc when
viewed from the front, see Figure 3.15.

Figure 3.15: Thermal probes placements in the simulations

3.3.4.2 Maximum and Average Temperatures

The maximum and average temperature of different parts and surfaces were also
monitored in the simulations. The parts that were monitored were the pads and the
disc but only the temperature in the disc was used in comparisons.
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3.3.4.3 Heat Rates

To examine how the heat moved inside the rig, the different heat rates were also
monitored. These were monitored only on the rotating parts. The heat rates also
showed how different modes of heat transfer contributed to cooling the disc. This
was done by comparing different types of heat rates, such as radiation, convection
and conduction.

3.3.4.4 Computational Time

Computational time was monitored using the total solver Central Processing Unit
(CPU) time. This quantity measures the total accumulated core time used by the
simulation.

3.3.4.5 Scenes

To get visual representations of the results, some scenes were created. The gener-
ated scenes showed temperature, flow velocity, rotational velocity, and supporting
quantities such as y+ and the volume mesh.

3.3.5 Simulation
To simulate the different braking cycles the simulation settings had to be chosen.
This included the coupling between the fluid and solid domains, time scales, stages,
solver settings and simulation operations. The coupling required to solve a CHT
problem was performed as described in Section 2.8. This was done automatically
by Star-CCM+ using interfaces between the domains.

3.3.5.1 Time Scales

Two different time scales were used in the simulations. For the solid parts, a tran-
sient time scale was used to capture the heat in the brake system over time. The
fluid domain was simulated in a steady time scale. To capture the influence of the
increasing brake temperature on the fluid domain, a number of steady-flow itera-
tions were performed at specified time intervals during the simulation. For most
simulations, this was set to 10 iterations twice every second.

The time step was set to match a specified angle between the steps which depended
on the rotational speed of the disc. This was mainly important for the RBM setup
due to how the heat was locally applied. To avoid synchronization between the
heat application and the time step which could lead to hot spots, the angular step
was set to 23◦ for the 40/60 braking cycle and 46◦ for both the 900/1800 and the
Rig braking cycle. The angular step was doubled for these braking cycles because
the simulations were too long and needed to be shortened in order to be completed.
Furthermore, the heat was applied slower, leading to smaller gradients and therefore
a larger time step could be used. This resulted in time steps of 0.013125 seconds
for the 40/60 cycle, 0.03099 seconds for the 900/1800 cycle, and 0.010668 seconds
for the Rig braking cycle. The time step was not doubled for the 900/1800 and the
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Rig braking cycle because they had different rotational speeds. The same time steps
were used in the matching CVO setups.

During the cooling phase, the time step was increased because no heat was ap-
plied to the system and therefore, there was no risk of the time step matching the
rotation and affecting the results. The time step was tripled for the first 60 seconds
of cooling and increased by a factor of 10 after that. Since the 40/60 simulation
ended before the largest time step was reached, this adjustment was only applied to
the 900/1800 and the Rig braking cycle.

3.3.5.2 Stages

All braking cycles consisted of two different phases, braking and cooling. Therefore,
two stages were implemented in the simulations that represented those phases. In
these stages, different parameters could be staged which meant that they could differ
between them. One example is that heat was applied in the braking stage but not
in the cooling stage.

3.3.5.3 Solvers

Except for the View Factors Calculator solver, which used different Number of
Beams between setups, the solvers were left with default settings.

3.3.5.4 Simulation Operation Base Setup

The base Simulation Operation consisted of four parts: initialization, braking, cool-
ing, and final saving of the simulation. The initialization sequence cleared previous
results, initialized the solution, and solved the fluid domain to convergence before
the transient solid solution was started. The removing of invalid cells was done three
times because when removing one time, a few others could appear. This sequence
consisted of the following operations.

1. Mesh
2. Remove Invalid Cells
3. Clear Solution
4. Initialize Solution
5. Solve Physics - Fluid domain (2000 iterations)

After the initialization, the braking sequence was executed. This sequence was
identical to the cooling sequence except the staged parameters and the length of the
stage. Both sequences are presented below together.

1. Set Active Stage - Braking/Cooling
2. Outer loop - Until stage is over

(a) Solve Physics - Fluid domain (10 iterations)
(b) Inner loop - Until solution time increased by 0.5 seconds

i. Solve Physics - Solid domain
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In these sequences, first, the desired stage was activated which would change all
staged parameters. Then, an outer loop was executed which continued until the
specified stage was over. Whether a stage was over was based on a specified time
limit. Inside this loop, there was another loop that was executed to solve the solid
domain. When solving the solid domain, the time increased and every 0.5 seconds,
the loop was exited to solve the fluid domain for an additional 10 iterations. When
the braking sequence was over, the cooling sequence was executed and when the
cooling sequence was over, the simulation was saved.

3.3.5.5 Scalability of Computational Power

Due to the limited time available for this project and the high computational power
provided by Volvo Group, the simulations aimed to maximize speed. Therefore, the
target was to use close to 20000 cells/core instead of the more efficient span of 50000-
100000 cells/core. For the simulations, 384 cores were used for each case, resulting
in 16497 cells/core for the RBM setup and a similar value for the CVO setup. It was
first thought that when choosing a cells/core ratio, both cells and surfaces should
be counted and that is why the targeted cells/core ratio was surpassed. When
also including surfaces, 20879 cells/surfaces per core was achieved. To compare
the computational cost of the different setups fairly, the number of cores was kept
constant across all simulations in order to avoid comparing cases with different
parallel efficiencies. Furthermore, adjacent nodes were used for all simulations to
avoid affecting the comparison.

3.4 Investigations
The main aim of this thesis was to obtain an accurate simulation model compared
to the real brake rig. One key methodological issue was how radiation and rotation
should be modeled in such a setup. This motivated a dedicated investigation of
radiation modeling approaches and also if CVO could be a suitable substitute to
RBM. This section describes the investigations done for the radiation analysis part
of the thesis and the CVO analysis part as well as how the final simulation was
compared to the real rig.

3.4.1 Effects of Implementing Radiation
Due to the increased computational cost of simulating RBM with radiation, the
first question was how much including radiation would affect the disc temperature.
This was investigated first in order to determine whether a more detailed analysis of
radiation was justified. For this investigation, both the 40/60 and 900/1800 braking
cycles were used. To evaluate the effect of radiation, temperatures, heat rates and
computational time were compared in plots.

However, a problem was identified when using RBM combined with a radiation
model in the fluid domain which led to a second setup in which the radiation model
was implemented in the solid domain instead. These two setups were named Setup
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A and Setup B, respectively. The simulations executed in this investigation can be
seen in Table 3.3.

Table 3.3: Simulated setups for investigating the effects of implementing radiation

Setup Braking Cycle
A 40/60
A 40/60 (Stopped rotation of disc during cooling)
B 40/60
B 900/1800

3.4.2 Optimized Radiation
Following the analysis of the effects of including a radiation model in combination
with RBM, an attempt was made to develop an optimized radiation model to get
as accurate results as possible with the lowest computational cost. This was done
by first identifying which parameters affected the computational time.

