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ABSTRACT 
 
The aerodynamic sub-discipline of flow control has for many years been, and still is 
today, a very prominent subject of research. This field encompasses devices that 
produce a beneficial change in wall-bounded or free shear flows that may lead to, 
among many possibilities, reduced drag of ground vehicles and airplanes. The end 
result could have a substantial improved impact on fuel economy and also introduce 
new possible design options.  
 
Creo Dynamics AB recently started to venture into the field of active flow control 
with huge interest for the technology and its possible applications. One such 
application includes a system that reduces drag on ground vehicles via the use of 
active flow control. The system is composed of three components: actuators, 
controller and sensors. The work carried out in this thesis deals with a study into the 
sensory placement and control approach related to the system on a very conceptual 
level. 
 
According to Creo’s vision of the project the sensor shall record the pressure 
distribution and characteristics up-stream of the actuators. In turn the algorithm 
shall be capable of translating and correlating this data to the flow state down-
stream and in the wake. This data is then to be relayed to a control system 
producing the correct actuation response to achieve desired flow characteristics. 
 
For this system to work knowledge about the coupling between wake behavior and 
pressure distribution on surfaces upstream of the separated flow is necessary. This 
thesis is an initial investigation into the possible couplings that can be found. The 
scope also includes investigation of the coupling during cross-winds and gusts.   
 
Simulations of a simplified car geometry were carried out using the CFD package 
OpenFOAM and the DDES turbulence model. The initial investigation yielded 
promising results, showing that a link between the wake behavior and pressure 
distribution up-stream exists. But further work has to be carried out, as is discussed 
in the last chapter, before the algorithm according to Creo’s specifications can be 
constructed.    
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NOMENCLATURE 
 
Abbreviations 
AFC Active Flow Control

CFD Computational Fluid Dynamics

CFL Courant Number

CV Control Volume

DDES Delayed Detached Eddy Simulation

DES Detached Eddy Simulation

FV Finite Volume

KTH Royal Institute of Technology

PDE Partial Differential Equation

SGS Sub-Grid Scale

ECO2 ECOnomical and ECOlogical vehicle design research

DNS Direct Numerical Simulation

FFT Fast Fourier Transform

GAMG Geometric-Algebraic Multi-Grid solver

GIS Grid Induced Separation

MSD Modeled Stress Depletion

LES Large Eddy Simulation

PBiCG Preconditioned Bi-Conjugate Gradient

PISO Pressure Implicit with Splitting of Operators

SIMPLE Semi Implicit Method for Pressure-Linked Equations

RANS Reynolds Averaged Navier Stokes

S-A Spallart-Allmaras turbulence model  
 
Symbols 
h Vechicle height [m]

L Vehicle length [m]

p Pressure [N/m
2
]

Q Second invariatn of velocity gradient

Re Reynolds Number

t, T Time [s]

u,v,w Velocities along x,y and z axis [m/s]

w Vehicle width [m]

V = (u,v,w) Velocity vector [m/s]

Ws Cross-wind component [m/s]

Ws Cross-wind component [m/s]

x x-coordinate [m]

y y-coordinate [m]

y+ Non-dimensional wall distance

z z-coordinate [m]

μ Dynamic viscosity [kg/ms]

ν kinematic viscosity [m
2
/s]

ρ Density [kg/m
3
]

 



 
Utfärdare/Issued by Telefon/Phone Dokumentslag/Type of document Reg-nr/Reg. No. 

David Bergman +46722220050 Report Creo-R-12-004 
 Datum/Date Infoklass/Info. Class Utgåva/Issue Sida/Page 

 2012-01-26 Company unclassified 1 5(83) 
    

    

 

 
TABLE OF CONTENTS 
 

1 INTRODUCTION ..........................................................................................................................................................7 

1.1 BACKGROUND ....................................................................................................................................................................7 
1.2 CAR WAKES AND PRESSURE DISTRIBUTION ...............................................................................................................................8 
1.3 OBJECTIVES AND APPROACH ...............................................................................................................................................10 
1.4 CONSTRAINTS ..................................................................................................................................................................11 
1.5 OUTLINE .........................................................................................................................................................................11 

2 MODELIN THE PHYSICS ............................................................................................................................................. 13 

2.1 GOVERNING EQUATIONS ....................................................................................................................................................13 
2.2 TURBULENCE AND ITS MODELING .........................................................................................................................................14 

2.2.1 Reynolds Average Navier Stokes (RANS) ............................................................................................................14 
2.2.2 The Spalart-Allmaras model (S-A) ......................................................................................................................15 
2.2.3 Large Eddy Simulation (LES) ...............................................................................................................................17 
2.2.4 Hybrid RANS-LES ................................................................................................................................................19 

3 NUMERICAL APPROACH ........................................................................................................................................... 22 

3.1 CFD ..............................................................................................................................................................................22 
3.1.1 Pre-processor .....................................................................................................................................................22 
3.1.2 Solver .................................................................................................................................................................23 
3.1.3 Post-Processor ....................................................................................................................................................23 

3.2 OPENFOAM ...................................................................................................................................................................24 
3.2.1 Spatial discretization ..........................................................................................................................................24 
3.2.2 Temporal discretization .....................................................................................................................................27 
3.2.3 Courant number .................................................................................................................................................27 
3.2.4 Algorithms ..........................................................................................................................................................28 

4 MESH & GEOMETRY ................................................................................................................................................. 34 

4.1 ANSYS ICEM CFD ..........................................................................................................................................................35 
4.2 THE MODIFIED WINDSOR GEOMETRY ..................................................................................................................................35 
4.3 COMPUTATIONAL DOMAIN ................................................................................................................................................36 

5 SIMULATION SETUP .................................................................................................................................................. 38 

5.1 BOUNDARY CONDITIONS ....................................................................................................................................................38 
5.1.1 Cross-wind gust function ....................................................................................................................................39 

5.2 NUMERICAL SCHEMES .......................................................................................................................................................40 
5.3 SOLUTION SETTINGS .........................................................................................................................................................40 

6 RESULTS & ANALYSIS ................................................................................................................................................ 42 

6.1 STEADY STATE SIMULATION ................................................................................................................................................42 
6.1.1 30 m/s head-wind steady state simulation ........................................................................................................42 
6.1.2 20° Cross-wind steady state simulation .............................................................................................................45 
6.1.3 Coupling between cross-wind and pressure on the rear slant surface ...............................................................48 

6.2 TRANSIENT SIMULATIONS ...................................................................................................................................................50 
6.2.1 30 m/s continuous head-wind simulation ..........................................................................................................50 
6.2.2 Continuous 20° cross-wind simulation ...............................................................................................................56 
6.2.3 20° cross-wind gust simulation ..........................................................................................................................61 

7 DISCUSSION .............................................................................................................................................................. 68 

7.1 RESULTS .........................................................................................................................................................................68 
7.2 POSSIBLE ERRORS .............................................................................................................................................................69 

8 CONCLUSIONS .......................................................................................................................................................... 70 



 
Utfärdare/Issued by Telefon/Phone Dokumentslag/Type of document Reg-nr/Reg. No. 

David Bergman +46722220050 Report Creo-R-12-004 
 Datum/Date Infoklass/Info. Class Utgåva/Issue Sida/Page 

 2012-01-26 Company unclassified 1 6(83) 
    

    

 

9 WAY FORWARD & RECOMMENDATIONS ................................................................................................................. 71 

10 REFERENCES ............................................................................................................................................................. 73 

APPENDIX A – INTEGRATED PRESSURE OVER THE REAR SLANT ZONES FOR THE 30 M/S HEAD-

WIND CASE ........................................................................................................................................................................ 75 

APPENDIX B – INTEGRATED PRESSURE OVER THE REAR SLANT ZONES FOR THE 20° CROSS-WIND 

CASE .................................................................................................................................................................................. 78 

APPENDIX C – INTEGRATED PRESSURE OVER THE REAR SLANT ZONES FOR THE 20° CROSS-WIND 

GUST CASE ......................................................................................................................................................................... 81 

 



 
Utfärdare/Issued by Telefon/Phone Dokumentslag/Type of document Reg-nr/Reg. No. 

David Bergman +46722220050 Report Creo-R-12-004 
 Datum/Date Infoklass/Info. Class Utgåva/Issue Sida/Page 

 2012-01-26 Company unclassified 1 7(83) 
    

    

 

1 INTRODUCTION 

This report presents the work and results of a Master’s Thesis carried out as the 
final examination within the Aerospace Master’s program at the Royal Institute of 
Technology (KTH) in Stockholm, Sweden.  
 
The work was performed in Linköping, Sweden, at Creo Dynamics AB [1] as part 
of the company’s research within the ECO2 program [2].    

1.1 Background 

The aerodynamic sub-discipline of flow control has for many years been, and still is 
today, a very prominent subject of research. With knowledge of how to affect the 
flow it is possible, via the use of actuator devices, to produce a beneficial change in 
wall-bounded or free shear flows. These actuators can manipulate the flow in a 
variety of ways including suppression or enhancement of turbulence, delaying or 
advancing transition and preventing or provoking separation of the flow. Although 
the goals are very application specific some of the, today, most sought after effects 
include drag reduction, lift enhancement and flow-induced noise suppression. The 
many possible benefits offered by this technology is of great interest within a broad 
span of industries and application somehow involved in or affected by fluid 
dynamics. Most prominent, however, are the aerospace and vehicle industry as a 
major breakthrough could mean substantially improved fuel efficiency and new 
design options.  
 
Flow control is commonly divided into two types: passive and active. Since many 
years back passive control methods and devices have been developed and employed 
to produce a desired flow. Passive flow control includes aerodynamic surfaces or 
features, completely fixed or flow triggered, in which the effects desired are 
inherently built into the devices. For example such a device is a vortex generator 
shown in Figure 1, which triggers turbulent flow, over wings or car rear windows 
for example, that is more resistant to separation.  
 

 

Figure 1 – Left: Gloster Javelin with vortex generators on the wing [3]. Right: The 
Mitsubushi Lancer Evolution IX with vortex generators [4]. 

Active Flow Control (AFC), in comparison to passive, requires an input signal to 
operate. The many benefits of this system, such as integration and the susceptibility 
to adaptive control, introduce possibilities, such as optimization and multi-
functionality, unavailable with passive control. Also passive exterior devices may 
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be removed and replaced by actuators, such as synthetic sucking, blowing or 
oscillating jets and vibrating surfaces, integrated into the structure. 
 
In order to have a fully adaptive control system a closed-loop control system is 
necessary. A closed-loop system continuously measures the effects caused by the 
current input and feeds this information back to update the control system. 
Therefore in order to employ an adaptive system a sensor or array of sensors is 
required that can record and feed required data back to the system.       
 
Creo Dynamics AB, or Creo, is a company specializing in creative and innovative 
solutions within the disciplines of acoustics, structural dynamics and aerodynamics. 
With prior experience of Active Noice Control (ANC), Creo recently ventured into 
the field of adaptive aerodynamic control systems which are linked to ANC but also 
a highly interesting technology and subject of the future. A patent was recently filed 
by Creo, EP11195113.3, describing an invention that can reduce drag on ground 
vehicles through the use of AFC. The system is composed of three components: 
actuators, controller and sensors. This thesis conducts a study into the sensory 
placement and control approach related to the system on a very conceptual level. In 
parallel, at Creo, a master’s thesis was conducted dealing with CFD simulation of 
the actuators [5]. 
 
The basic idea behind Creo’s AFC-system is to, along stream-wise direction, place 
an arrangement, comprising a sensor ahead of an actuator, up-stream of the 
separation line. This allows the system to work with current data instead of, if the 
sensor was placed in the wake, old data. The sensor arrangement shall register the 
pressure distribution on surfaces up-stream of the separation line i.e. the line along 
which the flow separates. As the pressure distribution is coupled to the overall flow 
behavior events downstream of the separation line should influence and reflect 
upon the up-stream flow. A sensory placement up-stream can collect and transfer 
information to the actuators prior to the flow particles arrival and passing over the 
actuators resulting in better actuation than if the sensor was placed downstream.      

1.2 Car wakes and pressure distribution 

This section gives a brief introduction to the concepts of turbulent laminar and 
separated flow, wakes behind bluff bodies and pressure distribution. 
 
Flow represents the general motion of fluid particles within a given control volume. 
If the fluid particles travel in an orderly fashion along parallel streamlines the flow 
is laminar. Instead if the particles move in an irregular and chaotic fashion the flow 
is turbulent, see Figure 2. However, although the flow state is turbulent the average 
velocity may still be the same as in laminar flow.  
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Figure 2 – Fluid particle traces in a laminar and turbulent flow [6]. 

Whether the flow is laminar, turbulent or transitional, a mixture of both states, has a 
substantial impact on the boundary layer which in turn affects separation. 
 
The vehicle shape in Figure 2 B shows a typical bluff body that represents how 
most cars look today. This shape inherently introduces separated flow, due to the 
abruptly cut off end section, that forms a wake behind the vehicle. A wake is a 
time-dependent, periodic phenomenon where vortices are shed in an alternating 
way. This local disturbance behind the vehicle causes a momentum loss which is 
more generally known as form drag.  
 

