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Numerical simulation and experimental validation of 
a manufactured wing profile 

Summary 
The background for this thesis originates from a study of the flow characteristics for an 
airfoil of the type NACA0018. The aim for this thesis was to evaluate how the characteristics 
of the flow over the NACA0018 profile depend on surface roughness. 

Airfoils were manufactured in Aluminum by Computer Numerical Control-milling and in 
polylactide polymer using a 3D-printer, where some of the profile surfaces were post-
processed with sandpaper in various grain sizes. The surface roughness of the profiles was 
evaluated in a 3D optical profilometer using white light interferometry from Filmetrics. By 
that technique 3D surface plots were created. 

The manufactured airfoils were tested in a wind tunnel where the achieved data was made 
dimensionless for comparative purposes. The computational fluid dynamics simulations 
were performed in Ansys Fluent and compared against the wind tunnel data as well as with 
the data from a previously made study at htw saar. 

The results from the wind tunnel tests show that the surface roughness has an effect on the 
flow characteristic of the airfoil, where different angles of stall were observed in the 
comparison. The difference for the dimensionless numbers coefficient of lift and drag show 
that the manufactured aluminum airfoil performs better compared to the 3D-Printed airfoil 
in this study. It has a higher performance mean value for both of these coefficients in a span 
of angles between 0 and 30 degrees. When compared, the results from the simulations and 
wind tunnel experiments do match in some cases, where the dimensionless coefficients and 
stall angle coheres. 

Further studies based on this report are recommended, where small geometric changes to 
the profile could be tested and validated.
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Nomenclature 

Glossary 
AM = Additive Manufacturing 

ASME = American Society of Mechanical Engineers 

CAD = Computer Aided Design 

CFD = Computational Fluid Dynamics 

CNC = Computer Numerical Control 

DNS = Direct Numerical Solution 

FDM = Fused Deposition Modeling 

htw saar = Hochschule für Technik und Wirtschaft des Saarlandes, University 
of Applied Sciences in Saarbrücken, Germany 

ISO = International Organization for Standardization 

LES = Large Eddy Simulation 

MIT = Massachusetts Institute of Technology 

NACA = National Advisory Committee for Aeronautics 

NC = Numerical Control 

SST = Shear Stress Transport 

RANS = Reynolds-averaged Navier-Stokes 

VAWT = Vertical Axis Wind Turbine 

PLA = Polylactide (Thermoplastic Polymer) 

PTC = Production Technology Center 

Angle of Attack = Angle between Chord Line Free Stream  

Camber Line = Mean Line of an Airfoil 

Eddies = Turbulent Rotational Structures 

k-epsilon = Time-Averaged Turbulence Model 

k-omega = Time-Averaged Turbulence Model 

Reynolds Number =Dimensionless Ratio between Inertia to Viscous Forces  

Symbols 
𝐴𝐴𝑝𝑝 = Planform Area (Area Profile) 

𝐶𝐶𝑑𝑑 = Coefficient of Drag 

𝐶𝐶𝑓𝑓 = Skin Friction Coefficient 

𝐶𝐶𝑙𝑙 = Coefficient of Lift 

𝑐𝑐 = Speed of Sound in Fluid 

𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 = Force Parallel with Flow 
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𝐹𝐹𝑙𝑙𝑙𝑙𝑓𝑓𝑙𝑙 = Force Perpendicular to Flow 

𝐶𝐶𝑒𝑒 = Geometric Length 

𝑀𝑀𝑑𝑑 = Mach Number 

𝑅𝑅𝑒𝑒 = Reynolds Number 

𝑈𝑈𝜏𝜏 = Shear Stress Velocity 

𝑈𝑈∞ = Relative Stream Velocity 

𝑦𝑦 = First Layer Thickness (Mesh) 

𝑦𝑦+ = Dimensionless Distance 

µ = Dynamic Viscosity 

𝜌𝜌 = Density 

𝜏𝜏𝑤𝑤 = Wall Shear Stress 
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1 Introduction  
This bachelor’s thesis has been conducted at University West, Trollhättan, Sweden and at 
htw saar, University of Applied Sciences, Saarbrücken, Germany. This chapter presents a 
brief background, problem description, purpose and limitations. 

1.1 Background 
The background for this thesis is a study regarding fluid mechanics applied to a NACA0018 
wing profile, with the purpose of optimizing the efficiency of a vertical axis wind turbine 
(VAWT). In that study airfoils were manufactured by Additive Manufacturing (AM) in 
polylactide (PLA) polymer by a fused deposition modeling (FDM) printer and were subjected 
to an airflow in a wind tunnel. The study compared experimental results from the wind tunnel 
tests to Computational Fluid Dynamics (CFD) simulations [1]. 

 

Figure 1.1 Visualization of a fluid flowing over a NACA0018 profile, here observing the trailing edge 

The flow around a geometry can be visualized in several ways, such as with water flowing 
over the geometry as in Figure 1.1. This technique allows observing the interaction between 
the fluid and the surface of the geometry as well as the behavior of the flow as it exits the 
surface. The efficiency when moving an airfoil into a fluid or utilizing the fluid to attain 
motion around a fixed airfoil are two ways to see typical fluid problems; both include drag 
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force and may also include lift force. In order to maintain the momentum when an arbitrary 
geometry moves through a fluid, the drag force that the fluid exerts on the geometry has to 
be overcome. When the kinetic energy of the flowing fluid is to be used for power generation, 
to enhance the efficiency of the generator, it may require optimization of the lift and drag 
components exerted by the fluid on the geometry. Parameters that can be altered in the 
optimization process are then the shape of the geometry and the surface roughness. Different 
combinations for these parameters may be required depending on the scenario. Improving 
the efficiency by reducing the amount of energy used to overcome the drag force or to gain 
more energy from turbines is also a possible approach to reduce the environmental impact. 

1.1.1 Modifications 
The modifications in this thesis compared to the reference study is that a NACA0018 wing 
profile manufactured with different values of the surface roughness will be subjected to flow 
experiments in the same wind tunnel. These results will then be compared to conducted 
CFD simulations and with the results from the reference study [1].  

1.2 Problem 
How does the surface roughness affect the flow around a NACA0018 profile manufactured 
in a metallic material compared to the same profile in the reference study that was 
manufactured in PLA [1]? In general, how does the surface roughness affect the flow around 
a NACA0018 profile manufactured with different values of the surface roughness? 

1.2.1 Purpose 
The main goal of the project is to validate a manufacturing process and the simulation results 
of a wing profile via experimental testing in a wind tunnel. The partial goals are to 
manufacture a wing profile of the type NACA0018 in a metallic material, conduct fluid 
simulations around the nominal wing profile, analyze the experimental and simulation data 
and compare with simulation results from the reference study. 

1.3 Limitations 
The project does not concern structural analysis of the profile. The wing profile is two-
dimensional and only two-dimensional simulations of the wing profile will be presented in 
this thesis. 
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2 Theory 
This chapter presents some theory related to this thesis. The purpose of the NACA profiles 
is briefly recalled. Next, theory useful when working with computational fluid dynamics, brief 
information about additive and abrasive manufacturing as well as surface roughness.  

2.1 Airfoil 
The NACA 4-digits profile is an airfoil shape developed by the National Advisory Committee 
for Aeronautics. The NACA airfoils can take different shapes depending on the value of the 
digits in the airfoil name, as exemplified in Figure 2.1. The purpose of the NACA profiles 
was to establish a set of base line geometries that can be used to choose the profile suited to 
the intended application [2], [3]. 

 

Figure 2.1 Visualization of NACA0018 (top) and NACA2418 (bottom) 

The different shapes are either cambered or non-cambered airfoils. The non-cambered have 
the value of zero for the first two digits in the name of the NACA profile. These non-
cambered airfoils are symmetric with respect to the chord line, which is the straight line 
connecting the leading edge to the trailing edge. The last two digits in the name represent 
percentage thickness perpendicular to the camber line [3]. 

The Angle of Attack (AoA) is the angle measured from the chord line to the free stream 
direction. At a certain angle, the flow separates from the surface and the airfoil stalls. It means 
that there is a significance drop of lift force that is produced by the airfoil [4]. 

1. Leading edge 
2. Chord line 
3. Camber line 
4. Trailing edge 

1 
 

2 
 

3 
 

4 
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2.2 Computational Fluid Dynamics 
CFD has its origin in the disciplines of fluid mechanics and heat transfer and is particularly 
dedicated to fluids in motion (dynamics). It is one of three methods to solve a fluid problem. 
The three methods are as follows, experimental, analytical and computational. The 
experimental and analytical methods have been used before there was access to computers 
that could handle the computations needed to solve the governing equations of CFD. These 
equations represent statements based on mathematics for following conservation laws of 
physics, namely mass conservation, Newton’s 2nd law and the first law of thermodynamics. 
Action and interaction of phenomena such as convection, dissipation, diffusion, viscous 
friction, turbulence and compressibility lead to a non-linear flow with no analytical solution. 
A numerical method for solving the governing equations are therefore necessary due to the 
non-linearity in the equations [5]. 