There are different ways to optimize view factor calculations. The first one is to
adjust how many beams each patch can trace towards the other patches, Number
of Beams. A value of 1024 is the default. With a higher Number of Beams, the
accuracy is increased but a lower value may be sufficient.

A second option is the Update Frequency, which controls how often the view factors
should be recomputed. By recalculating them less frequently, computational cost
can be decreased. By default, it is set to update each time step. However, the view
factors solver is semi-intelligent which means that if it finds it necessary for accuracy,
it can override the specified frequency. This may occur when the solver detects a
mesh change, interface re-imprint or interface reset, making it not applicable to this
optimization study [17].

Related to radiation, there is another option in Star-CCM+ that can have a notice-
able impact on the performance of the calculations. It is the Patch/Face Proportion.
It specifies the fraction of patches allocated to each boundary face. For example, a
value of 20 means that 100 faces would be mapped to 20 patches. Usually a value
of 3-20 is sufficient where lower values increase computational performance but de-
crease accuracy [17].

A manual parameter sweep of the Number of Beams and Patch/Face Proportion
was carried out to see the differences in temperatures over time for the 900/1800
braking cycle. The 900/1800 braking cycle was used because it caused the disc to
reach higher temperatures over a longer period of time, resulting in a larger differ-
ence between the radiation models. See Table 3.4 for the different parameter values
of the parameter sweep.
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Table 3.4: Parameter values of the manual parameter sweep

Patch/Face Proportion Number of Beams
Simulation 1 10 256
Simulation 2 5 128
Simulation 3 2.5 64
Simulation 4 1 64

Computational time was monitored, and the optimized setup was defined as the
fastest simulation that still produced temperatures close to those of the most com-
putationally expensive radiation case.

To determine which parameter affected computational time the most, two extra
simulations were executed and the parameter values of these can be seen in Table
3.5.

Table 3.5: Parameter values of the extra simulations

Patch/Face Proportion Number of Beams
Simulation 5 10 64
Simulation 6 5 64

3.4.3 Convective Velocity Option
Another way to reduce the computational cost associated with radiation was to use
a CVO to simulate disc rotation instead of using RBM. This would allow the model
to calculate radiation patches and view factors only once during initialization. To
test this, simulations were created for both radiation in the solid and the fluid do-
main. The setup with radiation in the solid domain was simulated to clearly show
the effects of a CVO while the setup with radiation in the fluid was seen as more
industrially usable. The second setup was considered more industrially relevant
because it calculated radiation less frequently while still using a high Patch/Face
Proportion and Number of Beams, which was hypothesized to retain accuracy at
lower computational cost.

In total, three different setups were compared in this investigation:

1. RBM with optimized radiation in solids
2. CVO with default radiation in fluid
3. CVO with optimized radiation in solids

They were compared using plots of the temperatures, heat rates and computational
time.

3.4.4 Verification of Simulations
Finally, the CVO and RBM simulations were compared with a real test conducted
in the rig. The braking cycle used was the Rig braking cycle. In these tests,

36



3. Methodology

the temperatures were evaluated using the values of the thermal probes T1 to T5.
For the temperature results from the rig, the temperatures were averaged in each
pair except for T5 because its corresponding paired probe T6 was not functioning.
Temperature values were compared from three different sources:

1. RBM with optimized radiation in solids
2. CVO with optimized radiation in solids
3. Data from experimental brake rig
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Results

This chapter presents the results of the investigations. It first covers the implemen-
tation and optimization of the radiation model, followed by the CVO setup, and
finally the comparison between the experimental rig and the simulations. The re-
sults are evaluated based on heat rates, temperatures, total solver CPU time, and
visualizations of radiation, temperature, and flow.

4.1 Effects of Implementing Radiation
To see the effects of implementing radiation in the simulation, results were extracted
from simulations with and without radiation enabled. These simulations used the
RBM setup.

4.1.1 Setup A
In Setup A, the radiation was implemented internally in the fluid domain. The
maximum and average temperature of the disc can be seen in Figure 4.1. This setup
simulated the 40/60 braking cycle.

Figure 4.1: Maximum and average temperature in the disc with and without
radiation for Setup A, simulating the 40/60 braking cycle

The figures show no noticeable temperature difference between the cases with and
without radiation. For the same simulations, the heat rates leaving the rotating
parts can be seen in Figure 4.2.
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Figure 4.2: The heat rates leaving the rotating parts for Setup A, simulating the
40/60 braking cycle

These plots show that the radiative heat rate is not included when calculating the
total heat rate. The total heat rate should be the sum of the convective and radia-
tive heat rates. When comparing the left plot with the right plot, which shows the
simulation without radiation, it can also be seen that the total heat rate over the
boundary is identical in both plots.

The total solver CPU time for the same simulations can be seen in Figure 4.3.
It is possible to see that the simulation without radiation requires less CPU time.
In fact, the total solver CPU time decreases by 20.3% without radiation.

Figure 4.3: The total solver CPU time for Setup A with and without radiation,
simulating the 40/60 braking cycle

One modified simulation was also performed; in this case, the disc was stationary
during the cooling phase. The heat rates leaving the disc is shown in Figure 4.4
which shows that when the disc stops rotating, the radiative heat rate is added to
the total heat rate.
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Figure 4.4: Heat rates leaving the rotating parts with static cooling for Setup A,
simulating the 40/60 braking cycle

This indicates that, in Setup A, radiation implemented in the fluid domain does not
affect the energy balance as expected when combined with RBM. The problem was
documented and reported to the software support.

4.1.2 Setup B
In Setup B, radiation was instead implemented in the solid domain. Both the 40/60
and the 900/1800 braking cycle were simulated using this setup.

4.1.2.1 40/60

For the 40/60 cycle, the maximum and average temperature in the disc are shown
in Figure 4.5. For this setup, a temperature difference can be observed between the
simulations with and without radiation. The difference can be observed in both the
heating and the cooling phase.

Figure 4.5: Maximum and average temperature in the disc with and without
radiation for Setup B, simulating the 40/60 braking cycle

For the same simulations, the heat rates leaving the rotating parts can be seen in
Figure 4.6. For this setup, the radiative heat rate is calculated and added to the
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convective heat rate to obtain the total heat rate. The total heat rate of the setup
without radiation is also equal to just the convective heat rate in the setup with
radiation.

Figure 4.6: Heat rates leaving the rotating parts for simulations with and without
radiation for Setup B, simulating the 40/60 braking cycle

The thermal energy applied and the energy leaving the rotating parts are shown in
Table 4.1.

Table 4.1: Thermal energy applied to the brake system and energy leaving the
rotating parts for Setup B, simulating the 40/60 braking cycle

Thermal Energy
Applied [Wh]

Radiation Rotating
Parts [Wh]

Convection Rotating
Parts [Wh]

40/60 with
Radiation

816 -26 -39

The total solver CPU time for the two cases is shown in Figure 4.7. Excluding
radiation reduces the total solver CPU time by 67.9%.