 

Figure 3 – Streamlines across an aerodynamic and more “realistic” car shape [6]. 

In order to minimize drag, control of the flow characteristics behind a vehicle 
becomes very important. The ideal case for cars would be an aerodynamic shape as 
illustrated in Figure 3 A. This shape keeps the flow attached shown by the stream-
lines following the body. However, considering size and weight restrictions on 
today’s cars such a shape would be very inefficient.  
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Flow behavior across a surface is coupled to the pressure distribution and trends in 
pressure distribution are observable where the flow tends to separate. This is shown 
in Figure 4 where a change in pressure along the vehicle length axis can be 
observed. Depending on the vehicle shape and flow characteristics the distribution 
and gradients will differ. The section over the windscreen in Figure 4 shows a 
typical favorable pressure gradient. Here the pressure decreases along the 
streamline which aids in keeping the flow attached and the drag low. The section 
over the rear slant, on the contrary, shows a typical adverse pressure gradient. If the 
adverse pressure gradient becomes strong enough the flow in the boundary layer, 
close to the wall, will reverse. As the reversed flow meets the stream-wise flow at 
some point up-stream these fluids are transported out into the free-stream, away 
from the wall i.e. the flow separates and forms a wake.  

 

Figure 4 – Pressure coefficient along a generic car model [6]. 

However, real life flow and pressure distributions are not as simple as illustrated by 
Figure 4. Flow around a car is three dimensional and susceptible to all kinds of 
disturbances such as wind gusts, surface coarseness and influence of other vehicles 
which will affect its behavior. All of these effects will, however, leave their imprint 
on the pressure distribution and gradients just as for the two dimensional case. 

1.3 Objectives and Approach 

The work carried out in this thesis is related to the sensory array placement and 
control system of the invention described in patent EP11195113.3 filed by Creo. 
The system is required to record a pressure distribution upstream of the separation 
point and feed the controller information about the flow state downstream. The 
state downstream mainly comprises the wake’s characteristics, which are highly 
coupled to drag and the system’s ultimate goal of improving fuel efficiency. 
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For such a system to work properly the coupling between the wake properties and 
pressure distribution on surfaces upstream of the separation point is necessary to be 
incorporated. This thesis is the initial investigation of the possible couplings that 
exist. The scope also includes investigation of the coupling during cross-winds and 
gusts.   
 
Through Computational Fluid Dynamics (CFD) it is possible to simulate different 
flow cases and gain knowledge of a phenomenon in hope to ascertain the feasibility 
of an idea. In this thesis simulations were carried out in OpenFOAM using the 
Detached Eddy Simulations (DES) turbulence model. As the system is in its very 
first stages of development and due to the limited time of this thesis a simplified car 
geometry was chosen as test subject.  
 
Even though turbulence and wake phenomena are time-dependent the work started 
with steady state simulations. This was done in order get used to the solver and give 
a fast initial understanding of the flow before proceeding into fully transient 
simulations. Milestones and development phases of the thesis included: 
 

• Setting up steady state cases with different boundary conditions for head-
wind and cross-wind. 

• Setting up a fully transient model and boundary conditions for straight head-
wind, cross-wind and gust simulation. 

• Investigation and mapping of the wake behavior and its coupling to pressure 
on upstream (of the separation point) surfaces.   

1.4 Constraints 

CFD is very dependent on computational resources available. At Creo Dynamics 
AB the in-house computer resources are fairly limited and in order to match these 
some trade-offs and simplifications were necessary.  
 
Therefore in order to fit the scope of work within the time frame available 
simulation times were had to be kept to a minimum while still providing sufficient 
results to form a foundation for Creo’s continued work with AFC. 
 
The above mentioned constraints resulted in the following simplifications and 
assumptions: 

• Coarser mesh in order to keep computational costs and lead-times to a 
minimum. 

• Numerical schemes set more towards stability than accuracy to support the 
rougher mesh. 

1.5 Outline 

In Chapter 2 the physics of flow will be covered. This includes the governing 
equations of fluid flow along with turbulence and how it is modeled. The 
turbulence section will also introduce different approaches to turbulence modeling 
which all finally lead up to the one employed in this thesis. 
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With the physics introduced, Chapter 3 describes the numerical methods applied to 
yield solutions to these equations. CFD is covered in more depth and the software 
used is presented along with the algorithms employed.  
 
Chapter 4 introduces and describes the vehicle geometry along with the 
computational domain created and used for simulations. A brief introduction to the 
grid generation software is also given.  
  
Finally, Chapter 5 through 9 covers the simulation setup with boundary conditions, 
schemes and settings, followed by results, discussion, conclusion and 
recommendations on how to proceed with this work. 
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2 MODELING THE PHYSICS 

Describing the physics behind fluid mechanics is a highly complex task that for the 
last century, along with the development of air travel, has been a very hot subject of 
research. With the explosion of computer technology during the last three decades a 
whole new era began to form, the era of Computational Fluid Dynamics. Even 
though the governing equations of fluid motion were formulated long before this 
era, methods to efficiently solve and utilize these were unavailable. Fortunately 
along with computer technology and the implementation of numerical methods the 
governing equation could finally be efficiently utilized and applied to engineering 
and science involving fluid dynamics. However, even with the powerful computers 
of today, assumptions and simplifications are still required. This chapter will 
introduce the governing equations of fluid motion and the turbulence phenomenon 
along with its modeling.    

2.1 Governing Equations 

The present work is concentrated to a generic car travelling at 30 m/s which is close 
to typical highway speeds. This means that the flow is well within the subsonic 
range (M < 0.3) and can be considered incompressible and subject to Newtonian 
fluid properties. Therefore assuming the Navier-Stokes equations as the governing 
equations describing the fluid dynamics is in this case valid. 
 
The governing equations, in total five, of fluid flow represent mathematical 
statements of the conservation laws of physics for: mass (2.1), momentum (2.2) and 
energy (2.3). For full derivation see [7]. 
 ���� = ���� + ∇	 ∙ �
 = 0 (2.1) 

��
�� = ��
�� + ∇ ∙ ��

 = −∇� + ∇ ∙ ��∇
 + � (2.2) 

����� = ����� + ∇ ∙ ��
� = −∇�
 + ∇ ∙ ��
∇
 − ∇� (2.3) 

 
D/Dt is the substantial derivative, describing the time rate of change following a 
fluid particle while �/�� is the local derivative describing the time rate of change at 
a fixed point. The substantial, or material, derivative is defined as: 
 ��� ≡ ��� + �� ∙ ∇	 (2.4) 

 
where  �� ∙ ∇, known as the convective term, describes the time rate of change of a 
fluid particle moving from one location to another in the flow where the properties 
are spatially different. The sign ∇, or nabla, is a vector operator defined as: 
 

∇≡ �� ∂∂� , � ��� , � �� ! (2.5) 
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Since incompressible flow is considered the flow density is constant through the 
domain. Further temperature is not expected to influence the flow dynamics and 
external forces are neglected. Thus the energy equation may be omitted and the 
equations (2.1) and (2.2) reduced to:  
 

∇ ∙ 
 = 0 (2.6) 

���� + ∇ ∙ �

 = −∇�� + ∇ ∙ �"∇� (2.7) 

 

2.2 Turbulence and its modeling 

Turbulence is a state of the flow which can be defined as a random and chaotic, 
three dimensional, time-dependent eddying motion. The phenomenon can only 
develop via the presence of shear which causes energy from the velocity gradients 
in a rotational flow to transform small initial perturbations into larger scale 
motions. This process is possible when inertial forces exceed the damping influence 
of viscocity, which is when the flow exceeds the critical Reynolds number Recrit. 
The eddies created further breed new instabilities in the form of smaller eddies, the 
process continues until the eddies become sufficiently small and the gradients large 
enough that viscous effects become significant and dissipate the turbulent energy as 
heat.  
 
The phenomenon is a solution of the Navier-Stokes equations and DNS (Direct 
Numerical Simulation) can be applied to completely resolve the flow. However this 
technique requires computational resources not available until 2080 according to 
Favre [8]. In response to this various turbulence models have emerged that splits 
between modeled and resolved turbulence in order to make simulation possible. 
 

2.2.1  Reynolds Average Navier Stokes (RANS) 

The RANS equations are time-averaged equations of fluid flow motion primarily 
used to describe turbulent flow. The basic idea behind is the so called Reynolds 
decomposition, in which any instantaneous value of any flow variable can be 
decomposed into a mean and fluctuating part: 

� = �# + �$ (2.8) 

 
where the over-bar and prime sign represents the mean and fluctuating part 
respectively. The process of taking the mean of a turbulent quantity or a product of 
turbulent quantities is called Reynolds-averaging. Applying this operation to the 
Navier-Stokes equations, for a stationary incompressible Newtonian fluid, results 
after some manipulation in: 
 

��#% ���% = �&(̅ + ���% )−�̅*(% + � +��#(��% +
��#%��(, − ��-$�.$######/ (2.9) 
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The left hand side represents the change in mean momentum of a fluid element 
owing to the unsteadiness and convection by the mean flow. The right hand side 
balances this change by the mean body force (�&-0), the isotropic stress owing to the 
mean pressure field (−�̅*(%), the viscous stresses, and the Reynolds stress (−��-$�.$######) 
owing to the fluctuating velocity field. The Reynolds stress term is non-linear and 
requires additional modeling to close the RANS equation for solving. This has led 
to the creation of many different turbulence models. These models are based on 
empirical knowledge about turbulent flow and can be divided into: algebraic, one or 
two equation models. What turbulence model to use depends on which 
characteristics are important to accurately model. Some of the most common 
models include the: 
 

• k-epsilon (k-ε) model [9]. 
• k-omega (k-ω) model [10]. 
• Spalart Allmaras (S-A) model [11]. 

 
where k-ε and k-ω are so called two-equation models while the S-A is a one-
equation model. Being a one or two-equation model means adding one or two extra 
PDE:s to close the RANS equations. Having two extra equations that represent the 
turbulent properties of the flow allows the k-ε and k-ω models to account for 
history effects like convection and diffusion of turbulent energy. The k-ω model is 
an alternative to the k-ε where, instead of ε describing the rate of turbulence 
dissipation, ω is defined as the specific dissipation of turbulence: 
 

1~ 34 (2.10) 

 
that is the dissipation rate per unit turbulent kinetic energy. The k-ε model has been 
shown to be useful for wall-bounded, internal and free-shear layer flows with 
relatively small pressure gradients while for larger gradients the accuracy 
diminishes. The k-ω model, however, has better accuracy for boundary layers with 
adverse pressure gradients while it is disadvantageous in that boundary layer 
computations are very sensitive to the values of ω in the free stream.  
 

2.2.2 The Spalart-Allmaras model (S-A) 

In this thesis the one-equation S-A turbulence model was chosen and used due to: 
 

• Simplicity, only one extra equation added. 
• Only one extra equation added meaning less computational time required to 

solve for turbulence (approximately half according to [12]). 
• It is the standard model for closing the RANS equations in DES which will 

be explained in section 2.2.4. 
 
Unlike early one-equation models that are based on transport equation of turbulent 
kinetic energy k, the S-A is a model equation of the eddy viscosity itself. This 
model introduces only one extra unknown variable, the modified turbulent 
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kinematic viscosity "5 (nu-tilde). The transport equation for eddy viscosity is 
written: 
 �"	6�� + �% �"5��% = 789�1 − &;<=>"5 − ?7@9&@ − 789A< &;<B �"5C!

<

+ 1D E ���% F�" + "5 �"5��% 	G + 78< ��"5��(!
<H + &;9ΔJ< 

(2.11) 

 
in which the left-hand side represent the Lagrangian derivatives and the right-hand 
side contains a production, destruction, diffusion part and a trip-term. The turbulent 
eddy viscosity, as defined in [13], is related to the working variable "5 by: 
 

�; = �"5&K9 (2.12) 

in which the viscous damping &K9 is given by: 
 

&K9 = LM
LM + 7K9M 				Nℎ�P�				L = ""Q (2.13) 

 
where " = � �⁄  is the molecular kinematic viscosity in which µ is the dynamic 
viscosity and ρ is the density. Further definitions: 
 

=> = = + "5
A<C> &K< (2.14) 

 

&K< = 1 − L1 + L&K9 (2.15) 

 
where S is defined as the magnitude of vorticity and d is the distance from the field 
point to the nearest wall. The model definition is completed by: 
 

&@ = S ) 1 + 7@MTST + 7@MT / (2.16) 

 

S = P + 7@<�PT − P (2.17) 

 

P = min X "5
=>A<C< , 10Y (2.18) 

 

&;< = 7;M exp�−7;]L< (2.19) 

 
given the set of constants listed below in Table 1. 
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cb1 = 0.135 σ = 2/3 

cb2 = 0.622 κ = 0.41 

cw2 =0.3 cw3 = 2 

cv1 = 7.1 7@9 = 789A< + �1 + 78<2 	 
Table 1 – S-A model constants 

2.2.3 Large Eddy Simulation (LES) 

In reality turbulent flows contain motions of all possible scales. But to resolve all 
scales, as would be done in DNS, requires computational power not available today 
and an alternative had to be conceived. In 1963 Smagorinsky formulated the basic 
idea and theory behind LES according to assumptions derived by Kolmogorov 
(1941) from his local isotropy hypothesis which from [14] stated that: 
 

• Large scales of the turbulent flow: 
o Dominate and characterize the flow dynamics. Especially the 

physical mechanisms which trigger transition to turbulent flow and 
production of turbulent kinetic energy are carried by the large scales. 

o Contain the main part of the total fluctuating kinetic energy, 
commonly agreed about 80-90 percent. 

