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Abstract 

This dissertation was written as a part of the MSc in Strategic Product Design at the International 

Hellenic University. 

During the past few decades, CFD has entered the world of product development. Companies follow 

certain processes for improving their design using CFD tools. This thesis contains a demonstration of 

such a process. 

Altair University designed a 3-wheeler motorbike geometry which was tested in a wind tunnel in the 

University of Mosbach. The results from this test were used as validating data for a CFD simulation 

that was built and run using the CAE software suite HyperWorks (HyperMesh, Acusolve, Hyperview) 

provided by Altair. A necessary literature review was conducted for the correct setup of the CFD 

simulations. The wind tunnel test was simulated and the results showed a satisfactory correlation with 

the physical test after a mesh independency study. The geometry was then simplified for an external 

aerodynamics CFD simulation. The settings of the CFD study for the external aerodynamics case, were 

based on the wind tunnel test simulation setup. The drag coefficient of the 3-wheeler motorbike was 

estimated. A comparison was made between the resultant drag coefficient of the wind tunnel test and 

the external aerodynamics simulations. 

Subsequently, the original model was re-designed. The goal was to improve the original model by 

reducing the drag coefficient of the vehicle. The new design led to a more streamlined body and on the 

new geometry, CFD simulations were conducted. These simulations resulted in a significantly lower 

drag coefficient than the one of the original design. The drag coefficient of the original model was 

approximately 0.35 and after the re-design process, it dropped to 0.15, a 57% improvement. The reason 

behind this significant difference is the absence of extensive recirculation areas past the rear of the re-

designed model, in contrast with the original design. 

The re-designed model was 3D-printed at the premises of the International Hellenic University using 

the BCN3D Sigma 3D printer, which utilizes the FDM method. 

Keywords: 3-Wheeler motorbike; Altair; Acusolve; drag coefficient; Hyperworks  

  



4 
 

Acknowledgements 

First of all I would like to thank my supervisor from International Hellenic University, Dr. Dimitris 

Tzetzis for the trust he showed on me and for his help in several important issues regarding the thesis. 

Dr. Tzetzis took a big risk when he agreed to let me work on a subject a bit outside the traditional 

standards of the MSc in Strategic Product Design and he supported the project from the very start until 

the end. 

The biggest thank you goes to Dr. Elias Nassiopoulos and Dr. Asteris Apostolidis, founders of GIVE 

engineering respectively (www.give-engineering.com). Their unlimited support during this thesis was 

vital. They shared their engineering knowledge as well as their experience regarding the setup of a good 

quality thesis and also a lot of their precious time. The outcome of this thesis would be much different 

without their contribution. 

A big amount of gratitude goes to Dr. Matthias Goelke from Altair and Professor Gangolf Kohnen of 

the University of Mosbach. Dr. Goelke helped a great deal with the acquiring of the Altair CAE suite 

and he was the bridge of communication between many people that offered help throughout the whole 

process. He also followed the progress of this thesis closely, showing genuine interest and being 

available always. Professor Kohnen was a person of big contribution, since it was him who answered 

all my questions regarding several issues and offered valuable information that was necessary for the 

fulfilment of this study, without any obligation to do so. 

I would also like to mention and thank Dr. Lazaros Tsioraklidis, chairman of the Altair’s offices in 

Thessaloniki, Greece. Dr. Tsioraklidis brought me in contact with his amazing team who offered their 

support and answered questions regarding the tools of the HyperWorks suite. 

I also want to thank Manolis Tzimtzimis who is responsible for the prototyping laboratory of IHU. 

Manolis helped with the printing of a necessary model that was among the outcomes of this thesis. 

Last but not least I want to thank Dr. Kyros Yakinthos and Dr. Anestis Kalfas. These former professors 

of mine (during my first degree studies in mechanical engineering at Aristotle University of 

Thessaloniki) introduced me to the world of fluid mechanics and my progress on the field would not 

have been the same without them.  

http://www.give-engineering.com/


5 
 

Contents 

Abstract ................................................................................................................................................... 3 

Acknowledgements ................................................................................................................................. 4 

List of Figures ......................................................................................................................................... 7 

List of Tables .......................................................................................................................................... 8 

Nomenclature .......................................................................................................................................... 9 

Abbreviations ........................................................................................................................................ 11 

1 Introduction ................................................................................................................................... 12 

1.1 Previous work ....................................................................................................................... 14 

1.2 Objectives ............................................................................................................................. 16 

1.3 Chapter structure ................................................................................................................... 16 

1.4 Similar studies in the literature ............................................................................................. 17 

2 Theoretical Background ................................................................................................................ 19 

2.1 Governing equations ............................................................................................................. 19 

2.2 Reynolds Number ................................................................................................................. 21 

2.3 Turbulence modelling ........................................................................................................... 22 

2.3.1 Spalart-Allmaras turbulence model............................................................................... 22 

2.4 Mesh Generation ................................................................................................................... 23 

2.5 Error Criteria ......................................................................................................................... 26 

2.6 Aerodynamic Forces ............................................................................................................. 27 

2.6.1 Lift and Drag ................................................................................................................. 27 

2.6.2 Aerodynamic coefficients ............................................................................................. 28 

2.6.3 Frontal Area .................................................................................................................. 29 

2.6.4 Drag coefficients of vehicles ......................................................................................... 30 

3 Model development ...................................................................................................................... 33 

3.1 Wind tunnel test-Geometry preparation ................................................................................ 33 

3.2 External flow model preparation ........................................................................................... 34 

4 CFD Code Validation ................................................................................................................... 36 

4.1 CFD Model Setup ................................................................................................................. 36 

4.1.1 Boundary Conditions .................................................................................................... 36 

4.1.2 Initial Mesh ................................................................................................................... 37 

4.2 Wind tunnel measurements ................................................................................................... 41 

4.3 Mesh independency study ..................................................................................................... 42 

4.4 Mesh quality check ............................................................................................................... 43 

4.5 Validation of the wind tunnel CFD model ............................................................................ 45 



6 
 

5 Bike drag coefficient calculation .................................................................................................. 47 

5.1 CFD model setup .................................................................................................................. 47 

5.1.1 Boundary Conditions .................................................................................................... 47 

5.1.2 Mesh .............................................................................................................................. 48 

5.1.3 Physical model setup ..................................................................................................... 51 

5.2 CFD Results .......................................................................................................................... 52 

5.3 Drag coefficient calculation .................................................................................................. 55 

5.3.1 Frontal area ................................................................................................................... 55 

5.3.2 Drag coefficient value ................................................................................................... 57 

6 Re-designed model ........................................................................................................................ 59 

6.1 New model geometry ............................................................................................................ 59 

6.2 CFD results of the re-designed model ................................................................................... 60 

6.2.1 Pressure and velocity distribution ................................................................................. 60 

6.2.2 Re-designed model drag coefficient.............................................................................. 63 

7 3D printed model .......................................................................................................................... 64 

7.1 Printing process ..................................................................................................................... 65 

7.2 Printed parts .......................................................................................................................... 66 

7.3 Assembled model .................................................................................................................. 66 

Conclusions and future work ................................................................................................................ 70 

Future Work .......................................................................................................................................... 71 

References ............................................................................................................................................. 72 

APPENDIX A ....................................................................................................................................... 73 

APPENDIX B ....................................................................................................................................... 73 

 

  

file:///E:/IHU/Master_thesis_Altair/Literature/Master_thesis_3_Wheeler_016_George_Iatrou_100Prcnt.docx%23_Toc504810996
file:///E:/IHU/Master_thesis_Altair/Literature/Master_thesis_3_Wheeler_016_George_Iatrou_100Prcnt.docx%23_Toc504810997


7 
 

List of Figures 

Figure 1 Visualization of the path of vortex structures generated by the front wing around a modern 

F1 car. The colors of the streamlines are representing the velocity (red = high, blue = low) (Racecar-

engineering, 2017) ................................................................................................................................ 12 

Figure 2  Dyson Air Multiplier bladeless fan (Team, 2013) ................................................................. 13 

Figure 3 Wind-streams analyzed with NX Advanced Flow CFD software from Siemens PLM 

(Waterman, 2010) ................................................................................................................................. 13 

Figure 4 3-wheeler motorbike concept (Conceptual Design of a 3 Wheeler Motorbike | Altair 

University, 2017) .................................................................................................................................. 14 

Figure 5 3D printed model of the bike (FDM) (Wasmeier, 2017) ........................................................ 15 

Figure 6 Virtual and Real model (Wasmeier, 2017) ............................................................................. 15 

Figure 7 Wind tunnel (Wasmeier, 2017) .............................................................................................. 16 

Figure 8 Visualization of laminar and turbulent flows (Tong, 2013) ................................................... 22 

Figure 9 Typical structured grid around an airfoil (Prosser, 2013) ....................................................... 24 

Figure 10 Unstructured grid (Aerodynamic Optimization with Pointwise and FRIENDSHIP-

Framework | Another Fine Mesh, 2017) ............................................................................................... 24 

Figure 11 3D Hybrid grid used in a vehicle CFD simulation (Unstructured Quadrilaterals &amp; 

Hexahedral Layers Added to Pointwise Meshing Software, 2016) ...................................................... 25 

Figure 12 Implementation of error in the iterative solution (Reddy, 2004) .......................................... 26 

Figure 13 Aerodynamic forces (Anderson, 1984) ................................................................................ 28 

Figure 14 Reference Area, wing (Anderson, 1984) .............................................................................. 29 

Figure 15 Frontal area of a vehicle (Vehicle Frontal Area - 4k Wallpapers, 2017) .............................. 29 

Figure 16 A. Streamlined car, B. Flow separation (Katz, 1995) ........................................................... 30 

Figure 17 Virtual model of the wind tunnel (Wasmeier, 2017) ............................................................ 33 

Figure 18 Wind tunnel CAD model split in half ................................................................................... 34 

Figure 19 Control volume of the external flow simulation ................................................................... 35 

Figure 20 Bike geometry for the external flow simulation ................................................................... 35 

Figure 21 Wind tunnel Domain and boundaries-Surface Mesh ............................................................ 36 

Figure 22 Bike surface mesh-Wind tunnel simulation-Initial mesh ..................................................... 38 

Figure 23 Initial Volume mesh-Layer Representation .......................................................................... 39 

Figure 24 Layers closeup ...................................................................................................................... 39 

Figure 25 Volume mesh transition ........................................................................................................ 40 

Figure 26 Pentahedra to tetrahedra transition ....................................................................................... 40 