Figure 4.7: Total CPU time for simulations with and without radiation for Setup
B, simulating the 40/60 braking cycle
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4.1.2.2 900/1800

For the 900/1800 braking cycle, the maximum and average temperatures of the disc
are shown in Figure 4.8. The figure shows that the disc temperatures are higher in
the simulation without radiation.

Figure 4.8: Maximum and average temperature in the disc with and without
radiation for Setup B, simulating the 900/1800 braking cycle

For the same simulations, the heat rates leaving the rotating parts can be seen in
Figure 4.9. The figure shows, as for the 40/60 braking cycle, that with radiation, the
radiative heat rate is calculated and added to the convective heat rate to obtain the
total heat rate. An oscillating convective heat rate can be seen during the cooling
phase.

Figure 4.9: Heat rates leaving the rotating parts for simulations with and without
radiation for Setup B, simulating the 900/1800 braking cycle

The thermal energy applied and the energy leaving the rotating parts can be seen
in Table 4.2.
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Table 4.2: Thermal energy applied to brake system and energy leaving the rotating
parts for Setup B, simulating the 900/1800 braking cycle

Thermal Energy
Applied [Wh]

Radiation Rotating
Parts [Wh]

Convection Rotating
Parts [Wh]

900/1800 with
Radiation

1982 -447 -667

The total solver CPU time was also plotted for the two different cases, see Figure
4.10. For this braking cycle, excluding radiation, the total solver CPU time decreases
by 71.1%.

Figure 4.10: Total solver CPU time for simulations with and without radiation
for Setup B, simulating the 900/1800 braking cycle

4.2 Optimized Radiation
In this section, the results of an optimization of the radiation settings for the
900/1800 braking cycle are presented. This optimization uses Setup B where the
radiation is enabled in the solid domain and the rotation is modeled as RBM.

4.2.1 Simulation 1-4
The maximum and average temperatures in the disc are plotted for the first four
configurations of radiation settings in Figure 4.11. The figure shows that the tem-
perature curves are very similar for all four simulations.
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Figure 4.11: Maximum and average temperature in the disc with different radia-
tion parameters for Setup B, simulating the 900/1800 braking cycle

The total solver CPU time for the same simulations is plotted in Figure 4.12 which
shows that Simulation 3 and 4 require the least CPU time.

Figure 4.12: Total solver CPU time for simulations with different radiation pa-
rameters for Setup B, simulating the 900/1800 braking cycle

The time savings and Root Mean Square Error (RMSE), relative to Simulation 1,
are presented in Table 4.3.

Table 4.3: Comparison of the different radiation parameter settings

Sim 1 Sim 2 Sim 3 Sim 4
Patch/Face Proportion 10 5 2.5 1
Nr of Beams 256 128 64 64
Max Temp Disc RMSE - 0.41 0.109 0.35
Avg Temp Disc RMSE - 0.45 0.056 0.21
Time Saved [%] - 9.2 14.8 14.8

The total, convective and radiative heat rates leaving the rotating parts are plotted
in Figure 4.13. Once again, the figure shows that the results are similar for the
different simulations.
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Figure 4.13: Total, convective and radiative heat rates in the rotating parts with
different radiation parameters for Setup B, simulating the 900/1800 braking cycle

4.2.2 Simulations 5-6
Simulations 3 and 4 require the same computational time and uses the same Number
of Beams. To test the importance of the parameters, two more configurations were
simulated using that value of Number of Beams but a larger Patch/Face Proportion.

The total solver CPU time was plotted for the extra simulations. They are compared
with Simulations 1 to 4 in Figure 4.14. The figure shows that Simulations 6 and 2
are similar to each other, with different Number of Beams but the same Patch/Face
Proportion. Another observation is that Simulations 3 and 4 are still the fastest.
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Figure 4.14: Total solver CPU time for all set of radiation settings for Setup B,
simulating the 900/1800 braking cycle

For Simulation 5 and 6, the RMSE values and time savings are calculated relative to
Simulation 1 and are presented in Table 4.4. It shows that Simulation 6 with a lower
Patch/Face Proportion has a lower RMSE than Simulation 5 for the maximum and
average temperatures compared to Simulation 1.

Table 4.4: The RMSE and time savings of Simulations 5 and 6 for Setup B,
simulating the 900/1800 braking cycle

Sim 1 Sim 5 Sim 6
Patch/Face Proportion 10 10 5
Nr of Beams 256 64 64
Max Temp Disc RMSE - 0.44 0.42
Avg Temp Disc RMSE - 0.48 0.47
Time Saved [%] - 5.5 9.4

Because Simulation 4 used the lowest parameter values while still producing results
close to those of Simulation 1, it was selected as the optimized configuration.

4.2.3 Visualization
In this section, some simulation visualizations are presented, showing the radiative
heat flux, surface temperature and air flow. This will be presented for both the
40/60 and the 900/1800 braking cycles.

4.2.3.1 40/60

Radiative heat flux was only saved as a time-dependent result for the 40/60 braking
cycle and a picture of a scene showing it at 40s, where the temperature and radiative
heat flux reach a maximum, can be seen in Figure 4.15.
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Figure 4.15: Radiative heat flux for 40/60 braking cycle at 40 seconds

The figure shows radiative heat transfer from the disc to surrounding components
such as the caliper and enclosure. The disc is radiating out energy while the caliper
and enclosure are absorbing it. The size-limited radiation patches on the enclosure
can also be seen when inspecting the pattern on the enclosure wall. In the brake
system, the smaller patches can also be seen when inspecting the caliper surface.

For the same simulation, the surface temperature of the brake system can be seen
in Figure 4.16 for a few different time steps. The time steps presented in the figure
are 30, 40 and 50 seconds.

Figure 4.16: Temperature of the brake system for the 40/60 braking cycle at 30,
40 and 50 seconds

It can be seen in this figure that the disc is heated up during the braking stage
and cooled down during cooling. Furthermore, a pattern can be seen from the heat
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application during braking which is smoothed out during the cooling stage.

The flow was also captured at the last time step, at 100 seconds, and it is pre-
sented in Figure 4.17 and 4.18. The first figure shows the flow from the front, while
the second shows it from the top.

Figure 4.17: Air flow for the 40/60 braking cycle at 100 seconds - front view

Figure 4.18: Air flow for the 40/60 braking cycle at 100 seconds - top view

The figures indicate that the inlet flow remains relatively concentrated and resembles
a jet that does not spread uniformly across the full brake system. The majority of
the flow does not affect the entire brake system, but rather affects it locally or
flowing past it.

4.2.3.2 900/1800

For the 900/1800 braking cycle, the temperature distribution at physical times of
300, 600, 900, and 1200 seconds can be seen in Figure 4.19. In this figure the order
of the time steps goes from top left down to bottom right. The figures show how the
disc is heated up and how it has been cooled after its first 300 seconds of cooling.
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Figure 4.19: Surface temperature development over time from 300 to 1200 seconds

The flow evolution was also visualized in four captured scenes from 1150 to 1375
seconds in steps of 75 seconds, see Figure 4.20. The figure shows an oscillatory
change in the steady-flow solution between the sampled time steps.