• Subgrid scales of the flow: 
o Are only responsible for viscous dissipation. No driving mechanism 

should be associated to that range of scales. 
o Are weak and only contain a few percent of the total kinetic energy. 

 
Based on these statements it was perceived that the smaller scales could be 
successfully modeled while still capturing the desired features of the larger ones. 
As the smaller scales are the most computer-demanding this would severely reduce 
the computational cost into the scope of resources available.  
 
The principal operation of LES is low-pass filtering which is applied to the N-S 
equations to remove the smaller scales of the solution, resulting in a filtered 
velocity field. A more thorough coverage of the filtering procedure can be found in 
[15]. The filter is a locally derived weighted average of flow properties over a fluid 
volume. Similar to RANS any flow variable in LES can be decomposed into its 
large and small scale contributions: 
 

&̅ = & − &$ (2.20) 

 
where the prime denotes the small scales and the over-bar the large ones. In order to 
extract the large scale components a filtering operation is applied which is defined 
as: 
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&�̅� = _`��, �$; Δ&��$C�′ (2.21) 

 
where ∆ is the filter width and is proportional to the wavelength of the smallest 
scale retained by the filtering operation. G is the filter kernel which is a localized 
function. The filtering process is showed in a graphical representation by Figure 5 
with arbitrary filter kernel and a randomly fluctuating variable f.  
 

 

Figure 5 – The LES filtering process. 

 
The most common filter kernels that have been applied to LES include: 

• The Gaussian filter, which has the advantage of being smooth and 
differentiable. 

• The top-hat filter (applied by OpenFOAM) which is the average over a 
rectangular region.  

`��, Δ = c1/Δ ∶ e&�|�$| ≤ Δ/20 ∶ h�ℎ�PNei�  (2.22) 

 
• The sharp Fourier cutoff filter. 

 
The top-hat, or box, filter is an implicit filter meaning that it depends on the grid 
spacing which in turn determines the smallest scales kept. All scales below the filter 
width ∆, the Sub Grid Scales (SGS), are then modeled. The most common model 
employed in the SGS is the Smagorinsky-Lilly model, in which the eddy viscosity 
is estimated as: 
 

�jkj = ��ljΔ<|=̅| (2.23) 

 
where ∆ is the filter width depending on the volume, =̅ = m2=(%=(% and Cs is the 
Smagorinsky constant usually set to  values between 0.1-0.2. 
 
The approach of grid filtering is more common in commercial software today due 
to simpler computer implementation. This, however, imposes demands on a very 
fine grid resolution in which also all cells should ideally have an aspect ratio of 1. 
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Furthermore to capture the physics in the near wall region such as friction, which 
highly influences the separation point, a y+ value of 1 or lower is required to 
properly capture the generation of turbulence.  
 

2.2.4 Hybrid RANS-LES 

The difficulties associated with the use of standard LES models i.e. grid resolution, 
especially in the near wall regions, and computational cost has led to the 
development of hybrid models. These hybrid models attempt to combine the best 
aspects of RANS and LES methodologies into a single solution model. One of the 
most popular hybrid models is the Detached Eddy Simulation (DES) model 
proposed by Spalart et al. [16]. This model has recently become very popular 
within both industry and the science community as the main RANS-LES hybrid 
model.  

2.2.4.1 Detached Eddy Simulation (DES) 
The DES model was created in order to address the challenge of high Reynolds 
number massively separated flows. This hybrid method employs LES to solve for 
the larger eddies present away from the wall region while RANS is used in the 
near-wall region. The main advantage of using RANS in the boundary layer is to 
lessen the grid’s dependency of the stream-wise resolution, meaning that higher 
aspect ratio cells can be present in DES while not in pure LES.   
 
The central implementation in DES is the modification applied to the distance 
function d in the S-A model, see Eq. (2.14). This equation is replaced by a function 
lDES that can be recognized as the DES limiter switching between RANS and LES 
mode: 
 

nopq = minrC, lopqΔs (2.24) 

 
where d is the distance to the wall involved in the destructive term of the S-A 
model, CDES is a constant, typically set to 0.65, and ∆ is the largest local grid 
spacing defined as: 
 

Δ = maxuΔv, Δw, Δxy (2.25) 

 
This modified distance function causes the model to behave as a S-A RANS model 
in near-wall regions i.e. the boundary layer where d < CDES∆ and as a SGS model 
with the filter CDES∆ in the separation region where d > CDES∆.  
 
DES may seem simple and good but the grid delimiter poses some drawback of the 
method. In Figure 6 three levels of grid density in the boundary layer are visualized. 
The top grid represents the initial vision of DES. Here the spacing parallel to the 
wall exceeds the boundary layer thickness x/δ > y/ δ. This will set lDES = d through 
the boundary layer and trigger RANS mode. The lower right figure illustrates a 
typical LES grid where x/δ << y/ δ i.e. the boundary layer thickness is much larger 
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than the grid spacing parallel to the wall. In this grid the delimiter will set 
lDES=CDES∆ meaning that the SGS model will be employed throughout the majority 
of the boundary layer while RANS will only be used very close to the wall. The 
second grid is the troublesome one according to Spalart [17]. This grid is small 
enough for the DES limiter to trigger the SGS model deep in the boundary layer 
however not small enough to support accurate LES content. As a result of this the 
eddy viscosity will be reduced along with the modeled Reynolds stresses without 
any resolved stresses introduced to restore the balance. This phenomenon is called 
Modeled Stress Depletion (MSD).  
 

 

Figure 6 – Different grid types in boundary layers [17].  

 
Further MSD spawned what is called Grid Induced Separation (GIS). This problem 
arises in regions where wall bounded flow has a thick boundary layer but a small 
separation region. The stream-wise grid spacing then often becomes smaller than 
the boundary layer thickness meaning x/δ < y/ δ thus setting lDES=CDES∆ according 
to (2.24) and triggering LES.  This lowers the eddy viscosity below the RANS level 
but the resolved Reynolds stresses has not replaced the modeled ones. These 
missing stresses result in reduced friction and cause the model to become wrongly 
grid dependent thus GIS. This phenomenon is visualized in Figure 7 which shows a 
too early triggered and unrealistic separation when DES is applied compared to 
RANS on the same grid.  
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Figure 7 – Velocity contours over an airfoil with arrows indicating the separation 
point. Left: RANS. Right: DES 

 
 

2.2.4.2 Delayed Detached Eddy Simulation (DDES) 
In response to MSD and GIS, problems arising from ambiguous grid design, Spalart 
et al. in 2006 formulated an improved version of DES, the DDES. In this version 
the limiter has been improved to detect boundary layers and prolong the full RANS 
mode even if the wall parallel grid spacing would otherwise have triggered the DES 
limiter into LES [17]. The detection of the boundary layer has been made 
dependent on the eddy viscosity and therefore the limiter also depends on the 
solution here.  
 
To yield the DDES model the DES limiter (2.24) is here modified into: 
 

nopq = C − &z max�0, C − lopqΔ (2.26) 

 
in which fd is the new main feature introduced. This function identifies the 
boundary layer to prevent premature switching to LES and is defined as: 
 

&z = 1 − tanh�8PzM (2.27) 

 
In the LES region, where rd << 1, this function fd will equal 1 while being 0 
elsewhere. Furthermore this function is very steep around rd=0.1 and as a 
consequence the RANS-LES switch will be rather abrupt. The constants 8 and 3 are 
from [17] and ensure that the solution is essentially identical to RANS in the 
boundary layer regions. The parameter rd is defined as 
 

Pz = "; + "
max~mJ(%J(%, 10�9�� ∙ A<C< (2.28) 

 
where νt and ν represent the kinematic eddy viscosity and molecular viscosity 
respectively, Uij are the velocity gradients, κ the von Karman constant and d the 
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wall distance. This function is constructed to equal 1 in the logarithmic layer and 
fall to 0 towards the edge of the boundary layer.    
 
This model has been shown to resolve the problem with GIS and, according to 
Spalart [17], shows potential of becoming the standard DES model in the future. 
Throughout this thesis all time dependent simulations carried out employed this 
model. 

3 NUMERICAL APPROACH 

3.1 CFD 

Computational Fluid Dynamics (CFD), as defined in [18], is the analysis of systems 
involving fluid flow, heat transfer and associated phenomena such as chemical 
reactions by means of computer-based simulation. These simulations are carried out 
by codes structured around numerical algorithms of the governing equations and 
models that describe the physical properties of fluid flow.  
 
Today numerous softwares exist for CFD. These are all built from the same 
foundation however the numerical methods and some key features usually differ 
between the packages making them more suitable towards specific applications. 
Package is a term which is frequently used to describe a CFD software as these 
today come with a huge set of utilities and extra features. Some packages include 
sophisticated user interfaces, more suitable perhaps in commercial packages, while 
other employ a Command-Line Interface (CLI) which perhaps is more suited for 
research. In common for all these packages however is that they all come with a 
complete set of analysis tools to set up, solve and analyze a case. Also all codes 
contain three main elements: a pre-processor, solver and a post-processor. 
 
Some known software packages today include: Fluent, StarCD, CFX, CFD++ and 
OpenFOAM. This chapter is dedicated to briefly explain the three elements 
constituting a CFD package then delve deeper into the OpenFOAM package which 
was employed for this thesis. 

3.1.1 Pre-processor 

The pre-processor is the user’s gateway for input of a flow problem into the CFD 
software. When the user is finished with the input it is processed into a suitable 
form for the specific solver. Some activities at this stage involve: 
 

• Definition of the computational domain. 
• Meshing. 
• Selection of physical phenomena to be modeled. 
• Definition of fluid properties. 
• Specification of boundary conditions. 

 
Today a substantial amount of time is spent in this stage. Roughly 50 % [18] of the 
time for a complete simulation is devoted to the definition of domain geometry and 
grid generation. Good meshes are a form of art and often non-uniform i.e. finer in 
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areas where large gradients are expected and coarser in other areas, thus highly case 
dependent.  

3.1.2 Solver 

The solver applies the numerical methods to solve the governing equations, roughly 
these steps include: 
 

• Approximation of unknown flow variables. 
• Discretization by substitution of the approximations into the flow equations 

and subsequent mathematical manipulations. 
• Solution of the algebraic equations. 

 
Today, numerous numerical solution techniques exist. Of these, three very distinct 
ones are the: finite difference, finite element and spectral methods. The most 
common and well established method, however, is the finite volume (FV) method 
which is central to a number of commercially available CFD codes such as: 
FLUENT, FLOW3D and STAR-CD and OpenFOAM (described in section 3.2). 
The FV method carries out the following steps: 
 

• Integration of the governing equations of fluid flow over all control volumes 
of the solution domain. 

• Discretization involves the substitution of a variety of finite-difference-type 
approximations for the terms in the integrated equation representing flow 
process such as convection, diffusion and sources. This converts the integral 
equations into a system of algebraic equations. 

• Solution of the algebraic equations by an iterative method. 
 
The volume integration part is what distinguishes the finite volume method from 
the other CFD techniques. The resulting statements express the conservation of 
relevant properties for each finite size cell and this clear relationship between 
numerical algorithm and underlying physical conservation principle makes this 
method attractive as the concepts are simpler to understand by engineers.  

3.1.3 Post-Processor 

The post-processor encompasses tools for analysis and manipulation of data from 
the solver. A wide variety of post-processing tools are today available, some 
implemented into the CFD packages while others are stand-alone softwares. All of 
these have outstanding and versatile data visualization tools and graphical 
capabilities. General features, among many, include: 
 

• Domain geometry and grid display 
• Vector plots 
• Line and shaded contour plots 
• 2D and 3D surface plots 
• Particle tracking 
• Full 3D visualization 
• Animation of dynamic results 
• Data export 
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3.2 OpenFOAM 

Open Field Operation And Manipulation, or OpenFoam, is a free and open source 
CFD toolbox written in C++ produced by OpenCFD Ltd. Standing out from the 
widely adopted and tested commercial softwares by being free and open source, 
OpenFOAM has started to gain ground in both scientific and industrial 
communities. The software is “community-driven”, meaning that new features and 
utilities are developed by users worldwide.  
 
OpenFOAM uses a CLI within the frame of the Linux terminal and is based on a 
C++ code structure. This is a positive feature of the software which makes it much 
easier to modify the source code and have more in-depth control over the 
simulation. The input output (I/O) format of files is designed to be extremely 
flexible and follow a set of rules to make the files easy to understand. In order to set 
up and run a simulation three directories have to be set up correctly and present 
inside the case folder. In Figure 8 such a typical basic structure is visualized. 
 