Figure 27 Wind tunnel results (Wasmeier, 2017) ................................................................................. 41 

Figure 28 Chosen mesh after mesh independency study ...................................................................... 43 

Figure 29 Layers on the fairing (Dense mesh) ...................................................................................... 43 

Figure 30 2D quality mesh check for the Wind tunnel mesh ................................................................ 44 

Figure 31 3D quality mesh check for the Wind tunnel mesh (Jacobian) .............................................. 45 

Figure 32 External Flow Boundary Conditions .................................................................................... 47 

Figure 33 Layer generation settings ...................................................................................................... 48 

Figure 34 Side view of the final mesh .................................................................................................. 49 

Figure 35 Dense mesh area around the bike ......................................................................................... 50 

Figure 36 Transition of the mesh to bigger elements ............................................................................ 50 

Figure 37 Bike components .................................................................................................................. 52 



8 
 

Figure 38 Velocity contour on the "Symmetry" plane (x component).  Investigated case: 20 m/sec ... 54 

Figure 39 Staitc (Gauge) pressure contour on the "Symmetry" plane.  Investigated case: 20 m/sec ... 54 

Figure 40 Static (Gauge) pressure distribution on the models: Free stream case on the left and wind 

tunnel simulation on the right. Investigated case: 20 m/sec .................................................................. 55 

Figure 41 Vertical plane used for frontal area calculation .................................................................... 56 

Figure 42 Frontal area calculation ........................................................................................................ 56 

Figure 43 Isometric (top), top (bottom left) and side (bottom right) views of the re-designed model . 59 

Figure 44 Comparison of the x component of the velocity on the symmetr plane between original and 

re-designed model ................................................................................................................................. 60 

Figure 45 Comparison of static pressure distribution on the symmetry plane between the original and 

re-designed model ................................................................................................................................. 60 

Figure 46 Static pressure contours on the original and re-designed model (20 m/sec case) ................. 61 

Figure 47 Original model streamlines (20 m/sec case) ......................................................................... 61 

Figure 48 Re-designed model streamlines (20 m/sec case) .................................................................. 62 

Figure 49 Back view of the streamlines (Original model on the left and re-designed model on the 

right) ...................................................................................................................................................... 62 

Figure 50 BCN3D printer (Rapid Prototyping laboratory IHU) ........................................................... 64 

Figure 51 Printing process of half-bike part ......................................................................................... 65 

Figure 52 Half bike-Printing process finished ...................................................................................... 65 

Figure 53 3D printed parts of the re-designed model ........................................................................... 66 

Figure 54 Isometric view of the 3D-printed re-designed 3-wheeler motorbike .................................... 67 

Figure 55 Side view of the printed model ............................................................................................. 67 

Figure 56 Front view of the printed model ........................................................................................... 68 

Figure 57 Back view of the printed model ............................................................................................ 68 

Figure 58 Top view of the printed model ............................................................................................. 68 

Figure 59 Bottom view of the printed model ........................................................................................ 69 

List of Tables 
Table 1 Drag coefficient of diverse objects .......................................................................................... 32 

Table 2 Meshes used in the mesh independency study ......................................................................... 42 

Table 3 Force calculation in diverse studies and velocities .................................................................. 45 

Table 4 Basic physical model settings .................................................................................................. 51 

Table 5 Force distribution among bike components (Free stream simulation) ..................................... 52 

Table 6 Drag Coefficient of the original model (simulation results) .................................................... 57 

Table 7 Original and Re-designed model drag coefficients .................................................................. 63 

Table 8 3D-printing settings ................................................................................................................. 64 

  



9 
 

Nomenclature 

 

English Symbols 

A  area Eq. (17), axial force (Fig. 13) 

c  chord length (Fig. 13) 

C  convection of eddy viscosity 

D   rate of dissipation of eddy viscosity Eq. (13), drag force Eq. (15), (Fig. 13) 

d  diameter 

F   diffusion of eddy viscosity 

f  external force Eq. (2,3,4,8,9),  

fi  global variable (Fig. 12) 

k  turbulent kinetic energy 

Kij  global variable (Fig. 12) 

L  characteristic linear dimension Eq. (11), lift force (Fig. 13) 

ṁ  mass rate of flow 

n  counter (Fig. 12) 

N   normal force (Fig. 13) 

p   pressure 

P  rate of production of eddy viscosity 

q  dynamic pressure 

R  resultant force 

s  wing span 

Sij  turbulent shear tensor 

 t  time 

T   transport of eddy viscosity by turbulent diffusion 
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u  x direction velocity component, velocity of the fluid in respect to the object Eq. (11) 

v  y direction velocity component, kinematic viscosity of the fluid 

V  velocity 

w   z direction velocity component 

u′, v′, w′ turbulent velocity fluctuations 

x, y, z   Cartesian coordinates 

 

 

Greek Symbols 

α  angle of attack 

δij  Kroenecker delta 

ε  error value 

μ   dynamic viscosity of a fluid 

μΤ  eddy viscosity 

ρ  fluid density 

σij   normal and shear stress tensor 

τij  Reynolds strain tensor 

 

Subscripts 

∞  far field 

i, j  counters 

─  mean value 

 

Superscripts 

+  law of the wall variable 
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Dimensionless groups 

Re   Reynolds number 

CD  drag coefficient 

y+  dimensionless wall distance of the 1st mesh cell 

Abbreviations 

 

BL  Boundary layer 

CAD  Computer aided design 

CAE  Computer aided engineering 

CFD  Computational fluid dynamics 

FDM  Fused deposition modelling 

IHU  International Hellenic University 

RANS  Reynolds averaged Navier-Stokes 

R&D  Research and development  
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1 Introduction 

There are many parameters involved in the design of a product. From abstract idea until realization, a 

product concept goes through several improvement processes until the desirable result is achieved. 

Some decades ago the only way to test and improve the concepts that lied in the engineers’ minds was 

to construct physical models (that is specifically true for aerodynamics). Nowadays there is the 

possibility of designing virtual models of those concepts and test them using computational methods, 

saving time and reducing the overall engineering costs. One example is the use of Computational Fluid 

Dynamics (CFD) simulations to study, understand and improve the aerodynamic behavior of a vehicle. 

CFD is used in automotive, motorsport and aerospace industries among others and its contribution to 

the design of vehicles has become massive the last few years. Of course, after a CFD simulation, a 

physical model is needed to be manufactured in order to validate the results, but still the need of one or 

two physical models instead of numerous iterations is a big improvement in the R&D sector. The 

following figures (1-3) show examples of the use of CFD in industry. 

 

Figure 1 Visualization of the path of vortex structures generated by the front wing around a modern F1 car. The colors of the 

streamlines are representing the velocity (red = high, blue = low) (Racecar-engineering, 2017)  
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Figure 2  Dyson Air Multiplier bladeless fan (Team, 2013) 

 

Figure 3 Wind-streams analyzed with NX Advanced Flow CFD software from Siemens PLM (Waterman, 2010) 
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1.1 Previous work 

At Altair University a 3-wheeler motorbike concept has been designed in order for the students to 

understand how the CAE technologies are applied on a concept from cradle to grave. This concept is 

being used for investigation and learning in diverse sectors. At the present study, the sector of interest 

is the aerodynamic analysis of the concept model and the improvement of its design. Fig. (4) shows the 

3-wheeler motorbike concept, as designed and rendered by the students of Altair University. 

 

 

 

 

 

 

 

 

 

 

Figure 4 3-wheeler motorbike concept (Altairuniversity.com, 2017) 

The bike was 3D-printed using the FDM (Fused Deposition Modeling) method. With an overall length 

of approximately 23cm, the model was tested at a wind tunnel in Baden-Wuerttemberg Cooperative 

State University of Mosbach (as depicted below). The two orifices that go through the model have the 

purpose of mounting it into a frame, in order to hold it steady during the physical test. Fig. (5) shows 

the model mounted into the frame while Fig. (6) depicts the virtual model and the 3D printed result. 
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Figure 5 3D printed model of the bike (FDM) (Wasmeier, 2017) 

 

 

 

Figure 6 Virtual and Real model (Wasmeier, 2017) 
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 Fig. (7) shows the structure of the wind tunnel that was used for the physical test. On the right hand 

side there is the inlet and on the left hand side the outlet. In the middle of the wind tunnel there is the 

control volume in which the bike is laid. 

The objective of that study was to conduct a wind tunnel test using the 3D-printed model and 

subsequently compare the physical test’s results with a virtual simulation’s results in order to create a 

well calibrated CFD model for such cases. 

 

Figure 7 Wind tunnel (Wasmeier, 2017) 

1.2 Objectives 

The following objectives drive the choice of the areas of interest of this thesis: 

1. Validation of the CFD model that will be developed: The wind tunnel results will be used as 

a baseline to compare the virtual (CFD) with the physical test results. 

2. Drag coefficient estimation of the 3-wheeler motorbike: A new CFD model (external flow 

simulation) will be set-up in order to estimate the drag coefficient of the current motorbike. 

According to the results that will be presented later, the surrounding geometry in the physical 

test affects the forces that act on the model.  

3. Improvement of the current design: Re-design of the motorbike in order to achieve better 

drag coefficient, thus less aerodynamic losses. 

1.3 Chapter structure 

Chapter 2 is a brief look into the CFD theory. The biggest energy losses that occur in moving vehicles 

are produced by the aerodynamic force that is opposed to the vehicle’s movement, the so called ‘drag’. 

This force depends on the size, shape and velocity of the vehicle. Comparing two vehicles that travel at 

the same velocity, the more “aerodynamic” one will have less energy losses. External aerodynamics 

analyses are very useful during the design of diverse products and the prediction of the aerodynamic 
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forces is crucial for the designers. Scope of this chapter is not to analyze the CFD mathematical 

background in detail, but to discuss the basic governing equations behind a CFD code. 

The model preparation will be discussed in Chapter 3. Before importing a model into a mesh generator 

and then into a solver, it is very important to manipulate and check the geometry accordingly. 

In chapter 4, the CFD model setup for the baseline simulation will be examined. The baseline is the 

wind tunnel test conducted by Altair University. Boundary conditions, turbulence models and a mesh 

independency study will be discussed. This chapter will also explain the settings that will be selected 

for the setup of the CFD model that will be used in the following chapters. 

Chapter 5 is devoted to the calculation of the forces that act on the bike and the calculation of the drag 

coefficient for several velocities. An external aerodynamics simulation of the bike is performed, in 

contrast with the previous chapter where the wind tunnel test was simulated. The results of this chapter 

will be used as a reference for improving the design. 