CFD is applicable to almost every situation since almost all dynamic situations involve fluid 
motion and transportation of energy, e.g. air, water, blood and oil. By using CFD software, 
like the one used in this thesis [6], [7], the possibility to evaluate different scenarios and 
optimizing designs presents itself. It is also a useful tool for making predictions. One 
concrete example is when developing a turbine blade for power generation; the aim is then 
to “capture the flow” in the best possible way to achieve a good efficiency when converting 
the flow energy into mechanical energy via the turbine blade. CFD allows insight in how 
components or different systems of components will perform, illustrated in Figure 2.2. This 
may reduce the amount of prototype testing and small-scale experiments when developing a 
new product. CFD can also help to solve flow problems that are not desired to be reproduced 
experimentally, such as tsunamis [5]. 

 

Figure 2.2 Demonstration of how CFD can be utilized, visualizing turbulent intensity pathlines 
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The methodology for a CFD-simulation starts with defining the computational domain 
where the flow properties are to be solved for. The domain then needs to be discretized into 
a suitable number of elements that capture the gradients of the flow properties, in particular 
where the interaction between the flow and boundaries of interest is crucial. Material and 
fluid properties need to be chosen and boundary conditions must be set. Depending on the 
studied flow characteristics, a turbulence model may need to be chosen depending on the 
flow regime. The simulation (numerical solution) can then be started and depending on the 
domain, discretization and the boundary conditions, the solution will either diverge or 
converge. In the post-process stage (i.e. after conducted simulations) various types of 
graphical data can be produced, like contour plots or vector plots that represent the values 
in the discretized domain for the flow properties of the solution. These stages needed for 
performing CFD-Simulations are illustrated in Figure 2.3.  

 

Figure 2.3 Simplified Flowchart to perform Computational Fluid Dynamic Simulations 

The accuracy of the solution gained from the CFD-simulation depends on the user defined 
domain, mesh, boundary conditions and the solver approach. An important criterion to reach 
a reliable result is that the simulation processes has undergone a mesh convergence process. 
Mesh convergence is attained when the evaluated properties in the solution no longer change, 
in relation to a user defined accuracy, as the mesh is refined. Despite this, experimental 
testing is still conducted to validate the computational results [5]. 

Depending on the discretized computational domain and the approach for the solver, the 
simulations can be time consuming. For some flow problems such as turbulence or  several 
phases of a fluid which may also involve free surface tracking, CFD is still under development 
[5]. 
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2.2.1 Domain 
As stated in section 2.2, the first step is to define the computational domain to be used in 
the solver. This chapter will present some grounds to the creation of those domains. 

The computational domain is the geometry where the flow occurs, also where to find the 
flow properties to be solved for. The flow type can be divided into two classes, namely 
internal or external flow. Combinations of these can also be used depending on the problem 
that is to be modeled [5]. 

When the decision to choose the size and geometry of the domain is to be made, the choice 
depends on the real-world problem. To achieve reliable results, it is important to create 
models that are able to simulate the real-world conditions. For an external flow around an 
object, the distance between the geometry and the walls (exterior part of the domain that is 
not inlet or outlet) needs to be sufficient to avoid interference from the walls on the 
geometry. For internal flows, the domain is the entire flow of interest since the domain is 
confined within the walls (example of this is the flow in a pipe). Another requirement is that 
the dynamics of the flow is sufficiently developed over the length of the computational 
domain [5]. 

Depending on the problem, a three-dimensional physical domain can be treated as a two-
dimensional computational domain. The requirement for this simplification is that the flow 
properties do not change with regard to this removed dimension. It requires that the 
invariance along the direction of the removed dimension is sufficient. This reduces the 
computational cost in the simulations [5]. 

Subdomains can be seen as a set of smaller domains that combined constitutes a global 
domain. The reason for introducing subdomains can be that the global domain, where some 
of the subdomains are only built once, is used for a series of different subdomains. Then 
different geometries can be built in e.g. one of the subdomains and evaluated within a similar 
global domain. Another reason for the use of subdomains is to use separated physics in the 
different areas. The global domain can be built by smaller blocks, subdomains, or control 
lines for the discretization process (meshing) in order to discretize the flow domain in the 
desired manner using these separated areas or control lines [5]. 

When the domain is to be evaluated one can set a convergence criterion for a point of interest 
regarding the domain size. For an internal flow situation, no convergence for the domain 
size is necessary in the direction of the confinement. For an external flow, the distance from 
the geometry to the boundaries of the computational domain can be the variable in the 
evaluation process. When the computed property has stabilized (so when it no longer change 
when increasing further the size of the domain), the size of the domain is sufficient regarding 
the influence of the conditions at the domain boundary. In this study the domain dimension 
downstream the geometry needs also to be sufficient to capture the wake, which contributes 
to the forces on the body [5]. 
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The decomposition of the computational domain into subdomains can also be important 
regarding the choice of discretization or of numerical method for the simulation. The most 
common case is to introduce subdomains to better control the discretization. Some flow 
problem can also be solved with more than one solution method to save computational cost 
or improve the accuracy of the solution. Different solution methods can be combined with 
the use of subdomains inside the global domain. The subdomains then need to be coupled 
with regard to the flow and solution methods of choice. See Figure 2.4 for example domains 
[8]. 

 

Figure 2.4 Visualization of domains for constructing different types of mesh with subdomains 

2.2.2 Turbulence 
As stated in section 2.2, one of the steps is to select a turbulence model suited to the flow 
problem. This chapter presents some basic turbulence theory and turbulence models. 

Turbulence is a random and chaotic state of motion that is induced by disturbances in the 
free stream or by boundary surface roughness, and it may be amplified in the direction of 
the flow. Turbulence can be characterized by a dimensionless number known as the Reynolds 
number. The Reynolds number is the ratio between the inertia force to the viscous force. At 
a low Reynolds number, the flow remains laminar due to the high level of friction. When the 
Reynolds number increases the inertia forces to viscous force ratio gets bigger. Above some 
critical threshold, the disturbances get magnified and lead to an induced turbulent state of 
fluid motion [5]. 

The turbulence in a flow always take place in three dimensions in space. Rotational flow 
structures have been detected in these flows. These rotational structures are called eddies 
and exist at different length and time scales. The largest eddies in the flow are of the same 
size as the mean flow. The eddies receive their energy from the mean flow in a process called 
vortex stretching. Velocity gradients are present in the mean flow and they will cause 
deformation of the fluid, that are linear, shear strain and rotation. This stretches the eddies 
that are aligned with the flow and causes different speeds for the sides of the eddies. Since 
the angular momentum is conserved during this so-called vortex stretching, the turbulence 
is maintained due to the stretch work done by the mean flow. These eddies will in turn cause 
new instabilities, thus creating eddies that are smaller. This process of creating smaller eddies 
is called an energy cascade; in that cascade, energy is transported from bigger eddies to 
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smaller eddies. When the eddies are small enough the viscous effects become more important 
and the turbulent energy in the smallest eddies dissipates into thermal energy [5] [9]. 

Direct Numerical Simulation (DNS) is a simulation technique that resolves the entire flow 
domain to capture all length and time scales of turbulence in a three-dimensional 
computational domain. Depending on the domain geometry and the flow Reynolds number, 
this could require too much computer power for engineering purposes. DNS is the most 
accurate technique and quantities that cannot be assessed experimentally can be evaluated. It 
is also a useful method when turbulence models are evaluated [5] [10]. 

Large Eddy Simulation (LES) is a turbulence model that does not resolve all turbulence scales 
in the flow. For this reason, the LES model requires closure relations. Motions in large scales 
are in general more energetic and more effective in the transportation of the conserved 
properties in the flow. This technique resolves the larger scales of eddies and approximates 
the smaller ones. It is still an expensive technique but less costly in terms of computer power 
compared to DNS [5]. 

Many engineers are interested in the average values for the flow properties, this yields the 
possibility to perform a so-called time averaging operation on the equations describing the 
flow. The flow properties are then divided into a mean value and a fluctuating turbulent 
component with regard to time. This produces the time averaged governing equations known 
as Reynolds-Averaged Navier-Stokes (RANS), supplemented with closure relations [5]. 

k-epsilon is the most used RANS turbulence model which has been validated against a 
number of flow problems. It performs well for many practical flows such as thin shear layers, 
boundary layers and duct flow without the necessity of manipulating the values for the 
constants required to close the model. This model also has its weakness, such as the level of 
agreement for unconfined flows or flows with large and rapid strain where highly curved 
boundary layers is an example. Another example for a low level of agreement for the model 
is the separation and re-attachment of flows [5]. 

k-omega is another RANS model where omega is a frequency of large eddies. This model 
has been shown to perform well close to walls for boundary layer flows and for strong 
adverse pressure gradients. For aerospace applications, this is a popular model. It is however 
less accurate in predicting the freestream values of omega [5]. 

Menter´s RANS model combines the benefits from both k-epsilon an k-omega so that it uses 
k-omega near the walls of the simulation domain and blends gradually over to the k-epsilon 
model away from the walls to predict the freestream values [5]. 

Shear Stress Transport (SST) is a variation of Menter´s model which accounts for non-
equilibrium effects. In handling non-equilibrium boundary layer regions, this model shows a 
better agreement close to flow separation. The model is indeed recommended for predicting 
flow separation [5]. 
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2.2.3 Boundary Layer 
As stated in section 2.2, the discretization process must account for crucial flow interactions 
to capture these effects. This chapter presents some basic theory regarding flat plate 
boundary layers. 

