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REYNOLDS NUMBERS APPROACHING STALL 

by  

JOHN CROWE   

Under the Direction of Mosfequr Rahman  

 ABSTRACT   

As the capabilities and power of computational resources improve with each passing year, the 

implementation of simulation in the field of aerospace engineering also increases due to its increased 

efficiency, as it allows for reducing both time and resources. In this study, a computational method is created 

and tested for determining and visualizing the effect of increasing flow velocity on a NACA 0012 3D wing 

as it approaches and reaches stall. For this study, the flow over a NACA 0012 3D wing is simulated using 

a Reynolds-averaged Navier Stokes simulation at angles of attack of 6, 8, 10, 12, and 15 degrees. These 

simulations are run with 4 separate flow speeds with Reynolds numbers of 6.0E+5, 8.0E+5, 1.0E+6, and 

1.2E+6. From these simulations, the flow properties and aerodynamic forces are gathered and compared 

with one another. In this study, it was determined that the wing stalled after exceeding 12° for each air speed 

simulated, with the wing in Re = 6.0E+5 flow approaching stall faster. For each increment in Re at the same 

aoa, the lift and drag rose by approximately 1%. While in stall, large circulation occurring from flow 

separation occurs in the flow over the upper wing surface, resulting in large drops in lift and causes the drag 

to sharply increase. The lift-to-drag ratio for each airspeed dropped by approximately 63% when going 

from 12° to 15° for each airspeed.  
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CHAPTER 1 

INTRODUCTION  

The wings of an aircraft are undoubtedly the most integral part of an aircraft's ability to fly. Ever 

since the first flight of an aircraft by the Wright brothers in 1903, wings have gone through 

immense changes to become what they are today. A tremendous amount of research and 

development goes into increasing the aerodynamic efficiency of wings every day. The focus of this 

research is on increasing the accuracy of aerodynamic simulations, allowing for further increases 

in aerodynamic and structural efficiency. 

  

1.1 Lift and Drag  

Aerodynamic efficiency boils down to increasing the lift force and decreasing the drag 

force of an aircraft.  Lift is the upwards force perpendicular to the freestream air flow that is 

responsible for allowing the wing to fly. Lift is caused by a pressure difference between the top 

and bottom surfaces of the wing, with the pressure across the upper surface being lower than that 

of the bottom surface. This can be achieved in various ways, one of which is by increasing the 

angle of attack of a surface undergoing fluid flow. Angle of attack refers to the angle between the 

wing and the freestream fluid flow and is represented by the Greek letter 𝛼. Increasing angle of 

attack causes the pressure to increase on the lower side, since the surface area of the bottom surface 

perpendicular to the flow increases. This pressure difference can also be achieved without having 

to increase the angle of attack using a cambered airfoil, where an airfoil refers to the two-

dimensional cross section of a wing. The shape of this airfoil causes the flow over the upper side 
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of the wing to take a longer path than the bottom side, this difference in flow speed causes the 

pressure on the upper surface of the wing to be lower than the pressure across the bottom surface, 

creating lift.   

Drag is the force that is perpendicular to the lift force, opposing the forward movement of 

a wing. This drag force can be separated into two main types: parasite drag and induced drag. 

Induced drag is the drag force that is generated from the generated lift on a 3D wing. The pressure 

difference between the top and bottom of the wing causes vortices to form at the ends of the wing 

where top and bottom flows meet and the higher-pressure flow on the bottom of the wing flows 

upward towards the lower pressure flow on the upper surface. The vortices that propagate from 

this phenomenon cause a backwards force on the wing, resulting in increased drag. Induced drag 

increases with increased lift since the pressure difference between the top and bottom wing surfaces 

is increasing, thus increasing the strength of the resulting vortices. (CHENG et al. 2022). Parasite 

drag is the drag force that propagates from the friction of the fluid on the surface of the wing and 

the force from the lateral pressure on the wing surface. The drag that forms from friction forces 

contributes to about half of the overall drag force. (ZHANG et al. 2020; Anderson 2012) 
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Figure 1.1: Lift and Drag components of Cambered Airfoil 

1.2 Stall  

Even though lift can be increased by increasing the angle of attack of a wing, there is a 

certain point where the fluid flow separates from the wing’s surface, this separation causes a drastic 

decline in lift and has the potential to cause an aircraft to crash. This condition is known as stall. 

It is impeccable to an aircraft’s safety to avoid stall at all costs; however, stall can be recovered 

from if the pilot is experienced enough. (Akbari and Price 2003) There is no way for the possibility 

of stall to be eliminated for an airfoil, but the angle of attack at which the stall will occur can be 

delayed through devices such as vortex generators. When a wing or airfoil enters stall, the 

boundary layer of the fluid flow begins to separate from the upper surface of the wing. If the angle 

of attack continues to rise, the point at which the flow separates gets closer to the leading edge. 