In Chapter, 6 the demonstrated study investigates the improvement of the original design. The 

comparison between the drag coefficients of the original and the re-designed model justify the use of 

CFD in such cases. 

Chapter 7 refers to the 3D-printing of the re-designed model. The settings of the process as well as its 

outcome will be presented. 

Finally, overall conclusions and some ideas about possible future work will be discussed. 

1.4 Similar studies in the literature 

In literature, there are countless cases regarding the use of CFD for investigating the flow properties 

and the drag calculation around vehicles. The methodology of such cases is standard and was followed 

in this thesis. Examples of such case studies that were investigated and used as references for this master 

thesis are:  

- A numerical investigation of the flow around a motorbike when subjected to crosswinds: 

In this study, numerical computations were employed in order to investigate the flow around a 

motorbike subjected to crosswinds in several yaw angles (Fintelman et al., 2015). 

 

- Combining quality, performance & efficiency in CFD pre-processing: 

This is a case study of a CFD model creation for a racing motorbike following the common CFD 

recommended practices. The results were compared to available literature results. Mesh morphing was 

performed in order to modify the bike’s characteristics using the same mesh (Skaperdas and Kolovos, 

2007). 
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- Investigation of Drag Coefficient at Low Velocity for Front of Two Wheels Vehicle Based on CFD 

method: 

A simple model including a driver and a fairing of a motorbike was investigated in terms of flow 

structure and the drag coefficient (Jain et al., 2017). 

The steps that are followed in the mentioned studies are: 1) Model build-up, 2) mesh generation, 3) 

CFD case setup, 4) numerical solution, 5) mesh independency study and finally 5) post-processing.  
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2 Theoretical Background 

CFD codes are a powerful tool used globally by engineers in several sectors. There is a lot of theory 

behind the use of such codes and the users need to be very careful when specifying all 

parameters/variables with immediate effect on the simulation. A wrong simulation setup will definitely 

lead to wrong results. In this chapter a brief presentation of the CFD theory is presented. An effort was 

made to keep the analysis simple, so as to give the reader a taste of how important it is for an engineer 

to have a solid knowledge of the theory before going into using those codes. 

2.1 Governing equations 

The governing equations that are used in fluid mechanics are the conservation equations known as 

Navier-Stokes equations. These basically represent the laws for mass, momentum and energy 

conservation. Using these equations the solver calculates the velocity and the pressure distribution 

which is then used to calculate the drag and lift forces. 

Depending on the type of low in each specific case/problem, these equations take a different form. In 

the case that is examined here the flow is turbulent, incompressible viscous flow of a Newtonian fluid 

(air). The general form of the Navier-Stokes equations in such case is the following (3 dimensional 

form): 

The continuity equation: 

∂u

∂x
+

∂v

∂y
+

∂w

∂z
= 0        (1) 

x-component of the momentum equation: 

ρ
Du

Dt
= −

∂p

∂x
+ (

∂σxx

∂x
+

∂σxy

∂y
+

∂σxz

∂z
) + ρfx       (2) 

y-component of the momentum equation: 

 ρ
Dv

Dt
= −

∂p

∂y
+ (

∂σyx

∂x
+

∂σyy

∂y
+

∂σyz

∂z
) + ρfy      (3) 

z-component of the momentum equation: 

 

 ρ
Dw

Dt
= −

∂p

∂z
+ (

∂σzx

∂x
+

∂σzy

∂y
+

∂σzz

∂z
) + ρfz      (4) 
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Where D/Dt represents the substantial derivative given by: 

D( )

Dt
=

∂( )

∂t
+ u

∂( )

∂x
+ v

∂( )

∂y
+ w

∂( )

∂z
=

∂( )

∂t
+ V ∙ ∇ ( )     (5) 

The normal and shear stresses are obtained by: 

σij = μ (
∂ui

∂xj
+

∂uj

∂xi
)      (6) 

Where μ is the dynamic viscosity which is a fluid property. 

For the x-component momentum equation this term becomes: 

σxx = 2μ
∂u

∂x
,   σxy = μ (

∂u

∂y
+

∂v

∂x
) ,   σxz = μ (

∂u

∂z
+

∂w

∂x
)      (7) 

Therefore the x-component momentum equation for example becomes: 

 
Du

Dt
= −

1

ρ

∂p

∂x
+ ν∇2u + fx       (8) 

Where ν is the kinematic viscosity and f is the sum of the external forces acting on the flow, for example 

electromagnetic or gravitational forces, which are not present in the hereby examined case. 

The resulting equations can be written in vector form as: 

 
DV

Dt
= −

1

ρ
∇p + ν∇2V + f       (9) 

∇2≡
∂2

∂x2
+

∂2

∂y2
+

∂2

∂z2
      (10) 

These equations do describe turbulent flows, but the values of fluid properties and the dependent 

variables need to be replaced by their instantaneous values since in this kind of flows, extra terms appear 

(Reynolds stresses) that affect the normal and shear stresses. An approach is to directly solve these 

equations for specific boundary conditions and initial values that include time dependent quantities but 

this is very computationally expensive. This approach is called direct numeric simulation (DNS). One 

usual approach is to average the equations rather than their solutions by using the Reynolds averaged 

Navier-Stokes equations (RANS). In the RANS approach, modelling of the turbulence is necessary, as 

it is not resolved explicitly by the numerical scheme. Therefore, turbulence models have been 

developed. The modelling of turbulence will be explained later on. Further analysis of the methodology 

is out of the scope of this thesis and the reader should refer to (Cebeci et al., 2005) for further 

investigation. 
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Equations (1-10) describe viscous turbulent flows but when there is the need of describing other types 

of flows these equations vary. For instance, if heat transfer is involved, another equation is added to the 

system that will describe that extra energy. Also for compressible flows, the density is not constant, so 

its derivative is added in the system. For inviscid flows these equations are simpler since there is no 

effect of viscosity. According to the flow type, assumptions are made and the equations adapt 

accordingly. For further investigation of the forms that these equations take, the reader can refer to 

(Anderson, 1984). In nature, almost no flow is inviscid and incompressible and the vast majority are 

turbulent. However, in many cases the equations are simplified when the compressibility effects are 

negligible. 

2.2 Reynolds Number 

Laminar and turbulent flows have been mentioned as flow categories. There has to be a factor then, that 

distinguishes these two types of flows, in order to identify the correct form of the Navier-Stokes 

equations to be used. This factor, a dimensionless number, is called the Reynolds number and it 

represents the ratio of the inertia forces to the viscous forces. The definition of the Re number is the 

following: 

Re =
ρuL

μ
=

uL

v
      (11) 

Where: 

ρ is the density of the fluid (kg m3)⁄  

u is the velocity of the fluid with respect to the object (m s)⁄  

L is the characteristic linear dimension (m) 

μ is the dynamic viscosity of the fluid (N ∙ s m2)⁄  

v is the kinematic viscosity of the fluid (m2 s)⁄  

In a laminar flow the viscous forces are much bigger than the inertia forces and the flow is smooth. In 

a high Reynolds though, the inertial forces are dominant and chaotic eddies, vorticity and flow 

instabilities in general are generated. In such cases the flow is characterized as turbulent. The following 

figure (Fig. 8) shows how a turbulent flow differs (visually) from a laminar flow (Tong, 2013). 
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Figure 8 Visualization of laminar and turbulent flows (Tong, 2013) 

2.3 Turbulence modelling 

Although the Navier-Stokes equations in their original form can describe a viscous turbulent flow, their 

use in a solver in the form of RANS is not sufficient to solve the system of equations. The Reynolds 

stress tensor inserts new unknowns that must be described and calculated. The function of turbulence 

modeling is to devise approximations for the unknown correlations in terms of flow properties and add 

the extra needed equations to the system to complete it. The “closure problem” as it is described in fluid 

mechanics literature, has been a subject of investigation for many years. 

Many turbulence models have been introduced the past few years and they are divided in algebraic 

models, one-equation models (for example Spalart-Allmaras) and two-equation models (k-e, k-omega, 

SST, etc) (Wilcox D. C., 1993). In this project the one-equation Spalart-Allmaras turbulence model has 

been chosen for reasons that are explained in the following section. 

2.3.1 Spalart-Allmaras turbulence model 

The Spalart-Allmaras turbulence model is one of the most widely used models in external aerodynamics 

and turbomachinery. The results that it produces are sufficiently close to experimental results (Tong, 

2013). 

In depth analysis of turbulence models is not in the scope of this study. The basic principle hoever, is 

that the Reynolds stresses are correlated with a term called eddy viscosity in order to solve the system 

of the RANS equations. This term was used by Boussinesq in 1877 to calculate the Reynolds strain 

tensor in the form of: 

τij = 2μΤSij −
2

3
ρkδij      (12) 

Where μΤ is the eddy viscosity, Sij = (−ui
′vj

′) is the turbulent shear tensor, ρ is the fluid density, k is 

the turbulent kinetic energy and δij is the Kroenecker delta. 

This is called the Boussinesq approximation and for further investigation of how this assumption is 

implemented, the reader should refer to (Wilcox D. C., 1993). 
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The Spallart-Allmaras model has a basic form of: 

ρ
∂(μΤ)

∂t
+ C = F + P − D + T      (13) 

Where C is the convection of μΤ, F is the diffusion of μΤ, P is the rate of production of μΤ, D its rate of 

dissipation and T its transport by turbulent diffusion. The explanation of those terms and their further 

mathematical analysis can be a book on its own and is not in the scope of this study. 

The biggest advantage of the Spalart-Allmaras turbulence model, comparing to two-equation models, 

is that it is computationally faster and has proven to be a robust model that provides solid results. It is 

designed for aerospace applications mainly and gives good results for boundary layers subjected to 

adverse pressure gradients. However, the S-A model is not calibrated for general industrial flows and 

produces large errors for some free shear flows. It is also not capable of predicting the decay of 

homogenous, isotropic turbulence. 

Unfortunately there is no turbulence model yet that can describe accurately all types of flows and 

therefore the Spalart-Allmaras model can be accurately used in some cases only. 

2.4 Mesh Generation 

The general philosophy of CFD is that the flow field around a body is divided into a number of discrete 

points which are used by the solver. The lines that connect these points generate a grid. The partial 

derivatives of the equations are discretized, using the flow-field variables at the grid points. 