A freestream flow with uniform velocity as it flows over a plate, gradually undergoes a change 
to a fully developed velocity profile because of the no-slip condition at the plate surface 
which can be seen in Figure 2.5. Which means steady velocity regardless of position at the 
plate. The velocity at the plate surface is the plate velocity for a no-slip condition. Considering 
a stationary plate, the velocity at the surface is thus zero. The outer streamlines have a finite 
displacement because of mass conservation regarding the difference between entrance 
velocity and exit velocity for the flow over the plate [4]. 

 

Figure 2.5 Visualization of the development of a velocity profile around a flat plate 

Flow separation is because of momentum loss due to friction close to the plate in a boundary 
layer, where the boundary layer is trying to move against increasing pressure (i.e. 
downstream), see Figure 2.6 for a discretized boundary layer. This is called an adverse 
pressure gradient. A favorable gradient is the opposite case where movement is towards 
decreasing pressure (i.e. upstream) and for this case, flow separation cannot occur. 
Computations using currently existing boundary layer theory is valid up to the point of flow 
separation [4]. 
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Figure 2.6 Visualization of a unrefined boundary layer mesh around a flat plate 

2.2.4 Mesh 
As stated in section 2.2, one of the steps is the discretization process of the domain. This 
chapter will present grounds to define a suitable mesh. 

The mesh generation process of the established computational domain is one of the most 
important steps in a CFD simulation. The domain is discretized into several elements where 
the flow properties are to be solved for. The solution accuracy compared to the actual 
physical flow is strongly dependent on the physics included in the model, the number of 
elements and the quality of the mesh. When evaluating the mesh quality, convergence 
criterion for the properties of interest as a function of mesh refinement is a possible approach 
[5] [11]. 

For a structured mesh, the discretized elements have the same number of adjacent elements 
(except for the boundary elements). The strict element alignment may be necessary to capture 
the physics of the flow. The structured mesh can be controlled using lines with different 
divisions to achieve a smaller element size for critical locations in the domain, a technique 
that may be used for unstructured meshing as well. The advantages of using a structured 
mesh is that the elements are easily addressed so it allows the data management to be easy. 
A disadvantage is that the non-orthogonality could increase when using a structured mesh, 
this could yield solutions that are unphysical [5] [11].  

The geometric shape of unstructured elements can be of various kinds. For an unstructured 
mesh, the elements in the domain are thus allowed to grow in an irregular pattern. When 
discretizing a geometry of arbitrary shape, the unstructured mesh approach is well suited. It 
is suited for boundaries with high curvature since the unstructured mesh approach easier 
adapts to these areas. A disadvantage is that the elements can have an arbitrary number of 
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connecting elements which complicates the treatment of data. Figure 2.7 shows a 
comparison between a structured and unstructured mesh [5] [11].  

 

Figure 2.7 Visualization of a Structured (left) and Unstructured (right) Mesh 

 

When constructing a hybrid mesh, structured and unstructured approaches with different 
types of elements may be used in different regions of the domain as can be seen in Figure 
2.8. Making appropriate choices for the mesh construction regarding the boundaries of the 
domain will in general lead to better accuracy and convergence for the numerical method 
used in the solution [5].  

 

Figure 2.8 Visualization of two types of Hybrid Mesh 

 

When evaluating the quality of the mesh, convergence criteria can be used regarding mesh 
refinement. It is crucial that regions with critical flow are resolved in an appropriate manner 
to be able to capture important features of the flow, e.g. the locations in the domain with 
stiff gradients. The mesh needs to be able to capture the changes of the flow properties in 
these areas [5] [11]. 
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2.3 Manufacturing 
This chapter presents some theory suitable when choosing a manufacturing method, with 
respect to surfaces and their effect on the flow characteristics. Depending on the purpose of 
the airfoil the suitable manufacturing method may differ. 

The areas of interest regarding airfoils are literally all the areas involving fluid flow; these 
areas are affected by the manufacturing method. When it comes to the manufacturing of 
airfoils, different manufacturing methods and the accompanying parameters have different 
impact on the airfoil’s performance. The performance of the airfoil has a large impact on the 
environment in terms of energy consumption and generation [5]. 

Different manufacturing methods yield different tolerances for the manufactured airfoil, 
where the tolerances refer to the allowed variations for the value of a measured quantity. The 
objective is to achieve as low tolerances as possible for the lowest possible price. In general, 
there is a relation between the tolerances and the cost for a manufactured component [12]. 

There is a difference in quality for components manufactured by different manufacturing 
methods regarding both tolerances and the strength of the airfoil. The cost for the different 
manufacturing methods depends also on the number of components that are to be 
manufactured. With this information available, the possibility to look over investment in a 
certain machine can be done in order to lower the manufacturing cost per part [12]. 

When the choice is to be made regarding which manufacturing method to use for the desired 
product, it all comes down to looking at cost, manufacturing time and quality. After this, a 
choice can be made that fulfills the product requirement [12]. 

2.3.1 Additive Manufacturing 
This chapter presents some theory useful when working with additive manufacturing, for 
producing the wings to be tested in this study. The AM process is about adding material layer 
by layer to achieve the designated geometry, Figure 2.9 shows a 3D-printer producing the 
first layer. The geometry is created using a CAD-model (Computer Aided Design) [13]. 

Advantages of the AM process is that complex geometries can be created without the need 
for fixtures, as in this study. There are still, AM processes and geometries that requires 
fixtures as well. The AM method produces in the optimum case no waste material and is 
therefore more environmentally friendly compared to other methods [13].  
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Figure 2.9 3D-Printer in process of producing the first layer 

A disadvantage of the AM process with metal is that the heat input must be large enough to 
melt the metal. The component thus undergoes a thermal cycle. When a heated component 
is being cooled, the dimensions of the component will get smaller. This is due to that the 
vibration amplitude of a heated atom gets bigger for a higher temperature, hence the thermal 
expansion coefficient for a material is of interest when preparing the manufacturing process. 
If the cooling process is not controlled properly it can introduce defects such as skewness 
and cracks in the component [12], as can be seen in Figure 2.10. 

 

Figure 2.10 Example Surface of a part manufactured by the method EBM (Electron Beam Melting) 

2.3.2 Abrasive Manufacturing 
A way to describe the process of abrasive manufacturing is that a tool is used to remove 
material from the workpiece of interest. This requires a relative motion between the tool and 
the workpiece to achieve the desirable result. The forces during this process depend on 
several parameters, such as the cutting depth (i.e. material thickness for a material removal 
cycle), the material of the workpiece and the translational velocity between the tool and the 
workpiece (also called the feed rate). See Figure 2.11 for a manufactured test surface [12]. 
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Figure 2.11 Example of a milling test surface, to validate parameters before production 

Heat is developed in the contact zone between the tool and the workpiece. The need for 
cooling by a liquid coolant depends on the temperature gradient and on how the temperature 
will affect the tool and machinability of the workpiece. When coolant is used, it also lubricates 
and aids the transportation of removed material from the workpiece and the tool [12]. 

A disadvantage of abrasive manufacturing methods compared to AM methods is the AM 
methods allows for a higher freedom in the manufacturing process regarding the desired 
geometry. AM methods also have a higher degree of material utilization [12] [13]. 

An advantage of abrasive manufacturing is when applying NC (Numerical Control) over the 
machine in use, as it generates a higher rate of production. This method was developed in 
the early 1950´s within a research project at MIT (Massachusetts Institute of Technology) 
[12]. 

2.4 Surface Roughness 
This chapter presents some theory about surface roughness, effects of surface roughness on 
the airfoil and how to measure surface roughness. 

The roughness of a surface can be explained as the measure of the deviation between the 
peaks and valleys to the mean line of the component. There are different methods of 
calculating this value. One method commonly used is the mean surface deviation. It is 
defined as the arithmetic mean value of the absolute values of the profile curve’s extrema 
relative to the mean line along a reference length of choice, as can be seen in Figure 2.12 
[12]. 
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Figure 2.12 Visualization of surface roughness 

According to the theory of fluid mechanics, the surface roughness has an impact on the flow 
regime. It enhances transition to turbulence and turbulence. It has thus an impact on the 
drag coefficient for an airfoil. Higher value for the surface roughness will increase the drag 
coefficient [4]. 

To evaluate the achieved roughness for the airfoil, a surface profile measure device can be 
used. A needle on the device is moved over the surface to register the peaks and valleys of 
the surface. Another approach to evaluate the roughness is to use an optical method that 
magnifies the surface. While the former method measures along a line or a set of lines, the 
second measures over a surface. It might thus happen that the extrema measured by the first 
method are only local, and that they do underestimate the global extrema [12]. 
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3 Method 
This chapter presents the methods used in this thesis to produce the results with respect to 
manufacturing, CFD and experimental validation. 

3.1 Geometry 
The geometry was defined using points along the profile surface. The profile was extracted 
with Airfoil Tools [14] which uses analytical expressions based on the four digits in the profile 
names as presented in the theory section.  

The points for an open ended NACA0018 together with the data for the trailing edge from 
Table 3.1 were thus combined to create the NACA0018 2D geometry. The profiles stated in 
Table 3.1 were used to produce 3D-drawings with Autodesk Inventor [15], as presented in 
Figure 3.1. 

