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Abstract

Technological advancements in computational simulations have reduced our dependence on
physical testing. The automotive industries aim to minimize physical testing and increase the
use of computational simulations. They are effective both in terms of man hours and cost of
product development. Volvo Cars Group is thus having an ongoing project on developing a
Virtual Wind Tunnel. The objective of the thermodynamics team is to build a Virtual Wind
Tunnel Simulation where the physical testing is no longer a part of development but for final
validation.

This assignment plays an important role in this project. The factors that significantly influ-
ence thermal simulations are investigated in this work. Exhaust suction pipes, wheel rotation,
involvement of Moving Reference Frame for wheel rims and ride height fluctuations are the
factors considered in this thesis. The model under study is Volvo S60. The reference model
considered is a smaller domain of the wind tunnel and the rear half of the vehicle. This model
is referred to as the reference model and later used to implement each factor and obtain a
first order result. This model consists of certain points of measurements called thermocouple
points which are used as temperature reading points. Their coordinates are the same as the
thermocouples used in the experimental wind tunnel test. Different modifications are made
on the reference model to bring out model with exhaust suction pipes, model with reduced
ride height, model with wheel rotation and model with wheel rotation and MRF on rims.
ANSA software is used for CAD cleaning and modifications. The final model from ANSA is
then converted as a NASTRAN file which is readable for STARCCM+. STARCCM+ is used
as mesher and CFD-solver.

The heat source in these models is the exhaust system, providing a constant heat output.
For simulation the boundary conditions of the domain which includes inlet, sides and top are
taken from a converged solution of a full model simulation. This adaptation is made for faster
convergence and more accurate boundary predictions. The simulation began with a reference
model and its converged solution is used as an initial condition to the remaining models for
a faster converged solution. Final results from thermocouple points are compared with the
reference model. Logical explanations for respective occurrence are derived using different
field functions such as convective heat transfer, radiation, temperature, velocity etc.
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It is found that all the factors chosen have notable influence over the domain under study.
The parts highly influenced are the exhaust system and the heat shield. Among them, the
influence of exhaust suction pipes is seen to be more profound. The end result of the thesis
recommends that the exhaust suction pipes be taken into account when it comes to wind-
tunnel modelling and also wheel rotation with MRF on rims when it comes to modelling the
real road physical test. This thesis also emphasis the need to focus further on evaluating the
influence of different rim profiles and development and optimization of the exhaust suction
pipes.
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Chapter 1

Introduction

1-1 Background

The automotive industry still rely heavily on physical testing for validation and verification.
In the present era of computation and virtual simulations the industries are pushing their
limits to minimize that dependency on physical testing through more robust computational
models. Environment and Fluid Engineering Department at Volvo Cars also embraces that
vision by currently developing a virtual wind tunnel to support the product development.
These virtual designs will be used to predict the evolving characteristics of the given physical
system using CFD simulations. Coupled with high-performance computing, virtual design
offers fast and reliable testing of complete vehicle, and identification of critical regions. One
of the main challenges involved in this vision is the correlation of results of thermodynamics
physical testing to CFD simulations. The thermodynamics division is interested in studying
the factors that could alter their computational results causing deviation from their wind
tunnel results. This is a wide field to look into, hence prioritizing the potential contributors
to this deviation is vital.

Recently the field of thermal management has been focusing persistently on high performance
engines along with controlled climate systems making engineers encounter design challenges
such as geometry and constricted underhood space [1]. This leads to designing complex cool-
ing systems which includes complex airflows and air path designs though required components
underhood [2, 3, 4]. A close study of such flows is almost impractical through experimental
methods due to both technical and financial reasons and thus engineers rely on CFD simu-
lations. Hence a reliable simulation solution is inevitable. According to M. Khaled et al. [5]
even small elevations ranging from 0.5 to 1.5 cm between front and rear of a vehicle affects
internal airflow resulting upto 20% temperature rise around underhood components. Thus
shows the importance of focusing on aero-thermal phenomena. With current constrains such
as constant augmentation of engine specific power, increase in reliability, compactness and
demand of cost reduction result in limiting the dependency of high thermal resistive metals,
the vital components that are vulnerable to thermal failure can only be protected by complex
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2 Introduction

air cooling systems. To design such a system, the dependence on CFD simulation is significant
since the costs involved with physical tests are high.

Looking into design and development management, building a product with efficient simu-
lation which provides accurate and robust early detection of issues in the design phase is
inevitable. It also helps in developing related counter measures even before building a pro-
totype reduces the dependency of physical tests to just final verification. Reduction in the
numerous physical tests and building a more accepted first hand prototype is an obvious
choice for a robust, cost effective and efficient methodology. The wind tunnel could never
simulate a real road environment due to some parameters. The dominant ones are referred in
1-2. Studying these parameters and their influences can bring alternative solutions to counter
act the same.

1-2 Objectives of this Thesis Work

As the heading of this thesis reveals, the aim of this research work is to study the influential
parameters involved in the wind tunnel models that might possibly affect the results when
correlated to CFD simulations and real road conditions. In this assignment four parameters
are considered for detailed investigation.

The thermal department requires a detailed study about the aerodynamic influences in heat
transfer. Many researches have been conducted on the regions such as engine bay, heat ex-
changers, air inlet and outlet geometry, and design. However, when it comes to the flow
underneath the vehicle and the exhaust system, the aerodynamic influences are seldom stud-
ied. Keeping these key points in mind the author is able to propose the aims and objectives
entitling the final research question.

The main research question aimed to be solved in this research is :

What are the factors in wind-tunnel modelling that have potential influence on
heat transfer underneath the vehicle? In addition, how can the effects subjective
to the specific wind tunnel of Volvo Cars, be taken into in this research and val-
idated?

Time constraint and height of interest on certain regimes limits to only solve four significant
sub questions among many:

• Is the influence of the under pressure present in the exhaust suction pipes
that are attached to the wind tunnel an important factor?
Unlike the aerodynamic tests the thermodynamic tests take place with the engine run-
ning. It is important that no exhaust gas is emitted freely into the wind tunnel. Thus
the suction pipes have an under pressure to suck the exhaust gases coming out of the
exhaust pipes. This will change the flow physics of the gas close to this region and
further upstream. But the extend of its influence is not yet quantified for this wind
tunnel. In this system two pipes are provided, protruding from the floor are attached
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1-3 Layout of the Thesis 3

to the exhaust pipes of the vehicle. This suction can affect the flow close to the muffler.
It is important to see the extend of its influence.

• Is the influence of the rim rotation over the airflow underneath the vehicle
significant?
It is clear from studies that the wheels and rims influence the total vehicle drag [6, 7,
8, 9]. However there have not been any studies on their influence on heat transfer rate.
The disturbed air from the rims does promise some significant influence on the flow
characteristics underneath the vehicle both laterally and longitudinally.

• Is the influence of the wheel rotation over the airflow underneath the vehicle
significant?
In the physical wind tunnel thermal simulation the rear wheels are stationary. Hence
the absence of the rear wheel rotation in physical wind tunnel testings needs to be
investigated to compare with the real road simulation where the air flow due to the
wheel rotation is potentially disturbed.

• How are the flow conditions under the vehicle at different ride heights?
According to the results from Volvo Cars they are able to discover a significant tem-
perature difference with variation of ride height . However the reason has note been
derived so far leaving it as an important research sub-question in this thesis.

It is clear from these objective questions that the important result that should be obtained is
a three-dimensional flow visualization underneath the vehicle. The flow should be visualized
for the above mentioned factors and respective flow patterns observed. Through analysing
these flow patterns some conclusions regarding the influences over different parameters can
be deduced.

This research is taking place under the thermodynamics team of Volvo Cars after inspecting
the current wind tunnel design, testing methods and researches achieved so far.

1-3 Layout of the Thesis

Chapter 2 provides an introduction to physics with section 2-1 defining modes of heat transfer
and section 2-2 later leading to the theoretical aspects of different models chosen for this
simulation. Finally section 2-4 explains in detail regarding different possible cell meshers and
the reason for choosing a particular continua.

Chapter 3 vividly guides through the vehicle and the domain under study. It explains the
different parts that are distinguished in the model.

Chapter 4 provides the total detail of the model with wheel rotation and with and without
MRF on rims. Section 4-1 provides the detailed observations and reasoning for the respective
occurrences. Section 4-2 concludes with importance of this parameter and the individual
contribution of wheel rotation and MRF on rims.

Chapter 5 provides the detail of the model with exhaust suction pipes. It begins with defining
the model and the experimental method adapted for calculating the mass flow rate created
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4 Introduction

by the exhaust suction pipes. Section 5-1 provides the detailed observations and reasoning
for the respective occurrences.

Chapter 6 provides the influence of ride height variation using the model with reduced ride
height. Section 6-1 briefly describes the results and reasoning for the respective occurrence.
The reasoning is focused mainly on the important regions.

Chapter 7 reveals potential limitations that can be found in this research and need further
looked into. It provides a summarised conclusion and suggestions from the detailed study of
chapter 4, 5 and 6 for future research.
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Chapter 2

Theoretical Basics and Modelling

Computational Fluid Dynamics, CFD, is the tool used for simulations in this thesis. It is
the branch of fluid dynamics that uses algorithms and numerical analysis to simulate the
interactions of gases and liquids. Provided with boundary conditions, using computers for
calculations, it solves and visualizes the problems related to fluid flows.