The grids are divided in structured and unstructured. In structured grids (Fig. 9), the vertices (grid 

points) are in the same vicinity and the elements are quadrilateral (Wood et al., 1999). The generation 

of structured grids is relatively an easy process. There is also the possibility of dividing the control 

volume in several blocks in order to control the mesh density. Each block can have different mesh 

parameters but it will still be connected to its neighboring blocks and therefore the grid is still structured.  

The density of the mesh plays an important role in CFD, since the denser it is near the body surface, the 

more accurately the phenomena will be captured.  
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Figure 9 Typical structured grid around an airfoil (Prosser, 2013) 

 

 

Figure 10 Unstructured grid (Blog.pointwise.com, 2017) 

However, there is a point where the increase of the mesh density is no longer useful. If the grid’s density 

is higher than needed in order to capture the phenomena (meaning that the amount of elements is more 

than enough for the solver to accurately predict the flow characteristics), then the computational time 

will increase without an analogous increase to the accuracy of the results. The engineer needs to check 

how many elements (or grid points) are sufficient for the simulation through a procedure called mesh 

independency study. Simply put, there has to be a compromise between the accuracy of the results and 
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the computational time. Usually the engineers refine the mesh until the results are independent of its 

size. For measuring the drag coefficient of a vehicle though, the general rule of thumb is that the results 

are acceptable as long as the difference in the drag coefficient is about 5% of the actual case (Ahmad, 

Abo-Serie and Gaylard, 2010). 

The unstructured grids (Fig. 10) are used for complex geometries where there is a need of many blocks. 

They are much more flexible and they use the computer resources more efficiently. Their flexibility lies 

in the fact that they can be easily refined wherever needed.  

 

Figure 11 3D Hybrid grid used in a vehicle CFD simulation (Pointwise.com, 2016) 

In many cases a combination of structured and unstructured grids is used. For instance the first elements 

over the surface of the body are usually structured (layers) and the rest of the fluid volume can be 

discretized using triangles (or tetrahedral elements in 3D). These grids are called hybrid grids and are 

widely used in CFD and this is the type of the mesh that will be used in this thesis as well. Fig. (11) 

shows a 3D representation of such a grid used in a car CFD simulation. 

It takes a lot of time and experience to generate a good grid for a CFD simulation. It is often more time 

consuming to generate the grid itself rather than running the simulation. The philosophy behind 

generating a mesh is highly dependent on the physics of the problem and also what the engineer wants 

to achieve. There are parameters in the solvers that are in need of special treatment of the mesh in certain 

areas and engineers need to have the scientific knowledge behind these parameters in order to achieve 

a realistic solution. These parameters will be explained in another chapter devoted in the mesh 

generation of the investigated case of the thesis. 
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Nowadays there are many commercial meshing codes available that help the user achieve the 

appropriate mesh refinement. In this thesis the mesh generation tool that was used is Hypermesh of the 

Hyperworks suite that was kindly provided by Altair. 

2.5 Error Criteria 

After taking a look into the mathematics behind CFD as well as the way they are implemented into a 

computer (which is via discretization of the field - the mesh), there is one last thing to mention: the error 

criteria. The resolving of the Navier-Stokes equations follows an iterative procedure. The question is 

where does this procedure stop? This depends on the error criteria and the error tolerance (Reddy, 2004). 

Therefore, there is the option to set some error criteria before starting the simulation. An easy way to 

explain this, is that if the next iteration results differ from the previous iteration results by less than a 

certain value (error tolerance) then the computer considers that the simulation has converged to a 

solution and therefore it stops the simulation. The most “well-known” errors that are implemented in 

such a solution process are the round-off error and the truncation error. 

Fig. (12) presents a schematic flow of how the iterative method of solving the equations works. 

 

Figure 12 Implementation of error in the iterative solution (Reddy, 2004) 

CFD simulations and reality will never actually coincide 100%. However if the error is within 

acceptable values, the solution can be considered valid. The errors also lead to the conclusion that each 
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CFD simulation will differ from another one. The differences in CFD solutions emerge, among others, 

from factors such as the solver of choice, the mesh settings, the boundary conditions etc. The important 

thing to point out here, is that the numerical results can and should be verified by comparison with 

experimental results of benchmark problems in order to set the simulation correctly enough to represent 

the physical problem. In other words, each type of CFD problem should be “calibrated” in order to 

simulate the physical problem, considering the already mentioned factors. 

2.6 Aerodynamic Forces 

The purpose of a CFD simulation is to predict the values of several variables than govern the flow. 

There are simulations that include heat transfer, chemical reactions, electromagnetic forces etc. In this 

thesis, an external aerodynamics case is investigated. The results that are of interest are the forces that 

are generated on the investigated body, called aerodynamic forces.  

2.6.1 Lift and Drag 

Aerodynamic forces are the Lift and the Drag. These forces are generated by only two basic sources 

(Anderson, 1984): 

1. Pressure distribution over the body surface 

2. Shear stress distribution over the body surface 

Regardless of the complexity of the body shape, these two sources are the only mechanisms that nature 

uses to communicate the forces acting on a body that moves through a fluid. 

The lift is the force perpendicular to V∞ and drag is the force that acts parallel to V∞ , where V∞ is the 

freestream velocity and as freestream we define the flow velocity away from the body. The most usual 

way of visualizing those forces in literature is to project them on an airfoil. 
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Figure 13 Aerodynamic forces (Anderson, 1984) 

Fig. (13) shows the analysis of the forces on an airfoil. As α we define the angle of attack between c 

and V∞ where c is the chord of the airfoil (the line that connects the leading edge and the trailing edge). 

In Fig. (13) though there are more forces shown than the lift (L) and the drag (D). There is also their 

resultant force (R) that sometimes is analyzed in other components, N perpendicular to the chord and 

A parallel to the chord. The pressure forces act normal to the surface of a body whereas the shear stress 

forces (usually symbolized with τ) act tangentially and they are produced due to the viscosity of the 

fluid which implies friction between the surface and the fluid. 

2.6.2 Aerodynamic coefficients 

The shape of an investigated body plays an important role on the aerodynamic forces. For instance, an 

airfoil is aerodynamically more efficient than a cube. In order to translate this “more efficient” into 

something that has a definition, some dimensionless coefficients have been introduced in literature. 

These are the Lift, Drag, Moment and Pressure coefficients. Analyzing each one of those is not of our 

interest in this study but the principle is the same as the Drag coefficient (or CD) which is the main 

aerodynamic factor that is calculated during the design of vehicles. 

In order to calculate the coefficients there is the need of a quantity to make them dimensionless. This 

quantity in literature is known as the Dynamic pressure (Anderson, 1984) and is defined as follows: 

q∞ =
1

2
ρ∞V∞

2      (14) 

where ρ∞ is the density of the fluid. The dynamic pressure has units of pressure (N
m2⁄ ). 
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The drag coefficient CD is calculated as follows: 

CD =
D

q∞A
      (15) 

Where D is the drag force in Newtons and A is the reference area in m2. 

 

2.6.3 Frontal Area 

The reference area is a quantity that depends only on the shape of the body and its calculation process 

differs according to the type of the examined body. For example a wing’s reference area (Fig.14) used 

in calculations is the planform area of the wing, which is the chord x Span. 

 

Figure 14 Reference Area, wing (Anderson, 1984) 

 

For a sphere though the reference area is its biggest cross-section. For vehicles the reference area is the 

projection of the vehicle downstream of the flow if someone looks at it from the front side. The next 

figure (Fig. 15) explains it in detail. 

 

Figure 15 Frontal area of a vehicle (Qrcodematrix.com, 2017) 
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One of the factors that influence the total Drag force of a vehicle is the reduction of the frontal area. 

Even though reducing the frontal area is a good approach to reduce the drag (not the drag coefficient), 

there are many effects of the flow, (for example recirculation areas) that also play an important role on 

the total drag. It takes a lot of experience and simulations in order for someone to understand how to 

improve the performance of a vehicle in terms of design. An example is shown in Fig (16) where the 

vehicle A is more streamlined than the vehicle B (Katz, 1995). In the case of vehicle B there is an area 

of vorticity behind the vehicle where the flow is separated, in which the pressure is low and therefore it 

affects the drag force as the vehicle tends to be “sucked” by the low pressure.  

 

Figure 16 A. Streamlined car, B. Flow separation (Katz, 1995) 

For several decades the designers have been trying to empirically design vehicles in order to achieve 

the most aerodynamic shape. Nowadays, CFD offers a great deal of help, since one can predict those 

recirculation areas and design accordingly. In this thesis we demonstrate how the change in the design 

of the investigated 3-wheel vehicle affects the drag coefficient. 

2.6.4 Drag coefficients of vehicles 

Reducing the drag force is a big concern in the automotive sector since it leads directly to fuel 

consumption reduction. Table 1 shows the drag coefficients of several objects with different shapes, 

and what is the frontal area that is used for calculating them. The drag coefficient for a sports car for 

example is in the magnitude of 0.2-0.3 whereas for a bus, a normal drag coefficient is around 0.6-0.8. 