Table 3.1 Profile data used for creating the profile geometries 

Profile 
# Airfoil 

Max camber 
[%] 

Max camber 
position [%] 

Thickness 
[%] 

Chord length 
[mm] 

Trailing edge 
location [mm] 

1 NACA 0 0 18 75 75.3371 

2 NACA 0 0 18 150 150.6743 

 

 

Figure 3.1 3D-View of the nominal geometry for Profile 2 based on points for NACA0018 with open trailing edge 
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3.2 Manufacturing 
The methods used for manufacturing the profiles were CNC milling and 3D-printing. 
Production by CNC Mill took place at Production Technology Center (PTC) in Trollhättan, 
Sweden and the 3D-printing took place at htw saar in Saarbrücken, Germany.  

The geometries used were exported from Inventor Professional [15] to Siemens NX [16] 
where CNC-code was created and used for manufacturing the aluminum profiles.  Figure 3.2 
shows the CNC mill in progress. 

 

Figure 3.2 CNC milling, Profile 2 in progress 

The surface roughness of the manufactured profiles were evaluated in a 3D microscope using 
white light interferometry [17]; see Figure 3.3. The software connected to the 3D microscope 
calculated different surface values according to the standards ISO 25178, ASME B46.1 and 
EUR 15178N. Figure 3.4 shows the microscope focusing on the workpiece as seen in the 
evaluation software [18]. 

Table 3.2 shows the manufactured specimen which was based on Profile 1 and Profile 2 from 
Table 3.1. The different specimen have varying surfaces roughness values because of the 
post-process stated in Table 3.2. 
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Figure 3.3 Measuring surface roughness using white light interferometry 

 

Figure 3.4 Focusing on the workpiece 
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The airfoils in PLA were manufactured in a 3D-printer, Ultimaker 2+. Figure 3.5 shows the 
printer in progress while producing the first layer. 

 

Figure 3.5 The 3D-Printer used to manufacture profiles in PLA 

Table 3.2 Manufacturing specimen using Profile 1 and Profile 2 

Specimen Profile Material Length Manufacturing  Post Process 

#1 1 ALU 100mm CNC milling None 

#2 2 ALU 100mm CNC milling None 

#3 1 PLA 100mm 3D-Printing None 

#4 1 PLA 100mm 3D-Printing Sandpaper (P40) 

#5 1 PLA 100mm 3D-Printing Sandpaper (P60) 

#6 1 PLA 100mm 3D-Printing Sandpaper (P400) 

#7 1 PLA 100mm 3D-Printing Sandpaper (P1000, P40) 

#8 1 PLA 100mm 3D-Printing Sandpaper (P1000, P40) 

#9 2 PLA 100mm 3D-Printing Sandpaper (P1000) 

#10 2 PLA 100mm 3D-Printing Sandpaper (P400, P40) 
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3.3 Simulation 
The software that was used for the simulations is ANSYS [6], [7]; the graphical and numerical 
results were generated in the software for comparison purposes. 

The conducted simulations were time-independent (i.e. steady). The dimensionless Mach 
number defined according to equation (3.1) was evaluated considering the wind tunnel 
specifications, 

 

 𝑀𝑀𝑑𝑑 =
𝑈𝑈∞
𝑐𝑐

 (3.1) 

 

where 𝑀𝑀𝑑𝑑 is the Mach number, 𝑈𝑈∞ is the relative stream velocity and 𝑐𝑐 is the speed of sound 
in the fluid. Referring to the theory for compressibility [4], this shows that the flow can be 
treated as incompressible since the Mach number is smaller than 0.3. The density of the air 
was thus assumed to be constant (i.e. incompressible) considering the operating conditions 
of the wind tunnel for experiments with constant temperature. The temperature and pressure 
for the air was set to 20ºC and one standard atmosphere respectively. 

The parameters that were altered in the simulations were the Angle of Attack (AoA) and the 
relative velocity 𝑈𝑈∞. The velocity 𝑈𝑈∞ was varied between 4 and 28 𝑚𝑚 𝑠𝑠⁄ . The AoA was varied 
between 0º and 360º. 

Based on the assumption that the flow is turbulent, the turbulence had to be modeled 
mathematically by choosing a model that can predict the flow behavior in a reliable manner. 
The method of choice was the SST model which is a hybrid model that combines the 
properties of booth the k-omega model and the k-epsilon model [19], [20], [9]. 

In the CFD simulations the values of the drag coefficient and the lift coefficient were 
evaluated directly in the software [7]. 

3.3.1 Domain Creation 
The size of the flow domain surrounding the airfoil was set to match the wind tunnel width 
in order to achieve comparable results regarding the wind tunnel experiments. Due to flow 
resistance from the interior surfaces in the wind tunnel a velocity profile in the tunnel exists 
(not constant velocity regarding change of position perpendicular to the flow in the wind 
tunnel). So it was considered necessary, for comparison purposes between CFD and 
experimental validation, to account for this when generating the flow domain. Figure 3.6 
shows for different global domains generated to evaluate different types of mesh. 
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Figure 3.6 Domains generated to evaluate different types of mesh 

3.3.2 Meshing 
The mesh was generated prioritizing the local element resolution around the NACA0018 
geometry since it was considered most important for the results to resolve the flow domain 
around the profile; see Figure 3.7 for meshing in progress. The mesh outside of this offset 
area was also an important criterion when designing the mesh. The element growth rate (i.e. 
increase in size between neighboring elements in the mesh) was kept at 20 or under 20 
percent to achieve good approximation for the gradients in the linearization when 
considering a Taylor expansion (higher order terms can then be neglected). 

 

 

Figure 3.7 Example of a mesh generation method using lines for controlling the mesh 
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At the profile surface the viscous sublayer needs to be resolved by the mesh in order to take 
full advantage of the SST model. For resolving the viscous sublayer, the dimensionless 
distance y+ determined according to equation (3.2) [19], 

 𝑦𝑦 =
𝑦𝑦+µ
𝑈𝑈𝜏𝜏𝜌𝜌

 (3.2) 

 

is desired to have a value of approximately one. µ is the dynamic viscosity of the fluid,  𝑦𝑦 the 
first mesh layer thickness,  𝜌𝜌 the fluid density and 𝑈𝑈𝜏𝜏 the shear stress velocity. 𝑈𝑈𝜏𝜏 can be 
rewritten according to equation (3.3) [19], 

 

 
𝑈𝑈𝜏𝜏 = �

𝜏𝜏𝑤𝑤
𝜌𝜌

, (3.3) 

 

where 𝜏𝜏𝑤𝑤 denotes the wall shear stress. Equation (3.4) for 𝜏𝜏𝑤𝑤 is introduced [19] according to  

 

 𝜏𝜏𝑤𝑤 = 0.5𝐶𝐶𝑓𝑓𝜌𝜌𝑈𝑈∞2 , 
(3.4) 

where 𝐶𝐶𝑓𝑓 is the skin friction coefficient, which is important in boundary layer flows [4]. 𝐶𝐶𝑓𝑓 is 
in turn expressed according to equation (3.5) from [19],  

 

 𝐶𝐶𝑓𝑓 = 0.058𝑅𝑅𝑅𝑅−0.2. 
(3.5) 

 

The Reynolds dimensionless number, 𝑅𝑅𝑅𝑅, is defined as follows: 

 

 𝑅𝑅𝑅𝑅 =
𝜌𝜌𝑈𝑈∞𝐶𝐶𝑒𝑒
µ

, (3.6) 

 

where 𝐶𝐶𝑒𝑒 is a characteristic length of the geometry (in this case it was the chord length). This 
is the ratio between the inertia force to the viscous force presented in section 2.2.2. Utilizing 
equations (3.3) - (3.6) in (3.2) starting with equation (3.6) in descending order yields the first 
mesh layer thickness needed to resolve the viscous sublayer on the profile. It was used as the 
initial first mesh layer thickness. 
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3.3.3 Numerical Solution 
In order to perform a simulation, the boundary conditions had to be set. The boundary 
conditions were defined as inlet velocity, outlet ambient pressure and no-slip boundary 
conditions at the walls. The flow was assumed to be turbulent, with an inlet turbulent 
intensity set to 4% in harmony with ANSYS lecture notes [19] and the reference study [1]. 
The mesh was evaluated in a convergence process where every iteration showed convergence 
behavior regarding the solutions to the governing equations. 

The pressure-velocity coupling method was chosen to the scheme “coupled” with relaxation 
factors for momentum and pressure set to 0.5. The relaxation factors for the turbulent kinetic 
energy and the specific dissipation rate were set to 0.75. 

3.4 Experimental Validation 
The experimental validation of the manufactured profiles was conducted at htw Saarbrücken 
in one of their wind tunnels, see Figure 3.8. This wind tunnel can generate wind velocities 
between 3,1 and 28m s⁄  and has a force measuring capability for lift and drag up to 4N [21]. 
The operational temperature was room temperature (approximately 20 Cº). 