2-1 Heat Transfer

This thesis is primarily focused on the study of heat transfer and thermal simulation. Heat
transfer is the study of heat/energy transfer from one medium to another or within the
medium depending on the temperature gradient. There are three modes of heat transfer and
they are:

1. Conductive heat transfer

2. Convective heat transfer

3. Radiative heat transfer

2-1-1 Conductive Heat Transfer

Conductive heat transfer is defined as the flow of internal energy by interaction of the adjacent
particles from a region of higher temperature to a region of lower temperature. This mode
of heat transfer is present in solids, fluids and plasmas. In solids the conduction is greater
compared to other states of matter as atoms are relatively tightly packed thus have close fixed
spacing. In fluids the conduction is due to collision of more energetic particle and the molecule
diffusion during random motion. The Fourier’s law or law of heat conduction explains the
relation of local heat flux with temperature gradient as shown in equation 2-1. [10]
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6 Theoretical Basics and Modelling

qcond = −kcond
∂T

∂x
(2-1)

where, qcond is local conductive heat flux, −kcond is local conductive heat transfer coefficient,
∂T is surface temperature difference between measured points and ∂x is distance between the
respective points.

The negative sign in the equation represent the direction of energy flow, i.e, from high tem-
perature region to low temperature region.

2-1-2 Convective Heat Transfer

When the energy transfer takes place due to the movement of fluids it is called convective mode
of heat transfer. This mode of heat transfer comprises of two mechanisms. The mechanism
where the energy transfer occurs due to random molecular motion called diffusion and the
mechanism called as advection where energy transfer occurs due to the collective molecular
motion / large-scale bulk fluid motion. The heat transfer due to diffusion is dominant at
the interface between solid and fluid. This is because at the interface the relative motion
between fluid molecules and surface is zero. Convection can either be natural or forced. In
this case effect of the natural convection is negligible. Convective heat transfer at a surface
is determined by Newton’s law of cooling as shown by equation 2-2. [10]

qconv = h(TS − Tfluid) (2-2)

where, qconv is local convective heat flux, h is local convective heat transfer coefficient, TS is
surface temperature of solid and Tfluid is the fluid temperature close to surface.

2-1-3 Thermal Radiation

All matter that has a temperatures greater than absolute temperature emits electromagnetic
waves. In this electromagnetic wave spectrum the waves falling in the wavelength between
0.1µm and 100µm fall in the thermal radiation spectrum. In this heat transfer mechanism
the thermal energy in converted to electromagnetic energy. [11]

The thermal radiation does not require any medium for heat transfer and it transfers the
fastest in vacuum. In the case of solids and liquids the radiations emitted by inner molecules
are absorbed by the neighbouring molecules. Thus in effect the emitted radiations from solid
or liquid mediums are originated from molecules near the surfaces. This makes the emission
as a surface phenomena. The emissive power from a real surface is given by equation 2-3.

ER = εR · σSB · T 4
S (2-3)

εR = ER
ERb

(2-4)
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2-2 Fluid Model 7

where, ER is emissive power of the real surface, ERb
is emissive power of the black body, σSB

is the Stefan-Boltzmann Constant, εR is emissivity of the respective surface and TS is surface
temperature of solid.

When radiation is incident upon a surface, a fraction is reflected, a fraction is absorbed and
the remaining is transmitted through the material as shown in equation . This reflectivity,
absorptivity and emissivity of radiation depends on the emission angle, surface temperature,
wavelength of the radiation and surface roughness. When two infinite plates with surface A
and B are considered, the net radiant heat flux emitted from surface A is given by equation
2-5.

qradnet = (εRA
· σSB · T 4

SA
)− (αRA

· εRB
· σSB · T 4

SB
) (2-5)

where, qradnet is the net radiant heat flux, εRA
and εRB

are emissivity, TSA
and TSB

are
temperatures of surfaces A and B respectively and αRA

is the absorptivity of surface A.

2-2 Fluid Model

For the CFD simulation air is considered as an ideal gas. In the outer domain of the wind
tunnel the boundary conditions input normal dry air as mentioned. However, since the ex-
haust system is considered as the heat source in this simulation the presence of the exhaust
gas is inevitable. Hence its properties should be included at the respective regions through
boundary conditions.

The solver model used for this CFD simulation is as follows:

• Three Dimensional

• Ideal gas

• Coupled solver/Flow model

• Coupled energy

• Reynolds-Averaged Navier-Stokes (RANS) equations

• k − ε Turbulent model

• Realizable k − ε Two-Layer

• Two-Layer All y+ wall Treatment

• Radiation : Surface to surface model and Grey thermal radiation body model

• Multi-gas component : Air and exhaust gas
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8 Theoretical Basics and Modelling

2-2-1 Three Dimensional

The model of study has a complex geometry hence use of a simple two dimensional figure
would not capture the flow behaviour of the air involved in this geometry. Minimizing the
number of cells adds to the advantage of reduced CFD simulation time. This raises a logical
question of using a bisected model of the given geometry using the symmetry plane, i.e, XZ
plane through the origin. However this geometry is not completely symmetric along XZ axis
as it is clear from the fig 3-2.

2-2-2 Ideal Gas

All gases that behave according to the Kinetic Molecular Theory are Ideal gases. Therefore
when dealing with ideal gases the Ideal gas equation is used to relate all the parameters
needed to solve a problem, as shown in equation 2-6. [12]

ρ = Pabs
RT

(2-6)

where,
Pabs = PStatic + PRef (2-7)

and

R = Ru
M

(2-8)

where,

Universal gas constant, Ru = 8314.4621 J
KmolK , Pabs is absolute pressure, PStatic is static

pressure, PRef is reference pressure, T is temperature and M is molecular weight.

Also it is important to note that the absolute total pressure Pabstotal
is the sum of total

pressure reading in the STARCCM+, i.e, total pressure Ptotal and reference pressure PRef :

Pabstotal
= Ptotal + PRef (2-9)

It is clear that no gas is truly ideal in real world. Two major assumptions required to make
a gas ideal are:

• There are no intermolecular forces acting among the particles.

• The atomic volume occupied by the particles are ignored, i.e, they are considered as
point masses. [13]
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2-2-3 The Coupled Flow Model

The Coupled Flow Model uses pseudo-time marching approach solving simultaneously the
equations for mass conservation and for momentum conservation. The reason for choosing
this model is because of the following reasons: [14]

1. In this research, the flow consists of dominant source terms such as heat source and
rotation with compressible flows in the exhaust system. In such conditions the coupled
algorithm of this Coupled Flow Model provides more robust solutions.

2. Coupled Flow Model has a linear relation when it comes to CPU time consumption over
number of cells, this implies that the convergence and the number of iterations required
for solving are independent of mesh size.

3. When coupled with implicit solver one can apply very large CFL (Courant Friedrichs
Lewy condition) number.

However it uses more memory than segregated algorithm. The computational resources pro-
vided here are enough to neglect this disadvantage. When there is presence of energy in the
flow, the flow model also adds the equation for conservation of energy into the list of equations
to be solved.

2-2-4 Reynolds-Averaged Navier-Stokes (RANS)

In this study all CFD simulation flows use Reynolds-Averaged Navier-Stokes (RANS) equation
approach for turbulence. The logic behind the RANS approach is to separate the instanta-
neous pressure and velocity fields in the Navier-Stokes equation into the mean component
and the fluctuating component. When the flow becomes compressible the original form of
equation is altered from time average method, involving density fluctuations. In such cases
the time averaging method weighed over mass is adapted, called as Favre time averaging. The
mean values are obtained by density weighted time (Favre) average method for steady state
condition and ensemble average method for repeatable transient condition. This results in a
model of governing equations as follows: [15]

∂(ρ̄ũi)
∂xi

= 0 (2-10)

∂(ρ̄ũiũj)
∂xj

= − ∂P̄
∂xi

+ ∂t̄ij
∂xj
−
∂(ρu′iu′j)
∂xj

(2-11)

∂

∂xj

[
ρ̄ũj(h̃+ 1

2 ũiũi) + ũj
ρu′iu

′
i

2

]
= ∂

∂xj

[
ũi(t̄ij−ρu′iu′j)− q̄−ρu′jh′+ tjiu′i−ρu′j

1
2u
′
iu
′
i

]
(2-12)

where,
P̄ = (γ − 1)ρ̄ẽ (2-13)
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10 Theoretical Basics and Modelling

and,

tij = µ(∂ũi
∂xj

+ ∂ũj
∂xi
− 2

3
∂ũk
∂xk

δij) (2-14)

Where, ρ̄ is mean density, ũi/j is mean velocity, P̄ is mean pressure, u′i/j is fluctuating velocity,
t̄ij/ji is mean viscous stress tensor, ẽ is mean specific internal energy, γ is specific heat ratio,
h̃ = ẽ + P̄

ρ̄ is mean specific enthalpy and q̄ is the mean heat flux vector. In these resulting
equations the term −ρu′iu′j is called as Reynolds stress tensor, also denoted as ρ̄τij .