 

Figure 8 – OpenFOAM case directory structure [19]. 

The constant directory contains data about the case mesh and files specifying 
physical properties, such as turbulence model, for the specific application. In the 
system directory at least three files have to be present, containing parameters 
associated with the solution procedure. Finally the time directories, usually named 
based on the simulated time i.e. 0 for a completely new simulation, contains 
individual files of data for fields such as as p and U. This data can either be initial 
values and boundary conditions that the user must specify or results written to file 
by OpenFOAM. More in depth information about these can be found in [19].  
 

3.2.1 Spatial discretization 

OpenFOAM uses the Finite Volume (FV) method as a numerical approach. This 
method builds on a domain which is spatially discretized into a computational mesh 
on which the PDEs are subsequently discretized. The mesh is made up of a number 
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of cells, or Control Volumes (CV), which contiguously fills the domain. If the 
problem at hand is time dependent, temporal discretization is also necessary and 
will be covered in the following section (3.2.2). 
 
In Figure 9 a typical CV for an unstructured mesh is visualized. Inside each CV a 
computational point P is defined, which is bounded by faces of arbitrary shape. 
Generally the dependent variables and other properties are in this point but may 
also be stored in faces or vertices. The vector d connects P to the cell center N of 
the adjacent volume. Sf is the face normal area vector for the common face (f) 
between the cells.  
 
 

 

Figure 9 – Parameter in a FV discretization [20]. 

 
As described in [20] each term in FV is discretized through integration over a cell 
volume V. Spatial terms are then converted to integrals over the cell surface S 
bounding the volume using Gauss’s theorem: 
 

� ∇ ⋆ �C� = � C� ⋆ �q�  (3.1) 

 
where S is the surface area vector, � represents any tensor field and the star 
notation represents any tensor product. Volume and surface integrals are then 
linearized using appropriate schemes for each term.  
 

3.2.1.1 Laplacian term 
The Laplacian term, integrated over a CV and discretized produces: 
 

� ∇ ∙ �Γ∇ϕdV = � C� ∙ �Γ∇� = �Γ��� ∙ �∇��
�q�  (3.2) 

 
in which the face gradient discretization is implicit when the length vector d (���������) 
is parallel to Sf which is defined as: 
 

=� ∙ �∇�� = �=�� �� − ��|C|  (3.3) 
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In the case of non-orthogonal meshes an additional explicit tem is introduced which 
is evaluated by interpolating cell center gradients. 

3.2.1.2 The convection term 
Integrating the convection term over a CV and discretizing gives: 
 

� ∇ ∙ ��J�C� = � C= ∙ ��J� = �=� ∙ ��J��� = ����
��q�  (3.4) 

 
The face field �� is estimated using one of the following schemes: 
 

• Central differencing (CD) 
• Upwind differencing (UD) 
• Blended differencing (BD) 

 

3.2.1.3 The divergence term 
Applying the same procedure as for Laplacian and convection term the divergence 
term is integrated over a control volume and linearized: 
 

� ∇ ∙ �C� = � C= ∙ � = �=� ∙ ��
�q�  (3.5) 

 

3.2.1.4 Gradient 
The gradient term is an explicit term that can be evaluated in a variety of ways. 
Applying Gauss’s theorem to the volume integral results in: 
 

� ∇�C� = � C=� = �=���
�q�  (3.6) 

 
Another approach include the least square method in which neighbouring N is 
extrapolated from P and compared to the actual value at N, the resulting difference 
being the error. By minimizing the squared sum of weighted errors at all neighbours 
of P with respect to the gradient, the resulting gradient should be a fair 
approximation. One last possibility includes evaluating the gradient at the surface 
normal. This is done as: 
 

�∇�� = �� − ��|�|  (3.7) 

 
In case of a non-orthogonal mesh this statement can be made to include a correction 
that improves the accuracy. 
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3.2.2 Temporal discretization 

In order to solve for transient phenomena the spatial derivatives have to be 
discretized in time to produce a fully discrete problem. Numerous schemes can be 
selected in OpenFOAM for temporal discretization out of which three are the: 
implicit Euler, explicit Euler and Crank-Nicolson. Although Crank-Nicolson was 
the one employed in this thesis as temporal discretization, the other two will also be 
briefly introduced here. 
 
By letting A be the spatial operator, A� is used to express the spatial terms. The 
three schemes to temporally discretize a transient PDE would result in [20]: 
  
Implicit Euler: 
Also known as the Forward Euler, is defined as 
  

� �∗�C� = �∗��Δ�;��;
;  (3.8) 

 
where �� represent the current values. This scheme is first order accurate in time, 
unconditionally stable and bounded.  
 
Explicit Euler: 
 

� �∗�C� = �∗��Δ�;��;
;  (3.9) 

 
as it is explicit �� represents old values. As the scheme works with old data it is 
also known as the Backward Euler. This scheme is, as the implicit scheme, first 
order accurate in time however suffers a drawback of being CFL (described in the 
next section 3.2.3) sensitive, becoming unsteady unless CFL < 1.   
 
Crank-Nicolson: 

� �∗�C� = �∗ +�� + ��
2 ,Δ�;��;

;  (3.10) 

 
This method is based on central difference in space and the trapezoidal rule in time, 
thus taking the mean of current values �� and old values ��, producing second-
order accuracy in time. It is basically a combination of the forward and backward 
Euler methods. This scheme is more costly in computational power, does not 
guarantee boundedness but is, however, unconditionally stable. 

3.2.3 Courant number 

The Courant number (CFL) describes how long a fluid particle travels in one time 
step. A high CFL number can indicate that fluctuations in the pressure may not be 
caught implying that some characteristics of the flow might not be captured. The 
CFL number is defined as: 
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l�� = JC�C�  (3.11) 

 
where U is the flow velocity, dx the cell size in the flow direction and dt is the time 
step. One implications of this is in the case of a CFL sensitive scheme or model is 
being used a fine grid will require very small time steps to achieve a low CFL 
number, thus increasing simulation time. Throughout most simulations it is 
recommended to have a CFL < 1 however depending on the simulation and models 
employed higher values can occur. Sometimes, if simulation stability allows it, CFL 
> 1 can be necessary to be able to take larger time steps but possibly accuracy 
might be sacrificed.    

3.2.4 Algorithms 

There are numerous algorithms available in the OpenFOAM package, all suited and 
constructed depending on the application. As an overview, some, of the solver 
categories, included in OpenFOAM, are listed below [19]: 
 

• “Basic” CFD codes 
• Incompressible flow 
• Compressible flow 
• DNS and LES 
• Combustion 
• Heat transfer and buoyancy-driven flows 
• Electromagnetics 

 
Each category branches into a set of solvers more specific for the application, for 
example steady state and transient solvers or solvers supporting a dynamic mesh.   
 
As this thesis deals with incompressible flow the solver algorithms employed were 
selected from this tree. The specific solver used for this thesis was the PIMPLE 
algorithm, which is a hybrid of SIMPLE and PISO that allows for larger time-steps 
by being stable at CFL values above 1. This section describes the working 
principles of the SIMPLE and PISO algorithms and how they are merged into the 
PIMPLE algorithm. 
 
For convenience these algorithms will be explained considering a two dimensional, 
incompressible flow case. These algorithms originate from the x-y momentum and 
continuity equations discretized on a staggered grid, see Figure 10. For a full 
derivation of these procedures see [18]. 
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Figure 10 – The staggered grid. 

 

3.2.4.1 The SIMPLE algorithm 
The Semi Implicit Method for Pressure-Linked Equations (SIMPLE) solves the 
momentum equations to give an approximation of the velocity field.  
 
The algorithm, illustrated in Figure 11, uses an iterative and sequential guess and 
correct procedure for calculating pressure and velocities.  
 

 

Figure 11 – The steady state SIMPLE algorithm. 

 
Initiation is carried out by a guessed pressure field p* from which the velocity 
components u* and v* can be solved for through the discretized momentum 
equations:  

Start, make 
initial guess 

Solve discretized momentum 
equations (3.12, (3.13) 

Set correct 
values to initial 
guessed values 

 

Check if 
converged 

Stop iteration 

Solve pressure correction 
equation (3.14) 

Correct pressure and 
velocities (3.15) 

Solve all other discretized 
transport equations 

No Yes 
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�(,��(,�∗ = ���8��8∗ + ����9,�∗ − ��,�∗  �(,� + ¡(,� (3.12) 

 

��,%¢�,%∗ = ���8¢�8∗ + ���,��9∗ − ��,�∗  ��,% + ¡�,% (3.13) 

 
 
where A is the cell face area and b is the momentum source term, � is a coefficient 
describing the convective flux and diffusive conductance. The subscript nb is for 
neighbor. Next step in the chain is solving the discretized continuity equation to 
obtain the pressure correction �′. This is done via the discretized continuity 
equation: 
 

��,���,�$ = ���9,����9,�$ + ���9,����9,�$ + ��,��9��,��9$ + ��,��9��,��9$ + ¡�,�$  (3.14) 

 
 
Once the correction term for pressure is obtained the corrected pressure can be 
obtained by taking the difference between the correct value and the guessed (3.15). 
The same operation is applied to get the corrected velocity fields � and ¢. 
 

� = �∗ + �$								� = �∗ + �$							¢ = ¢∗ + ¢′ (3.15) 

 
The velocity field corrections �′ and ¢′ are obtained by taking the difference 
between the momentum equations with correct values and the ones with guessed. 
Further simplifications and approximations finally yields: 
 

�(,�$ = C(,�����9,�$ − ��,�$   (3.16) 

 

¢�,%$ = C�,%���,��9$ − ��,�$   (3.17) 

 
where C = �/�. For full derivation, once again see [18].  
 
Turning back to the pressure correction equation (3.14) this one is susceptible to 
divergence unless some under-relaxation is introduced during the iterative process. 
This is done by introducing a new pressure variable ��£@ and a under-relaxation 
factor ¤¥ to the pressure term in (3.15) so that: 
 

��£@ = �∗ + ¤¥�′ (3.18) 

 
Under-relaxation is input by the user and implies that if ¤¥ = 1 the full correction �′ goes into correcting the guessed pressure field p*. This may, however, easily 



 
Utfärdare/Issued by Telefon/Phone Dokumentslag/Type of document Reg-nr/Reg. No. 

David Bergman +46722220050 Report Creo-R-12-004 
 Datum/Date Infoklass/Info. Class Utgåva/Issue Sida/Page 

 2012-01-26 Company unclassified 1 31(83) 
    

    

 

lead to a diverging solution early in the calculation. If instead ¤¥ = 0, no correction 
is applied at all. A correctly guessed value in between 0 and 1 will produce a stable 
and converging solution.  
 
The velocities are also under-relaxed in a similar way: 
 

��£@ = ¤¦� + �1 − ¤¦����9 (3.19) 

 

¢�£@ = ¤K¢ + �1 − ¤K¢���9 (3.20) 

 
Choosing a correct under-relaxation factor is essential for a cost-effective 
simulation. Too high values of ¤ may lead to oscillatory or divergent solutions but 
also speeds up the simulation. On the other hand a too low ¤ can cause extremely 
slow convergence. There is no optimal setting of under-relaxation as it is highly 
case dependent therefore some trial and error is required to find the best one for the 
case at hand.   
 
SIMPLE may also be extended to perform time dependent calculations. This done 
by including transient terms in the momentum and continuity equations. The 
algorithm is here extended so that the SIMPLE algorithm is used to reach 
convergence within each time step. 

3.2.4.2 The PISO algorithm 
PISO, short for Pressure Implicit with Splitting of Operators, is a pressure-velocity 
calculation procedure originally developed for non-iterative unsteady compressible 
flows. The PISO algorithm initially described here is a steady state version however 
later on a transient version will be introduced. The PISO procedure involves one 
predictor step and two corrector steps and may be seen as an extension of SIMPLE.  
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Figure 12 – The steady state PISO algorithm. 

PISO is initiated by a guessed value for the pressure field followed by what is 
called the predictor and first corrector step. These are basically the first three steps 
of SIMPLE performed in order to yield the first pressure correction �′ which in turn 
is used to yield the corrected velocity components, here denoted by �∗∗ and ¢∗∗.  
 
The second corrector step solves the discretized momentum equations (3.12(3.13) 
once more using �∗∗ and ¢∗∗ to yield the twice corrected velocity fields �∗∗∗ and ¢∗∗∗. Substitution if these expressions for these twice corrected velocity fields into 
the discretized continuity equation yields a second pressure correction equation 
,essentially the same as (3.14), but here �′′ is used to denote the second pressure 
correction term.  Having the second pressure correction the twice corrected 
velocities are calculated from: 
 

�(,�∗∗∗ = �(,�∗∗ + ∑��8���8∗∗ − ��8∗ �(,� + C(,�����9,�$$ − ��,�$$   (3.21) 

 
  

¢�,%∗∗∗ = ¢�,%∗∗ +∑��8�¢�8∗∗ − ¢�8∗ ��,% + C�,%���,��9$$ − ��,�$$   (3.22) 

 
and the twice corrected pressure field is given by: 
 

�∗∗∗ = �∗∗ + �$$ = �∗ + �$ + �′′ (3.23) 

 
As with the SIMPLE algorithm, under-relaxation is required with PISO as well to 
stabilize the process. However, even though the method requires more storage the 
algorithm is efficient and fast.  