Figure 4.20: Air flow evolution over time during cooling stage of the 900/1800
braking cycle in the RBM setup
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4.3 Convective Velocity Option
This section presents the comparison between the CVO setups and the RBM setup
in terms of total solver CPU time, heat rates from the rotating parts, and maximum
and average disc temperatures. The CVO setups use radiation in either the solid or
the fluid domain.

4.3.1 40/60
First, the results for the 40/60 braking cycle are presented. In Figure 4.21, the tem-
peratures are plotted. A clear difference can be observed in maximum temperature,
with the CVO setups predicting lower values than RBM. For the average temper-
atures, they are similar between the setups during the braking phase. However,
during the cooling phase, the CVO setups predict lower temperatures.

Figure 4.21: Maximum and average temperature in the disc with RBM and CVO
for the 40/60 braking cycle

To compare the computational cost of the setups, the total solver CPU time is
plotted for the three different configurations in Figure 4.22.

Figure 4.22: Total solver CPU time with RBM and CVO for the 40/60 braking
cycle

51



4. Results

Figure 4.22 shows that both CVO setups require less CPU time than the RBM setup.
However, the CPU time is similar between using radiation in the fluid continuum
and in the solid continuum.

The time saved and RMSE of the temperatures compared with the RBM setup
can be seen in Table 4.5. From the table, it is possible to see that the two different
CVO setups perform similarly to each other.

Table 4.5: The RMSE and time savings for the CVO setups compared to the RBM
setup for the 40/60 braking cycle

RBM CVO Fluid CVO Solid
Patch/Face Proportion 1 100 1
Nr of Beams 64 1024 64
Max Temp Disc after Braking [◦C] 634.24 541.11 540.72
Max Temp Disc after Cooling [◦C] 391.90 344.72 343.98
Avg Temp Disc after Braking [◦C] 399.32 395.88 395.61
Avg Temp Disc after Cooling [◦C] 345.80 335.66 334.87
Max Temp Disc RMSE - 65.15 64.4
Avg Temp Disc RMSE - 5.00 5.32
Time Saved [%] - 86.2 85.8

The total, convective and radiative heat rates leaving the disc are plotted in Figure
4.23 which shows similar total heat rates for all three setups. The radiative heat rate
is similar between the two CVO setups, which in turn have a lower magnitude than
the RBM setup. For the convective heat rate, the CVO setups show a larger magni-
tude than the RBM setup. The CVO setup with radiation in the solid domain also
shows a slightly higher convective heat rate magnitude than the CVO setup with
radiation in the fluid domain.
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Figure 4.23: Total, convective and radiative heat rates from the rotating parts for
the RBM and CVO setups for 40/60 braking cycle

4.3.2 900/1800
The temperatures are presented in Figure 4.24 where it is possible to see that the
temperatures, particularly the maximum temperature, are lower for the CVO setups.

Figure 4.24: Maximum and average temperature in the disc with RBM and CVO
for the 900/1800 braking cycle

In Figure 4.25, the total solver CPU time is presented for the three different setups.
The figure illustrates that there is a large difference in total solver CPU time between
the RBM and CVO setups. However, the difference between the CVO setups is small,
where the setup with radiation in the fluid is faster.
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Figure 4.25: Total solver CPU time plot with RBM and CVO for the 900/1800
braking cycle

The RMSE and time saved with respect to the RBM setup is presented in Table 4.6.
The table shows that the two CVO setups perform similarly relative to the RBM
setup. It also shows that the CVO setups perform better in predicting the average
temperature in the disc compared to the maximum temperature.

Table 4.6: The RMSE and time savings for the CVO setups compared to the RBM
setup for the 900/1800 braking cycle

RBM CVO Fluid CVO Solid
Patch/Face Proportion 1 100 1
Nr of Beams 64 1024 64
Max Temp Disc [◦C] 520.40 483.19 482.06
Max Temp Disc after Cooling [◦C] 141.00 115.86 114.95
Max Avg Temp Disc [◦C] 476.84 465.13 463.98
Temp Disc after Cooling [◦C] 126.15 101.21 100.43
Max Temp Disc RMSE - 28.50 29.07
Avg Temp Disc RMSE - 10.78 11.41
Time Saved [%] - 84.6 83.5

In addition, the convective, radiative, and total heat rates from the disc are com-
pared in Figure 4.26.
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Figure 4.26: Total, convective and radiative heat rates from the rotating parts for
the RBM and CVO setups for the 900/1800 braking cycle

From the figure above, it is possible to see that the two CVO setups give nearly
identical results. The RBM setup has an oscillating convective heat rate in the
cooling phase, as previously seen, and shows lower total and convective heat rates.
The RBM setup, however, shows a higher radiative heat-flux magnitude.

4.3.3 Heat Application
This section visualizes the difference in surface-temperature distribution between
the RBM and CVO setups. To show this, the surface temperature of the disc for
different time steps are presented for the RBM setup in Figure 4.27 and for the CVO
setup in Figure 4.28.
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Figure 4.27: Heat generated for the RBM setup at the disc surface

Figure 4.28: Heat generated for the CVO setup at the disc surface

It can be seen that for the RBM setup, the applied heat results in a pattern with a
clear temperature gradient towards the center of the disc which remains cooler. In
the CVO setup, however, the temperature has smoother gradients and distributes
the heat more evenly. The same surface-temperature level is also reached earlier in
the RBM setup.

4.3.4 Temperature
To further compare the surface temperature distributions between the setups, the
temperature field was captured for the brake system at two different time steps. The
first time step is at 900 seconds where the temperature reaches its maximum value,
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see Figure 4.29. The second time step is at 1200 seconds where the brake has been
cooling for 300 seconds, see Figure 4.30.

Figure 4.29: Surface temperature comparison between the RBM (left figure) and
CVO (right figure) setups at 900 seconds

At 900 seconds, the RBM setup shows a higher surface temperature on the disc,
while the central region remains cooler than in the CVO setup.

Figure 4.30: Surface temperature comparison between the RBM (left figure) and
CVO (right figure) setups at 1200 seconds

From the second comparison, at 1200 seconds, it can be seen that the surface tem-
perature in the CVO setup is lower than that of the RBM setup. Furthermore, after
stationary cooling, the left side of the disc is colder than the right side for both
setups.

4.4 Verification of Simulations
To verify the simulations, the temperatures at the thermal probes are compared in
Figure 4.31. For the CVO method, the setup with radiation in the solid domain was
used, but either setup would have been suitable because both performed similarly.
The braking cycle used for comparison is the Rig braking cycle. For the values from
the rig, the values are averaged within each pair of temperature probes except for
T5, since there is no T6. The probes in the simulations are located to the left of the
center of the disc which, as shown in Figure 4.30, corresponds to the coldest part of
the disc during stationary cooling.
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Figure 4.31: Comparison of thermal probes in the rig, T1-T5, and the point probes
in the simulations

The figure shows that, during the braking phase, the temperature evolution is similar
in the rig and the simulations. However during the cooling phase, the probes in
the simulation have lower temperatures than the averaged probe pairs in the rig.
The temperature differences at the end of the braking phase and after cooling are
summarized in Table 4.7.