2-2-5 k − ε Turbulent model

The selection of turbulence modelling depends on the characteristics of the flow. In this model
the flow contains heat transfer and potential recirculation due to the complex geometry. In
addition the CFD simulation should be robust along with high accuracy and lower computa-
tional expense. The k− ε Turbulent model satisfies all the above requirements. It is the most
industrially accepted turbulence model.[16]
To begin with from the equations 2-11 and 2-12 the Reynolds stress tensor is related to mean
velocities by employing the Boussinesq hypothesis:

ρ̄τij = −ρu′iu′j = µt(
∂ũi
∂xj

+ ∂ũj
∂xi
− 2

3
∂ũk
∂xk

δij)−
2
3 ρ̄kδij (2-15)

where δij is the Kronecker delta function and the eddy viscosity µt is given by

µt = ρ̄Cµk
2

ε
(2-16)

The k − ε Turbulent model is a two equation model solving transport equations for both
turbulence kinetic energy k and its dissipation rate ε as shown in equations 2-17 and 2-18.

The k equation is given by

∂(ρ̄ũjk)
∂xj

= ∂

∂xj

[
(µ+ µt

σk
) ∂k
∂xj

]
+ τij

∂ũi
∂xj
− ρ̄ε (2-17)

the ε equation is given by

∂(ρ̄ũjε)
∂xj

= ∂

∂xj

[
(µ+ µt

σε
) ∂ε
∂xj

]
+ Cε1

ε

k
τij
∂ũi
∂xj
− Cε2ρ̄

ε2

k
(2-18)

Where, µ is the dynamic viscosity and the closure coefficients, Cε1, Cε2, Cµ, σk and σε are
given default values [17, 18].
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2-2-6 Realizable k − ε Two-Layer

The computation in this approach is divided into two layers. First one is the layer next to
the wall where the turbulent viscosity k and the turbulent dissipation rate ε are assigned as
functions of wall distance. While the remaining region is considered as the second layer. Here
the value of turbulent dissipation rate ε is obtained from the transport equation away from
the wall but blended smoothly when it comes to near-wall layers. The turbulent viscosity k
is solved for the entire flow using the equation 2-17. In this model the turbulent dissipation
rate ε transport equation is modified [19]. As the coefficient Cµ is no longer considered
constant as in the standard model [20]. It is now a function of turbulence properties and
mean flow. Thus this model has new formulation for turbulent viscosity µt. It is clear from
the name of the model, "Realizable" that this model consistent with the physics of turbulent
flows satisfies certain mathematical constraints on the Reynolds stresses. This model exhibits
superior performance on flow conditions involving separations, recirculation, boundary layers
with adverse pressure gradients and flow rotation.

µt = ρ̄Cµk
2

ε

Here,
Cµ = 1

(A0 +AS
kU∗

ε )
(2-19)

provided,

U∗ = 2
√
SijSij + Ω̃ijΩ̃ij

Ω̃ij = Ωij − 2εijkωk Ωij = Ωij − εijkωk

A0 = 4.04 As = 2√6 cos(φ)

φ = 1
3 cos−1(

√
6W ) W = SijSjkSki

S̃3

S̃ =
√
SijSij Sij = 1

2

(
∂uj

∂xi
+ ∂ui

∂xj

)
Where Ωij is the mean rate-of-rotation tensor viewed in a rotating reference frame with the
angular velocity ωk.

2-2-7 Two-Layer All y+ wall Treatment

A mesh over a domain is considered to be successful in a computational project only if it is
optimized between an acceptable accuracy and time (cost). Its importance is eminent when
it comes to the affect over turbulent flows in the presence of walls. The regions near the
walls, being the viscous-effected regions, the solution variables have high gradients. In order
to correctly predict the turbulent flows along these walls an accurate presentation of the near
wall is important. Use of wall y+ is a strategy developed in CFD when dealing with such wall
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12 Theoretical Basics and Modelling

bounded complex turbulent flows. The wall y+ is a non-dimensional distance defined as in
equation 2-20. [21]

y+ = yuτ
ν

(2-20)

Where, y is the distance to the nearest wall,uτ is friction velocity and ν is local kinematic
viscosity of the fluid.

From fig 2-1 three zones with their corresponding y+ wall can be observed in this viscous
affected region. [21]

1. y+ < 5 : Viscous sublayer

2. 5 < y+ < 30 : Blending region or buffer layer

3. 30 < y+ : Log-law or fully turbulent region

Figure 2-1: Subdivisions of near-wall region [21]

Along the viscous sublayer, the tangential velocity fluctuations are damped by the dominating
viscous effects while the normal fluctuations are damped by kinematic blocking. When moved
towards the outer part of near-wall region, the mean velocities have large gradients producing
turbulent kinetic energy and hence an effective turbulence. As mentioned above, in order to
successfully predict the wall bounded turbulent flow, it is important to accurately present
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2-2 Fluid Model 13

the flow in the near-wall region. Hence while mesh refining the distance of the wall to the
centroid of the wall-adjacent cells is related to wall y+ values. Values close to y+ = 1 are most
desired when it comes to near-wall modelling and y+ = 30 when it comes to wall functions.
It is advised to avoid the buffer layer while choosing the near-wall mesh size as these two
functions will not accurately resolve this region.

All Wall y+ Treatment This is a hybrid wall treatment where the model emulates the high
y+ wall treatment for coarse meshes and the low y+ wall treatment for fine meshes. It takes
results emulating with the low y+ wall treatment as y+ < 5 and with the high y+ wall
treatment as y+ > 30. When it comes to meshes within intermediate resolution, i.e, all the
cell-wall centroids falling under buffer region of boundary layer (5 < y+ < 30) it formulates
to bring out reasonable results. [22]

Figure 2-2: Regions of applicability of the wall treatments. [22]

In the high y+ wall treatment approach it is assumed that the near-wall cell lies within the
logarithmic region of the boundary layer. Thus the cell attached to wall will have a centroid
of y+ > 30. Here the equilibrium turbulent boundary layer theory is used to derive wall shear
stress, turbulent dissipation and turbulent kinetic energy. The region where y+ < 5 the ratio
of y+ to u+ is approximately 1, and thus wall law is not required. For such conditions the
low y+ wall treatment approach is preferred which brings out well resolved viscous sublayer.

This hybrid method calculates turbulence quantities (TQ) such as turbulent product, stress
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14 Theoretical Basics and Modelling

tensor and dissipation using an exponential weighing function, g, as shown in equation 2-21.

TQ = gTQlow y+wall + (1− g)TQhigh y+wall (2-21)

where,

g = exp

(
− Rey

11

)
(2-22)

and
Rey =

2√ky
ν

(2-23)

2-2-8 Radiation Model : Surface to surface, Grey thermal radiation body

The influence of radiation in this research is significant. Hence the radiation model should
provide a well refined result. The radiation is characterized in terms of radiation spectrum,
spatial domain for radiation transfer solution and radiation properties. [23]

Spatial Domain for Radiation transfer solution : The radiational effects both within the
region and between the regions are important in this simulation process. The model under
study is in a closed set of diffuse surfaces. The Surface-to-Surface transfer model can simulate
such a model. S2S model works in two steps. First step, it calculates the view factors (the
proportion of surface area that the other patches illuminate) using ray tracing. The view factor
is controlled by the number of patches. The view factor count is limited by the number of rays
per patch with the deterministic ray tracing approach. Increase in resolution of ray tracing
increases accuracy but at the cost of memory and computational time. Second step, the view
factors are calculated only if there is a change in geometry and radiative properties such as
spectral reflectivity and transmissivity. Thus once calculated can be reused for complex heat
transfer conditions to update radiative heat fluxes from the surface temperatures. [24, 25]

An advantage of the two step approach is the computational efficiency while the disadvantage
is that it often requires considerable amount of memory for storing view factors.

Radiation Spectrum : From the full electromagnetic spectrum, wavelengths ranging from
0.1 to 100 µm are pertinent to heat transfer. This thermal spectrum covers all the visible
and infra-red spectrum along with a portion of the ultra-violet spectrum. A hot object emits
radiation over the entire spectrum depending on the degree of hotness. Gray radiation is
characterized to have radiation properties independent of wavelength of frequency. The Gray
Thermal Radiation model uses the gray radiation method. Thus over the entire thermal
spectrum the radiation properties are taken to be the same and over the entire thermal
spectrum only a single radiative heat transfer solution is required. [11, 23]

Finally to complete the radiation model it is necessary to define the surface properties of
different walls such as emissivity, reflectivity and transmissivity. Also it in necessary to define
the radiative properties of the media in which it is contained as it can absorb, emit and scatter
radiation.
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2-3 Moving Reference Frame (MRF)

Special approaches are required while dealing with a model with static and rotating parts.
Here the wheels along with the rims are considered as rotors while the remaining model is
static. In such cases the flow around the moving parts appears to be steady when the observer
is positioned on the rotating part. But when stationed in the static part the observer sees the
same flow as unsteady in nature. This different perspective of the observer matters when one
solves steady state problems unlike unsteady flow (transient) problems. Hence transferring
information from stator to the rotor becomes an important issue. Changing the reference
frame will affect the quantities such as acceleration, velocity and rotating tensors. [26, 27]

Use of Moving Reference Frame simplifies the transient condition to an efficient steady state
case. It is a steady state approach as the fluid in the wheel rims is related to a rotating
reference frame and the remaining parts of the model are related to a stationary reference
frame. In other words the complete MRF defined domain is assumed to rotate at a constant
angular velocity as specified, permitting the unsteady problem to become steady with respect
to moving reference frame. In this approach, there is no relative velocity between the moving
zone to the adjacent zone (which may be moving or stationary). The grids remain fixed during
computation. It is also called frozen rotor approach as in this approach the instantaneous
flow field with the rim (rotating part) in a specific position is observed similar to freezing the
motion of the moving part in that position. In MRF the geometry of the rims contained in
the rotating frame are considered. The rotational characteristics are directly translated at
the interface between rotating and stationary regions. [28]

MRF model should be used when the flow is not complicated. As mentioned above, in this
approach the rotor will always stay in the same position with respect to stator. This makes the
CFD simulation highly dependent on exactly how the rotors and the stators are positioned.
The MRF assumes a weak interaction between the stationary domain and rotational domain.