 

Figure 3.8 The wind tunnel in the wind lab at htw saar, Germany 
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3.5 Data comparison 
In this study, the comparison between the results of the CFD simulations and of the 
conducted wind tunnel tests were performed for two dimensionless coefficients: the drag 
coefficient and lift coefficient defined according to  

 𝐶𝐶𝑑𝑑 =
𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑
𝜌𝜌
2𝑈𝑈∞

2 𝐴𝐴𝑝𝑝
 (3.7) 

 𝐶𝐶𝑙𝑙 =
𝐹𝐹𝑙𝑙𝑙𝑙𝑓𝑓𝑙𝑙

𝜌𝜌
2𝑈𝑈∞

2 𝐴𝐴𝑝𝑝
, (3.8) 

 

where 𝐹𝐹𝑑𝑑𝑑𝑑𝑑𝑑𝑑𝑑 is the force parallel to the flow and 𝐹𝐹𝑙𝑙𝑙𝑙𝑓𝑓𝑙𝑙 is the force perpendicular to the flow. 
𝐴𝐴𝑝𝑝 is the planform area which is defined as the product between the cord length and width 
of the profile. In the more general case, the planform area needs to be integrated if the chord 
length varies along the width of the profile [4]. It should be noticed that in the former study 
of reference [1], only the coefficient of lift was compared since this was the only existing data 
in that study. 
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4 Results 
This chapter presents the results from the manufacturing processes, the CFD results and the 
results from the wind tunnel tests. The results regarding CFD are also compared to wind 
tunnel results. 

4.1 Manufacturing 
Figure 4.1 shows a manufactured NACA0018 with 75 mm chord length; the picture was 
taken outside PTC in Trollhättan, Sweden. Table 4.1 shows the values of the surface 
roughness evaluated in two different measuring devices for the profiles. See Appendix A for 
the complete measuring results. 

 
Figure 4.1 Manufactured NACA0018 profile with 75mm chord length (Specimen 1) 

Table 4.1 Specimens surface roughness (Sa), measurements from Zeiss: Handysurf and Filmetrics: Profilm3D 

 #1 #2 #3 #4 #5 #6 #7 #8 #9 #10 

Zeiss 0,18µm 0,23µm 1,27µm 8,9µm 3,6µm 0,79µm 0,43µm µm µm µm 

Pro… 3,53µm 5,96µm 0,36µm 2,07µm 7,16µm 0,73µm 1,05µm 1,18µm µm µm 
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4.2 Simulation 
The results from the simulations are based on a converged hybrid mesh as well as a structured 
mesh, see Appendix B. The hybrid mesh was successfully refined while evaluating lift and 
drag coefficients at an AoA of 0°. The value of y+

 was also evaluated during the refinement 
of the mesh, with a maximum value of approximately 1.2. The turbulent intensity was 
graphicly evaluated at an AoA of 15° and 19°, see Figure 4.2 and Figure 4.3. These values 
are just before and after stall usually occurs for NACA0018. See Appendix B for additional 
simulation results and the mesh quality assessment. 

 
Figure 4.2 Turbulent intensity of converged hybrid mesh with an AoA of 15°  and the upstream velocity of 11m/s 

 
Figure 4.3 Turbulent intensity of converged hybrid mesh with an AoA of 19° and the upstream velocity of 11m/s 

Table 4.2 and Table 4.3 shows CFD simulation results for two different approaches when 
designing a mesh, a hybrid mesh and a structured mesh. 
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Table 4.2 Simulation results for 11m/s, using the hybrid mesh 

AoA Lift [N] Drag [N] Cl Cd Cl/Cd 
0° 0,00 0,14 0,00015 0,22 0,0007 
15° 0,52 0,12 0,85 0,19 4,47 

15,5° 0,54 0,12 0,87 0,19 4,58 
16° 0,56 0,12 0,90 0,19 4,74 

16,5° 0,58 0,12 0,95 0,19 5 
17° 0,60 0,12 0,97 0,19 5,11 
20° 0,73 0,11 1,2 0,18 6,67 
25° 0,99 0,09 1,6 0,14 11,43 
30° 1,37 0,05 2,32 0,08 29 

 

Table 4.3 Simulation results for 11m/s, using the structured mesh 

AoA Lift [N] Drag [N] Cl Cd Cl/Cd 
-30° -3,00 0,50 -0,49 0,081 -6,05 
-25° -3,21 0,50 -0,52 0,081 -6,42 
-20° -2,83 0,40 -0,46 0,066 -6,97 
-15° -4,52 -0,66 -0,74 -0,11 6,73 
-10° -3,67 -0,35 -0,60 -0,057 10,53 
-5° -2,03 0,005 -0,33 0,00086 -383,72 
0° -0,02 0,15 -0,0037 0,024 -0,154 
5° 1,99 0,012 0,32 0,0020 160 
10° 3,64 -0,34 0,59 -0,055 -10,72 
15° 4,29 -0,58 0,70 -0,094 -7,447 
20° 2,79 0,40 0,46 0,065 7,077 
25° 3,24 0,50 0,53 0,082 6,463 
30° 3,10 0,50 0,50 0,081 6,173 

  



Numerical simulation and experimental validation of a manufactured wing profile 

 28 

4.3 Experiment 
The results from the wind tunnel are presented in Appendix C. Table 4.4 contains the 
minimum and maximum forces measured and the stall angles for the profiles evaluated at 
11m/s. For specimen 2, specimen 9 and specimen 10 there are no stall angle data in Table 
4.4 because no significant drop of lift forces occurred during these experiments. In table 4.4, 
the lift force changes sign depending on the specimen’s angular orientation in the wind 
tunnel; this shows that the flow separates from the specimen at the same angle for both 
positive and negative attack angles. 

Table 4.4 Wind Tunnel Measurements, measured wind speed 11m/s 
 

Min Lift Max Lift Min Drag Max Drag + Stall Angle - Stall Angle 
Specimen 1 - 0,39N 0,39N 0,02N 0,78N 16°  16°  
Specimen 2 - 1,41N 1,12N - 0,25N 1,79N °  °  
Specimen 3 - 0,33N 0,33N 0,04N 0,70N 17°  17°  
Specimen 4 - 0,33N 0,33N 0,04N 0,74N 13°  15°  
Specimen 5 - 0,33N 0,33N 0,04N 0,78N 15°  17°  
Specimen 6 - 0,33N 0,31N 0,04N 0,70N 16°  16°  
Specimen 7 - 0,35N 0,33N 0,10N 0,76N 15°  18°  
Specimen 8 - 0,35N 0,33N 0,12N 0,78N 14°  14°  
Specimen 9 - 1,11N 1,07N 0,10N 1,78N °  °  
Specimen 10 - 1,25N 1,11N 0,12N 1,23N °  °  

4.4 Data Comparison 
The data retrieved from the CFD simulations and the wind tunnel were compared to see the 
differences. Figure 4.4 shows a comparison chart for the coefficient of lift with respect to 
the AoA. Data points from the CFD simulations from the reference study are manually 
collected from Figure 9 and Figure 10 in that study [1]. this shows that the coefficient of lift 
are of the same order of magnitude. 
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Figure 4.4 Comparison chart for coefficient of lift between experiment at a velocity of 11 m/s, conducted CFD 
simulations at a velocity of 11 m/s and CFD simulations from the reference study [1] at a velocity of 10 m/s 

The CFD simulations conducted in this study with a structured mesh capture the stall and 
show an agreement with the conducted wind tunnel experiments when it comes to the 
coefficient of lift. The simulations based on the hybrid mesh do not capture the stall angle. 
Figure 4.5 shows a comparison between the simulations in this study, where the stall is visible 
for all evaluated velocities. 
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Figure 4.5  Comparison between CFD simulations based on the structured mesh in the present study, coefficient of lift 
with respect to the AoA for various velocities  

The stall angle of the manufactured profiles was evaluated from the accumulated wind tunnel 
data. Figure 4.6 shows the variation of the stall angle for the different specimens based on 
profile 1, see Table 3.2. Specimen 1 has approximately the same stall angle as specimen 3 and 
specimen 7, which is approximately 16°. The coefficients of lift were evaluated for the 
manufactured profiles; see Table 4.5 for comparative data measured at velocity 11 m/s. 
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Figure 4.6 Comparison chart for NACA0018 airfoils with 75mm chord line at 11m/s and measurements from the 
wind tunnel experiments 

Table 4.5 Lift coefficient evaluation for various angles at 11m/s in the wind tunnel experiment 

  
    AoA     

0°  5°   10°   15°   20°   25°   30°   
Specimen 1 0,00 0,31 0,49 0,67 0,33 0,41 0,54 
Specimen 2 0,00 0,19 0,38 0,57 0,72 0,86 0,99 
Specimen 3 0,04 0,28 0,44 0,59 0,28 0,35 0,46 
Specimen 4 0,00 0,28 0,45 0,28 0,28 0,35 0,49 
Specimen 5 0,04 0,28 0,45 0,48 0,28 0,32 0,49 
Specimen 6 0,00 0,25 0,45 0,56 0,28 0,36 0,46 
Specimen 7 0,04 0,29 0,46 0,61 0,24 0,39 0,49 
Specimen 8 0,00 0,25 0,45 0,25 0,28 0,35 0,46 
Specimen 9 0,02 0,19 0,35 0,50 0,63 0,72 0,84 
Specimen 10 0,02 0,19 0,37 0,52 0,67 0,77 0,91 

The coefficients of lift for the different specimens were averaged between 0 and 30 degrees. 
This shows that specimen 1 and specimen 2 have the highest coefficient of lift in this span 
of angles. The mean value for specimen 1 was 0,38 and for specimen 2 it was 0,56. For the 
75 mm profiles, specimen 8 was chosen as reference for comparison because of its lowest 
mean value of 0,34. Specimen 1 compared to specimen 8 shows approximately 13 % higher 
coefficient of lift in this span of angles. For the 150 mm profiles, specimen 9 was chosen as 
reference for comparison because of its lowest mean value of 0,5. Specimen 2 compared to 
specimen 9 shows approximately 12 % higher coefficient of lift in this span of angles. 
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The results for the coefficient of drag are summarized in the same way for the 75 mm size 
profiles. This shows that specimen 1 is the best specimen in terms of lowering the drag 
resistance with a mean value of 0,2. Specimen 8 had the highest mean value of 0,38. Specimen 
1 has approximately 48 % less drag in this span of angles compared to specimen 8. 