Start, make 
initial guess 

Perform step 1-3 of the SIMPLE 
algorithm 

Set correct values 
to initial guessed 

values 

Check if 
converged 

Stop iteration 

Solve second pressure correction 
equation 

Correct pressure and velocities 
according to (3.21)-(3.23) 

Solve all other discretized 
transport equations 

No 

Set corrected values to equal the 
correct values 

Yes 
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In the transient PISO algorithm all time dependent terms are retained in the 
momentum and continuity equations. The transient version is a non-iterative 
algorithm employing the PISO procedure within each time step. As stated in [18], 
the temporal accuracy achieved by the predictor-corrector process for pressure and 
momentum is of order 3 and 4 respectively. This is, with a suitably small time step, 
considered enough for the algorithm to proceed to the next time-step, therefore non-
iterative. This implies that small time steps are necessary to ensure accuracy, thus a 
low CFL number should be kept through the simulation. However since the method 
is non-iterative it is much faster than the SIMPLE algorithm.  

3.2.4.3 The PIMPLE algorithm 
In the OpenFOAM manual [19], PIMPLE is described as “Large time-step transient 
solver for incompressible, flow using the PIMPLE (merged PISO-SIMPLE) 
algorithm”.  
 
This algorithm fuses the SIMPLE and PISO algorithms into one method which 
employs two types of corrector loops; an inner and and an outer. The outer 
corrector is basically the SIMPLE algorithm while the inner is the PISO.  
 
In OpenFOAM the user can specify the number of inner and outer correction loops. 
Normally both of these are set to 2 meaning that PIMPLE performs two SIMPLE 
loops with two PISO pressure corrections within each. Setting both correctors to 
one simply produces SIMPLE while keeping the two PISO correction loops and 
setting outer corrections to one produces PISO. 
 
This method is very insensitive to the CFL number and values above 10 can still 
give a stable and converging solution. However in this case accuracy must be 
questioned as described in section 3.2.3. One positive feature of this is that there are 
times when accuracy might not be as important as a faster converging solution such 
as during initialization of a simulation. PIMPLE with a larger time-step can then be 
used to quickly step a bit into the solution and then switching to a lower time-step 
to lower the CFL and gain accuracy.  
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4 MESH & GEOMETRY 

A proper and well defined geometry and mesh is very important for the specific 
application. Consideration of the physics to be captured and also efficient allocation 
of computational resources becomes mandatory in order to select a sufficient 
geometry and generate efficient grids. This practice is usually very time-
consuming.  Meshes today are therefore reliant on cunning engineers and 
experience. There are numerous softwares for geometry and grid generation 
available out of which two commonly known are: ANSYS ICEM CFD and 
Hypermesh.  
 
Grids are generally divided into two categories: structured and unstructured. The 
structured grid is characterized by regular connectivity stored as a two or three 
dimensional array. This arrangement saves space since neighborhood relationships 
are defined by the storage arrangement. An unstructured grid has very irregular 
connectivity and larger storage requirement since the neighborhood connectivity 
must be explicitly stored. 
 

 

Figure 13 – Left: Unstructured grid around an airfoil. Right: Structured grid around 
an airfoil. 

Unstructured grids (for example tetrahedral or polyhedral) have lately gained lots of 
ground and focus both within research and industrial employment mainly due to the 
possibility of automatic grid generation, not available to structured grids. Still this 
generation is only partly automatic today and requires the user to refine the grid, 
however, the process is much quicker and easier on complex geometries than a 
structured grid. Substantial effort is being put into research of automatic algorithms 
having the capability of predicting where large gradient areas should emerge and 
refine the grid there.  
 
The main advantage of a structured grid is that it is more efficient for the solver 
meaning less computational time while the unstructured grids often become quite 
large thus becoming more computer demanding. Also for simpler geometries, such 
as airfoils, the structured grids generally offer better accuracy per unknown. 
However the main drawback of this method is the time required to manually 
construct the mesh as automatic generation is unavailable. 
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In this thesis a structured hexahedral mesh was used. The relatively simple 
geometry and limited computer resources made the features of the structured mesh 
more desirable.   
 

4.1 ANSYS ICEM CFD 

ANSYS ICEM CFD is an advanced meshing tool widely used both in the industry 
and research community. The software comes with a full range of features for 
creating, modifying and repairing geometries and meshes. Some of these features 
include: 
 

• Tools for importing/generating/repairing CAD geometries for meshing. 
• Capabilities for creating all types of meshes i.e. hexahedral, tetrahedral, 

prism, pyramind, quad, tri or bar elements. 
• Several advanced mesh diagnostics tools. 
• Output to a wide variety of CFD solvers. 

 
The hexahedral grid used for meshing the vehicle geometry described in the two 
following section was created using the block-meshing tools in ICEM CFD. The 
resulting mesh was exported in a FLUENT V6 format to OpenFOAM. 

4.2 The Modified Windsor Geometry 

The geometry selected for the present study origins from previous studies carried 
out on cross winds and gusts and has come to be known as the Windsor model. The 
Royal Institute of Technology (KTH) recently published a doctoral thesis [8] on 
crosswind stability of cars in which the Windsor model was studied. Employing 
this geometry thus offers the possibility of synergies with previous research and as 
it better resembles a generic car than the Ahmed body this seemed a good choice 
for the present and upcoming studies.  
 

 

Figure 14 – The modified Windsor geometry 

The Windsor model is a generic car of dimensions listed in Table 2. In comparison 
to the widely known Ahmed body this geometry is better suited for cross-wind, gust 
and separation studies because of the smooth front which tends to delay separation. 
Still, due to the ongoing AFC research at Creo, some features of the original 

L l 

h 
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Windsor were modified to better allow investigation of separation specific 
phenomena, see Figure 14. Specifically radiuses were introduced to the roof trailing 
edge and diffusor as these surfaces constitute a major point of investigation.  
 
Characteristic Windsor 

Length, L 1.045 m 

Width, l 0.390 m 

Height, h 0.290 m 

Ground clearance 0.050 m 

Radius of curvature, front leading edges 0.050 m 

Radius of curvature, roof leading edge 0.200 m 

Radius of curvature, roof trailing edge 0.200 m 

Radius of curvature, diffusor 0.050 m 

Roof trailing edge angle 35° 

Frontal area �n ¨ ℎ, A  0.113 m2 

Table 2 – Summary of vehicle geometry dimensions 

4.3 Computational Domain  

The computational domain is based on the setup used by Favre in [8] for the 
Windsor model, see Figure 15.  

 

Figure 15 – Computational domain and boundary conditions. 

 
The domain length in the stream-wise direction is 11L, with L being the vehicle 
length. The up-stream and down-stream distances to the boundaries are 3.5L and 
6.5L respectively. The width and height is set to 20h and 10 h respectively, h being 
the car height. The refined wake area behind the vehicle is about one car length. 
 
A hexahedral grid, consisting of about 2.5 million cells with a refined zone around 
the vehicle and its wake area (see Figure 16), is used to discretize the domain. The 
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first layer thickness was set to 0.2 mm around the vehicle to produce an average y+ 
of around 30. The y+ (described in chapter 5).  
 

 

Figure 16 – Y-plane cut of the mesh around the Windsor geometry. 

The meshed vehicle model, see Figure 17, has approximately 37000 faces with a 
refined area in the rear section. The rear section was particularly tricky to mesh due 
to the diffusor radius. Getting a good grid there required the use of an O-grid which 
produced the result seen in Figure 17. This could probably have been carried out 
differently but would have required a re-meshing of the entire domain. 
 

 

Figure 17 – Windsor geometry mesh. 

Further the grid also contains 893 high aspect ratio cells and has 958 non-
orthogonal faces producing an average non-orthogonality of about 21. Further work 
could have been carried out to improve this but would have required more time than 
available for the scope of this thesis. 
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5 SIMULATION SETUP 

Initial steady state RANS simulations were carried out using SIMPLE and the S-A 
turbulence in order to get a quick and initial overview of the overall flow. The 
transient simulations were carried out using the PIMPLE solver and DDES 
turbulence model. For all simulations, summarized in Table 3, wall functions were 
used to model the boundary layer. 
 
Setting Steady State Transient 

Turbulence model S-A DDES 

Flow velocity (m/s) 25 30 30  

Crosswind component (m/s) 0, 10 0, 1, 6, 8, 10.9, 15 10.9  

Air density, � �4S/©M 1.225	  1.225	  1.225	 
Kinematic viscosity, " �©</i 1.494 ∙ 10�® 1.494 ∙ 10�® 1.494 ∙ 10�® 

Reynolds number, car length 1.75 ∙ 10T 2.1 ∙ 10T 2.1 ∙ 10T 

Table 3 – Case overviews.  

This chapter describes the setup of boundary conditions for each case listed above 
along with the numerical schemes, solvers and simulation parameters used. 

5.1 Boundary Conditions 

To initiate the transient simulations four variable have to be set:	J, �, "5, "jkj. The 
velocity field is listed separately in *Cross-wind gust model described further down. 

Table 4 as it is the only one differing between the runs. Remaining boundary 
conditions are summarized in Table 5.  

 
 Straight head-wind Steady cross-wind Cross-wind gust 

Inlet InletOutlet (30 0 0) InletOutlet (30 10.9 0) timeVaryingUniformFixedValue* 

Outlet InletOutlet (30 0 0) InletOutlet (30 10.9 0) InletOutlet (30 0 0) 

Periodic_1 Cyclic  Cyclic  Cyclic 

Periodic_2 Cyclic  Cyclic  Cyclic 

Sky Slip Slip Slip  

Ground fixedValue (30 0 0) fixedValue (30 0 0) fixedValue (30 0 0) 

Car fixedValue (0 0 0) fixedValue (0 0 0) fixedValue (0 0 0) 

*Cross-wind gust model described further down. 

Table 4 – Transient Velocity U (x y z) boundary conditions. 

The steady state boundary conditions are identical to those listed above except for 
the cross-wind case which cannot be simulated as steady state. Velocity 
components are varied in accordance with Table 3. Below in Table 5 the boundary 
conditions for the transient cases are listed. 
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 p "5 "jkj 

Inlet zeroGradient inletOutlet 0.039 inletOutlet 0 

Outlet zeroGradient inletOutlet 0.039 inletOutlet 0 

Periodic_1 Cyclic  Cyclic Cyclic 

Periodic_2 Cyclic Cyclic Cyclic 

Sky Slip Slip nuSgsUSpaldingWallFunction 0 

Ground zeroGradient fixeValue 0.039 nuSgsUSpaldingWallFunction 0 

Car zeroGradient fixedValue 0.039 nuSgsUSpaldingWallFunction 0 

Table 5 – Transient DDES boundary conditions. 

The steady state simulations are setup identically to those in Table 5 except for "jkj 
which is not needed in steady state. This variable is replaced by ";, the turbulent 
kinematic viscosity, meaning that the wall functions must be changed to 
“nutUSpaldingWallFunction”. Also the “inletOutlet” conditions were set to a 
uniform value of 0.039. 

5.1.1 Cross-wind gust function 

The wind gust function used here was first constructed and used by Favre, full 
derivation can be found in [8].  
 
For the purpose of this thesis the gust model was setup slightly different and the 
result can be seen in Figure 18. Two cosinus functions with periods of 0.03L, L 
being the car length, were used to construct the smooth transition areas describing 
the vehicle entering and exiting the gust. The gust duration is determined by 
2.1L/Ux where Ux is the stream-wise flow velocity. The constants 0.03 and 2.1 are 
what differ from Fravre’s model and were selected to produce a shorter gust to limit 
the simulation time required. At peak value the vehicle is subjected to a cross-wind 
component (Ws) of 10.9 m/s corresponding to a cross-wind of 20 degrees which in 
[8] is a very critical condition for passenger cars. 
 

 

Figure 18 – Wind-gust function 
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5.2 Numerical Schemes 

The transient simulation schemes are summarized in Table 6, these were employed 
through all three of the transient simulations. 
 
 

Scheme Type 

Temporal Crank-Nicolson 0.5 

Gradient Gauss Linear 

Divergence, U Gauss limitedLinearV 1 

Divergence, "5 Gauss upwind 

Laplacian Gauss linear, corrected 

Interpolation Linear 

Table 6 – Discretization schemes. 

The number 0.5 following the Crank-Nicolson (CN) scheme causes it to blend 
partially with the Euler scheme. If set to 1 it produces a full CN scheme while 0 
gives a pure Euler scheme. The gain from blending these schemes is to produce 
further stability in the simulation at the cost of accuracy. For the velocity field 
divergence term the TVD scheme, limitedLinear is used which is basically the 
linear scheme with a limiter. Adding the V behind produces an improved version in 
OpenFOAM that makes the limiter take into account field direction. The coefficient 
1 behind the term sets the scheme to TVD conformance which gives best 
convergence while a setting of 0 gives best accuracy. OpenFOAM recommends a 
setting of 1 which is why that setting is used here. The Laplacian term is corrected 
for non-orthogonality.      
 