2-4 Volume Cell Meshers

When it comes to volume meshing after a suitable surface meshing STARCCM+ provides
with different types of meshing models. Each of them have their own characteristics. In this
mesh modelling few of them are considered according to their advantages over other. Since
the geometry of the solids in the model is complex, choice of polyhedral meshing seemed
reasonable. This is because polyhedral meshes are relatively easy and efficient to build,
providing a balanced volume meshing for a given complex model. However polyhedral mesher
at times find it difficult to smoothen around a region with complex geometry or with thin
dimensions especially for a coarser meshing. Thin mesher becomes active at such conditions
to support polyhedral mesher to complete meshing the given model accurately.

Trimmed meshers are perfect choice for larger domain. It is dominantly used for cases involv-
ing flows significantly aligned along Cartesian coordinates. Prism mesher provides cells with
polyhedral base and rectangular sides. This type of cell is necessary next to wall surfaces
or boundaries in order to improve the quality of the flow solutions which is critical when it
comes to forces or heat transfer, flow separation etc. These two meshers are considered for
meshing the fluid domain. [29]
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16 Theoretical Basics and Modelling

All meshers have different advantages and disadvantages, providing with many possible com-
binations to select from. The meshers chosen for this model is based on the recommendation
from STARCCM+ documentation and hence a detailed investigation was not undertaken over
selecting these volume meshers.
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Chapter 3

Reference Model

To study the influences on wind-tunnel modelling, the model of Volvo S60 is provided by the
thermodynamics team, fig 3-1. The engine load case for this CFD simulation is HCTR (Hill
Climbing with Trailer). Parameters and variables for this test are as follows:

• Vehicle speed : 70kmh

• Air temperature : 27◦C or 300.15K

• Inclination : 6% increase in height over unit longitudinal distance

• Relative humidity : < 20%

• Floor : Stationary

Since the parameters under investigation lies in the rear end of the vehicle, the model is
split into two halves, focusing on the rear half of the vehicle. A smaller domain is defined
and that will be used as the reference model for CFD simulation. This domain of dimension
3.25m× 6m× 0.8m consists of the rear half of the vehicle as shown in fig 3-1.

Solids considered in this model are split into five different parts as shown in fig 3-2. The five
divisions are : exhaust system which is the heat source in this domain, heat shield, plastic
shield, suspension, metal and rubber bushing and rubber (hanger). There are different ther-
mocouple spots marked in these models in similar positions to the thermocouples used during
physical tests. These thermocouple spots are referred as ’tk’ in this thesis report.

The reference model consists of a final volume mesh of 14 million cells.

The boundary conditions for the reference model are taken from a previous full model CFD
simulation that ran on these identical parameters, variables and engine load case, i.e HCTR.
The boundaries of the reference domain are exported into NASTRAN format which are then
imported to the above mentioned full model with converged solution except for the outflow
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Figure 3-1: Volvo S60 CAE model and definition of domain of focus study

Figure 3-2: Defining the parts comprising the solids in the domain

boundary condition which is given a constant absolute total pressure of 1.1 ∗ 105Pa. This
gives an accurate positioning of the domain considered in the reference model with respect to
full model. Fig 3-3 shows the domain of the reference model with respect to full model. With
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the help of table extract option in STARCCM+ one can copy the values of required variables
at those boundaries from the full model. In this model the values of variables copied from
the full model are:

• Temperature (K)

• Turbulent dissipation rate (m2

s3 )

• Turbulent kinetic energy ( Jkg )

• Velocities in i,j,k directions (ms )

The converged solution of the reference model simulation is judged based on the temperature
plots of all thermocouple (tk) points.

Figure 3-3: Full wind tunnel and domain of reference model

In the succeeding part of the report the comparisons of tk point readings on exhaust system
and heat shield are only shown and explained. This is because the remaining divisions/
parts showed negligible temperature deviation (< 3◦C) except the rubber. The influence
over rubber depends on the positioning of tk points thus plotting for rubber isn’t significant.
However it is important to find the temperature gradient across the rubber. It is easy to
predict the temperature gradient of the rubber depending on the surrounding metal radiations.
It is found that the hind end of the rubbers located in the rear is cooled significantly due to
the effective convection in these models compared to reference model.
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3-1 Correlation of Reference Model over Full Model

Table in fig 3-4 shows the comparison of reference model temperature readings over full model.

The absolute temperature deviation is close to 31◦C for exhaust system and 7◦C for heat
shield. This is acceptable for such a small domain over a relatively small number of cells
compared to full model. Moreover the current study over different parameters deals with
the deviation in temperature which is more important. The deviation is found to be highest
around the rear part of the exhaust system. This could be due to the limitation of constant
pressure outlet boundary condition, which will be explained in detail in chapter 7.

Figure 3-4: Comparison of reference model temperature readings over full model
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Chapter 4

Simulations of Model with Wheel
Rotation and with and without MRF

on Rims

In the wind tunnel the physical testing occurs with stationary rear wheels as depicted in the
reference model. And when it comes to computational thermal simulation the rotation of rear
wheels are considered to get closer to real road conditions. However the involvement of MRF
on rims is not considered in the CFD simulation so far. Research has proven its importance in
aerodynamics with its contribution on net drag and pressure distribution [30, 7, 8, 9, 31]. Its
influence on pressure distribution can affect the flow underneath of the vehicle consequently
affecting the convective heat transfer. However its influence on thermodynamics is seldom
studied. The influence of wheel rotation and MRF on rims on the flow underneath and rear
of the vehicle can be seen in the fig 4-1. The figure shows the occurrence of converging flow
pattern downstream as the simulation moves from reference model to model with only wheel
rotation to model with both wheel rotation and MRF on rims. The maximum convergence
pattern is found for the later model.

The table shown in fig 4-2 reference the temperature deviations from the tk points. It is clear
from table 4-2 that the individual influence of MRF is significant but only around specific
regions. But the extent of influence due to MRF is dependent on the wheel rim profile. Also
from this table the influence of these model on the heat shield is negligible except the tk 166.
Hence further discussions will be focused on rear exhaust system.

4-1 Detailed Observation and Reasoning

When looked into tk 194 and tk 269, there is a decrease in temperature for both simulations
(i.e, simulation with MRF on rims and wheel rotation and simulation with only wheel rotation)
compared to reference simulation, fig 4-2. The wheel rotation and MRF on rims increase the
average dynamic pressure of the flow under the entire rear of the vehicle making the static
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22 Simulations of Model with Wheel Rotation and with and without MRF on Rims

Figure 4-1: Model geometry and streamlines of reference model, model with wheel rotation and
model with wheel rotation and MRF on rims

pressure more negative as shown in fig 4-3. However fig 4-4 shows that the concentration of
velocity magnitude at the center of this stream disperses closer to muffler.

The flow above the upper surface of the muffler is in the upwind direction. These upwind
flows are for that reason guided directly towards the on-coming downstream flow. When they
meet, the vortex formed is damped and a belt of high static pressure is seen along the sides
of the muffler as shown in fig 4-3. It is interesting to note that this upwind flow is in a narrow
gap between the muffler and the heat shield. Therefore when the upstream flow meets the
downstream flow, the vortex formed is structurally damped by the heat shield and the muffler.
This makes it a more two dimensional vortex phenomena. In the reference simulation the
velocity concentration of the stream flowing along the sides of the muffler damps the side-wise
drift of the upwind flow coming from upper surface of muffler. The side edges of the muffler
are affected the most due to the presence of two flows in opposite directions. As a consequence
the vortex formed is strong and disturbs the smoother downstream flow ahead, creating more
stagnant flow area along the side of the muffler. The effect of this vortex is weaker downstream
flow due to the structural hindrance of the exhaust tail pipe. In the simulation with wheel
rotation and MRF on rims, the static pressure is significantly low ahead of the muffler (more
negative with respective to reference). This explains the larger reverse flow vortex at the side
edge of the muffler. The velocity magnitude of the concentrated stream is slightly decreased
resulting in a weaker and larger vortex. This enhances the flow circulation along the side
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4-1 Detailed Observation and Reasoning 23

Figure 4-2: Table of temperature deviation comparison of model with only wheel rotation and
model with wheel rotation and MRF on rims with respect to reference model at 70 km

h . The
temperature deviation ∆T = Temperature reading of ’X’ - Temperature reading of reference
model