A ratio between the coefficient of lift and the coefficient of drag can be seen as a performance 
number for the specimens. Table 4.6 presents the ratio measured in this study for the velocity 
of 11m/s at 5 different values of the angle of attack. 

Table 4.6 Comparison data for 𝐶𝐶𝑙𝑙 over 𝐶𝐶𝑑𝑑 at an Angle of Attack from 5° to 25° at 11m/s 
 

Cl/Cd 
(5°) 

Cl/Cd    
(10°) 

Cl/Cd    
(15°) 

Cl/Cd    
(20°) 

Cl/Cd            
(25°) 

Specimen 1 4,99 3,75 3,33 1,25 0,89 
Specimen 2 -1,09 -3,00 -8,25 -41,07 4,17 
Specimen 3 1,33 1,86 2,13 0,89 0,92 
Specimen 4 1,60 1,86 1,00 0,80 0,83 
Specimen 5 1,00 1,63 2,00 0,67 0,69 
Specimen 6 1,60 2,33 2,29 0,89 0,83 
Specimen 7 1,00 1,63 1,89 0,67 0,79 
Specimen 8 1,00 1,63 0,70 0,67 0,71 
Specimen 9 2,00 2,50 2,42 2,47 1,71 
Specimen 10 1,38 1,91 2,31 2,38 1,57 

When comparing for specimen 1 and the two angles of attack 5º and 10º the coefficient of 
lift from the wind tunnel data to the data from the former study [1], it can be seen in Figure 
4.4 that the values are approximately the same in numerical size. For the other specimens 
based on profile 1, the comparative results are a little less accurate than for specimen 1. 
Figure 4.7 shows six of the compared specimens, two from the former study [1], followed 
by two of the 3D-printed in this study. The last two are CNC Milled specimens of this study. 

 

Figure 4.7 Visualization of six of the compared profiles  
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5 Discussion 
This chapter contains discussions regarding the different methods used in this thesis and the 
results that were generated. It also discusses the validity of the obtained results for the 
methods of choice. 

5.1 Manufacturing 
In the pre-process of the CNC machining, an analysis of the milling-tools optimum number 
of revolutions per minute (rpm) was conducted using accelerometers and software. It was 
conducted to avoid the so-called critical rpm´s that is the resonance behavior of the tool 
during rotation. Avoiding resonance likely had a positive effect on the finished 
manufacturing result in terms of a smoother surface. As the preface states, this analysis was 
not conducted by the authors, but it is worth some reflecting. 

5.2 Simulation 
The validity regarding the simulations might be questioned. The mesh was converged and 
showed an overall good quality when conducting the simulations at 11 meters per second 
and 0° AoA. However, the Reynolds number changes when changing the upstream velocity; 
this might affect the mesh convergence. Rebuilding the mesh with different AoA also 
affected the mesh orthogonality which in itself could lead to questionable results if skewness 
becomes excessive.  

To maintain simulation conditions close to the experimental conditions, the global domain 
was chosen to have the size of the measuring area in the wind tunnel. That decision led to a 
massive amount of mesh rebuilding which is very time consuming and also the reason why 
there is so few figures and data tables from the simulations with the hybrid mesh. 

For the simulations with the structured mesh, the evaluation of the domain size was not 
made. This should have been done however licensing limitations did prevent this. These 
simulations do capture the stall and for that purpose the domain size was sufficient. 

5.2.1 Domain 
Since the domain for the hybrid mesh has the same width as the wind tunnel, the simulations 
needed to be evaluated regarding wall interaction. It is believed that if the structured domain 
had been large enough it could have produced better results. 

5.2.2 Mesh validation 
The equations based on the flat plate boundary layer theory are not fully applicable to the 
NACA0018 geometry since the flow accelerates over a curved geometry. This would require 
a variable mesh layer thickness for the cells close to the geometry to keep 𝑦𝑦+ constant. 
However, the flat plate boundary layer equations were applied to determine the first cell 
thickness in the process of evaluating the mesh. Even though the mesh shows convergence 
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behavior, it most likely exists other meshing techniques with a somewhat different resulting 
mesh structure that allow the solution to converge faster.  

5.2.3 Solution 
The solution of the governing equations shows relatively good convergence. It is based on 
assumptions regarding the turbulent intensity at the inlet and a uniform velocity distribution 
at the inlet. The generated solutions have a sufficient validity when combined, the stall angle 
is captured in the same region as the experiments. 

5.3 Experiment 
To conduct the measurements with the specimens, an axis was required to be mounted 
between the specimens and the force measuring sensor. A smaller perpendicular axis could 
have been mounted on the axis, between the specimens and the sensor, to aid with the 
alignment in the wind tunnel. However, there was no perpendicular axis mounted during the 
experiments; this complicated the alignment in the wind tunnel and most likely generated 
inaccuracy in the measurements. 

How much the axis distorts the results from the wind tunnel is also worth discussing. If the 
axis was too thin, then this would mean an underestimation of the distortion from the 
airflow. It could also lead to a change of angle between the airfoil and the flow because of 
the lower stiffness in the axis. This angle change would most likely distort the result in some 
way. 

The used axis between the airfoil and the sensor was threaded, that is likely to some 
alterations of the flow characteristics. No experiment with a smooth axis was conducted. 
This needs validation in order to see what difference it might yield. 

Like Figure 3.9 shows, the wind tunnel is placed at a window. At the conducted experiments 
with a wind velocity of 19m s⁄  or higher, the window was open which possibly changed the 
properties of the air around the wind tunnel. Perhaps not by much but it is worth mentioning. 

The drag forces for specimen 2 appear to be invalid since they are below zero, which is not 
possible. A possible reason is that the weight of this profile affected the sensor that collected 
the force data during experiment which probably also was amplified by the profiles center of 
mass not being aligned with the axis connected between the profile and the sensor.  

5.4 Comparison of data 
When comparing the stall angles from the wind tunnel experiments based on profile 1, it can 
be seen that specimen 5 has a significantly higher value for the coefficient of lift for an AoA  
at 0° compared to the other specimens. A possible reason for this is that the angle alignment 
was not set to zero when collecting the data for this specimen.  
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In the comparison between the present study and the reference study [1] there is a difference 
in wind speed of 1m s⁄ . This does not affect the validity of our study since the difference in 
stall angle between these low speed tests is low. 
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6 Conclusions 
The roughness of the airfoils surface has an impact on the flow around the profile. Where 
there can be seen a slight difference in lift, drag coefficients and stall angle. Even though the 
numerical solutions based on the hybrid mesh did not show that stall occurred, as seen in 
Table 4.2, the graphical evaluation of turbulence in Figure 4.2 and Figure 4.3 pointed towards 
that conclusion. 

The coefficients of lift based on profile 1 which can be seen in Table 4.5, combined with the 
stall angle evaluation in Figure 4.6, establish a base for choosing the desired surface 
roughness. Depending on the application of the airfoil, energy can be saved. When properly 
controlling the surface roughness, the possibility to achieve improved lift properties indeed 
emerges.  

The efficiency can be improved if utilizing a suitable roughness in wind energy applications. 
This in turn will have positive effects on the environmental impact such as higher power 
output from the wind turbines. With that comes the possibilities to shut down polluting 
powerplants. 

Something to investigate further is how different geometric adjustments, such as protrusions 
and cutouts, affect the flow around airfoils.  
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A: Surface Data 

This appendix presents data from the experiments made in this thesis.  
 