Table 4.7: The temperature after braking and cooling for the simulations compared
to the rig

Rig ∆T RBM ∆T CVO Solid
T1/T2 after Braking [◦C] 475.86 19.57 -15.36
T1/T2 after Cooling [◦C] 94.43 -18.38 -28.80
T3/T4 after Braking [◦C] 447.03 -12.81 13.95
T3/T4 after Cooling [◦C] 93.64 -15.43 -27.25
T5/T6 after Braking [◦C] 483.30 28.64 -19.66
T5/T6 after Cooling [◦C] 120.05 -45.83 -54.5

The temperatures measured by all thermal probes in the disc are plotted in Figure
4.32. The figure shows that, for both probe pairs T1/T2 and T3/T4, one probe
records a higher temperature than the other. At the final time point, the difference
between T1 and T2 is 54.84◦C. For the simulated RBM setup at the same time
point, the maximum temperature difference in the entire disc is 22.09◦C.
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Figure 4.32: All measured individual temperatures measured in the brake rig, T1-
T5
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Discussions

This chapter discusses the findings of the study, with focus on how choices related
to RBM, CVO, and radiation settings affect temperatures and computational time.
It also addresses limitations of the present approach and possible improvements.

5.1 Temperature Monitors
Using the maximum disc temperature as the main comparison metric could lead
to misleading comparisons. When monitoring the maximum temperature, the cell
from which the value is extracted may exhibit a temperature peak due to, for ex-
ample, a cell volume being close to zero. This would mean that the comparison
is not representative of the real temperature. When simulating the 40/60 braking
cycle, a maximum difference between the maximum and average temperature can
be seen to be 235◦C, see Figure 4.21 and Table 4.5. However, when looking at the
difference for the 900/1800 braking cycle the difference is at around 44◦C, see Figure
4.24 and Table 4.6. The larger difference in the 40/60 braking cycle is expected due
to it heating up faster and therefore, getting a higher surface temperature while
not having enough time to conduct the heat away. Still, the plots could show non-
representative data.

Instead of using a maximum-temperature plot, while still capturing surface-temperature
data, an average surface temperature would be a better way of capturing the tem-
perature. In this kind of plot the same comparisons could be made, such as how
the surface temperature differs between the setups but with a higher certainty of
representation.

A similar issue applies to the use of point probes in the simulations. During ro-
tation, fixed point probes effectively sample a circumferential temperature distri-
bution. However, once the disc stops rotating, the probe values become sensitive
to the final angular position of the disc. A more robust representation of the rig
probes would therefore be to use a line probe around the disc circumference at the
corresponding radial and axial location, and monitor its averaged value.

5.2 Radiation
How radiation affects the simulation is discussed in this section. It focuses on dif-
ferences between implementing and not implementing radiation and how the setups
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can be optimized.

5.2.1 Radiation Modeling Approach
For Setup A that uses RBM and the 40/60 braking cycle, the radiation model was
implemented in the fluid domain which means that the radiation was calculated
every time the fluid domain is solved. Figure 4.1 shows that the temperature is
nearly identical between the simulations with and without radiation. It is also pos-
sible to see that the radiative heat rate does not get added to the total heat rate
in Figure 4.2. Together, these observations indicate that the radiative heat rate is
not accounted for in the energy balance of the simulation with Setup A. For the
simulation when the disc was stopped during the cooling phase, it is possible to see
that the radiative heat rate gets added to the total heat rate in the cooling phase,
see Figure 4.4. Why radiation in the fluid domain does not function correctly in
combination with RBM in Star-CCM+ is unclear. It was initially suspected that
this might be related to the steady treatment of the fluid domain, and thereby of
the radiation model. However, due to the radiation working as expected when the
RBM is stopped, this is not the case.

When looking at the temperatures for Setup B in Figure 4.5 for the 40/60 braking
cycle using RBM, it is possible to see that there is a small temperature difference
between the cases with and without radiation. Also, when comparing the heat rates
for Setup B in Figure 4.6 with Setup A in Figure 4.2 it is possible to see that the
radiative heat rate is of similar magnitude for the two setups. However, for Setup
B, the total heat rate is equal to the sum of the radiative and convective heat rates.
The observed temperature difference and the consistent heat rate balance indicate
that the radiative contribution is accounted for in the energy balance.

5.2.1.1 Time Savings

There is a large difference in total solver CPU time between the radiation implemen-
tations in Setup A and Setup B with roughly 4 ·106 and 8 ·106 seconds, respectively,
see Figure 4.3 and 4.7. Since A uses radiation in the fluid domain, the radiation
is calculated every time the fluid domain is solved which is every 0.5 seconds. For
Setup B, the radiation is implemented in the solid domain and therefore, calculated
every time step due to the domain using an unsteady timescale. For comparison, in
Setup A during a 40/60 braking cycle, the radiation was calculated once every 38
time steps. This means that radiation is solved much more frequently in Setup B
than in Setup A, which is most likely why Setup B requires roughly twice as much
CPU time.

5.2.2 Thermal Effects of Radiation
For the 900/1800 braking cycle using Setup B, it is possible to see that there is a
significant temperature difference between the simulations with and without radia-
tion. The difference becomes visible during the heating phase at around 350 ◦C. It
keeps growing throughout the braking phase reaching around 83 ◦C for maximum
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temperature and around 74 ◦C for average temperature in the disc. Why the differ-
ence in temperature gets larger at the end of the braking phase can be explained by
Figure 4.9. In that figure it is possible to see that the radiative heat rate reaches its
maximum magnitude at the end of the braking phase where the temperatures are
the highest. This is consistent with the Stefan-Boltzmann law in Equation 2.20, due
to its fourth-power temperature dependence. The higher radiative heat rate results
in more cooling of the brake and therefore lower temperatures.

However, there is no significant difference in temperature for the 40/60 cycle us-
ing Setup B, see Figure 4.5. When looking at the radiative and convective heat
rates in Figure 4.6, it is possible to see that they are of similar magnitude. Further-
more, the radiative and convective heat rates also have similar magnitude as for the
900/1800 braking cycle, see Figure 4.9. At first glance, this could suggest that a
similarly significant temperature difference should also appear in the 40/60 braking
cycle. However, since the 40/60 braking cycle is performed during a shorter period
of time, 100 seconds compared to 2700 seconds, that is not the case.

The thermal energy leaving the rotating parts region from both radiation and con-
vection is compared to the total thermal energy applied to the disc. In the 900/1800
braking cycle, the radiation is affecting the temperature for a longer time and by
that, the thermal energy due to radiation and convection has a larger impact. For
the 900/1800 braking cycle, the thermal energy lost through radiation from the ro-
tating parts is 22.6% of the energy applied, see Table 4.2, but for the 40/60 it is just
3.2%, see Table 4.1. The rest of the thermal energy applied is leaving the domain
through conduction or saved as internal energy.