The same setup is also used for the steady state simulations except for the temporal 
term which is omitted.  

5.3 Solver Settings  

The solver settings are summarized in Table 7. Transient cases were first run for 0.4 
s with a time-step of 4 ∙ 10�® s to allow each fluid particles to travel through the 
domain once. Following, the continuous head and cross-wind cases were 0.3 s 
further using the time-step specified below. The gust simulation though was 
initialized from the 0.4 s head-wind simulation and ran for 0.35 s in order to allow 
the gust to propagate through the entire domain.  
 
Setting Value 

Matrix solver GAMG/PBiCG 

Absolute tolerance 1 ∙ 10�® 

Relative tolerance 0.1/0 

Nr. of non-orthogonal corrector 0 

Relaxation factors p/U/"5 0.4/0.7/0.7 

Time-step (Δt) 1 ∙ 10�®	i 

Table 7 – Summary of solution settings in transient case 
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Identical settings as in Table 7 were used for the steady state simulations, except for 
the time-step. These iterated 10000 times after which a fair convergence should 
have been reached. Number of iterations had to be limited in order to save time why 
these simulations were not allowed to iterate until full convergence was reached. 
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6 RESULTS & ANALYSIS 

This chapter presents the results and analysis of the simulations carried out. The 
first part deals with observations from the steady state simulations. Here focus is on 
covering the overall flow behavior for the head-wind and cross-wind cases. Next 
section continues with results and analysis of the transient cases where a coupling 
between the wake behavior and pressure distribution on surfaces up-stream is 
investigated. With respect to the overall goal of this thesis attention of the analysis 
is mainly focused to the rear section of the car geometry. 

6.1 Steady State Simulation 

Even though steady state simulations cannot really be used to describe a time-
dependent phenomenon these can quickly provide an initial overview of the flow 
and what to expect in the time-dependent domain. As listed in chapter 5 many 
different cases were simulated, however, here only the 30 m/s head-wind and 20° 
continuous cross-wind will be covered as they can be correlated to the transient 
simulations which were carried out.  
 
Each case was run for 10000 steps only to save time implying that the solutions 
were never fully converged. However, residuals had dropped to a fairly stable value 
indicating the simulations had reached a sufficient level of convergence from which 
a description of the overall flow should be possible. Focus of the steady state 
analysis will be on describing the overall pressure distribution, define where 
separation occurs and briefly investigate the wake and how it is linked to the 
pressure distribution.  

6.1.1 30 m/s head-wind steady state simulation 

The pressure distribution upon the Windsor body, when travelling in a forward 
motion at 30 m/s, is visualized in Figure 19. The pressure distribution is seemingly 
symmetric over the body. Two areas with low relative pressure emerge on the roof 
leading and trailing edges due to air being deflected and accelerated over these 
surfaces, see Figure 20. Further down-stream of the roof trailing edge separation 
occurs due to the large angle of deflection over the rear slant. This creates a 
reversed and stagnant flow that causes the surface pressure to rise.  
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Figure 19 – Pressure distribution on the Windsor body travelling at 30 m/s. 

 

 

Figure 20 – Velocity magnitude in middle y-plane for the 30 m/s head-wind case. 

In Figure 21 the wall shear stresses over the body are visualized. As can be seen the 
car rear and rear slant surfaces are dominated by almost zero shear stresses. This 
indicates separated flow. On the rear slant surface the line along which the shear 
stresses drop to zero constitutes the separation line. With the separation line in 
mind, looking at Figure 19 it can be observed that it runs along an adverse pressure 
gradient which also indicates separation. 
 

 

Figure 21 – Wall shear stresses over the Windsor body at 30 m/s head-wind. 

In Figure 22 the vortex structures present are visualized by iso-surfaces of the Q-
criterion, which is the second invariant of the velocity gradient defined as: 
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° = −12�(,%�%,( (6.1) 

 
Along the left and right edges of the rear slant two longitudinal vortices have 
formed. These are created because of the large deflection angle over the rear slant 
forcing air to roll up from the sides of the car. Due to the rotational flow of these 
vortices the pressure drops on the rear slant surface where they propagate. This can 
be seen in Figure 19 where the pressure is lower along the areas close to the left and 
right rear slant surface edges which is where these vortices propagate. In Figure 21 
it can be seen that the shear stresses along the rear slant edges, where these vortices 
propagate, never reach zero entirely. As these vortices contain a substantial amount 
of energy they usually stay attached longer even when passing over a steep angle of 
deflection. High energy vortices like these usually constitute for a large amount of 
the total drag which in this simulation was around 0.36.   
 

 

Figure 22 – Vortex structures visualized by iso-surfaces of Q=5000 superimposed 
on the pressure distribution over the Windsor body during 30 m/s head-wind. 

The flow between the longitudinal vortices contains several different structures. 
Looking at Figure 23 the flow here circulates more along the transversal axis. This 
is caused by air separating close to the roof trailing edge and forming a volume of 
dead air in which the flow is reversed and sucked towards the area with lower 
pressure over the rear slant surface. Down-stream of the rear surface a transversally 
rotating flow is formed which interacts with separated flow from both the roof and 
diffusor.  
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Figure 23 – Vector plots in the middle x-z plane. 

Along the rear side edges of the body air separates and is drawn into the low 
pressure wake. This also causes the flow to circulate in the x-y plane, which can be 
seen in Figure 24.  
 

 

Figure 24 – Velocity vector plot in the x-y plane. 

6.1.2 20° Cross-wind steady state simulation 

Figure 25 shows a principal drawing of the flow velocity field set for this 
simulation. Compared to the first steady state case a 10.9 m/s cross-wind 
component is here added to the 30 m/s stream-wise velocity to produce a 20° cross-
wind. 
 

 

Figure 25 – Cross-wind case simulated. 

As a cross-wind is introduced the pressure shifts into a non-symmetric distribution 
as can be seen in Figure 26. Compared to the head-wind case, the pressure is lower 
on the left side of the roof while a higher pressure has shifted over to the right. 
Along the roof’s wind-ward side pronounced low pressure area has formed and the 
rear-surface pressure distribution seems more random but with a higher pressure 
towards the right edge.   

30 m/s 

10.9 m/s ~20° 
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Figure 26 – Pressure surfaces when subjected to a 20° cross-wind, travelling at 30 
m/s. 

Investigating the vortex structures in Figure 27 it can be seen that the left 
longitudinal vortex starts to form already at the roof leading edge but does not 
evolve fully until reaching the rear slant. At this point it is deflected and affected by 
air rolling up across the left edge. The corresponding right longitudinal vortex has 
decreased in size due to air flowing from the left preventing air from rolling up 
along the right edge. Three new, well pronounced, vortex structures have also 
formed; two on the right side, one at the top of the A-pillar and one close to the 
front right edge of the car, and one along the lower left rear edge below the large 
vortex.  
 

 

Figure 27 – Vorticity visualized by iso-surfaces of Q=5000 for the 20° cross-wind 
case. 

The wall shear stresses in Figure 28 are non-zero where the large longitudinal 
vortex propagates meaning the flow is attached all the way to the rear edge of the 
car. However as the vortex propagates across the rear slant a small area close to the 
left edge has zero shear stresses. This is probably due to separated air being sucked 
into the vortex. Another zone with zero shear stresses is along the top of the right 
side surface where the vortex propagates from the A-pillar. Overall shear stresses 
on the body seem to have increased compared to the head-wind case. Carrying 
more vortices and exposing a larger cross-section area to the wind is very 
unfavorable for drag. Simulation indicated a coefficient of drag of 0.44 which is a 
substantial increase compared to 0.36 in the zero cross-wind case. 
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Figure 28 – Wall shear stresses over the Windsor body in the 20° cross-wind case. 

Investigating the right rear slant area with lower shear stresses in Figure 28 it can 
be seen in Figure 29 that flow never really separates but is actually attached all the 
way to the rear edge. Also transversal vortices do not seem to form in the same way 
as in the head-wind case (Figure 23).  
 

 

Figure 29 – Velocity vector plot in the x-z plane slightly offset from the middle to 
the right for the 20° cross-wind case. 

The low pressure areas on the left side, behind the body, causes air to flow from the 
higher pressure area to the right into the two vortex structures on the left as shown 
by Figure 30. This is confirmed and visualized by Figure 31 showing velocity 
vectors in the x-y plane. 

 

 

Figure 30 – Wake pressure in the x-y plane for the 20° cross-wind case. 
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Figure 31 – Velocity vector plot in the x-y plane for the 20° cross-wind case.  

6.1.3 Coupling between cross-wind and pressure on the rear slant surface 

As mentioned previously a number of steady state cases were simulated with 
varying cross-winds and also a 25 m/s head-wind component. One interesting 
possible coupling to investigate is between the pressure distribution on the rear 
slant surface and the cross-wind angle and component magnitude. 
 
The rear slant surface pressure was extracted and imported into MatLab. Data 
points were then divided in the middle along the car’s longitudinal axis to a left and 
right pressure surface. Total pressure on each surface is calculated through 
integration. For a better comparison the relative pressure difference between the left 
and right side rear slant surface is calculated as: 
 

�±£²o(�� = �³ − �´�³ + �´ (6.2) 

 
The resulting curve of relative pressure between the left and right side of the rear 
slant surface against the cross-wind component is visualized in Figure 32. 
 

 

Figure 32 – Relative pressure difference on the rear slant surface plotted against the 
cross-wind component. 
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As can be seen in Figure 32 the curve is seemingly exponential which points 
towards that a trend should be possible to find. The difference between the 30 and 
25 m/s head-wind seems to only be a slight increase in relative pressure difference 
for the same cross-wind component. This means that if the head-wind speed is 
reduced the relative pressure difference increases for the same cross-wind 
component or angle.  
 
To further investigate the coupling between cross-wind and relative pressure on the 
rear slant the curve fitting tool in MatLab was used to test if an exponential 
expression on the form ��8v could be fit to the data set. The graph in Figure 33 
presents the curve fitted to the 30 m/s data set. 
 

 

Figure 33 – Relative pressure difference on the rear slant surface and fitted data 
plotted against the cross-wind component. 

Looking at the result the curves match fairly well. The fit data both overshoots and 
undershoots in some cases while matching perfectly in other. However, as the data 
points were fairly few conducting further simulations in order to get more data 
points could produce a better fit. The resulting relationship could be useful in 
detecting cross-wind and its angle over the rear slant surface. For this case it came 
out as: 

Jµ±¶jj@(�z = 0.773�®.<¸<¥¹º»¼½¾¾ (6.3) 

 
The constants a=0.773 and b=5.272 were calculated by MatLab’s curve fitting tool. 
However, this function does not take into account the head-wind speed and may not 
constitute for the best approach. But it is one possible approach and could probably 
with more data points and further investigation lead to a good relationship that also 
takes travelling speed into account when predicting the cross-wind. This 
relationship could further be useful in the transient domain as the cross-wind should 
be possible to link to the behavior of the wake and the pressure distribution.  
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6.2 Transient Simulations 

Three transient simulations were carried out: 30 m/s head-wind, 20° continuous 
cross-wind and 20° cross-wind gust according to the settings described in chapter 5. 
 
The continuous head-wind and cross-wind cases were first initialized for 0.4 s, with 
no data sampling, in order to allow fluid particles to pass through the domain once. 
During this time a larger time-step was used to reduce simulation time. The CFL 
number was approximately 4. Following, the simulations ran 0.3 s for each case 
with a time step of 1e-5 s and CFL number of around 2. During the time from 0.4 to 
0.7 seconds data was gathered with a higher frequency.  
 
The gust simulation was initiated from the 0.4 seconds continuous head-wind 
simulation and ran for 0.35 s in order to allow the gust to propagate through the 
entire domain. The time-step was 1 ∙ 10�® s. During simulation the CFL number 
varied a bit as the gust was introduced and propagated. CFL peaked at 6, but was 
otherwise stable around 2.  
 
As the overall flow behavior has already been overviewed in section 6.1.1 this 
section will focus on the noticeable transient behavior of the flow around the rear 
section and wake in order to investigate the coupling between wake behavior and 
pressure. 

6.2.1 30 m/s continuous head-wind simulation 

6.2.1.1 Transient flow overview 
The pressure distributions and corresponding vortex structures during 0.16 seconds 
are visualized in Figure 34. It can be seen that the pressure distribution at each step 
varies. This variation in pressure is linked to the wake flow and the vortex shedding 
frequency.  
 
Over the rear slant (left side of Figure 34), from T to T+0.16, the pressure in the 
middle section is varying with time. At T the pressure is high as less vorticity is 
present (right part of Figure 34). Stepping through the solution it is becoming lower 
as more vorticity builds up over the slant. As the pressure is lowered over the rear 
slant the low pressure zone closer to the roof trailing edge actually expands down-
stream slightly and retracts up-stream, correspondingly, as pressure increases. It can 
also be noted that as the pressure decreases over the rear slant the transversal vortex 
structures in the wake seem to be closer to the slant rear edge and move further 
towards the diffusor as pressure increases.  
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Figure 34 – Pressure distribution and vortex structures visualized by Q=20000 at 
different time-steps in straight head-wind. 