Figure 4-3: Relative static pressure comparison of reference model and model with wheel rotation
and MRF on rims at tk 194 and 269 along XY axis

surface of the muffler. As a result the stagnant flow regions along the sides of the muffler
are diminished. This together with better flow circulation as explained provides a better
convective heat transfer along the sides of the muffler. The comparison found in fig 4-5. Fig
4-6 shows the temperature difference between the two simulations.
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Figure 4-4: Airflow velocity comparison of reference model and model with wheel rotation and
MRF on rims at tk 194 and 269 along XY axis

Figure 4-5: Velocity vector comparison of reference model and model with wheel rotation and
MRF on rims at tk 194 and 269 along XY axis

The reason for the velocity magnitude shift is explained in the fig 4-7. When compared, a
congestion around region ’A’ is observed in reference simulation. Here the static pressure is
high, while in simulation with MRF the congestion is minimized decreasing the static pressure.
In the simulation with MRF a region between the wheel and the wheel arches, named ’B’,
sucks out larger quantity of air undisturbed unlike the reference case. This phenomena around
’A’ and ’B’ is only due to wheel rotation. This is clear when looked into the temperature
difference on tk 269 as shown in table in fig 4-2. The influence of MRF on rims is dominant
around tk 194. The reason is clear from the streamline patterns shown in fig 4-1. The flow is
more converging to the end of the vehicle in the model with both wheel rotation and MRF
on rims compared to the other two models. In other words, the mass flow rate is higher in
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Figure 4-6: Temperature comparison of reference model and model with wheel rotation and
MRF on rims at tk 194 and 269, where the temperature on scale is multiplied with a factor of
exaggeration

this model compared to the other two models especially along the rear of the vehicle resulting
in a more effective convective heat transfer. Similar is the case for tk 191. The temperature
difference (i.e, decrease in temperature) has doubled in simulation with both MRF on rims
and wheel rotation compared to one with only wheel rotation, table 4-2.

Figure 4-7: Airflow comparison of reference model and model with wheel rotation and MRF on
rims over the regions ’A’ and ’B’ along XY axis

On tk 192 and 193, as seen in the table in fig 4-2 the readings around these regions show
increase in temperature. When considering the region downstream close to exhaust tail pipe,
i.e, regions that cover tk 192 and 193, the velocities are higher in reference condition than one
with MRF on rims and wheel rotation or one with only wheel rotation. However the decrease
in velocity is insignificant when compared to increase in temperature (avg. 18 degree Celsius).
This rules out the influence of decrease in velocity rate. Here the direction of flow provides
the key to the reasoning. Fig 4-8 and 4-9 show the flow of hot air downstream after cooling
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the upstream solids with high temperatures in both cases. A fraction of this air gets collected
in the voids between under-body and rear of exterior heating the region surrounding the
void, while remaining washes out downstream. However in the case with MRF these hot air
gets concentrated into a steady vortex close to the region sandwiched between the exhaust
inlet pipe to the muffler and exhaust outlet pipe from the muffler. This creates a hot zone
around this region. The vortex formed sucks in the hot air downstream that flowed between
muffler and heat shield. Hence the temperature of air surrounding this region is high. This
decreases the temperature difference between the adjacent solids and air thus decreasing the
convective heat transfer as clearly shown with equation 2-2. It is shown in fig 4-10 where the
conduction in simulation with MRF is reduced due to the decrease in temperature difference.
This explains the higher temperature along the surface facing upwind of the exhaust tail pipe
consisting of tk 192 and 193. As a result inefficient convection and high conduction from this
region explains the raise in temperature on tk 192.

Figure 4-8: Airflow velocity comparison of reference model and model with wheel rotation and
MRF on rims at tk 192 and 193 along XZ axis

Moreover, unlike the reference case, in simulation with MRF two new vortices are generated
just below the exhaust tail pipe close to region surrounding tk 193. They re-circulate hot
air in this region similar to the above case hence reducing the temperature gradient between
the exhaust pipe wall and air surrounding it, resulting in a reduced convective heat transfer.
From fig 4-8 the vortex direction ’A’ is visible. The vortex from the point of view is counter
clockwise opposing the flow downstream. This explains the average reduction in velocity
magnitude in the case with MRF.

Fig 4-3 shows the influence of the lower static pressure ahead of the sleeve. Due to lower
static pressure ahead the air close to exhaust tail pipe outlet (i.e, surrounding the sleeve)
moves inwards taking part in recirculation resulting in forming the vortex close to tk 193 as
shown in fig 4-11. In addition this inward air flow is heated up by the exhaust tail pipe on
the way to tk 193 decreasing the temperature gradient between the solid and air surrounding
the region tk 193.

The temperature reading at tk 195 is lower in simulation with MRF compared to the reference
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Figure 4-9: Comparison of air temperature of reference model and model with wheel rotation
and MRF on rims over the regions of tk 192 and 193 along XZ axis, where the temperature on
scale is multiplied with a factor of exaggeration

Figure 4-10: Comparison of convective heat transfer of reference model and model with wheel
rotation and MRF on rims over the regions of tk 192 and 193

simulation. Even though tk 195 is placed in similar position as tk 192 in the opposite exhaust
tail pipe, the temperature deviation is in the opposite direction. This is because firstly, they
are not placed symmetrically in terms of coordinates. Tk 195 is close to muffler by 25 mm
while tk 192 is closer to muffler by 66 mm. Secondly, unlike tk 192 there is no presence of
exhaust pipe inlet to the muffler in front of the respective tail pipe. Since this exhaust tail
pipe is considered as the heat source of the simulation, position of the same has a significant
influence. Therefore the flow around the region consisting of tk 195 is cooler. This increase
in temperature difference enhances convective heat transfer. The hot zone, as explained in

Master of Science Thesis Arun Kumar



28 Simulations of Model with Wheel Rotation and with and without MRF on Rims

Figure 4-11: Velocity vector comparison of reference model and model with wheel rotation and
MRF on rims at tk 192 and 193 along XY axis, explaining the upstream flow through the sleeves

the temperature deviation of tk 192, differentiates the trend one expects from tk 195 in
comparison to tk 192.

Finally, the exhaust rear muffler is not placed symmetrically. As a result, one side is closer to
the wheel compared to other. The side consisting of tk 269, 194, 195 and 196 is shifted closer
to the wheel in comparison to the side consisting of tk 191, 192 and 193. As a consequence,
the influence of wheel rotation and MRF is more predominant on the side closer to the wheel.
Checking the radiation and convection over the total heat flux in these regions as shown in
fig 4-12, shows the dominance of convection. Any change in total heat flux in the simulation
with MRF is due to the effective convection. In this condition the temperature of exhaust
gases are not affected and hence remain same as reference case. The variation of radiation is
only a side effect of effective convection.

The region of tk 196 the hot air that absorbs the heat from the top and front surface of
the exhaust tail pipe flows around the back of the same pipe. In reference model the flow is
undisturbed while in the simulation with MRF the presence of an up-wash creates a stagnant
region. So the heat transfer in this region becomes difficult. This is visible from fig 4-12
showing the difference in convection for the two cases.

4-2 Conclusion

The influence of wheel rotation and MRF on rims is quantified. The influence of wheel rotation
is more dominant when compared to that of MRF on rims. Though MRF on wheels influence
only certain regions, the magnitude of the influence is notable (approximately double that
of model without MRF on rims). The table in fig 4-2 compares the two parameters and the
influence of the individual is vivid. The important point to remember in this conclusion is that
the influence of wheel rotation will remain same in general for the given wheel diameter, tyre
thread profile and ride height. But the the influence of the MRF on rims is only quantified
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Figure 4-12: Comparison of Heat transfer of reference model and model with wheel rotation and
MRF on rims over the regions of tk 195 and 196, showing dominance of convection

for a given custom rim profile and its influence for different rim profiles cannot be concluded
with a single solution. This is because this rim profile gave more or less a suck-in effect to
the air that entered from the outer sides of the wheel. If the profile given provides a more
effective suck-in/suck-out effect the results obtained will be different. Since the under-body
is a complex geometry a general conclusion for the influence of MRF cannot be deduced and
its extent of influence is based on the given rim profile. In addition it is also noticeable that
the temperature deviation is almost similar around the tk points 221, 222 and 190, which
implies that there is no influence of this parameter upstream. Hence only the rear part of
the vehicle has any noticeable influence due to these parameters. As mentioned in section 2-3
the MRF method is a steady state approach and it observes an instantaneous flow field with
the rim (rotating part) in a specific position. Sliding mesh technique can be used for a more
detailed study as it uses transient condition which is more realistic in nature. However the
time consumed for this transient approach is too high.
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Chapter 5

Simulation of Model with Exhaust
Suction Pipes

The test section of the wind tunnel at Volvo cars is split into two. The front half is where the
aerodynamics team conduct their tests while the second half is for the thermodynamics team.
As mentioned in section 1-2 during the test they attach exhaust suction pipes to absorb all
the emissions coming out of the exhaust system hence preventing it from being released into
the wind tunnel chamber as shown in fig 5-1. Mass flow rate of air being drawn by these
suction pipes is the best possible boundary condition that can be deduced from the given
provisions. In order to calculate the mass flow rate of suction various velocity readings of
air were taken at the mouth of the pipe using anemometer with different blockages at the
mouth of the pipe as shown in fig 5-2. These experimental values were then taken as input
for a separate the exhaust suction pipe simulation providing an average mass flow rate. This
mass flow rate is then taken as the boundary condition at the suction pipe inlet for this CFD
simulation model.