5.2.2.1 Time Savings

It is possible to see that the total solver CPU time can be drastically decreased
when radiation is not accounted for using Setup B, see Figure 4.7 and 4.10. For
both braking cycles, the computational time could be decreased by around 70%.
This reduction is larger than that for Setup A, see Figure 4.3 with only around 20%.
This is again due to the fact that in Setup A, the radiation is implemented in the
fluid domain, which is solved less often than the solid domain.

5.2.3 Optimized Radiation
Given the increased computational time of Setup B, it is more important to find
optimized radiation settings to retain reasonable computational time. When com-
paring Simulations 1-6 in Table 4.3 and 4.4, it is possible to see that they all have a
small RMSE below 0.5. Simulations 3 and 4 required the least CPU time while also
giving the lowest RMSE values, and were therefore considered the most promising
options. Both of them have the same Number of Beams, 64 but different Patch/Face
Proportion, 2.5 and 1, respectively. Simulation 4 was chosen as the best setup but
both have their strengths. Simulation 3 has the lowest RMSE and could therefore
be seen as the best tested option but Simulation 4 should, in theory, require the
least amount of CPU time since it reduces the amount of patches used.

63



5. Discussions

Furthermore, it should be stated that in theory, the higher the values of the two
parameters tested, the higher the accuracy. This was not the case in these simula-
tions where Simulation 3 and 4 was closer to Simulation 1 than Simulation 2. It is
therefore hypothesized that the observed differences are mainly caused by numerical
variations in the patch and view-factor calculations, and that all tested configura-
tions perform similarly in terms of accuracy.

When it comes to computational time, Simulation 3 and 4 performed identically
which was not expected. The two configurations were checked thoroughly so that
the parameters were not the same in the two simulations which they were not. A
likely explanation is variation in communication performance between the computed
nodes used for the different simulations. Even though all simulations used adjacent
nodes from the node number, it does not mean that they are physically neighbor-
ing each other and can therefore, sometimes result in a higher solver CPU time.
Restricting the comparison to simulations run on adjacent node numbers was still
considered the fairest approach, although it does not remove all uncertainty.

It should be noted that the study only covers a limited number of parameter combi-
nations. To be able to get an optimal simulation setup, a more thorough investiga-
tion would have to be performed. It would require a larger variation of Number of
Beams and Patch/Face Proportion. Different braking cycles would also be beneficial.

5.2.3.1 Parameters

When looking at the effects of reducing Number of Beams and Patch/Face Propor-
tion, it is not possible to see any clear pattern of which parameter has the largest
impact on CPU time and accuracy. It is possible, however, to see that reducing both
parameters simultaneously resulted in a lower computational time without drasti-
cally reducing the accuracy. A reason for why the accuracy is not seriously affected
could be due to the fact that the reference simulation, Simulation 1, uses a Number
of Beams and Patch/Face Proportion of 256 and 10 respectively. Those values are
lower than the default values of 1024 and 100 which makes a difference in accuracy
possible between the default settings and the settings for Simulation 1.

Rather than reducing both parameters at the same rate, it is likely that Number of
Beams and Patch/Face Proportion affect the solution differently depending on the
geometry. For a complex geometry with different angles, it could be important to
use a higher Number of Beams to maintain accuracy since a higher value captures
more directions. A high value of Patch/Face Proportion increases spatial resolution
and could therefore be important if hot spots and sharp temperature differences
have to be resolved properly.

5.2.3.2 Time Savings

When comparing the computational time of the different configurations, seen in
Figure 4.12 and Table 4.3, it can be seen that up to 14.8% of computational time
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can be saved compared to Simulation 1. This time saving would probably be larger
if a comparison would be made with a simulation using default settings. Simulating
braking cycles with default settings was the plan in the beginning of the project but
due to limited time, this plan was modified to obtain all results within the project
period.

5.3 Heat Transfer
This section discusses heat transfer considerations and focuses on energy coupling
and convection.

5.3.1 Choice of Energy Coupling
The argument for an explicit energy coupling in this case is that it would ensure that
the rotating parts would maintain a 100% interface between the fluid and the solids
over time. When initializing the solution, the interface is set once and it keeps that
connection through the RBM. The problem with this is that the part of the disc
that is under the pad never interacts with the air and therefore, does not lose heat
through convection or radiation. This will result in a higher temperature in that
section while the rest of the disc will always experience convection and radiation,
even when a section is under the pad. This would result in a slightly lower tempera-
ture than what is expected to be physically accurate there. One small advantage of
using explicit energy coupling is that when heat is not applied, there is no need to
rotate the disc because the only thing that needs to be spread out in such a setup
is the applied heat. Without rotation the computational cost would decrease. This
is, however, just a result of the loss of physics of cooling.

Implicit energy coupling will automatically update the interface for every time step
when the disc is rotating. This ensures an accurate heat flux between the air and
the solids. However, in parts that are not axisymmetric, the interface could be lost
in combination with RBM due to the boundaries not aligning. This can most sim-
ply be visualized by the bolts not lining up with a bolt’s pocket in the air domain.
This would reduce the convective heat flux in those regions, resulting in slightly
higher local temperatures. The choice is not completely simple and it is reasonable
to assume that there is a limit where the captured amount of non-axisymmetric
boundaries becomes more important than the evenly distributed cooling of the disc.

5.3.2 Fluctuating Convection
When analyzing all heat rates from convection for both the 900/1800 and 40/60
braking cycles, the convection develops as a jagged line over time, as seen, for ex-
ample, in Figure 4.6. This was thought to be because of two main reasons. The first
is because of how the flow is solved. Since convection depends on the temperature
difference across the boundary, and the flow field is only updated every 0.5 seconds,
some fluctuation in the convective heat rate is expected. The reason for this is that
while solving the solid domain, the disc surface is heated up while the air stays at
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a constant value, increasing the difference in temperature which increases the con-
vective heat rate. But after some time steps in the solid domain, the air domain is
solved again which heats it up and thereafter decreases the difference in temperature.

However, when analyzing the 900/1800 braking cycle results, it can be seen that
when the disc has stopped, the jagged behavior disappears, see Figure 4.9. For the
40/60 cycle, the jagged lines are left in the cooling phase where it is still rotating,
see Figure 4.6. This suggests that the jagged behavior mainly originates from the
RBM treatment of the disc. Therefore, they are thought to be an effect of the in-
terface capturing proportion going up and down with the implicit energy coupling.
Due to the two coupling methods having their own drawbacks, the safest but more
computationally expensive solution would be to incorporate an axisymmetric fluid
part around the non-axisymmetric parts that would solve the fluid in an unsteady
time scale while rotating together with the disc. The primary choice for this shape
would be to enclose the whole disc but this is not possible when the pads are applied
directly on the surface of the disc. A second option would be to enclose only the
center of the disc which in this geometry is where the interface is lost.

A third solution to the interface problem is to use data mappers instead of in-
terfaces. This would assign to each boundary cell the value of the nearest cell on
the other domain, thereby ensuring full coverage of the interface but potentially
introducing local interpolation errors. Another key advantage of data mappers is
that it enables a manual control over how often to solve the coupling between the
domains and therefore, also how often to compute radiation [34].