It is not necessary for someone to have deep knowledge of fluid mechanics to understand that a sports 

car is “more aerodynamic” than a bus. Of course a bus could never have the shape of a sports car for 

practical reasons. Since the evolution of the aerodynamics however, the past few years, aerodynamic 

enhancement parts are added on less aerodynamic vehicles and their shape tends to become more and 

more efficient. For instance, in big trucks, fairings are installed and in cars, the designs tend to make 

them look like half a droplet, which is the most aerodynamic shape in nature. In bikes the drag 
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coefficients are much higher because of the rider and there are only a few things that can be done to 

“lead” the flow and improve the drag coefficient in this case. It is easily understandable that riders do 

not lean forward in high velocities because it is convenient, but in order to reduce the drag. Finally, for 

a convertible, the drag coefficient is higher than a sports car. The flow detachment past the windshield, 

creates recirculation areas that produce drag, so even though sports, convertible cars seem really speedy, 

it is not necessarily the case. 
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Table 1 Drag coefficient of diverse objects 

Type of Object Drag Coefficient (Cd) Frontal Area Type of Object Drag Coefficient (Cd) Frontal Area 

Laminar flat 

plate (Re=106) 
0.001   

Old Car like a 

T-ford 
0.7 - 0.9 frontal area 

Dolphin 0.0036 wetted area Cube 0.8 s2 

Turbulent flat 

plate (Re=106) 
0.005   Bike racing 0.88 3.9 

Subsonic 

Transport 

Aircraft 

0.012   Bicycle 0.9   

Supersonic 

Fighter,M=2.5 
0.016   

Tractor Trailed 

Truck 
0.96 frontal area 

Streamline 

body 
0.04 π / 4 d2 Truck 0.8 - 1.0 frontal area 

Airplane wing, 

normal 

position 

0.05   
Person 

standing 
1.0 – 1.3   

Long stream-

lined body 
0.1   

Bicycle 

Upright 

Commuter 

1.1 5.5 

Airplane wing, 

stalled 
0.15   Thin Disk 1.1 π / 4 d2 

Modern car 

like Toyota 

Prius 

0.26 frontal area 

Solid 

Hemisphere 

flow normal to 

flat side 

1.17 π / 4 d2 

Sports car, 

sloping rear 
0.2 - 0.3 frontal area 

Squared flat 

plate at 90 deg 
1.17   

Common car 

like Opel 

Vectra (class 

C) 

0.29 frontal area 
Wires and 

cables 
1.0 - 1.3   

Hollow semi-

sphere facing 

stream 

0.38   
Person (upright 

position) 
1.0 - 1.3   

Bird 0.4 frontal area 

Hollow semi-

cylinder 

opposite stream 

1.2   

Solid 

Hemisphere 
0.42 π / 4 d2 Ski jumper 1.2 - 1.3   

Sphere 0.5   

Hollow semi-

sphere opposite 

stream 

1.42   

Saloon Car, 

stepped rear 
0.4 - 0.5 frontal area 

Passenger 

Train 
1.8 frontal area 

Convertible, 

open top 
0.6 - 0.7 frontal area 

Motorcycle and 

rider 
1.8 frontal area 

Bus 0.6 - 0.8 frontal area 
Long flat plate 

at 90 deg 
1.98   
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3 Model development 

In this chapter the geometrical models and their preparation for the CFD simulations will be analyzed. 

After the explanation of the geometry preparation steps, some mesh building principles will be 

discussed. The next step is the setup of the final model which will be used in the next chapters after 

validating the virtual with the physical results following a mesh independency study. 

3.1 Wind tunnel test-Geometry preparation 

At this stage, a widely used term in Computer Aided Engineering called “CAD cleaning” should be 

explained. This term refers to the appropriate preparation of the investigated geometry, before inserting 

it into a mesh generator. For CFD simulations the most important check regarding the geometry is that 

it is “water-tight”, meaning that the control volume must be closed (sealed) so that the mesh can be 

generated within geometrical limits. Fortunately, the available tools within commercial codes now 

allow the use of several techniques and tricks to facilitate this process. Fig. (17) shows the initial CAD 

file that was provided by the University of Mosbach.  

 

Figure 17 Virtual model of the wind tunnel (Wasmeier, 2017) 

There has been no discussion yet about the boundary condition but for now it can be said that this 

symmetrical model can be split in half in order to save computational time and there is a boundary 

condition called symmetry that allows that to happen. Therefore, the model was split in half and after 

some cleaning the final model is shown in Fig. (18). The brown surface denotes the symmetry plane. 

The light blue lines are the points in which the symmetry plane is connected to the rest of the geometry. 

The process of CAD cleaning was done using the CAD software Solidworks 2016 (Dassault Systemes, 

2017). 
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Figure 18 Wind tunnel CAD model split in half 

The model is now ready to be imported to the mesh generator.  

3.2 External flow model preparation 

This was the initial model that will be used as a baseline for the CFD model to compare the code with 

the wind tunnel result. In order to calculate the drag coefficient of the bike, another model needed to be 

prepared, as the tunnel model includes the frame and other components that disrupt the flow. In the new 

model, the bike will be examined in an external aerodynamics study. The procedure that was followed 

to end up with this geometry was to subtract all the wind tunnel parts, the measuring device and the 

frame and rebuild a domain (control volume) around the bike which will be used for the mesh generation 

later on. The new control volume and the geometry of the bike are depicted in Fig. (19-20). The external 

flow simulation will differs from a wind tunnel simulation. For example, the boundaries should be far 

from the investigated geometry. The setup of that case will be further analyzed in another chapter. 
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Figure 19 Control volume of the external flow simulation 

 

 

Figure 20 Bike geometry for the external flow simulation 
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4 CFD Code Validation 

In this chapter the procedure that is followed for validating the CFD results will be demonstrated. The 

goal is that in the end a good approximation of the wind tunnel results to be achieved, using the 

AcuSolve CFD code. Among things that will be discussed are the CFD model setup, the results of the 

wind tunnel test and the mesh independency study that followed, in order to choose the correct settings 

for the next case setup that will investigate the bike drag coefficient. 

4.1 CFD Model Setup 

In Chapter 3, the geometry preparation was examined. Below are presented the boundary conditions, 

the meshing process and the physical model setup. 

4.1.1 Boundary Conditions 

The definition of the boundary conditions is critical in every CFD simulation. One of the problems 

engineers face during simulation setups is that the code cannot always show if the boundary conditions 

are defined wrong. It is actually rare that the boundary conditions are set so wrong that the code will 

understand and point it out. If they are not correctly defined, there may be results but they will deviate 

a lot from the reality and the simulation will be useless. Knowledge and experience play the most vital 

role in choosing the correct boundary conditions. 

 

Figure 21 Wind tunnel Domain and boundaries-Surface Mesh 

In Fig. (21) the boundaries are depicted. The green surface on the right is the inlet. The boundary 

condition is set in AcuConsole as Inflow with a normal velocity. This means that the fluid (air) flows 

normally to the inlet with a specific velocity and all the nodes have the same velocity value. The red 
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surface on the other side is defined as Outlet. In the outlet boundary condition, the pressure is set in 

those nodes to be 0 Pa relative to the ambient pressure. The code will calculate the pressure at the inlet 

on its own as it will calculate the velocity at the outlet. The light blue surface has a symmetry boundary 

condition, as mentioned earlier. The symmetry boundary condition acts as a mirror plane. This means 

that by defining a symmetry, the solver understands that there is the same other half of the domain on 

the other side of the plane. Using a symmetry is a common approach to save a lot of computational 

time. The rest of the surfaces are defined as walls. The boundary condition “Wall” means that the 

velocity of the fluid on the nodes that form these boundaries is zero. The solver takes this information 

in order to form a boundary layer over the walls. The boundary layer existence is critical, since it is the 

space where the turbulent phenomena start and it is vital for the correct variables’ distribution in the 

field. There is a specific treatment of the volume mesh at the boundary layer and it will be discussed in 

another chapter. 

4.1.2 Initial Mesh 

An initial mesh is required. The mesh will be improved later on. At this point the only tools in our 

disposal are the experience and the visual result of the mesh. Before proceeding to the creation of a 

volume mesh it is important that the surface mesh represents the geometry well enough. “Well enough” 

means that there are enough elements on the surface to give a good approximation of curvy areas that 

play an important role on the distribution of the flow around the model. Fig. (22) shows the meshed 

surfaces of the investigated geometry. It is obvious that many triangles are needed in order to have a 

good representation of this complex geometry. Because of the curvature in many areas, if the mesh is 

not dense enough then the shape of the meshed surface will be far from desirable and the results will 

not be representative. 
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Figure 22 Bike surface mesh-Wind tunnel simulation-Initial mesh 

The “symmetry” boundary should be meshed carefully in order to achieve a smooth transition from the 

walls to the free stream. Most of the phenomena take place near the bike surfaces and therefore the 

mesh should be dense enough to capture them. This also applies on the volume mesh generation which 

is the next step of the procedure. 

This surface mesh was used to generate the volume mesh around the bike. Fig. (23) depicts the 

symmetry plane after the volume mesh process. It is obvious that it is different from the previous image 

since now there are layers present. The layers’ presence is imperative since they play a vital role in the 

calculation of the flow field parameters in the boundary layer. The settings used in the creation of layers 

are generally the 1st layer height, the growth ratio and the total number of layers or the total height of 

the layers. In the investigated case the total layer height was used instead of the number of layers in 

order to achieve a better transition to the outer mesh. Those layers are pentahedral elements (prisms) 

whereas the rest of the volume mesh consists of tetrahedra (pyramids). 

At this point it is important to mention the y+ number. It is described in literature as the dimensionless 

wall distance of the 1st cell and it is highly dependent on the Reynolds number of the flow and the height 

of the 1st layer. For further analysis of the y+ number the reader should refer to the literature (Abhishek 

Khare Et.al., 2014) but for the scope of this study it can be said that there are two ways of solving a 

flow field. One way is to use a high first layer and use a wall function to treat the area near the wall. 

The height of the 1st layer in this case should have a value which leads to a y+ of 20-80 but it depends 

on the solver as well. The reader should refer to the literature for more information on the matter. The 

other option is to solve the boundary layer. In most cases the y+ should have a value of <1 in this 

approach (depends on the solver). In AcuSolve, the y+ can reach the value of 8 without causing 
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problems to the accuracy of the results. The 2nd case is used in high Reynolds numbers (Re>300.000), 

where the viscous phenomena are no longer negligible.  

For the initial mesh a value of 0.3mm for the 1st layer height has been used, in order to have a good 

baseline to start our mesh independency study. This implies the wall function approach and the y+ value 

is expected to lie in the appropriate range (Fig. 23-24). 

 

Figure 23 Initial Volume mesh-Layer Representation 

 

Figure 24 Layers closeup 
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Fig. (25) is a cut of the initial volume mesh. It is obvious that the mesh is denser close to the investigated 

geometry and it transitions into a coarser mesh moving further from the bike. Fig. (26) shows the 

transition from the prismatic layers to the pyramids that form the rest of the volume. This initial mesh 

consists of around 384.000 nodes (1.500.000 elements). 

 

Figure 25 Volume mesh transition 

 

Figure 26 Pentahedra to tetrahedra transition 
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4.2 Wind tunnel measurements 

Before proceeding to the mesh independency study, it is important to understand the target. The 

following figure shows the results of the measurements that were conducted for a student’s thesis in 

Baden-Wuerttemberg Cooperative State University of Mosbach. The yellow line represents the force 

parallel to the bike, which is the one that is used for the calculation of drag (Wasmeier, 2017). 