Specimen 1 – Alu, 75mm chord, no surface treatment 

 
Figure A.1 Surface of Specimen 1 

 
Figure A.2 3D-Image from Profilm3D, surface roughness of specimen 1 

 
Figure A.3 Area Roughness Data for specimen 1 
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Specimen 2 – Alu, 150mm chord, no surface treatment 

 
Figure A.4 Surface of Specimen 2 

 
Figure A.5 3D-Image from Profilm3D, surface roughness of specimen 2 

 
Figure A.6 Area Roughness Data for specimen 2 
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Specimen 3 – Black PLA, 75mm chord, no surface treatment 

 
Figure A.7 Surface of specimen 3 

 
Figure A.8 3D-Image from Profilm3D, surface roughness of specimen 3 

 
Figure A.9 Area Roughness Data for specimen 3 
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Specimen 4 – White PLA, 75mm chord, treated with sandpaper P40 

 
Figure A.10 Surface of specimen 4 

 
Figure A.11 3D-Image from Profilm3D, surface roughness of specimen 4 

 
Figure A.12 Area Roughness Data for specimen 4 
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Specimen 5 – White PLA, 75mm chord, treated with sandpaper P60  

 
Figure A.13 Surface of specimen 5 

 
Figure A.14 3D-Image from Profilm3D, surface roughness of specimen 5 

 
Figure A.15 Area Roughness Data for specimen 5 
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Specimen 6 – Orange PLA, 75mm chord, treated with sandpaper P400 

 
Figure A.16 Surface of specimen 6 

 
Figure A.17 3D-Image from Profilm3D, surface roughness of specimen 6 

 
Figure A.18 Area Roughness Data for specimen 6 
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Specimen 7 – Orange PLA, 75mm chord, treated with sandpaper P1000 & P40 

 
Figure A.19 Surface of specimen 7 

 
Figure A.20 3D-Image from Profilm3D, surface roughness of specimen 7 

 
Figure A.21 Area Roughness Data for specimen 7 
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Specimen 8 – Orange, PLA 75mm chord, treated with sandpaper P1000 & P40 

 
Figure A.22 Surface of specimen 8 

 
Figure A.23 3D-Image from Profilm3D, surface roughness of specimen 8 

 
Figure A.24 Area Roughness Data for specimen 8 



Numerical simulation and experimental validation of a manufactured wing profile 

Appendix A:9 

Specimen 9 – White PLA, 150mm chord, treated with sandpaper P1000 

 
Figure A.25 Surface of specimen 3 

 

 

Specimen 10 – Orange PLA, 150mm chord, treated with sandpaper P400 & P40 

 
Figure A.26 Surface of specimen 10 
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B: Simulation Data 
Hybrid Mesh 

 

Figure B.1 Converged hybrid mesh for an AoA of 0°  

 

 

 

Figure B.2 Leading edge of converged hybrid mesh for an AoA of 0° 
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Figure B.3 Trailing edge of converged hybrid mesh for an AoA of 0° 

 

 

 

Figure B.4 Orthogonal quality of converged hybrid mesh  
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Figure B.5 Orthogonal quality normal to the airfoil for converged hybrid mesh. Position 0m corresponds to the leading 
edge and position 0.075m corresponds to the trailing edge 

 

 

 

Figure B.6 y plus along the airfoil surface for converged hybrid mesh with an AoA of 0° and the upstream velocity of 
11m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Figure B.7 Convergence in ANSYS Fluent for hybrid mesh with an AoA of 0° and the upstream velocity of 11m/s 

 

 

 

Figure B.8 Drag coefficient convergence for converged hybrid mesh with an AoA of 0° and the upstream velocity of 
11m/s 
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Figure B.9 Lift coefficient convergence for converged hybrid mesh with an AoA of 0° and the upstream velocity of 
11m/s 

 

 

 

Figure B.10 Turbulent intensity of converged hybrid mesh with an AoA of 0° and the upstream velocity of 11m/s 
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Figure B.11 Turbulent kinetic energy of converged hybrid mesh with an AoA of 0° and the upstream velocity of 11m/s 

 

 

 

Figure B.12 Static gage pressure in the converged hybrid mesh with an AoA of 0° and the upstream velocity of 11m/s 
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Figure B.13 Velocity magnitude along the top and bottom surfaces of the airfoil and halo (offset curve around the 
airfoil) for converged hybrid mesh at an AoA of 0° and the upstream velocity of 11m/s. Position 0m corresponds to 
the leading edge and position 0.075m corresponds to the trailing edge of the airfoil 

 

 

 

Figure B.14 Static gage pressure over the airfoil surface for converged hybrid mesh with an AoA of 0° and the upstream 
velocity of 11m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Structured Mesh 

 

Figure B.15 Structured mesh, this was used for simulations between 11-32m/s for different AoA 

 

 

 

Figure B.16 Leading edge of the structured mesh 
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Figure B.17 Trailing edge of the structured mesh 

 

 

 

Figure B.18 Orthogonal quality of the structured mesh 
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Figure B.19 Orthogonal quality normal to the airfoil for the structured mesh. Position 0m corresponds to the leading 
edge and position 0.075m corresponds to the trailing edge 

 

 

Figure B.20 y plus along the airfoil surface for the structured mesh for an AoA of 0° and the upstream velocity 11m/s. 
Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Figure B.21 Convergence in ANSYS Fluent for structured mesh with an AoA of 0° and the upstream velocity of 
11m/s 

 

 

 

Figure B.22 Static gage pressure over the airfoil surface for structured mesh with an AoA of 0° and the upstream 
velocity of 11m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Figure B.23 Static gage pressure in the structured mesh with an AoA of 0° and the upstream velocity of 11m/s 

 

 

 

Figure B.24 Stream function contours in the structured mesh with an AoA of 0° and the upstream velocity of 11m/s 
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Figure B.25 Turbulent intensity in the structured mesh with an AoA of 0° and the upstream velocity of 11m/s 

 

 

 

Figure B.26 y plus along the airfoil surface for the structured mesh for an AoA of 15° and the upstream velocity 
11m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Figure B.27 Stream function contours in the structured mesh with an AoA of 15° and the upstream velocity of 11m/s 

 

 

 

Figure B.28 Turbulent kinetic energy in the structured mesh with an AoA of 15° and the upstream velocity of 11m/s  
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Figure B.29 Static gage pressure over the airfoil surface for structured mesh with an AoA of 15° and the upstream 
velocity of 11m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 

 

 

 

Figure B.30 Velocity iso contours for 15° AoA and an upstream velocity of 11m/s 

 

 



Numerical simulation and experimental validation of a manufactured wing profile 

Appendix B:16 

 

Figure B.31 Velocity vectors, close to the leading edge at 15° AoA and an upstream velocity of 11m/s 

 

 

 

Figure B.32 Velocity vectors, close to the trailing edge at 15° AoA and an upstream velocity of 11m/s 
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Figure B.33 y plus along the airfoil surface for converged hybrid mesh with an AoA of 16.5° and the upstream velocity 
of 11m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 

 

 

 

Figure B.34 Turbulent kinetic energy in the structured mesh with an AoA of 16.5° and the upstream velocity of 
11m/s 
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Figure B.35 Velocity iso contours for 16.5° AoA and an upstream velocity of 11m/s 

 

 

 

Figure B.36 Velocity vectors, close to the leading edge at 16.5° AoA and an upstream velocity of 11m/s 
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Figure B.37 Velocity vectors, close to the trailing edge at 16.5° AoA and an upstream velocity of 11m/s 

 

 

 

Figure B.38 y plus along the airfoil surface for the structured mesh for an AoA of 0° and the upstream velocity 32m/s. 
Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Figure B.39 Velocity iso contours for 0° AoA and an upstream velocity of 32m/s 

 

 

 

Figure B.40 y plus along the airfoil surface for the structured mesh for an AoA of 20° and the upstream velocity 
32m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Figure B.41 Static gage pressure over the airfoil surface for structured mesh with an AoA of 20° and the upstream 
velocity of 32m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 

 

 

 

Figure B.42 Static gage pressure in the structured mesh with an AoA of 20° and the upstream velocity of 32m/s 
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Figure B.43 Velocity iso contours for 20° AoA and an upstream velocity of 32m/s 

 

 

 

Figure B.44 Velocity vectors, close to the leading edge (top) at 20° AoA and an upstream velocity of 32m/s 
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Figure B.45 Velocity vectors, close to the leading edge (bottom) at 20° AoA and an upstream velocity of 32m/s 

 

 

 

Figure B.46 Velocity vectors, close to the trailing edge at 20° AoA and an upstream velocity of 32m/s 
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Figure B.47 Static gage pressure over the airfoil surface for structured mesh with an AoA of 0° and the upstream 
velocity of 15m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 

 

 

 

Figure B.48 Static gage pressure over the airfoil surface for structured mesh with an AoA of 15° and the upstream 
velocity of 15m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Figure B.49 Static gage pressure over the airfoil surface for structured mesh with an AoA of 20° and the upstream 
velocity of 15m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 

 

 

 

Figure B.50 Static gage pressure over the airfoil surface for structured mesh with an AoA of 30° and the upstream 
velocity of 15m/s. Position 0m corresponds to the leading edge and position 0.075m corresponds to the trailing edge 
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Tabulated simulation results 

Table B.1 Simulation results with an upstream velocity of 15m/s 

AoA Lift Drag Cl Cd Cl/Cd 
0° -0,044N 0,25N -0,0071 0,041 -0,173 
5° 3,79N -0,010N 0,62 -0,017 -36,47 
10° 7,02N -0,70N 1,15 -0,11 -10,45 
15° 8,52N -1,31N 1,39 -0,21 -6,62 
20° 5,40N 0,69N 0,88 0,11 8,00 
25° 6,27N 0,88N 1,02 0,14 7,29 
30° 5,79N 0,92N 0,94 0,15 6,27 

 

 

Table B.2 Simulation results with an upstream velocity of 19m/s 

AoA Lift Drag Cl Cd Cl/Cd 
0° -0,071N 0,38N -0,012 0,062 -0,19 
10° 11,58N -0,19N 1,89 -0,031 -60,97 
20° 6,93N 2,69N 1,13 0,44 2,57 
30° 8,57N 3,80N 1,34 0,62 2,16 
40° 9,89N 4,99N 1,62 0,82 1,98 
50° 11,73N 6,59N 1,91 1,07 1,79 
60° 12,79N 8,16N 2,09 1,33 1,57 