The table shown in fig 5-3 shows the influence of exhaust suction pipes on the vehicle’s
thermal results. The trend of temperature is to decrease compared to reference simulation
as shown in this table. This phenomena is due to the decrease in pressure inside the muffler,
especially in the exhaust inlet chamber, sketched in fig 5-4. In the reference model there is a
pressure gradient across the three chambers resulting in an effective flow circulation and thus
a smoother heat transfer from one chamber to another. When it comes to the model with
exhaust suction pipes this pressure gradient is negligible hence there isn’t any effective flow
circulation or air movement from one chamber to another. This dampens the heat transfer
across the chambers as mentioned in detail in the next section.

5-1 Detailed Observation and Reasoning

Exhaust System : The temperature deviation at tk 191 is positive. This implies that the
temperature at this point is higher in the model with exhaust suction pipes compared to the
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Figure 5-1: Model geometry of reference model and model with exhaust suction pipes

Figure 5-2: Figure showing the experimental reading and the junction connecting the exhaust
tail pipe and suction pipe

reference model. The fig 5-5 shows the flow of exhaust gas inside the muffler. In reference
model the flow along the region close to tk 191 is stagnant reducing the heat transfer from
hotter air to the wall with tk 191. In model with exhaust suction this stagnation region shifts
upwards. This improves convection in the inner wall of the muffler heating tk 191. Hence
the increase in temperature in this region is just a local phenomena. In general the trend of
temperature is to decrease when a suction pipes is attached. Through further investigation
fig 5-6 shows the convection between exhaust gas and inner wall of the muffler. (Keep in
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Figure 5-3: Table of temperature deviation between reference model and model with exhaust
suction pipes at vehicle velocity = 70 km

h . The temperature deviation, ∆T = Temperature reading
of model with exhaust suction pipes - Temperature reading of reference model

Figure 5-4: Pressure comparison between reference model and model with exhaust suction pipes
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mind that negative in scale, i.e, towards dark blue shows that the heat is transferred out from
exhaust gas to inner wall of the muffler). Fig 5-6 shows light blue colour around the specific
region surrounding tk 191 which explains the inefficiency of the heat transfer due to poor
inner flow around the corners. Comparison in the fig 5-6 (a) and (b) shows the upper shift of
this stagnation. This local phenomena is not reliable because of two possible reasons. Firstly,
the flow model used is for steady state condition while the flow inside is complex and possibly
of transient characteristics, locally around tk 191 inside the muffler that could fluctuate this
regional flow stagnation up and down providing a logical reason to this observation. Secondly,
the volume mesh pattern formed by the mesher inside the exhaust muffler between the two
models are not identical hence effecting the flow pattern in micro level.

Figure 5-5: Velocity comparison of exhaust system between reference model and model with
exhaust suction pipes at tk 191,194 and 269 along XY plane

The temperature deviation is negative at both tk 269 and tk 194. This implies that the
temperatures have decreased around this region for this model in comparison to reference
model. In fig 5-7-(a) showing the convection heat transfer on the inner wall of the muffler
consisting of tk 269 and tk 194 highlights a dark blue region of concentrated heat transfer.
When cross-sectioned through this region one finds the location of the connecting pipes that
connects this chamber ’C’ to the main chamber ’A’ as shown in the fig 5-8. However in the
model with exhaust suction pipes, this dark blue region is absent, fig 5-7-(b). The reason for
such a blue region of concentrated heat transfer lies on the velocity magnitude through the
connecting pipes that connect these chambers. This is because, in steady state the circulation
between the chambers are high in reference case due to the presence of high pressure exhaust
gas from the exhaust pipes inlet to the muffler. Since the outlet of the tail pipes is at pressure
close to atmospheric pressure, the pressure in general is higher inside the muffler with increase
in pressure at the main chamber, i.e, ’A’. Presence of such high local pressure gradient increases
the magnitude of flow circulation velocity between the chambers. This movement of mass flow
provides an effective heat transfer though the chambers. As a result the mass flow through
connecting pipes transfer significant amount of heat in the form of convection as shown in
by the dark blue region of concentrated heat transfer. In the case with exhaust suction pipes
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Figure 5-6: Inner surface convection comparison of exhaust system between reference model and
model with exhaust suction pipes at tk 191 along XZ plane

which are attached at the end of tail pipes outlet the pressure inside the muffler reduces to
a lower pressure than atmospheric pressure and the pressure gradient across the chambers
are very low. This causes the steady circulation velocity to reduce significantly, even closer
to zero in average across the connecting pipes. This reduction in mass flow affects the heat
transfer from chamber ’A’ to chamber ’B’. This is visible when looking at the velocity through
the plane cutting through the pipes connecting the chambers as shown in fig 5-8 and also
supported by the streamline pattern inside the muffler 5-9.

Figure 5-7: Inner surface convection comparison of exhaust system between reference model and
model with exhaust suction pipes at tk 194 and 269 along XZ plane
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Figure 5-8: Velocity comparison of exhaust system between reference model and model with
exhaust suction pipes at tk 194 and 269 along XY plane

Figure 5-9: Comparison of streamlines inside muffler of exhaust system between reference model
and model with exhaust suction pipes at tk 194 and 269 along XY plane

It is seen that the ambient air temperature underneath the vehicle of the reference model,
shown in fig 5-10, is high. This is due to the fact that certain amount of air remains locked
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in the rear after cooling the muffler and heat shield. This air takes heat from heat sources,
i.e exhaust system, and then raise the average heat of air that flows underneath the vehicle.
This is due to the complex exterior wall geometry (here only the rear bumper is considered)
of the vehicle. This wall has sealed the air from directly flowing to the ambient air behind
the vehicle, as a result this hot air recirculates.This unnecessary recirculation heats up the
flow underneath the vehicle and the average heat of air in this region increases reducing
the convection heat transfer (reduced temperature gradient). Also the presence of these re-
circulations disturbs the smooth flow underneath the vehicle. As mentioned previously the
exhaust suction pipes have leakages directly close to the exhaust tail pipes. When the exhaust
suction pipes are implemented all these recirculating hot air is drawn out from underneath the
vehicle. This adds provision for cooler air to flow underneath the vehicle as shown in fig 5-10.
In addition this suction increases the velocity magnitude of air flowing underneath, enhancing
the convection. The presence of complex under-body geometry blockages minimize this effect
to regions close to the suction such as areas around tk 193 and 196. Fig 5-11 depict this effect.
The suction effect of the exhaust suction pipes also has intensified convective heat transfer
between the exhaust gas and the exhaust tail pipes’ inner walls. As shown in fig 5-12 the
regions along the end of the tail pipes have transferred appreciable amount of heat through
effective convection due to the increased mass flow rate by the exhaust suction pipes. The
temperature at these regions are very low (close to ambient air temperature). The presence of
such high temperature gradient promotes high conduction throughout the exhaust tail pipes.

Figure 5-10: Comparison of air temperature surrounding exhaust system between reference
model and model with exhaust suction pipes at tk 193 and 196 along XY plane

Such an explanation can be used in the case of tk 193 but for tk 196 there is an exception
over local inner wall convection in the region covering tk 196. When considering tk 196 the
local conduction in the outer region, i.e between outer wall of the exhaust tail pipe and air
flowing outside, is lower compared to the reference model. When looking into the inner wall
convection, it is seen that the local convection between exhaust gas inside and inner wall close
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Figure 5-11: Convection comparison of exhaust system between reference model and model with
exhaust suction pipes at tk 192 and 193

Figure 5-12: Inner surface convection comparison of exhaust system between reference model
and model with exhaust suction pipes at tk 192 and 193

to tk 196 is higher than reference model. The fig 5-13 and 5-14 show the above mentioned
occurrence. This should increase the temperature locally at tk 196 but in final comparison
the temperature reading shows a decrease in temperature at tk 196 for simulation of model
with exhaust suction pipes when compared to reference model simulation. This is due to the
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dominance of conductive heat transfer. The increase in temperature is concentrated to only a
very small region while the dominance of conduction is appreciably high contributing to net
decrease in temperature for the simulation of model with exhaust suction. The reduction of
local convection in the outer wall of tk 196 is due to the stagnation of the flow. Although it is
only in a small region where its influence is notable as mentioned above. This flow behaviour
is due to the unsymmetrical placement of rear muffler. In tk 193 the temperature decrease is
higher than tk 196.

Figure 5-13: Convection comparison of exhaust system between reference model and model with
exhaust suction pipes at tk 195 and 196

In addition it is important to note that in this model the exhaust suction pipes are considered
as adiabatic walls. Hence the conduction between the mouth of the exhaust suction pipes and
the outlet of the exhaust tail pipes are not taken into account even though they are physically
in contact to each other as shown in fig 5-2, 5-11 and 5-13. In addition the convective heat
transfer of this contact region by the exhaust tail pipe and the metal part of the exhaust
suction pipes should have contributed to higher heat transfer. For this reason the decrease in
temperature inclusive of this effect will be higher in comparison to the current results.