When the separation reaches the leading edge, the wing is under full stall, where there is no flow 

over the upper surface. If an aircraft in flight enters full stall, it is impossible to recover from, 

regardless of the pilot. When this separation occurs, the flow begins to recirculate into the area of 
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separation. This recirculation causes the flow to become unstable and drastically increases drag, 

while drastically reducing lift. (Mccroskey 1981; Tao, Wang, and Sun 2021; Chen et al. 2022) 

 

Figure 1.2.1: Velocity Streamline of an Airfoil Undergoing Stall 

1.3 Goal and Objectives  

The goal of this research is to create and validate a fully coupled fluid dynamics/structural 

dynamics simulation of a wing at low Reynolds to allow for the analysis of the induced vibrations 

on a wing in fluid flow. This goal will be achieved by creating a fully coupled aerodynamic and 

structural simulation that will be compared to both an aerodynamic only simulation and a wind 

tunnel experimental setup to properly show the effect of adding aeroelastic forces to the simulation. 

This simulation will show the benefits of using this type of simulation as opposed to an uncoupled, 

CFD only approach.  

The goal of this research is to compare the aerodynamic effect of increasing angle of attack 

and flow velocity on a 3D NACA 0012 wing near and at stall conditions through computational 
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means. In order to achieve this, a steady state computational fluid dynamics simulation using a 3D 

NACA 0012 wing is created for various flow speeds and angle of attack. The various results gained 

from these simulations are then gathered and compared with each other to exemplify how each 

variable affects the flow properties and aerodynamic forces.  

  

1.4 Hypothesis  

Increasing the flow velocity and angle of attack of a wing increases both the lift and drag generated 

by the wing up until flow separation occurs, where the lift sharply decreases and the drag sharply 

increases, therefore a 3D NACA 0012 going from an angle of attack of 12° to 15° will exhibit a 

drop in the generated lift-to-drag ratio of at least 60%
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CHAPTER 2  

LITERATURE REVIEW  

Research into improving the efficiency of aircraft has been constantly being performed 

since the dawn of aviation. The primary focuses of this research are improvements to aerodynamic 

efficiency and structural efficiency, which often become intertwined. Increases of the efficiency of 

an aircraft can benefit a multitude of factors such as maneuverability, fuel efficiency, and safety. 

For any aircraft, both commercial and private, safety is the primary concern.   

Many different factors contribute to the safety of an aircraft, but one of the most important 

indicators of the safety of an aircraft is how early it stalls and how easy it is for the aircraft to exit 

stall. Stall refers to the aerodynamic condition that occurs when the flow over an airfoil or wing 

becomes separated from the upper surface, drastically reducing lift and increasing drag. (Tao, 

Wang, and Sun 2021) When an aircraft enters stall, it essentially starts to fall out of the sky. If the 

stall is not recovered from, it will inevitably result in the aircraft crashing.   

2.1 Literature Relating to Lift and Drag  

The lift and drag generated by an airfoil are the two key components of the aerodynamic 

efficiency of a wing. Lift is the upwards force on the airfoil produced by pressure differences 

between the top and bottom surfaces of an airfoil. (Auteri et al. 2022). Drag is the force that is 

perpendicular to the lift force, opposing the forward movement of a wing. This drag force can be 

separated into two main types: parasite drag and induced drag. Induced drag is the drag force that 

is generated from the generated lift on a 3D wing. The pressure difference between the top and 

bottom of the wing causes vortices to form at the ends of the wing where top and bottom flows 

meet and the higher-pressure flow on the bottom of the wing flows upward towards the lower 
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pressure flow on the upper surface. The vortices that propagate from this phenomenon cause a 

backwards force on the wing, resulting in increased drag.  (CHENG et al. 2022; Kroo 2003) 

Parasite drag is the drag force that is created by skin friction and the geometry of an object due to 

increased pressure on an area, such as a bluff body. (ZHANG et al. 2020)  

For an aircraft wing, parasite drag from friction is the largest component of drag on the 

wing, contributing to about half of the overall drag force.  Friction drag, as the name suggests, is 

the drag caused by the friction of a fluid against the surface of an object that is passing through the 

fluid. The fluid’s interaction with the surface causes the velocity directly above the surface to 

become zero, and slowly speeds up as the distance away from the surface increases until the speed 

is equivalent to the outside flow. The area where this occurs is known as the boundary layer. The 

size of the boundary layer is determined primarily by the amount of friction between the fluid and 

the surface that the fluid is passing over. An increase in the friction coefficient of the surface will 

increase the area where the fluid is slower than the outside flow. (ZHANG et al. 2020). For aircraft 

wings and many other aerodynamic surfaces, it is impeccable to ensure that the fluid flow remains 

attached to the surface. Too much friction or pressure differences, especially with air, can easily 

cause a flow to become more turbulent, increasing the friction coefficient and increasing the size 

of the boundary layer until the flow becomes completely separated from the surface, resulting in  

stall.  (Anderson 2012) 

   Since the need for efficiency is so large in aviation, nearly every aircraft uses a different 

airfoil based on flight conditions. Due to this variability of airfoils, specific airfoils are typically 

chosen for research based on flow properties to create replicability. The most common airfoil used 

in research for low Reynolds flow is the NACA 0012 airfoil (Srinivasa Rao, Mahapatra, and 
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Chaitanya Mangavelli 2018; Han et al. 2021; Mahato et al. 2023; Chang et al. 2022; Chen et al. 