 

Figure 27 Wind tunnel results (Wasmeier, 2017) 

The velocities that the bike was subjected to, varied from 5-40 m/s with an increment of 5 m/s. This 

velocity is the freestream velocity that will be used in the CFD simulations. It is important to mention 

that this is not the velocity at the inlet as shown in Fig. (21) because the inlet area is 4 times bigger than 

the inlet that the bike “sees” at the end. The continuity equation for the conservation of mass is used for 

calculating the inlet velocity the continuity equation takes the form of eq. (18) for an incompressible 

flow: 

 

m1 =̇ m2̇       (16) 

𝜌v1A1 = ρv2A2      (17) 

so v1A1 = v2A2      (18) 

Where ṁ is the mass flow rate, 𝜌 is the fluid density which is constant in this case, v is the flow 

velocity and A is the sectional area. 

At this point it is important to mention that these measurements (Fig. 27) include the force that acts on 

the frame that holds the bike. The surrounding geometry also affects the flow field. There is also the 



42 
 

blockage effect of the wind tunnel (Mokry, 1995) that affects the forces that act on the investigated 

geometry. Another effect that plays a vital role in the investigated case, is the diffusion of the flow after 

it enters the control volume. This diffusion is a result of the flow entering a large volume, trying to “fill” 

it, resulting in smaller flow velocity when it approaches the bike. Taking these factors under 

consideration, these forces can be used for validating the CFD results only, and not for calculating the 

drag coefficient of the bike. Nonetheless, the validation of the CFD results using the wind tunnel data, 

can show that the CFD model is set correctly. If this is the case, the model can then be simplified, 

excluding the frame and calculating only the force that acts on the bike and use that force to calculate 

the drag coefficient. 

4.3 Mesh independency study 

The goal of this procedure is to generate a good quality mesh that will have the correct amount of 

elements in order to represent the real case scenario as closely as possible. Table 2 shows the resultant 

force on the bike, extracted with three different meshes. The “Target Force Value” is taken from the 

previously mentioned thesis of the student of the University of Mosbach. In that thesis, a validation of 

the CFD simulation similar to this thesis took place and therefore the resultant force on the bike 

calculated by Wasmeier is considered valid. However the setup of the simulation in that thesis is 

different from the one used here and also the solver was not the same. Therefore small deviations are 

expected and justified. It is obvious that the initial coarse mesh results in a larger force than the target 

force value. The other two meshes are much closer to the desirable result. The important outcome of 

this study is that the 2nd and 3rd mesh result in similar axial force, therefore the settings used in the 2nd 

mesh will be used, since it is computationally cheaper. 

Table 2 Meshes used in the mesh independency study 

Nodes Force (Target Force value=0.315 (N)) 

384.000 0.3528 

886.000 0.3174 

1.400.000 0.3176 

 

Fig. (28) shows the final mesh that was chosen after the mesh independency study. Comparing this with 

the one in Fig. (23), it is obvious that there are more layers and also the elements’ growth ratio is smaller, 

creating a denser grid around the bike. In Fig. (28) it is important to notice that the 1st layer height is 

much smaller than the one in the initial mesh, resulting in a smaller value of the y+ in the solution.  
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Figure 28 Chosen mesh after mesh independency study 

 

Figure 29 Layers on the fairing (Dense mesh) 

4.4 Mesh quality check 

The quality of the mesh is a factor that plays a vital role in the quality of the results and the 

computational time. A bad quality mesh will delay the solution and in some cases it might lead to a 

solver crash. In CFD the most important factor to check is called the Jacobian criterion and it is a 

measure of deviation of a given element from an ideally shaped element. The detailed explanation of 

the mesh quality criteria is not in the scope of this study and the reader may refer to (Gareth, 2008) for 
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further investigation. However the check of the two of the most important criteria (Jacobian and 

skewness) in a CFD mesh quality check are presented in this chapter. 

Fig. (30) includes the result of the 2D mesh quality check in HyperMesh for the wind tunnel simulation 

mesh. As only a very small percentage of the elements is in the “fail” region, the mesh is considered 

acceptable for the solver. In complex geometries, having failing elements is inevitable. Therefore the 

solvers have adapted and can manage this type of elements. 

 

 

Figure 30 2D quality mesh check for the Wind tunnel mesh 
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Figure 31 3D quality mesh check for the Wind tunnel mesh (Jacobian) 

Fig. (31) shows the interface of HyperMesh for the quality check in a 3D volume mesh. In the bottom 

left corner of the figure it is mentioned that 0.6% of the elements have failed the Jacobian criterion. 

However, this is an acceptable value and the mesh can be used for a CFD simulation. Bad elements may 

increase the numerical error and stability of a simulation. However, in this case despite having some 

bad elements, they did not affect the simulation. 

4.5 Validation of the wind tunnel CFD model 

After concluding to the selection of the settings for the mesh, it is valuable to check the behavior of the 

solver in several velocities. This will provide extra confidence for proceeding to the next stage which 

is the investigation of the drag coefficient of the bike in an external flow. The following table contains 

the force measurement in several velocities of the Wind tunnel test, the calculated force by Wasmeier 

(Wasmeier, 2017) using STAR-CCM+ and the force that was calculated by AcuSolve. 

Table 3 Force calculation in diverse studies and velocities 

Velocity 

(m/s) 

Wind Tunnel Test 

Measured Force (N) 

Wasmeier Thesis 

Calculated Force (N) 
AcuSolve Calculated Force (N) 

10 0.333 0.328 0.360 

15 0.758 0.730 0.851 

20 1.396 1.298 1.439 

25 2.22 2.040 2.224 

30 3.135 2.948 3.160 

35 4.172 4.031 4.284 
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From diagram 1 it is understandable that the STAR-CCM+ simulation resulted in less force than the 

wind tunnel test whereas AcuSolve slightly over predicts the resultant force comparing to the physical 

test. The resultant force includes the force acting on the surrounding frame. 

 

Diagram 1 Wind tunnel test, Wasmeier simulation and Acusolve force estimation comparison 

The resultant forces are acceptably close to the experimental results. Moreover, the exponential growth 

of the force according to the velocity increase, agrees with theory as suggested by eq. (14)-(15). 

  

0

0.5

1

1.5

2

2.5

3

3.5

4

4.5

0 5 10 15 20 25 30 35 40

F
o

rc
e 

(N
)

Velocity (m/s)

Wind Tunnel Test vs Simulations - Force Comparison

Wind tunnel results

AcuSolve

Wasmeier Thesis STAR-CCM+



47 
 

5 Bike drag coefficient calculation 

This chapter is devoted to the investigation of the drag coefficient of the bike when it is subjected to an 

external flow. The wind tunnel test provided a very good approximation of the forces that act on the 

bike. However, the surrounding geometry (frame, measuring device, stabilization bars), as well as the 

wind tunnel blockage effect and the diffusion of the flow, seem to affect the flow distribution around 

the bike. As a result, the actual force acting on the bike is slightly different if no surrounding geometry 

is present as will be demonstrated in this chapter. 

5.1 CFD model setup 

Now that the settings of the mesh and the simulation are defined, some adjustments need to be made in 

order for the model to be used for an external flow simulation. 

5.1.1 Boundary Conditions 

The model of an external flow simulation is different than the one used in an internal flow in the wind 

tunnel. 

 

Figure 32 External Flow Boundary Conditions 

As shown in Fig. (32) on the right hand side there is the inlet, on the left hand side the outlet and the 

Symmetry. One difference in this model from the one in Chapter 4 is that the rest of the domain 

boundaries are now slip walls. This means that the flow does not reduce its velocity when it passes by 

these boundaries but is “sliding” on them. A similar boundary condition would be the Far field boundary 

condition. This would mean that the velocity in that boundary is of a certain value. The other difference 

is that the boundaries are far from the bike. It is even impossible to distinguish the bike geometry in 
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Fig. (32). The reason behind this, is that for an external aerodynamics simulation it is advised to have a 

large distance between the investigated geometry and the boundaries. The increase in the total number 

of volume elements is negligible despite the size of the domain since the elements far from the bike can 

be very big without affecting the accuracy of the solution. 

5.1.2 Mesh 

The mesh follows the same logic and settings as the case that was already examined in the previous 

chapter. Fig. (33) is taken from Altair’s mesh generator, HyperMesh. The particular window contains 

interface of the software and at the bottom there are the settings that are used for the generation of the 

layers. First layer thickness, BL growth rate and Total thickness are the most important values when 

generating layers. In this case the value of 1.0x10e-05m (or 0.05mm) has been selected for the height 

of the first layer. This value ensures a y+ in the desirable range in order for the solver to use the Low 

Reynolds approximation in the solution for avoiding the necessity of using a wall function approach 

that might generate unreliable results. The growth rate of 1.2 means that the next layer on top of the 

previous one will be 1.2 times bigger. The total layer thickness is the combined height of all the layers. 

On the bottom right part the settings refer to two additional layers with bigger growth rate. These layers 

secure a smooth transition to the rest of the volume mesh. It should be mentioned here that the generator 

calculates the distance using units and not meters. However, the model is in a 1:1 scale so 1 unit=1 m. 

 

Figure 33 Layer generation settings 

The following figures (Fig. 34-36) depict the final volume mesh that was used for the simulations. In 

the side view (Fig.34) the mesh looks similar to the one used in chapter 4. There is the denser area 

around the bike and also the layers that cover the geometry. It is obvious that the elements away from 
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the bike are very large comparing to the ones closer to it but yet again this is not troublesome. The 

volume mesh consists of 1.044.612 nodes (or 2.748.007 elements). 

One thing that has not been mentioned yet is the reason why the bike components have different colors. 

This means that they are somehow distinguished and can be treated separately. There are two reasons 

behind this. First of all, not all the surfaces are treated the same way. Most of the phenomena are 

triggered by the shape of the fairing, therefore the meshing of the fairing needs to be approached 

differently than the seat of the bike for example. More specifically, it is important to have smaller 

elements on the fairing in order to capture as many phenomena as possible. One could argue, that the 

bike could be meshed using a very small element size, securing that the phenomena are captured and at 

the same time the meshing process is faster. This approach can work, but will result in many more 

elements than actually needed. This means that the generator will take much more time to generate the 

mesh and more importantly, the solution will be delayed. The efficient approach is to spend some extra 

time in the meshing process so that computational time is saved during the solution.  

The second reason for this “organization” of the surfaces into different components regards the solution. 

Splitting the investigated geometry into many parts can give useful feedback during the solution, for 

instance how much each component contributes to the total force that acts on the bike. That way, the 

engineer can focus on the components with the biggest contribution during the optimization or re-design 

process. 

 

Figure 34 Side view of the final mesh 
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Figure 35 Dense mesh area around the bike 

 

 

Figure 36 Transition of the mesh to bigger elements 
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5.1.3 Physical model setup 

The basic settings used in the following simulations are same to the ones used in the validation process. 