5.3.3 Oscillating Convection
In addition to the fluctuating convective heat rate from the RBM, an oscillating
heat rate can be seen in the same plot, Figure 4.9, after the rotation has been
stopped. This is most likely an effect of the flow changing over time which can
be seen in Figure 4.20. The air flow is moving around in an oscillating manner,
resulting in the flow velocity near the disc sometimes being high and sometimes low.
When the flow stagnates near the disc, convective heat transfer decreases because
the HTC is reduced since the surrounding air temperature increases when hot air is
not efficiently removed.

5.3.4 Heat Application
The heat is applied in a combined interface of both sides of the disc and, in this
interface, the heat is applied constantly. Both sides have the same amount of heat
application and also, the same on every cell of the surfaces. Applying the same heat
flux to all cell surfaces is a practical simplification, but in real braking scenarios
the heat generation differ between the two sides of the disc and over the breaking
surfaces.

Another aspect of these setups is what proportion of the heat goes into the disc
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compared to the pad. This is mostly an effect of effusivity but also an effect of ther-
mal contact resistance which was set to zero for these simulations. Effusivity should
however, be captured quite well due to the temperature dependent material proper-
ties of the disc and pad. The thermal contact resistance does not affect comparisons
between different simulations but does affect comparisons with experimental data.

5.4 Convective Velocity Option
In this section, it is discussed how the CVO setups perform for the different braking
cycles.

5.4.1 Temperature
In general, the CVO setup appears to perform reasonably well when compared with
the RBM setup, see Figure 4.21 and 4.24. Especially in the plots showing the aver-
age temperature of the disc with a difference of just 5-10◦C for the 40/60 braking
cycle and 12-25◦C for the 900/1800, according to Tables 4.5 and 4.6. It can be
seen, however, that the maximum temperature plots differ more. For the maximum
temperature plots, the difference in temperature is 47-93◦C for the 40/60 braking
cycle and 36-37◦C for the 900/1800, following the same tables as before. The CVO
setups distribute the heat more evenly, whereas RBM produces higher local surface
temperatures that are not redistributed as quickly through the disc, resulting in
stronger temperature peaks. This higher surface temperature can also be seen in
Figure 4.27 and 4.28 where the same surface temperature is reached earlier for the
RBM setup compared to the CVO setup.

Why the 40/60 braking cycle has higher peaks in the RBM setup compared to the
CVO is assumed to be due to the higher torque and rotational speed and therefore
higher generated heat. In that braking cycle, the setups have a small time to dis-
tribute the heat in the disc, affecting the RBM setup more due to it not distributing
it as fast.

5.4.2 Heat Rates
When inspecting the heat rates out of the rotating parts, there is generally more
convective heat transfer in the CVO setup but more radiative in the RBM. The
heat rates can be seen in Figure 4.23 and 4.26. Why there is more convection in
the CVO setup is probably due to the interface being fully captured compared to
the RBM setup where the implicit energy coupling resulting in a loss of interface
area. It may also be influenced by the unsteady flow behavior observed in the RBM
setup. The reason for more radiative heat rate over the boundary in the RBM setup
is explained by the surface of the disc reaching higher temperatures in that setup,
as previously discussed. A higher surface temperature makes the disc radiate more
energy.
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In Figure 4.23 showing the 40/60 braking cycle it can be seen that the implementa-
tion of radiation in the solids combined with CVO gives higher convective heat rate
than the setup using radiation in the fluid. However, when comparing the convec-
tion in Figure 4.26, showing the 900/1800 braking cycle, the heat rate is identical
for the two setups. The second result was more expected than the first because the
only difference between the setups is in which continuum radiation is enabled which
should not affect the convection. However, a difference could arise if differences in
radiative heat transfer lead to different disc temperatures in the two setups, which
would in turn affect convection. However, when looking at the radiative heat rate
in the same figure, the two different configurations have very similar radiative heat
rates. Since the two configurations give nearly identical results for the 900/1800
cycle and very similar radiative heat rates for the 40/60 cycle, the difference in
convective heat rates for the short cycle may be due to software-related behavior,
although this remains uncertain.

5.4.3 Difference in Flow
When simulating the 900/1800 braking cycle, the flow behaves differently for the
CVO and RBM setups. The difference can be seen when the cooling stage is active
as visualized in Figure 4.20. In the whole CVO simulation and in the braking stage
of the RBM simulation, the flow is stable and changes little over time. Why the flow
starts to oscillate for only the RBM setup is unclear because the fluid domain should
be the same for the two setups. In the fluid domain, a TVS is set at the boundary
of the rotating parts that simulates the rotation for both setups which is disabled
during the cooling stage. The only expected differences are the temperature of the
brake surfaces that could affect the flow slightly and the generated mesh. Although
the same mesh settings were used, the generated meshes are not identical, which may
influence the flow solution. The oscillations are the same for all different radiation
setups and it is therefore hypothesized to not be an effect of any numerical error.
Even though the reason why it oscillates in the RBM setup but not in the CVO is
unclear, the flow can be seen as unstable during this braking cycle.

5.4.4 Heat Application
The main difference between the setups is how the heat is applied and spread over
the disc, see Figure 4.27 and 4.28. For the RBM setup, a pattern appears in which
an outer ring reaches a higher temperature. This is probably due to the caliper
holder and axle in the middle of the disc being a big heat sink and taking heat from
the inner side of the pad. The outer side does not have a cold heat sink close by and
does not lose heat as fast. The heat flux through the disc to the caliper holder and
axle can be seen by how the temperature is radially decreasing towards the middle
of the disc.

In the CVO setup, the generated heat is smoother and this is assumed to come
from the numerical diffusion smearing the gradients of the second term in Equation
2.15. This is hypothesized to be a result of using a mesh that is not directed, follow-
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ing the rotation of the disc. The diffusion is applied over all cell surfaces, even when
they are not aligned, which sends heat radially, smoothening the temperature field.
Based on these observations, RBM appears to provide the more physically realistic
heat distribution, at least when the CVO setup is used without a directed mesh.

5.4.5 Time Savings
From Table 4.5 and 4.6 it is possible to see that the two CVO setups save around
86% of computational time for the 40/60 braking cycle and 84% for the 900/1800
braking cycle. These values are for the CVO setup with radiation in the fluid domain
due to it being slightly faster than the setup with radiation in the solid domain. The
RBM simulation for the 900/1800 braking cycle took around 50 hours to execute
and if that number could be reduced by 84% that would mean a calculation time
of around eight hours instead. That would make it possible to submit a simulation
at the end of a working day, and obtain the results in the following morning which
is a clear advantage. Therefore, CVO can be worth using, especially for longer and
less extreme braking cycles. However, the reduced computational time comes at
the cost of lower accuracy than RBM, and the choice between the two approaches
should therefore depend on whether computational speed or predictive accuracy is
prioritized.

5.5 Experimental Rig
In this section, the verification of the simulations with the experimental rig will be
discussed. The differences discussed are mainly the temperature difference between
different probes in the rig compared to the simulation and the geometry with its
different materials.