Investigating the rear section of the car it has a seemingly random and chaotic 
fluctuating pressure distribution, as can be seen in the left column of Figure 34. At 
T and T+0.16 s lower pressure is found closer to the diffusor radius, looking at the 
wake structure at the same times those in the middle are also further down. As the 
distribution shifts between T+0.04 and T+0.12 the lower pressure propagates 
upwards, as does the wake structures. This is linked to the frequency of creation 
and shedding of transversal vortices between the diffusor and slant rear edge. Thus 
it is possible that the pressure fluctuations are strongly linked to the vortex 
shedding frequency. 
 
The longitudinal vortices interact, initially, mostly with the flow coming around the 
sides. Moving further down-stream away from the car these grow and begin to 

T 

T+0.04 

T+0.08 

T+0.12 

T+0.16 
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interact with the flow in the middle section. How these interact with the flow in the 
wake and is reflected upon the pressure is more problematic to define. However, 
the pressure distribution at T+0.08 shows that the low pressure on the rear slant 
sides almost extends down-stream to the edge. At the same time the pressure on the 
rear, close to the edge, is lower and the vortex structures are close to the top in this 
section. This probably results in that they interact more with the transversal vortices 
building up at the rear and have easier to stay attached longer.    
 
It can be seen that the overall wake structure and vortex shedding frequency affects 
the pressure distribution at each time-step. This points towards that the transient 
pressure distribution and wake behavior are coupled, which is what is sought after. 

6.2.1.2 Coupling in pressure variation on rear slant and car rear end 
First the coupling in pressure variation between the rear slant area and car rear 
section is investigated. Areas extracted are visualized in Figure 35.  
 

 

Figure 35 – Extraction of pressure areas when travelling at 30 m/s. 

The rear slant section was extracted 0.7 m from the front to the rear of the car and 
across the entire width. The rear surface was extracted from the rear slant surface 
edge and down to the beginning of the diffusor radius and across the entire y-span.  
 
Integrating the pressure over these surfaces at each time step and plotting against 
time produced the total relative pressure variations displayed in Figure 36 for the 
slant and the car’s rear section. 
 

 

Figure 36 – Pressure vs. time for the head-wind case. Left: Rear slant surface. 
Right: Car rear surface 
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In order to better see the correlation between the curves max-min normalization of 
the amplitudes is carried out. The two data sets are then superimposed in one graph 
seen in Figure 37. 
 

 

Figure 37 – Max-min normalized pressure vs time for the head-wind case 

Although the amplitudes vary the frequency and overall behavior seems fairly 
consistent between the rear slant and car rear surface pressure fluctuations. At 0.65 
seconds a discrepancy occurs as the pressure dips extremely low on the rear slant 
and then rises to become in anti-phase with the car rear surface pressure. Otherwise 
these curves correlate very well. Using the reasoning in section 6.2.1.1 a possibility 
could exist in linking the pressure peaks and lows to where the transversal rear edge 
vortices are located. Also if a coupling in pressure magnitude could be formulated it 
should be possible to estimate the rear surface pressure from the data gathered on 
the rear slant. 
 
A slight phase shift between the rear slant and car rear can be noted. The car rear is 
in the order of 2 ms ahead of the rear slant. This is due to the down-stream events 
propagating up-stream thus affecting the up-stream section with a slight time delay.  
 
Using the MatLab function FFT to perform a Fast Fourier Transform of the 
pressure data sets yields the frequency content in Figure 38.  
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Figure 38 – ESD plot of the integrated pressure data from the rear slant and car rear 
in the head-wind case. 

The frequency containing the most energy is close to 36 Hz for both surfaces 
meaning that the rear slant and car rear surfaces are linked in frequency. The same 
frequency also corresponds to the dominating vortex shedding frequency meaning 
that, by measuring at the rear slant surface, information can be gathered about the 
wake behavior. However, the band is quite noisy with many different frequencies 
present between 0-50 Hz.   

6.2.1.3 Coupling in pressure variation locally on rear slant    
A similar comparison to above was carried out on local areas up-stream and down-
stream of the separation point on the rear slant. The rear slant, extracted in Figure 
35, is here arbitrarily split into 8 zones according to Figure 39. Zones 1-4 and 6 are 
here considered up-stream of the separation line while 5, 7 and 8 are down-stream.  

 

Figure 39 – Rear slant split into sections up-stream and down-stream of separation 
line. 

This investigation could show whether specific areas are simpler to link to other, or 
contain more noise. Knowing what information to expect from certain areas could 
be useful when constructing an algorithm. Here it was interesting separate the 

1 2 3 

4 5 
6 

7 8 
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central area (zone 2 and 5) from the sides which are dominated by the longitudinal 
vortices.  
 
Integrating the pressure and max-min normalizing these two zones resulted in the 
normalized pressure distribution in Figure 40. Un-normalized integrated pressure 
data for each separate surface can be found in Appendix A  
 

 

Figure 40 –Max-min normalized pressure versus time in zone 2 and 5. 

The two curves correlate very well meaning that pressure fluctuations in these two 
zones are highly coupled. It would here be possible by a constant, corresponding to 
the mean difference between the curves, to link the pressure magnitude up-stream 
to the one down-stream.  
 
Performing the same operation on the side zones containing the longitudinal 
vortices produces the results in Figure 41. 
 

 

Figure 41 – Max-min normalized pressure versus time in side zones. 

Even though containing the longitudinal vortices these curves match fairly well in 
frequency, peaks and lows. A small phase shift is still visible in all three cases in 
the same order of magnitude as previously, about 2 ms. However knowing that the 
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overall behavior down-stream is well reflected up-stream ahead of the separation 
point the possibility arises that information about the wake behavior and pressure 
fluctuations can be gathered even on surfaces up-stream not directly adjacent to the 
rear edge. Meaning in this case, for example, that zones 1,2 and 3 could be used to 
gather information about the wake. The question remains, however, how much of 
the information is damped when measuring further up-stream and if the phase shift 
is increased. 

6.2.2 Continuous 20° cross-wind simulation 

6.2.2.1 Transient flow overview 
Figure 42 shows the pressure variations with corresponding vortex structures during 
5 time-steps for the case with a continuous 20° cross-wind. Compared to the head-
wind case the left part of the rear slant surface and roof trailing edge is here 
dominated by one large longitudinal vortex. The right vortex is smaller, detached 
and shifted away from the rear slant area by the cross-wind thus not affecting the 
pressure distribution to the same extent. The section with higher pressure in the 
middle has shifted to the right edge, compared to the head-wind case. This is partly 
caused by the left longitudinal vortex being pushed over the rear slant by air 
flowing at a 20° angle across the body. 

Similar trends as in the head-wind case are here observable in the wake-pressure 
distribution. However the wake structure is now heavily influenced by the 
longitudinal vortex drawing in air in from the right rear section. The left part of the 
rear section is dominated by a lower pressure compared to the right side due to 
influence from the longitudinal vortex and a highly rotational flow.   

Observing the transversal vortices dominating the right side of the aft surface it can 
be seen that, as in the head-wind case, when the pressure is higher the vortex 
structures shift to the section with lower pressure. This is probably most visible at 
T+0.16 in Figure 42, where the middle part of the rear section has a higher pressure 
than the left. However to the right of the middle a zone with lower pressure still 
exists. Looking at the corresponding vortex structures at this time step it can be 
seen that these seem to follow the zone with minimal pressure to the left where they 
mix with the longitudinal vortex. 
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Figure 42 – Pressure distribution and vorticity structures visualized by Q=20000 at 
different time-steps during a continuous 20° cross-wind. 

6.2.2.2 Coupling in pressure variation on rear slant and car rear end 
As for the head-wind case, an investigation is here carried out whether a coupling 
between the fluctuating pressure distribution on the rear slant and rear surface 
exists. Surfaces are extracted in the same manner as for the head-wind case, see 
Figure 43. 
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Figure 43 – Extraction of pressure areas as the vehicle travels with a continuous 20° 
cross-wind. 

The pressure distribution is integrated to give the total relative pressure over each 
surface at each time step. Resulting plots are visualized in Figure 44. 
 

 

Figure 44 – Pressure plotted against time for the cross-wind case. Left: Rear slant. 
Right: Car rear surface. 

The two distributions are now more different. The car rear surface has lots of higher 
frequency and small amplitude fluctuations compared to the rear slant surface. To 
investigate the similarities and dissimilarities further max-min normalization is 
carried out and the two datasets superimposed, see Figure 45.  
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Figure 45 - Max-min normalized pressure against time. 

The resulting distributions in Figure 45 do not agree well. While the frequencies 
still correlate fairly, the overall behavior is different. This could be due to the 
pressure distribution being affected by flow outside of the measurement zone, such 
as from the side surfaces. Also, perhaps, some influences do not propagate properly 
up-stream along the car’s longitudinal axis. However, some local parts of the curve 
match in frequency and phase such as at t=0.4, t=0.54 and t=0.63. The rest of the 
time the curves seem to be in anti-phase such as at t=0.46, 0.49 and t=0.53.  
 
Performing a Fourier transform to investigate the frequencies results in the 
distributions visualized in Figure 46. 
 

 

Figure 46 – ESD plot of the integrated pressure data from the rear slant and car rear 
in the cross-wind case. 

  

From the ESD plots the dominating frequency is around 12 Hz for both the rear 
slant and car rear surface. Between 0-30 Hz the plots correlate fairly well with 
peaks at around 4, 12 and 25 Hz. However, moving further up in the frequency 
domain they differ more which is reflected in the pressure plots. 
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6.2.2.3 Coupling in pressure variation locally on rear slant   
In this case measurement areas should perhaps have been switched to better 
correspond to the current pressure distribution. Adapting measurement zones to 
specific pressure distributions could probably have an improved effect on data 
acquisition and correlation. However, to be consistent with previous studies the 
zones investigate are kept the same as in the head-wind case, see Figure 47.    

 

Figure 47 – Rear slant split into sections up-stream and down-stream of separation 
line. 

Correlation between zones 1-4 and 7, zones 2 and 5 and zones 3-6 and 8 is 
investigated. Extracting these surfaces, integrating the pressure, max-min 
normalizing the amplitudes and superimposing, results in the graphs in Figure 48 
and Figure 49. The non-normalized integrated pressure data for each surface 
separately can be found in Appendix B   
 

 

Figure 48 – Max-min normalized pressure versus time in zone 2 and 5 for the cross-
wind case. 
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Figure 49 – Max-min normalized pressure versus time in the side zones for the 
cross-wind case. 

Zones 2, 5 and 3-6 and 8 correlate very well in the frequency domain and overall 
behavior while in zone 1-4 and 7 large discrepancies occur. The surface in zone 1-4 
and 7 corresponds to the left edge of the rear slant. The pressure in the lower left 
corner (zone 7) fluctuates heavily due to influences both by flow from the side 
surface, wake and longitudinal vortex. These fluctuations are not reflected up-
stream along the car’s longitudinal axis where the large vortex dominates the 
fluctuating pressure and acts as a barrier.  
 

6.2.3 20° cross-wind gust simulation 

In this case the cross-wind gust function described in section 5.1.1 is used to 
simulate the transient behavior of the wake as the vehicle moves through a gust. 
Investigation is carried out in a consistent manner with precious section. 

6.2.3.1 Transient flow overview 
As the setup uses the cyclic boundary to simulate a gust propagating through the 
domain it was necessary to investigate whether any smearing in gust strength 
occurs due to grid coarseness in front of the car. As can be seen in Figure 50 
showing the y component of U in the z-plane, the gust that reaches the car has lost 
some strength. Instead of the intended cross-wind component of 10.9 m/s the 
strength has smeared and dropped to 10.5 m/s corresponding to a 19.3° cross-wind 
angle instead of 20°. Due to the nature of this investigation this magnitude is 
considered sufficiently close to the intended angle. 
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Figure 50 – Uy in the x-y plane, showing the gust propagating through the domain. 

The vehicle passing through the gust is visualized in Figure 51. Initially at T, when 
the vehicle is only affected by head-wind, the case is seemingly identical to the 
continuous head-wind case, considering vortex structures and a symmetrical 
pressure distribution.  
 
As the gust propagates across the vehicle, from T+0.03 to T+0.12, the pressure 
distribution and vortex structures shift gradually towards the characteristics 
observed in the continuous cross-wind case. Upon exiting the gust, at T+0.15, flow 
characteristics return to that of the head-wind case. However further down-stream 
the gust is still affecting the wake. 
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Figure 51 – Pressure distribution and vorticity structures visualized by Q=20000 at 
different time-steps as the gust propagates across the car. 
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6.2.3.2 Coupling in pressure between rear slant and car rear surface 
The rear slant and rear surface are extracted in a consistent manner with previous 
two cases. Integrating the pressure over the surfaces and plotting against time gives 
the distributions shown in Figure 52. 
 