The following table contains a summary of the settings used for the basic parameters of the simulation. 

Table 4 Basic physical model settings 

Variable Value 

Fluid Air 

Density 1.225 ( kg m3⁄  ) 

Viscosity 1.781x10−5  (kg m ∙ sec⁄ ) 

Turbulence model Spalart-Allmaras 

Total pressure 1 (atm) 

Analysis type Steady State 

Turbulence Wall Type Low Reynolds 
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5.2 CFD Results 

The bike was subjected to several free stream velocities from 10-40 m/sec with an increment of 5 m/sec. 

The following table contains a summary of the calculated axial force for each simulation. The final row 

of table 5 (Total force x2) contains the force that the whole model is subjected to. The “Total force (half 

model)” row, refers to the forces calculated in the simulation in which half the model was used. Fig. 

(37) depicts the division of the model into its components. 

Table 5 Force distribution among bike components (Free stream simulation) 

Component 

Velocity (m/s) 

10 15 20 25 30 35 40 

Force in each velocity (N) 

Fairing-top 0.014 0.0315 0.056 0.086 0.125 0.17 0.222 

Fairing-bottom 0.0662 0.148 0.2614 0.409 0.585 0.796 1.038 

Bike body 0.00092 0.0018 0.002 0.003 0.0025 0.002 0.002 

Front wheel 0.0015 0.0033 0.006 0.0085 0.0137 0.0186 0.0243 

Rear wheel 0.0008 0.002 0.0044 0.008 0.0127 0.019 0.0285 

Total force (half model) 0.08342 0.1866 0.3298 0.5145 0.7389 1.0056 1.3148 

Total force x2 0.16684 0.3732 0.6596 1.029 1.4778 2.0112 2.6296 

 

 

Figure 37 Bike components 
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According to Table 5, the part that contributes the most in the resultant force, is the bottom part of the 

fairing as expected. The top part of the fairing comes second with the rest of the parts’ contribution 

being little to negligible. Diagram 2 contains the resultant forces of the CFD simulations.  

 

Diagram 2 Comparison between the resultant forces in free stream and wind tunnel CFD simulations 

The blue line represents the force that was calculated in the free stream CFD simulation. The orange 

line refers to the force that acts on the bike in the wind tunnel simulation, which was the one used in 

chapter 4 for validating the CFD code. This force is obtained by subtracting the forces acting on the 

frame, keeping only the axial force that acts on the bike. This is another advantage of the “organization” 

of the model’s surfaces in several components. The diffusion of the flow as well as the surrounding 

geometry are obviously effecting the resultant axial force that acts on the bike. As shown in Diagram 

2, the total drag force that is calculated in the wind tunnel simulation is lower than the respective force 

in a free stream simulation in all velocities. 
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Figure 38 Velocity contour on the "Symmetry" plane (x component).  Investigated case: 20 m/sec 

Free stream simulation on the left and wind tunnel simulation on the right 

 

Fig. (38) shows the distribution of the x-component of the velocity on the symmetry plane. The free 

stream case is depicted on the left hand side and on the right hand side is the wind tunnel test simulation. 

In the free stream case the velocity is higher than the wind tunnel test in the region far from the bike. 

The blue area is a recirculation area since the x component of the velocity is negative. The diffusion of 

the flow is obvious in the wind tunnel. This is one of the reasons that lead to smaller forces in this case 

as already mentioned. 

 

Figure 39 Staitc (Gauge) pressure contour on the "Symmetry" plane.  Investigated case: 20 m/sec 

Free stream simulation on the left and wind tunnel simulation on the right 
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For the same reason the static pressure contour (Fig. 39) shows higher static pressure in the free stream 

case. The difference of the static pressure that the two models are subjected to, is more obvious in Fig. 

(40). The areas of large static pressure are bigger in the free stream case, therefore the drag force is 

larger. The same case is presented in all three figures (38-40): the inlet velocity is 20 m/sec for the free 

stream case and for the wind tunnel simulation the velocity is adjusted at the inlet in order to result in a 

20 m/sec velocity near the model. The measuring units for the velocity and the static pressure 

respectively, are m/sec and Pa. 

 

Figure 40 Static (Gauge) pressure distribution on the models: Free stream case on the left and wind tunnel simulation on the 

right. Investigated case: 20 m/sec 

 

5.3 Drag coefficient calculation 

In order to calculate the drag coefficient there is the need of calculating the forces acting on the 

geometry, the frontal area and the dynamic pressure according to eq.(15). In this chapter after 

calculating the frontal area of the investigated geometry, the forces that were calculated in the previous 

chapter will be used to calculate the drag coefficient. 

5.3.1 Frontal area 

It was shown in chapter 2, the frontal area in the investigated case is the projection of the geometry on 

a plane vertical to the flow direction. 
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Figure 41 Vertical plane used for frontal area calculation 

 

Figure 42 Frontal area calculation 

Fig. (41) describes the principle of the frontal area calculation, whereas Fig. (42) shows the Solidworks 

tool that is used for calculating the frontal area value. This value is 3809.49mm2. In order to calculate 
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this area, a certain procedure was followed in Solidworks 2016 CAD software. The bike geometry was 

projected onto a plane. After some corrections in the resultant sketch of the projected area, a planar 

surface was created and by using the “Evaluate” tool of Solidworks, the frontal area was calculated. 

Since the geometry used in the simulation is half the model, this area needs to be multiplied by 2 in 

order to calculate the frontal area of the complete model. 

5.3.2 Drag coefficient value 

All the unknowns of equations (14)-(15) have been calculated and specified. Table 6 contains the 

calculated forces of the wind tunnel test CFD simulation, the respective forces of the free stream 

simulation and the resultant drag coefficients in each case. 

Table 6 Drag Coefficient of the original model (simulation results) 

Velocity (m/sec) 10 15 20 25 30 35 40 

Force (N) 

Wind Tunnel 
0.07 0.1589 0.2811 0.4371 0.627 0.852 1.116 

CD (Wind Tunnel) 0.300 0.302 0.301 0.299 0.298 0.298 0.299 

Force (N) 

Free Stream 
0.08342 0.1866 0.3298 0.5145 0.7389 1.0056 1.3148 

CD (Free Stream) 0.357 0.355 0.353 0.353 0.352 0.352 0.352 

 



58 
 

 

Diagram 3 Wind tunnel and free stream drag coefficients (CFD simulations) 

It is obvious from Table 6 (as well as from Diagram 2 in chapter 5.2) that the forces are bigger in the 

free stream flow case. In Diagram 3, this difference is translated into the drag coefficient value. In the 

wind tunnel case, the estimated drag coefficient is around 0.3, whereas in the free stream case this value 

is a little bigger than 0.35. The difference between the two coefficients was expected due to factors that 

were explained earlier (flow diffusion in the wind tunnel, surrounding geometry). 
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6 Re-designed model 

After the validation of the CFD results and the setup of a free stream case study, a re-designed model 

will be examined in terms of drag coefficient. The goal of this study was to create a model of smaller 

drag coefficient by improving the original design. 

6.1 New model geometry 

The following figure (Fig. 43) depicts the re-designed model. The difference from the original model 

is that the fairing is extended, creating a more streamlined shape. This model approaches the shape of 

a water droplet (the geometry was designed in Solidworks, using the surface toolset). This model is 

expected to result in a smaller drag coefficient than the original model. 

 

Figure 43 Isometric (top), top (bottom left) and side (bottom right) views of the re-designed model 
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6.2 CFD results of the re-designed model 

The steps that were followed for the setup of this simulation were the same as in the original model 

case. The mesh in this case consists of 1,056,404 nodes. The results of this simulation series showed a 

significant drop of the drag coefficient. 

6.2.1 Pressure and velocity distribution 

Fig. (44) depicts the distribution of the x component of the velocity around the two models. It is obvious 

that the re-designed model allows a “smoother” transition of the flow towards the rear of the bike than 

the original bike. The more disturbed velocity distribution in the original model is a result of the violent 

detachment of the flow when it reaches the end of the fairing. Big recirculation areas are present 

therefore in the first case. These recirculation areas are much smaller in the re-designed case. 

 

Figure 44 Comparison of the x component of the velocity on the symmetr plane between original and re-designed model  

(20 m/sec free stream velocity case) 

 

 

Figure 45 Comparison of static pressure distribution on the symmetry plane between the original and re-designed model 

(20 m/sec case) 
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Fig. (45) shows the static pressure distribution on the symmetry plane. It is noticeable that in the re-

designed model case, the pressure is higher under the fairing (one could clarify it more by saying on the 

“inside” of the bike). This results in less pressure difference between the “inside” and the “outside” of 

the bike. Therefore the resultant drag force is smaller in the re-designed case, even though the pressure 

distribution is the same in the front half of the model. Also in Fig. (46), the contours do not show much 

difference on the pressure distribution on the two models’ outside surface, however the drag coefficient 

as we will see is much lower in the re-designed model case. 

 

Figure 46 Static pressure contours on the original and re-designed model (20 m/sec case) 

Figures (47-48) give a good representation of the recirculation that has been mentioned. In Fig. (47), it 

is shown that several streamlines follow chaotic paths. As a result, the flow behind the model is quite 

disturbed and vortices are created. On the other hand, the extended fairing of the re-designed model 

leads the flow towards the rear of the bike smoothly. 

 

Figure 47 Original model streamlines (20 m/sec case) 
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Figure 48 Re-designed model streamlines (20 m/sec case) 

 

 

Figure 49 Back view of the streamlines (Original model on the left and re-designed model on the right) 

The vortices are better depicted in Fig. (49). The streamlines in the original model (left side) are forming 

vortices, whereas in the re-designed model, these vortices are absent. 
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6.2.2 Re-designed model drag coefficient 

The importance of the aerodynamic design of a vehicle has been investigated and explained in chapter 

2. The effect of an aerodynamic design on the drag reduction is being investigated in this chapter. After 

running CFD simulations of the re-designed model (for the same free stream velocities as the original 

model case), the drag forces were measured and translated into the drag coefficient.  

 

Diagram 4 Drag coefficient comparison between the original and the re-designed model 

Diagram 4 contains the results of this study. The drag coefficient has been reduced from 0.35 in the 

original model, to 0.15 in the re-designed model. The droplet-shaped model is subjected to less than 

half the drag force of the original model. In the real world this is translated into much less fuel 

consumption, therefore a much more efficient vehicle. 