5.5.1 Temperature Measurements
When studying the results from the simulations and comparing it with the data
from the rig in Figure 4.31 and Table 4.7, the temperature behaves similarly in the
braking phase. As previously discussed, in the braking phase, the singular thermal
probe is sufficient but in the stationary cooling phase, the singular point in which
the probe is located could affect the comparison validity. This point corresponds to
an area of the disc subjected to more cooling which results in lower temperatures.
Why the temperature is lower for the simulations in the cooling phase could be
partly explained by this.

To further analyze this, the simulated temperatures corresponding to T1/T2 and
T3/T4 are compared separately with T1-T4 from the rig in Figure 5.1. In the fig-
ure, it can be seen that T2 and T4 are close to the simulations while T1 and T3 are
substantially hotter, which supports the view that the probe representation in the
simulations is not optimal.
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Figure 5.1: Comparison between rig and simulations with just T1/T2 and T3/T4

In the experimental rig, the disc rotation is also stopped but the orientation is not
monitored. This means that the two probes could be fixed in any direction and one
probe could be located in a cold region and the other in a hot region. It is expected
to be hottest under the caliper, including the area under the pads, and it is expected
to be coldest on the left side of the disc due to the forced convection. However, the
difference between T1 and T2 in the rig is 54.84◦C at the end of the cooling phase
while the maximum temperature difference in the disc at the same time step is only
22.09◦C. This suggests that the discrepancy between the rig and the simulations
cannot be explained solely by the probe placement.

5.5.2 Geometry and Materials
One difference between the rig and the simulations is that the geometries are not
identical. Some components inside the caliper were not included in the simulations
and were instead represented as void regions. This void makes the brake system lose
some thermal mass. In principle, this reduction in thermal mass would be expected
to increase the simulated temperatures, which is not what was observed. Some
other parts that are missing are the piston and cylinder which also makes the brake
system lose some thermal mass. These two were however, expected to not affect the
temperature much because they are far from the disc and pads and therefore, not
getting heated up substantially.

There were also differences which could affect the flow more than the tempera-
ture. These were mostly cables connected to the thermal probes and the black plate
behind the caliper which were not modeled identically in the simulation geometry.

Furthermore, the material properties of the geometry are not exactly correct. While
the pad material properties and other parts of the disc are known to be correct,
all rig-related materials were modeled as a standard steel material which also got
applied on all smaller metallic parts in the brake, such as the bolts. All plastic parts
were also modeled as a standard plastic material.
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This chapter summarizes the main conclusions regarding radiation modeling, energy
coupling, and the use of CVO. It also evaluates how well the final simulation setups
agree with the experimental rig and outlines relevant future work.

6.1 Radiation
Radiation should be included in these simulations, especially for the 900/1800 brak-
ing cycle, where neglecting radiation leads to significant over prediction of brake
temperatures. This is due to the strong temperature dependence of radiative heat
transfer at the high brake temperatures reached in the simulations. When used with
RBM, excluding radiation can reduce computational time by 70%.

For RBM, radiation had to be implemented in the solid domain in order to en-
sure energy conservation. This doubles the computational cost due to patches and
view factors having to be calculated every time step. This is computationally ex-
pensive compared with radiation implemented in the fluid domain, where the view
factors are calculated every time the steady-state fluid domain is solved.

However, to decrease the computational cost, the Number of Beams and Patch/-
Face Proportion can be decreased drastically while still producing accurate results
compared with setups using higher parameter values. When comparing the com-
putational time from Simulation 1 to 4, the computational cost decreases by 14.8%
which is considered a substantial performance increase. No clear dominance of either
parameter on computational time could be identified within the tested range. How-
ever, the combined positive influence of these parameters on view factor calculation
is realized.

6.2 Energy Coupling
The choice of energy coupling affects the results in the setups using RBM. With
implicit energy coupling, parts of the interface are lost over time, which contributes
to fluctuations in the predicted convective cooling of the disc. However, the im-
plicit coupling is deemed best for this setup but with increasing complexity of the
geometry, like in the case of ventilated discs, explicit coupling could result in better
accuracy.
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To solve the loss of interface, either data mapping or a rotating region of air that is
solved in an unsteady time scale should be implemented. Data mapping solves the
interface capture by always mapping values to the nearest neighbor. A rotating fluid
region can preserve a complete interface, but at the cost of increased computational
effort due to transient flow simulation.

6.3 Flow Solver
For the 900/1800 braking cycle with stationary disc cooling, the flow results from
the RBM setup indicate unsteady behavior. This suggests that a purely steady
RANS treatment is not fully appropriate for that part of the cycle. In the spinning
phases, the flow is steadier so either another flow solver should be used or the disc
should keep spinning in all simulated braking cycles. Why the unsteady behavior
appears in the RBM setup and not in the CVO setup is unclear.

6.4 Convective Velocity Option
CVO gives average disc temperatures that are reasonably close to those from RBM,
but predicts lower maximum temperatures due to numerical diffusion. This diffu-
sion reduces local surface temperatures and thereby decreases the radiative heat
transfer compared with RBM. However, in the CVO setups, the interface is fully
intact which gives a higher convective heat rate compared with the RBM setup. The
diffusion gives also hotter temperatures close to the axle and caliper holder which
causes more heat to be lost there through conduction. Implementing a directed
mesh that follows the rotation of the disc is hypothesized to decrease the smearing
due to numerical diffusion.

Overall, CVO is a useful alternative when computational time is a limiting fac-
tor, as it reduces computational time by about 84 to 86% compared with RBM.
This would especially be of interest in pre-studies where maximum accuracy is not
the highest priority.

For the CVO setups, enabling radiation in either the solid or fluid domain had
little effect on the results or computational cost.

6.5 Verification with Rig
Comparison with the rig shows that the RBM and CVO setups perform similarly in
terms of overall accuracy. It can also be concluded that both setups perform well in
the braking phase but vary in performance in the cooling phase depending on which
thermal probe is considered.

Despite reasonable agreement during braking, both simulations under-predict the
temperature during the cooling phase. The magnitude of the real under-prediction
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is difficult to conclude due to not knowing the stationary orientation of the probes
in the rig. However, because the probes in the simulations are located in the cold-
est region, a smaller temperature difference than presented in the results is to be
expected. It can still be concluded that the unknown orientation can not increase
the temperature of the simulations enough to match the data, implying that the
simulations would still under-predict the temperatures.

6.6 Future Work
The highest priority for future work is to capture the incomplete interface in the
present coupling approach. Therefore, implementing data mappers or a rotating
fluid region is considered important to investigate.

A directed mesh for the CVO setup is also of interest, since it is expected to reduce
numerical diffusion and improve agreement with RBM.

A shorter analysis that could also be of interest is to compare the parameter settings
of radiation to the default values. This would show how much the optimized setup
actually saves in computational time. Also, it would be interesting to test addi-
tional and lower values to get a more optimized radiation configuration. It can also
be optimized by providing part specific values based on whether the part is critical
from a radiation perspective.

It is also of interest to perform further comparisons between these setups and the
rig. More braking cycles could be simulated, especially cycles in which the disc
does not stop. Additional validation using surface-temperature measurements from
a thermal camera would also be valuable.
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