Heat Shield : It is noticeable that the temperature distribution on rear muffler has changed
significantly when compared between the reference simulation model and the simulation model
with exhaust suction pipes, similar effect is found in the region of the heat shield close to
chamber ’A’ of the muffler but the change in temperature for the same models around the
region close to chamber ’B’ is close to zero, as shown if fig 5-15. The main reason for this can
be explained by looking through the upper surface convection of heat shield. The reason for
such an occurrence is explained in fig 5-16 showing the convective heat distribution over the
heat shield. Although the convective cooling is effective in the regions close to tk 167 and tk
168 which is shown through the fig 5-17, this figure shows the lateral heat shift from left to
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Figure 5-14: Inner surface convection comparison of exhaust system between reference model
and model with exhaust suction pipes at tk 195 and 196

Figure 5-15: Solid temperature comparison of heat shield between reference model and model
with exhaust suction pipes (view: lower surface of heat shield)

right which explains the convection pattern found in fig 5-16.

As mention in the above paragraph the temperature deviation on muffler tk points 269 and
194 are high for model with exhaust suction pipes in comparison to reference model. The
temperatures of these tk points are very low for the model with exhaust suction pipes. But
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Figure 5-16: Outer convection comparison of heat shield between reference model and model
with exhaust suction pipes(view: upper surface of heat shield)

their influence is not observable on the heat shield. Else the decrease in temperature at tk 269
should reduce the temperature of the heat shield close to that region in the same magnitude.
This is because the airflow above the heat shield is disturbed in the model with exhaust suction
pipes compared to reference model. The flow above the heat shield tends to drift towards
the right side due to lower static pressure in right side compared to the left side as shown
in fig 5-4. As a result in the upper surface the intense heat found close to tk 168 is shifted
towards the right (towards tk 167). Although the intensity of heat doesn’t reach till the other
end of the heat shield. This hot air drift increases the average temperature of surrounding
the heat shield and reduces cooling effect of the heat shield due to poor convection. This
heats the middle part of the upper surface of the heat shield creating a hotter surface in the
middle. This, along with the conduction of the heat from middle region to through out the
heat shield (being made of conductive material), creates a temperature patten close to the
reference model temperature pattern.

The cause of such a phenomena is due to the tendency of flow pattern towards right. This is
because of the static pressure pressure pattern shown in fig 5-4. The static pressure in overall
region underneath the vehicle is lower in this case compared to reference model. However the
decrease in static pressure is more in average in the right side of the muffler (when looked
from up) compared to the left side. This is due to the presence of exhaust pipe inlet in the
left of the muffler unlike right side of the muffler and the suction effect of exhaust suction
pipes are more close in the right side of muffler due to asymmetric positioning.
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Figure 5-17: Comparison of air temperature surrounding heat shield between reference model
and model with exhaust suction pipes at tk 167 and 168 along YZ plane

5-2 Conclusion

The influence of the exhaust suction pipe on thermal simulation is quantified. Among the
other parameters of study this one highlights itself by bringing a notable temperature devia-
tion. However it is clear from the fig 5-3 that its influence only remain in the rear end of the
vehicle. There is no influence due this suction effect in the tk points close to the front half
of the vehicle, such as tk 221 and 222. It is important to note that the deviation is totally
dependent on how the suction pipe is attached to the exhaust tail pipe as different attach-
ments result in different leakage ratio. In some cases only one suction pipe will be attached,
i.e for vehicles with only one tail pipe, which also changes the leakage ratio. Moreover it
is dependent on the inner geometry of the rear muffler. Since the muffler geometries vary
from one model to another the scale of temperature deviation observed here is only specific
to this model. To explain in detail, say the given muffler geometry has the exhaust inlet pipe
connected directly to the center chamber unlike this model where it is connected to the left
chamber (’A’). The decrease in temperature at tk 269 and 194 will not be so high. In addition
the flow nature (the stagnant region) close to tk 191 will be different. The interesting result
from this simulation is that the simulation readings are closer to experimental values which
explains the importance of including the exhaust suction pipes while designing wind-tunnel
modelling. The results obtained can be more accurate when correlated with experimental
values provided the simulation runs with a much more finer mesh.
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Simulation of Model with Reduced
Ride Height

Being one of the parameters under study variation in ride height is looked into using two
models. The first model is with normal ride height, 160mm (reference model) and second
model with lower ride height, 110mm giving a reduction of ride height by 50mm, as shown
in figure 6-1. The increase in velocity with decrease in ride height plays the major role
over the trend of decrease in temperature throughout the model. As a result the convective
heat transfer is higher for lower ride height. Table shown in fig 6-2 shows the temperature
deviation due this change. It is clear that the deviation trend is negative, i.e, the temperature
has decreased with reduced ride height.

Figure 6-1: Ride height comparison between the two models
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Figure 6-2: Table of temperature deviation between reference model and model with reduced
ride height at vehicle velocity = 70 km

h . The temperature deviation ∆T = Temperature reading
of model with reduced ride height - Temperature reading of reference model

6-1 Detailed Observation and reasoning

Since the trend of temperature deviation (decrease in temperature) is similar for all tk points,
the reasoning for their occurrence is almost identical. Some of the significant tk points are
explained in detail.

The stagnant flow found on the left upper surface close to tk 165 and 166 changes to a flow
with notable velocity magnitude. Moreover the average velocity surrounding this region has
increased in the model with decreased ride height as shown in the velocity distribution of a
YZ plane cut along tk 166, fig 6-3. The heat shields are heated up primarily by the radiative
heat transfer from the exhaust system. Since the flow close to the exhaust pipe is higher
there is more convection, resulting in decrease in exhaust pipe temperature. This directly
reduces the radiation emitted by the exhaust pipes resulting in lower radiation heat transfer
to the heat shields. This is occurrence is visible from table shown in fig 6-2. Take tk 190
which is positioned on the exhaust pipe is close to tk 166 for example. There is a decrease in
temperature by 5 degrees in tk 190 which plays a major role in the decrease in temperature
for tk 166.

In addition, the temperature gradient of air from the exhaust pipe to the heat shield along the
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z axis (vertical) has increased as shown in fig 6-3. This is due to the increased velocity gradient
along x axis. As a result the air surrounding the heat shield is cooler in this simulation model
compared to reference model. This enhances convective heat transfer. In the reference model
the heat shield is hotter in the left side compared to the model with reduced ride height as
pointed out in fig 6-4. More dominantly there is an effective convective cooling on the right
side which acts like a fin.

Figure 6-3: Comparison of air temperature and velocity surrounding the heat shield between
reference model and model with reduced ride height at tk 166 along YZ axis

When it comes to the influence over the rear part of muffler heat shield consisting of tk 167
and 168, the contributor to the temperature deviation (decrease in temperature) is the rise
in flow velocity magnitude between the muffler and muffler heat shield as pointed out by fig
6-5. When looked into the convection over the heat shield, fig 6-6, it is clear that the increase
in velocity along x direction has decreased the heating of the heat shield through vertical
convection from the heat source, i.e muffler. The fig 6-5 makes it easier to visually analyse
this occurrence.

Fig 6-7 shows that the temperature of air circulating close to tk points 194 and 269 are
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Figure 6-4: Comparison of solid temperature of the heat shield between reference model and
model with reduced ride height at tk 166

lower in this case compared to reference model. Fig 6-8 and 6-9 reason this fact by showing
the increase in velocity of air flowing close to the walls of muffler and the resulting average
increase in convection along the side of muffler having the tk points 194 and 269.

The deviation is higher in the right side of the muffler compared to left side as it is clear from
the readings from tk 269 and 194 compared to the left side. This is due to smoother flow
of air along the right side. Since the muffler is placed slightly offset towards right from the
central axis, the air flows with lower hindrance from the rear exterior of the vehicle. The flow
along the left side of the muffler is hindered from the beginning due to the exhaust inlet pipe
attached to it. The significant hindrance of rear exterior of the vehicle and the inlet exhaust
pipe to the muffler minimizes the flow velocity locally along the left side of the muffler, hence
minimizing the heat convection.

6-2 Conclusion

Variation of ride height has a steady trend with respect to the temperature deviation through-
out the vehicle. Unlike the other parameters, this one has influence throughout the complete
vehicle (from the front to rear of the vehicle). The deviation of temperature versus ride height
cannot be concluded to be linear. However, it is obvious that a decrease in ride height leads
to decrease in temperature and vice versa. The reduction in ride height has improved the
suction effect underneath the vehicle. Such a phenomena is called the ground effect. When
it comes to comparison between the CAD model and the real model, there is a possibility of
variation of ride height. For example the provided CAD model is designed with three persons
in the vehicle while the experimental model will have no person inside. However there will be
few heavy equipments on board that can increase the weight of the empty vehicle. Hence it
is important to determine the added weight and input the relative ride height in CAD model
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Figure 6-5: Comparison of air temperature and velocity surrounding the heat shield between
reference model and model with reduced ride height at tk 167 and 168 along YZ axis

for computational simulations. Hence when it comes to simulating the model, it should be a
factor of concern in order to bring out an accurate correlation with experiments.
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Figure 6-6: Comparison of convection of the heat shield between reference model and model
with reduced ride height at tk 166 and 168

Figure 6-7: Comparison of air temperature surrounding the exhaust system between reference
model and model with reduced ride height at tk 194 and 269 along XZ axis

Arun Kumar Master of Science Thesis



6-2 Conclusion 49

Figure 6-8: Comparison of air velocity surrounding the exhaust system between reference model
and model with reduced ride height at tk 194 and 269 along XZ axis

Figure 6-9: Comparison of convection of the exhaust system between reference model and model
with reduced ride height at tk 194 and 269
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Chapter 7

Discussion, Conclusion and Future
Research

7-1 Limitations of The Simulation Models

The model used for simulation has many advantages such as simplicity, reduced time con-
sumption, acceptable results for detailed study among others. However such a model comes
with some disadvantages as well.