Table 7 Original and Re-designed model drag coefficients 

Model CD 

Original bike 0.35 

Re-designed bike 0.15 
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7 3D printed model 

The re-designed model was printed in the prototyping laboratory of the International Hellenic 

University in a 1:2 scale (comparing to the model that was simulated in AcuSolve). The printer is shown 

in Fig. (50) Table 8 contains the basic settings for the print. 

Table 8 3D-printing settings 

Printer BCN3D Sigma 

Material PLA 

Layer Thickness 0.1mm 

Temperature 210 ˚C 

Bed Temperature 65 ˚C 

Wall thickness 1.6mm 

Infill Grid 50% 

 

 

Figure 50 BCN3D printer (Rapid Prototyping laboratory IHU) 
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7.1 Printing process 

Due to the shape of the geometry, using support during the printing process was necessary. The support 

was then removed by hand. A couple of stages of the printing process are depicted in figures (51-52). 

In both figures the support is visible. 

 

Figure 51 Printing process of half-bike part 

 

Figure 52 Half bike-Printing process finished 
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7.2 Printed parts 
The model was chosen to be printed in a 1:2 scale (comparing to the model that was used in the CFD 

simulations). As shown in Fig. (53), problematic areas in the fairing extensions exist due to the small 

thickness of the part in these areas. In a 1:1 scale model, such problematic areas are not expected. 

 

Figure 53 3D printed parts of the re-designed model 

The chosen strategy for printing the model was to print the two halves of the original bike and then print 

the two halves of the extension of the fairing. The parts were glued together afterwards. The quality 

was expected to be better following these steps rather than printing the whole model at once.  

7.3 Assembled model 

The parts were eventually glued together by hand. The process was quite difficult since in some areas 

the parts were very thin. The assembly of the parts is expected to be easier in a larger model. The 

following figures depict the assembled result of the printing (Fig. 54-59). The imperfections due to the 

printing process and the gluing are obvious. However the quality of the surface is more than acceptable 

since the geometry is complex and the model is scaled. The geometry of the faring is undoubtedly 

complex and demanding. Sharp edges and curves of this shape are hard to print. However the printer 

responded very well as shown in Figures 54, 55, 56 and 59. 
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Figure 54 Isometric view of the 3D-printed re-designed 3-wheeler motorbike 

 

Figure 55 Side view of the printed model 
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Figure 56 Front view of the printed model 

 

Figure 57 Back view of the printed model 

 

Figure 58 Top view of the printed model 
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Figure 59 Bottom view of the printed model 

This process proves that the model is printable. However, for a model in a 1:1 scale, it is advised that a 

different type of glue is used in order to assemble the components.  
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8 Conclusions and future work 

This chapter includes the summary of this thesis, pointing out the most interesting results and 

conclusions, as well as some future work suggestions that can be carried out based on the presented 

work. 

8.1 Conclusions 

CFD is a powerful tool that is widely used in product development. The process of setting up a CFD 

simulation is demanding and requires knowledge, experience and attention to detail in order to prove 

useful for design improvements. No matter how experienced the engineer is, there is always the need 

of validating the simulation results with measurements in a physical model. In the presented study, the 

investigated model was the 3-wheeler bike designed by students of the Altair University. Using wind 

tunnel results from the Baden-Wuerttemberg Cooperative State University of Mosbach, the CFD results 

were validated through a mesh independency study which led to the correct setup for a computationally 

cheaper, external flow simulation. The mesh used in the validation process, consists of around 886,000 

nodes. The mean value of the deviation between the physical wind tunnel test force calculation and the 

force calculated in the validation simulation for different velocities, is around 4%, which is an 

acceptable value. 

A free stream simulation was conducted in order to exclude effects from the wind tunnel test srtucture. 

The resultant drag coefficient in the free stream, simulation was higher than the one in the wind tunnel 

simulation. More specifically, the wind tunnel test simulation resulted in a drag coefficient value of 0.3 

whereas in the free stream simulation, the value was 0.35. This deviation is justified, since the 

conditions in a wind tunnel are different than the ones in a free stream (diffusion of the flow after the 

inlet duct, the supporting frame affects the flow). 

With the use of CFD, time and physical model building costs are saved, since the simulation results can 

show which concepts are the most efficient to proceed with. Commercial CFD codes like AcuSolve 

(provided by Altair) that was used in this thesis, as well as the mesh generators (i.e. HyperMesh), 

become more powerful day by day. The combination of CAD (i.e. Solidworks) and CAE (i.e. 

HyperWorks) tools, result in optimized concepts and rapid evolution of technology. 

Engineers are able to predict the drag coefficient of their models and re-design in order to make them 

more efficient. In the case study of this thesis, the re-designed model, which was based on the 3-wheeler 

bike, resulted in a significantly lower drag coefficient than the original model. In fact the re-designed 

model’s drag coefficient is 57% lower (from 0.35 to 0.15). The violent detachment of the flow behind 

the fairing of the original model, leads to a significantly higher drag coefficient than the one of the 

smoother, droplet-shaped, re-designed model. This outcome can be further investigated using a physical 

model of the re-designed bike in a wind tunnel test. 
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With 3D-printing technologies, this process has become much faster. After concluding to the desirable 

concept or concepts using CFD simulations, a scaled, accurate model can be printed and tested in a 

wind tunnel instead of spending time and money in building a true-scale physical model, which is high 

risk comparing to a 3D-printed model in terms of cost. 

8.2 Future Work 

Many steps of the procedure that is followed to develop and improve a product in terms of its 

aerodynamic behavior were demonstrated and analyzed in this thesis. The results of this procedure can 

be used as a solid base for the next steps until the realization of a product. The proposed future work 

consists of some steps that are described in this chapter. 

The first step is to conduct a physical test of the re-designed model presented in Chapter 6. This test 

will validate the CFD results of this model. 

Also optimization of the geometry in terms of drag reduction would be very interesting. There are tools 

(in CAE software) that can manipulate the geometry and result to an optimized model, according to 

constraints defined by the user. This could be a subject of a master thesis. 

Subject of future work could also be the creation and testing of a real-scale model. Vehicle production 

companies use wind tunnels to test their models. The final stage of the testing is to mount a complete, 

real model on a wind tunnel and run a test. In that case, the ground should be moving in order to simulate 

the exact conditions of driving the vehicle. 

The moving ground can be implemented in a CFD simulation. Therefore, in the future, another CFD 

simulation as well as a wind tunnel test should be setup. They both need to contain a real-scale model 

and simulate the real driving conditions. These tests will result in a slightly different drag coefficient 

than the one presented in this case study. That will be the real drag coefficient of the 3-wheeler 

motorbike.  
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APPENDIX A 

Velocity and pressure graphs 
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X COMPONENT VELOCITY DISTRIBUTION  

FREE STREAM (LEFT) VS WIND TUNNEL (RIGHT) ORIGINAL BIKE 

INLET VELOCITY: 10 m/sec 

 

INLET VELOCITY: 25 m/sec 
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INLET VELOCITY: 30 m/sec 

INLET VELOCITY: 35 m/sec 
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INLET VELOCITY: 40 m/sec 
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STATIC (GAUGE) PRESSURE DISTRIBUTION ON SYMMETRY PLANE  

FREE STREAM (LEFT) VS WIND TUNNEL (RIGHT) ORIGINAL BIKE 

INLET VELOCITY: 10 m/sec 

 

INLET VELOCITY: 25 m/sec 
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INLET VELOCITY: 30 m/sec 

 

INLET VELOCITY: 35 m/sec 

 

 

 

 

 

 

 



80 
 

 

 

INLET VELOCITY: 40 m/sec 
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STATIC (GAUGE) PRESSURE DISTRIBUTION ON BIKE 

FREE STREAM (LEFT) VS WIND TUNNEL (RIGHT) ORIGINAL BIKE 

INLET VELOCITY: 10 m/sec 

 

 

INLET VELOCITY: 25 m/sec 
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INLET VELOCITY: 30 m/sec 

 

 

INLET VELOCITY: 35 m/sec 
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INLET VELOCITY: 40 m/sec 
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X COMPONENT VELOCITY DISTRIBUTION  

RE-DESIGNED MODEL 

INLET VELOCITY: 10 m/sec 

 

INLET VELOCITY: 15 m/sec 

 

 

 

 

 

 



85 
 

 

 

INLET VELOCITY: 25 m/sec 

 

INLET VELOCITY: 30 m/sec
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INLET VELOCITY: 35 m/sec
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STATIC (GAUGE) PRESSURE DISTRIBUTION ON SYMMETRY PLANE  

RE-DESIGNED MODEL 

INLET VELOCITY: 10 m/sec

 

INLET VELOCITY: 15 m/sec 
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INLET VELOCITY: 25 m/sec 

 

INLET VELOCITY: 30 m/sec 
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INLET VELOCITY: 35 m/sec 
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STATIC (GAUGE) PRESSURE DISTRIBUTION ON BIKE 

RE-DESIGNED MODEL 

INLET VELOCITY: 10 m/sec 

 

 

INLET VELOCITY: 15 m/sec 
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INLET VELOCITY: 25 m/sec 

 

 

INLET VELOCITY: 30 m/sec 
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INLET VELOCITY: 35 m/sec 
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APPENDIX B 

Re-designed model Forces 
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The following table contains the calculated forces of the simulations that were run for the re-designed 

3-wheeler bike. These forces can be compared to the forces of chapter 5 (Table 5). The offset between 

these forces can be used for validation if the re-designed model will be tested in a wind tunnel. The 

following table also contains the quantities that are needed for the drag coefficient calculation.

 

VELOCITY 

(m/sec) 
10 15 20 25 30 35 

Fairing_top -0.0088 -0.0214 -0.0397 -0.063 -0.091 -0.13 

Fairing_bot 0.054 0.1215 0.216 0.336 0.485 0.655 

Bike -0.011 -0.0262 -0.045 -0.071 -0.105 -0.145 

extended fairing 0.0014 0.004 0.006 0.011 0.012 0.023 

       

total_force_bike 

(N) 
0.0356 0.0779 0.1373 0.213 0.301 0.403 

totalforceX2 (N) 0.0712 0.1558 0.2746 0.426 0.602 0.806 

Frontal area 

(m2) 
0.003809 0.003809 0.003809 0.003809 0.003809 0.003809 

Density (kg/m3) 1.225 1.225 1.225 1.225 1.225 1.225 

Cd 0.15259241 0.148401358 0.147127 0.146077 0.143353 0.141011 