 

Figure 52 – Pressure vs. time in the cross-wind gust case. Left: Rear slant. Right: 
Car rear. 

A large dip is now visible as the gust propagates across the car. This dip is visible 
in both the rear slant and rear surface pressure variations. To investigate correlation 
between these two surfaces the relative pressure magnitudes are max-min 
normalized to lie between 0 and 1.Resulting plot is seen in Figure 53. 
 

 

Figure 53 – Max-min normalized pressure versus time over the rear slant and car 
rear surface for the gust case. 

Before the gust reaches the car at around t=0.57, the frequencies of the pressure 
variation seem to agree fairly well. The amplitudes do still vary however looking at 
the overall behavior the two curves seem to follow each other.   
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As the gust is introduced over the car, the pressure on both the rear slant and rear 
surface drop significantly. Initially, close to t=0.6 seconds, it seems that the 
pressure is rising on the rear surface while the rear slant pressure begins to drop. 
This is probably due to the gust not having reached the car rear end yet but has 
started to affect the flow over the rear slant surface. Stepping forward in time (>0.6 
s) it can be seen that the rear surface pressure catches up with the drop over the rear 
slant. At this moment the curves follow each other fairly well, disregarding the 
amplitudes. The time difference between when the rear slant and rear surface 
pressures start to drop is approximately 26 ms.  
 
As the car begins to exit the gust at around t=0.65 the pressure rises, first on the 
rear slant and later on the rear surface. Here the rear surface pressure fluctuates 
during the rise as the gust passes the rear. Upon exiting the gust, at approximately 
t=0.7, the curves continue to follow each other, although still differing in 
amplitude.  
 
Performing an FFT on the two surfaces produces the frequency distributions 
displayed in Figure 54. 
 

 

Figure 54 – ESD plot of the integrated pressure data from the rear slant and car rear 
in the cross-wind gust case. 

Dominant energy peaks are found at around 3 and 36 Hz in both cases. The 36 Hz 
corresponds to the vortex shedding frequency established in the head-wind 
investigation. The 3 Hz is probably the large shift in pressure magnitude introduced 
during the gust. However, a third frequency is introduced on the car rear surface at 
around 30 Hz. This could be due to the separating flow along the left rear edge not 
being reflected up-stream but instead affecting the wake locally and introducing 
fluctuations in the pressure.     

6.2.3.3 Coupling in pressure variation locally on rear slant    
Performing the same split into zones locally on the rear slant surface analysis are 
carried out to see how certain areas correlate to each other. Integrating the pressure 
followed by max-min normalizing and plotting the pressure against time in zone 2 
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and 5 results in the graph in Figure 55. The non-normalized integrated pressure data 
for each surface separately can be found in Appendix C  
 

 

Figure 55 – Max-min normalized pressure vs. time in zone 2 and 5 for the cross-
wind gust case. 

As can be seen the pressure correlates, overall, well in frequency and behavior 
between zone 2 and 5, however still the amplitudes differ. The phase shift is 
consistent with previous results, in the order of 2 ms. As the gust is introduced a 
discrepancy is seen as in the investigation of the rear slant and car rear surface. 
Here the pressure drops occur at the same time. However, the area downstream 
(zone 5) fluctuates during the gust while up-stream the dip is smoother. This is 
probably due to fluctuating effects from the rear surface being damped as they 
propagate up-stream over the lower part of the rear slant.  
 

 

Figure 56 – Max-min normalized pressure vs. time in side zones for the cross-wind 
gust case. 
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Turning to the side surfaces, visualized in Figure 56, the same characteristics, as for 
the center zone (2-5), can be noted. However, while the pressure drops in the large 
vortex on the left side, during the gust, the corresponding pressure on the right side 
rises. Although it may be tricky to see in Figure 56, the fluctuating pressures 
actually correlate well. What has happened is that the large pressure change, caused 
by the gust, is substantially larger in zone 1-4 and 3-6 than in zones 7 and 8. Then, 
when max-min normalizing the amplitudes before and after the gust these become 
relatively small compared to the drop which causes it to look like the oscillations 
are damped out. To verify that the curves in fact correlate well in both frequency 
and phase, pressure variation during the time before the gust are max-min 
normalized and plotted in Figure 57. 

 

 

Figure 57 – Max-min normalized pressure vs. time in side zones before the gust. 

As suspected Figure 57 shows that at the time before the gust the curves match up 
well in frequency and phase. The phase shift is still in the order of 2 ms which 
agrees with previous results.  
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7 DISCUSSION 

7.1 Results 

Flow simulations using the simplified Windsor geometry show that a coupling 
between the wake flow and pressure distribution on surfaces up-stream is possible 
to formulate. This thesis had to end due to time restrictions and is leaving some 
couplings to investigate and formulate such as: 
 

• The coupling between pressure magnitudes up-stream to the magnitudes 
down-stream. 

• The influence of head-wind speed and its coupling to the vortex shedding 
frequency. 

• The coupling between vortex shedding frequency and vortex types. 
• The coupling between vortex types and amount of drag. 

 
It is still unclear how the pressure magnitudes down-stream correlate to those up-
stream. In the cases where the normalized pressures agreed very well in amplitude, 
frequency and phase this could just be a matter of a mean difference value. 
However how this difference correlates to speed for the specific geometry of this 
thesis, or the Re-number for the general case, is a question that should be 
investigated further.  
 
Regarding the coupling between vortex shedding frequency and types the initial 
thought is that larger vortices produce lower shedding frequency as these take a 
longer time to form and vice versa for the smaller ones. However the shedding 
frequency is also coupled to the travelling speed. What it would mean though is that 
depending on the frequencies found in the fluctuating pressure it should be possible 
to link this to the existing types of vortices. This link could then be used to couple 
the vortex types to the drag exhibited on the vehicle upon which a complete chain 
of coupling corresponding to the system that Creo wishes to develop is defined.     
 
Turning to the geometry investigated, it was extremely simplified and the question 
arises if these correlations would still be observable on real car geometries. The rear 
slant, or rear window, surface is never actually as flat and smooth as in this case, 
however, the rear slant is not necessarily the only surface from which 
measurements are possible. Another problem is the rear-surface. This often has a lot 
of details such as lights, spoilers registration plate etc. that affects the flow which 
may interfere with the reflection up-stream of certain characteristics. It would 
definitely be interesting to perform the same type of simulation on a slightly more 
complex, or real, car geometry to investigate to what extent the coupling still is 
visible.  
 
Data from the real case would also be noisy due to influences from various sources. 
Also since the simulations carried out here were based on the DDES turbulence 
model with a non-resolved boundary layer the question arises how a resolved 
boundary layer would affect the results. This is also related to the scales of flow 
simulated as smaller scales separate with a higher frequency which would probably 
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introduce more noise in the simulated data. The chain of thought here is that data in 
reality will probably contain more noise partially caused by the smaller, high 
frequency, scales. However, this should be possible to handle by introducing a filter 
into the algorithm. 

7.2 Possible errors 

Even though the results seem promising, uncertainties still exist.  
  
Starting with the mesh, a thorough refinement study was never conducted meaning 
that some characteristics might have been lost due to grid coarseness. One of these 
effects is visible in the cross-wind gust. As the gust propagated through the domain 
the magnitude was smeared due to grid coarseness. This could probably have been 
corrected via another approach of producing the gust or by a refined grid. For 
example Favre in [8] coded the gust into the boundaries. However this approach 
was dismissed due to complexity and time required for implementation, also in the 
simulation carried out the gust dissipation was within tolerable limits. Any 
tendency of GIS was never observed. 
 
Turning to the simulation itself the settings were partly optimized for stability, 
meaning that some accuracy had to be sacrificed. However, due to the nature of the 
present study not requiring perfectly predicted magnitudes this was the natural 
thing to do. 
 
Simulation time was a huge constraint due to limited computer resources. For the 
steady state cases this meant that number of iteration had to be limited to a number 
providing sufficiently converged case which in this case was 10000 steps.  
 
Further, when investigating time dependent, seemingly random and chaotic 
phenomena, such as turbulence and wakes, longer simulation time is usually 
needed. Times below one second, as were in the transient simulations of the present 
work, are too short to properly draw and formulate conclusions about coupled flow 
interactions. This is also related to frequency studies in which the data sets need to 
be sufficiently long to give good results.  
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8 CONCLUSIONS 

In this thesis a simplified car geometry has been simulated using the CFD package 
OpenFOAM and the DDES turbulence model. The wake behavior was investigated 
in order to find a coupling between its behavior and the pressure distribution on 
surfaces up-stream. Steady state simulations were conducted initially at 25 and 30 
m/s travelling speed with different cross-winds to build an initial understanding of 
the flow and get familiarized with the software. Three transient cases were then 
investigated with the vehicle travelling at 30 m/s during: no cross-wind, 20° 
continuous cross-wind and a 20° cross-wind gust. 
 
Post processing was carried out using Paraview and MatLab and from the results 
presented the following conclusions can be drawn: 
 

• Cross-wind angle and velocity component are linked to the difference in 
pressure between the left and right side of the rear slant. 

• Pressure fluctuations on the car rear and rear slant surface are coupled in 
frequency. 

• Events occurring down-stream propagate up-stream with a slight time delay 
which in the setup used for the present study turned out to be in the order of 
2 ms. 

• Strong cross-winds may make the correlation between up-stream and 
down-stream event hard to identify as the cross-wind introduces a lot of 
unsteady highly fluctuating flow. 

• An active control of the measurement zone, or zones, can produce better 
correlation to specific areas down-stream as certain areas in some cases 
may contain un-reflected flow characteristics or vortices which block 
propagation.   

• A filtering procedure will be necessary to include in Creo’s AFC algorithm 
in order to remove possible noise and improve the necessary data. 

• Creo’s measurement approach is feasible; however simulations on a more 
complex or realistic car geometry giving similar results would further 
strengthen this. 

• Using the cyclic boundary conditions to simulate a gust propagating 
through the domain works well. This is carried out by introducing a fairly 
simple modification to the boundary conditions with the 
“timeVaryingUniformFixedValue” boundary condition. However the 
approach is fairly mesh dependent and the possibility of smearing, as the 
gust propagates, exists.  
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9 WAY FORWARD & RECOMMENDATIONS 

As mentioned in the discussion there are many subjects which need further 
investigation before a complete link between the pressure distribution up-stream 
and the wake can be established. From the conclusions and results presented in this 
thesis the recommended way forward for Creo in this research and towards the 
control algorithm would be: 
 

• Investigate and define further couplings 
o Investigate the frequency correlation at different travelling speeds to 

find a link between speed and vortex shedding frequency. The 
shedding frequency could then be used both ways either as an 
indication of the travelling speed of the car or the car’s travelling 
speed could be logged and tell about what shedding frequency 
should be present in an un-actuated case. 

o The coupling between vortex shedding frequency and vortex type 
could further the understanding of the link to drag. If the possibility 
exists to couple the frequency in the fluctuating pressure 
distributions to vortex types present then a further investigation 
could lead to a coupling between vortex types and drag. 

o Investigate and find the coupling in pressure magnitude between the 
up-stream surface and down-stream. This could then be used to 
predict the base drag of the vehicle. 

o A phase study should be conducted in order to determine the cause 
of the phase shift between events up-stream and down-stream. 

o Further investigate the coupling between events up-stream and 
down-stream during cross-winds. 

• Improve simulations and geometry 
o Perform simulations on a more complex, or realistic, car geometry. 

Specifically with a more detailed aft section. This is in order to 
detect possible disturbances and verify whether the same coupling is 
still visible.  

o Simulations with a completely resolved boundary layer should be 
performed to see whether the results differ significantly. Here y+ 
should be below 1 and wall functions removed. 

o Grid should be further refined around the rear section and wake. 
 
The algorithm should be built up in steps starting with the setting up of a basic 
simulation with a measurement surface. Then step by step implementing the 
functions described above, and in the conclusions, to the algorithm while 
simulating different situations, logging and verifying the results produced. Thus the 
algorithm is constructed in a systematic manner and functionality implemented step 
by step to the specifications laid out by Creo. Also each single step could be 
conducted as independent research with the end verification, depending on results, 
being the implementation into the final algorithm. 
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A suggested, first, continuation of this study could be for Creo to announce a 
master thesis dealing with investigation into the points described in the first section 
above. This thesis would then continue simulations from the same model and start 
with investigating the vortex shedding frequency at different travelling speeds and 
also if there is a link between the shedding frequency and vortex type. If these two 
steps are manageable then it could be possible to link the frequencies to the drag 
exhibited on the vehicle by these vortices.  
 
Following up on this thesis the findings could then possibly be further investigated 
according to the points described in the second section i.e. a more detailed 
geometry and more accurate simulation. 
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Appendix A – Integrated pressure over the rear slant zones 
for the 30 m/s head-wind case  
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Appendix B – Integrated pressure over the rear slant zones 
for the 20° cross-wind case 
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Appendix C – Integrated pressure over the rear slant zones 
for the 20° cross-wind gust case 
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