 
 

Table B.3 Simulation results with an upstream velocity of 23m/s 

AoA Lift Drag Cl Cd Cl/Cd 
0° -0,10N 0,52N -0,017 0,086 0,20 
10° 17,25N -0,34N 2,82 -0,055 51,27 
20° 13,52N 6,49N 2,21 1,06 2,08 
30° 12,65N 5,58N 2,06 0,91 1,99 
40° 14,53N 7,31N 2,37 1,19 1,78 
50° 17,18N 9,64N 2,80 1,57 1,57 
60° 18,76N 11,96N 3,06 1,95 1,57 
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Table B.4 Simulation results with an upstream velocity of 28m/s 

AoA Lift Drag Cl Cd Cl/Cd 
0° -0,16N 0,75N -0,026 0,12 -0,22 
10° 25,96N -0,57N 4,24 -0,093 -45,59 
20° 15,68N 5,04N 2,56 0,82 3,12 
30° 19,74N 8,41N 3,22 1,37 2,35 
40° 21,44N 10,79N 3,50 1,76 1,99 
50° 25,56N 14,32N 4,17 2,34 1,78 
60° 27,80N 17,72N 4,54 2,89 1,57 

 

 

 

Table B.5 Simulation results with an upstream velocity of 32m/s 

AoA Lift Drag Cl Cd Cl/Cd 
0° -0,21N 0,94N -0,034 0,15 -0,23 
5° 18,17N -0,32N 2,97 -0,053 -56,04 
10° 34,04N -3,79N 5,56 -0,62 -8,97 
15° 44,80N -8,13N 7,32 -1,33 -5,50 
20° 24,67N 10,38N 4,03 1,69 2,38 
25° 28,90N 3,40N 4,72 0,55 8,58 
30° 27,08N 3,95N 4,42 0,64 6,91 
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C: Wind Tunnel Data 
Specimen 1 – Alu, 75mm chord, no surface treatment 

 

Figure C.1 Wind tunnel measurements for Specimen 1 at a measured wind speed of 4.1 meters per second 

 

 

 

Figure C.2 Wind tunnel measurements for Specimen 1 at a measured wind speed of 7 meters per second 
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Figure C.3 Wind tunnel measurements for Specimen 1 at a measured wind speed of 11 meters per second 

 

 

 

Figure C.4 Wind tunnel measurements for Specimen 1 at a measured wind speed of 15 meters per second 
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Figure C.5 Wind tunnel measurements for Specimen 1 at a measured wind speed of 19 meters per second 

 

 

 

Figure C.6 Wind tunnel measurements for Specimen 1 at a measured wind speed of 23 meters per second 
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Figure C.7 Wind tunnel measurements for Specimen 1 at a measured wind speed of 28 meters per second 

 

 

 

Figure C.8 Wind tunnel measurements for Specimen 1 at a measured wind speed of 32 meters per second 
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Specimen 2 – Alu, 150mm chord, no surface treatment 

 

Figure C.9 Wind tunnel measurements for Specimen 2 at a measured wind speed of 4.1 meters per second 

 

 

 

Figure C.10 Wind tunnel measurements for Specimen 2 at a measured wind speed of 7 meters per second 
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Figure C.11 Wind tunnel measurements for Specimen 2 at a measured wind speed of 11 meters per second 

 

 

 

Figure C.12 Wind tunnel measurements for Specimen 2 at a measured wind speed of 15 meters per second 
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Figure C.13 Wind tunnel measurements for Specimen 2 at a measured wind speed of 19 meters per second 

 

 

 

Figure C.14 Wind tunnel measurements for Specimen 2 at a measured wind speed of 23 meters per second 
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Figure C.15 Wind tunnel measurements for Specimen 2 at a measured wind speed of 28 meters per second 

 

 

 

Figure C.16 Wind tunnel measurements for Specimen 2 at a measured wind speed of 32 meters per second 
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Specimen 3 – Black PLA, 75mm chord, no surface treatment 

 

Figure C.17 Wind tunnel measurements for Specimen 3 at a measured wind speed of 4.1 meters per second 

 

 

 

Figure C.18 Wind tunnel measurements for Specimen 3 at a measured wind speed of 11 meters per second 
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Figure C.19 Wind tunnel measurements for Specimen 3 at a measured wind speed of 23 meters per second 

 

 

Specimen 4 – White PLA, 75mm chord, treated with sandpaper P40 

 

Figure C.20 Wind tunnel measurements for Specimen 4 at a measured wind speed of 4.1 meters per second 
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Figure C.21 Wind tunnel measurements for Specimen 4 at a measured wind speed of 11 meters per second 

 

 

 

Figure C.22 Wind tunnel measurements for Specimen 4 at a measured wind speed of 23 meters per second 
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Figure C.23 Wind tunnel measurements for Specimen 4 at a measured wind speed of 32 meters per second 

 

 

Specimen 5 – White PLA, 75mm chord, treated with sandpaper P60 

 

Figure C.24 Wind tunnel measurements for Specimen 5 at a measured wind speed of 4.1 meters per second 
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Figure C.25 Wind tunnel measurements for Specimen 5 at a measured wind speed of 11 meters per second 

 

 

 

Figure C.26 Wind tunnel measurements for Specimen 5 at a measured wind speed of 23 meters per second 
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Figure C.27 Wind tunnel measurements for Specimen 5 at a measured wind speed of 32 meters per second 

 

 

Specimen 6 – Orange PLA, 75mm chord, treated with sandpaper P400 

 

Figure C.28 Wind tunnel measurements for Specimen 6 at a measured wind speed of 4.1 meters per second 
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Figure C.29 Wind tunnel measurements for Specimen 6 at a measured wind speed of 23 meters per second 

 

 

 

Figure C.30 Wind tunnel measurements for Specimen 6 at a measured wind speed of 11 meters per second 
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Specimen 7 – Orange PLA, 75mm chord, treated with sandpaper P1000 & P40 (top side leading edge) 

 

Figure C.31 Wind tunnel measurements for Specimen 7 at a measured wind speed of 11 meters per second 

 

 

 

Figure C.32 Wind tunnel measurements for Specimen 7 at a measured wind speed of 23 meters per second 
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Figure C.33 Wind tunnel measurements for Specimen 7 at a measured wind speed of 32 meters per second 

 

 

Specimen 8 – Orange, PLA 75mm chord, treated with sandpaper P1000 & P40 

 

Figure C.34 Wind tunnel measurements for Specimen 8 at a measured wind speed of 11 meters per second 
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Figure C.35 Wind tunnel measurements for Specimen 8 at a measured wind speed of 23 meters per second 

 

 

 

Figure C.36 Wind tunnel measurements for Specimen 8 at a measured wind speed of 32 meters per second 
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Specimen 9 – White PLA, 150mm chord, treated with sandpaper P1000 

 

Figure C.37 Wind tunnel measurements for Specimen 9 at a measured wind speed of 4.1 meters per second 

 

 

 

Figure C.38 Wind tunnel measurements for Specimen 9 at a measured wind speed of 11 meters per second 
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Figure C.39 Wind tunnel measurements for Specimen 9 at a measured wind speed of 23 meters per second 

 

 

 

Figure C.40 Wind tunnel measurements for Specimen 9 at a measured wind speed of 32 meters per second 
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Specimen 10 – Orange PLA, 150mm chord, treated with sandpaper P400 & P40 

 

Figure C.41 Wind tunnel measurements for Specimen 10 at a measured wind speed of 11 meters per second 

 

 

 

Figure C.42 Wind tunnel measurements for Specimen 10 at a measured wind speed of 23 meters per second 
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Lift and Drag Coefficients 

 

Figure C.43 Coefficients of lift and drag for specimen 1 at 11m/s 

 

 

 

Figure C.44 Coefficients of lift and drag for specimen 2 at 11m/s 
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Figure C.45 Coefficients of lift and drag for specimen 3 at 11m/s 

 

 

 

Figure C.46 Coefficients of lift and drag for specimen 4 at 11m/s 
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Figure C.47 Coefficients of lift and drag for specimen 5 at 11m/s 

 

 

 

Figure C.48 Coefficients of lift and drag for specimen 6 at 11m/s 

 

-1

-0,5

0

0,5

1

1,5

2

-200 -150 -100 -50 0 50 100 150 200

Angle Of Attack

Coefficient of drag (Cd) and Coefficient of lift (Cl) at 11m/s 
for specimen 5

Cd Cl

-1

-0,5

0

0,5

1

1,5

-200 -150 -100 -50 0 50 100 150 200

Angle Of Attack

Coefficient of drag (Cd) and Coefficient of lift (Cl) at 11m/s 
for specimen 6

Cd Cl



Numerical simulation and experimental validation of a manufactured wing profile 

Appendix C:25 

 

Figure C.49 Coefficients of lift and drag for specimen 7 at 11m/s 

 

 

 

Figure C.50 Coefficients of lift and drag for specimen 8 at 11m/s 
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Figure C.51 Coefficients of lift and drag for specimen 9 at 11m/s 

 

 

 

Figure C.52 Coefficients of lift and drag for specimen 10 at 11m/s 
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