Firstly, in the focused domain, the boundary conditions are taken from an already developed
full model simulation without exhaust suction pipes. This increases the accuracy of boundary
conditions. These boundary conditions include inlet region, top region and sides. The out-
let boundary condition cannot be traced from the full model simulation because unlike full
model simulation this model has two exhaust suction pipes. Also in the model, the exhaust
suction pipes are not completely contained in the domain. Since the pipes protrude out of
the domain, the only option available is to keep the outlet boundary condition at constant
pressure, given as 1.1 ∗ 105Pa absolute total pressure condition. It is common to put outlet
boundary condition as constant pressure in a wind tunnel simulation, but in those cases the
outlet is far beyond the domain of study giving ideally zero effect on the domain under study.
In this case the domain is quite small and providing such a pressure boundary condition will
have an effect on the flow upstream. As a consequence the values could be slightly deviated
from that found from a full car and wind tunnel simulation results. In addition the influence
of blockage due to the pipe is not involved in this model. Fig 7-1 clearly explains the concept
mentioned in this paragraph.

Secondly, the growth rate of cells are kept high for building a relatively coarse volume mesh.
This results in a less refined flow profile prediction underneath the vehicle. It will capture a
good boundary layer flow profile but flow profile as a whole between the under-skin of vehicle
to the floor is inaccurate. To improve the capturing quality of the flow pattern, the cells
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Figure 7-1: The constrained domain

underneath the vehicle should be more refined.

Thirdly, due to different mesh demands between different parts, it is difficult to interpolate
over the interface between these parts. This will lead to unsatisfactory impractical results.
However since these cells are limited to small regime in these thesis models, their effects are
limited when it comes to transfer of their information to neighbouring cells.

Fourthly, use of RANS is not the best option when it comes to analysing the flow inside
complex geometries such as inside muffler. This is because in physical testing the flow inside
the exhaust system is not steady hence eddies and vortices of high energy and small scales
will not be highlighted through this method. RANS is preferred in industries due to cost and
time management over accuracy. In order to capture more accurate flow physics inside the
muffler Large eddy simulation (LES) or Detached eddy simulation (DES) should be used.

Finally, in chapter 4, the exhuast suction pipes are considered as adiabatic walls, as a result
the conduction between the mouth of the exhaust suction pipes and the outlet of the exhaust
tail pipes are not taken into account even though they are physically in contact with each
other. It is described in detail in section 5-1 and shown in fig 5-2, 5-11 and 5-13. In addition
the convective heat transfer of this contact point and the metal part of the exhaust suction
pipes should have contributed to higher heat transfer. Thus the decrease in temperature
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inclusive of this effect will be higher in comparison to the current results.

7-2 Conclusion

Research justifies how important it is to implement the influences of factors included in virtual
wind-tunnel modelling. As the Volvo Environment and Fluid engineering is eagerly looking
forward towards an accurate and robust Virtual Wind Tunnel Simulation model it is obvious
to have correlation among results of different departments. In this research four parameters
are investigated. They are:

1. Exhaust Suction Pipes: It has the most profound influence among the other parameters
that were investigated. This is because, unlike other parameters it affects the flow inside
the muffler. However its influence is limited to the rear half of the vehicle especially,
on the exhaust system and the heat shields. This parameter gave an interesting result.
The temperature readings from the simulation has a closer match with the experimental
readings compared to readings from a full model simulation without this parameter. A
finer meshing of the domain will improve the flow physics and result in a more accurate
correlation to the experimental readings. It should be noted that the effect of flow inside
the muffler is dependent on the internal geometry of the muffler. Also the accuracy of
the result depends on the suction leakage factor. For different exhaust tail pipes, the
connecting tubes to the suction pipes are different creating different blockage ratio.
Hence different attachments have different suction leakages. This should be taken into
account while simulating or modelling the geometry. Some vehicles will have only one
exhaust pipe. In that case although the trend of the temperature will be negative (i.e,
decreased temperature reading compered to reference model) the variation pattern of
this deviation differ from the study above.

2. Wheel Rotation and MRF on Rims: The involvement of both MRF on rims and wheel
rotation were studied. It can be observed that the wheel rotation has an overall impact
on the rear of the vehicle, notably on exhaust system and heat shields. MRF on rims has
a notable impact on the flow pattern underneath the vehicle. But the impact of MRF on
rims is region specific but vivid. In the current model, influence of MRF is shown only
in two tk points but the magnitude of temperature deviation is twice that of the model
with only wheel rotation. So the involvement of MRF on rims depend on the additional
time consumed over the gain in accuracy of temperature prediction. However the time
consumed by MRF is quite small hence it is only the matter of additional settings
required for preparing the MRF approach.
It is important to understand that the influence of wheel rotation for a given wheel
size and ride height will have the same trend with respect to temperature deviation as
tabulated in this work. However the influence of MRF on rims will change in relation to
the rim profile. The rim profile studied here showed a slight inward suction effect hence
the influence is regional. The range of its impact is depended on the rim profile. Thus
different rim profiles provide different deviation in temperatures at different regions. A
further research on these profiles is necessary to provide a better conclusion. Observing
the temperature deviations along the tk points, it is clear that the influence of both
these factors included in the rear wheels lie only in the rear half of the vehicle.

Master of Science Thesis Arun Kumar



54 Discussion, Conclusion and Future Research

3. Ride Height: The deviation of temperature is observed from the beginning of the ex-
haust system in the domain which suggests that the variation of ride height influences
the entire vehicle. The decrease in temperature observed in this model is due to the phe-
nomena called as ground effect. The reduction in ride height has improved the suction
effect underneath the vehicle. Usually a common CAD model is used for computa-
tional simulations depicting wind tunnel simulations. This will give way to errors due
to variation in ride height. In the model in this research work an exaggerated decrease
of ride height of 50mm is considered. The main focus being to clearly demonstrated
its influence on temperature readings has been successfully tabulated. Thus when it
comes to factor of concern the variation of ride height with respect to experimental ride
height should be first noted. If the difference is significant then this element should be
considered as the factor of influence.

Finally this observation and investigation will help in integrated Virtual Wind Tunnel simula-
tions with an acceptable correlation in individuals’ results. This will benchmark the potential
elements in wind-tunnel modelling that will affect the simulation results as far as thermo-
dynamic simulation is concerned, providing a wider opportunity towards different possible
investigations for future research. It will place the accuracy standards of the thermal simula-
tion to that of other departments when it comes to wind-tunnel modelling. Finally and most
importantly, it will be a benchmark for future development in Virtual Wind Tunnel Design
project from thermal perspective.

7-3 Future Research

The conclusions from this work provides potential ground work for future research topics.

• Design and development of exhaust suction pipes: Since this element plays major role in
the accuracy of thermal simulation results to that of experimental results it is important
to design and develop an exhaust suction pipe that will influence the experimental sim-
ulations to a lower extent. This will bridge the gap between the real road conditions and
physical wind tunnel test results. The design and development includes minimized suc-
tion influence inside the exhaust muffler, lower suction leakages, minimize the deviation
of the effect for having single exhaust tail pipe and dual tail pipes.

• Optimizing current exhaust suction pipes: Optimizing the current exhaust pipe and
modifying the attachment section of the suction pipe to that of the end of exhaust tail
pipe. Finding a universal attachment geometry will minimize the variation of suction
leakage for different exhaust tail pipe geometries.

• Detailed study of various rim profiles: The importance of wheel rotation is clear from
this thesis. But the influence of different rim profiles should be studied in detail. As
mentioned in the conclusion of section 6-2, different profiles show different characteris-
tics. Also, depending on the complexity of the rim profiles, a detailed research relating
the accuracy of MRF approach over sliding mesh approach will be a valuable addition
to this topic.
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• MRF on front rims: As explained in section 7-2, the impact of MRF on rear rims for the
given rim profile is negligible. But the impact by the MRF on front rims located near
the engine bay may differ. Unlike the rear, the engine bay is tightly packed with pre-
determined complex air flow paths. Hence the possibility of influence due to slightest
variation in the flow pattern as a consequence of MRF on front rims cannot be neglected.

• Full model simulation: Since the model under study is comparatively small, a full model
simulation is necessary to conclude the influence with more accuracy. Since the domain
is small in this research the influence due to blockage factor of the exhaust suction pipe
is not quantified. In addition since this model is relatively coarser than normal full
model simulation, the flow physics captured by the simulation will be less accurate.

• Exhaust suction effect on different muffler geometries: Mufflers are of many different
sizes and with different inner geometries. Different mufflers are attached to these vehicles
depending on related specifications. Hence it is important to study and note the final
outcome of temperature distribution and exhaust inner flows due to suction effect in
these different mufflers.
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