2022). This airfoil is so common because of its simplicity, being a symmetrical airfoil with 

relatively low thickness, meaning it stalls at a higher angle of attack than a traditional cambered 

airfoil, and produces no lift at an angle of attack of zero degrees. This simplicity makes this airfoil 

an ideal baseline when performing aerodynamic research on wings and airfoils. A study done on 

the influence of turbulence intensity on aerodynamic characteristics of a 2D NACA 0012 airfoil at 

low Reynolds shows how the lift and drag coefficient changes with relation to angle of attack and 

Reynolds number. (Tsuchiya et al. 2013) 

 

Figure 2.1.1: Lift Coefficient, Cl (a) and Drag Coefficient, Cd (b) vs Angle of Attack, α for 

NACA 0012 at Various Reynolds (Tsuchiya et al. 2013) 

2.2 Literature relating to Boundary Layer and Stall  

A key point of interest when examining fluid dynamics is the concept of the boundary layer. 

The boundary layer refers to the thin layer of fluid in the immediate vicinity of a surface undergoing 

fluid flow. Studies show that the boundary layer exists due to friction between a fluid and the 
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surface the fluid is passing over. Due to this friction, the fluid’s velocity becomes zero at the 

surface/wall. This condition is commonly referred to as a no-slip boundary condition. The velocity 

of the fluid increases above the surface until it reaches the free stream velocity. This thin layer of 

the fluid whose velocity has not yet reached free stream velocity is what is denoted as the boundary 

layer. (Rouser 2002; Casey 2004; Anderson 2012).  

There are two types of boundary layers, laminar and turbulent. Laminar flow is 

characterized by fluid particles following smooth, predictable paths in layers. In turbulent flow, 

the flow paths become unstable and start to “swirl”. The fluid velocity in a laminar boundary layer 

increases steadily until reaching free stream, whereas the fluid velocity in a turbulent boundary 

layer starts increasing slowly, then increases sharply. For flow across an airfoil, the boundary layer 

typically begins as a laminar boundary layer at the leading edge of the wing, and transitions to 

turbulent flow at some point across the airfoil’s surface. In the case of minimizing drag, it is 

important to delay this transition as much as possible, as turbulent flow causes more drag than 

laminar flow. (Schetz and Bowersox 2011; sciences and 2002 2002) 

For a two-dimensional airfoil, increasing the angle of attack can increase the lift, however 

there is a point at which the pressure difference between the top and bottom surface becomes so 

great that the flow will separate from the surface on the top side of the airfoil. (Tao, Wang, and  

Sun 2021). Studies have shown that for a 3D wing with a finite wingspan, this point becomes even 

smaller due to the presence of induced drag and flow turbulence. Typically, once a wing reaches 

that point, the lift suddenly increases for a short amount of time before plummeting and the flow 

separates, this sudden increase in lift can increase the angle attack even more if the stall is not 

controlled fast enough. This further increase in angle of attack pushes the point of boundary layer 

separation closer to the leading edge of the wing, causing a larger zone of separation and an 
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increase in vortex strength on the upper area of the wing. As the strength of these vortices increases, 

the aeroelastic forces acting on the wing also increase. If the zone of separation reaches the leading 

edge, the flow becomes completely separated from the top surface of the wing and airfoil enters a 

state known as deep stall. Once an aircraft enters deep stall, it is near impossible to recover from 

(Carr, 1988; McCroskey et al., n.d.; Mccroskey, 1981).  

When analyzing a fixed airfoil in steady flow, the airfoil will always stall at the same angle 

of attack if the Reynold’s number is unchanged. This point is typically referred to as static stall, as 

it is a specific point at which flow separation occurs, rather than a range. However, for a 

maneuvering fixed wing aircraft studies have shown that this is not the case. For a 3D, nonfinite 

wing, the point at which the wing will enter stall varies within around a degree of the static stall 

point. Dynamic stall is characterized by a delay in boundary layer separation beyond the static stall 

angle and there have been numerous studies of this phenomenae (Batther and Lee 2022; Mccroskey 

1981; W. J. McCroskey, Carr, and McAlister 2012; W. McCroskey et al., n.d.; Carr 1988). This 

phenomenon may delay the onset of stall for an aircraft, but once an aircraft undergoes dynamic 

stall in can be severely more problematic for the aircraft. The delay in stall causes the point of flow 

separation to be closer to the leading edge, meaning it is much closer to entering deep stall. 

Dynamic stall also results in greater aerodynamic load than static stall due to the increased area of 

separation, resulting in large, coupled loads that a CFD only simulation would not be able to 

detect.(Batther and Lee 2022; Akbari and Price 2003; Carr 1988; Wu, Dai, and Yang 2022)  
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2.3 Computational Models 

  The equations governing the properties and behavior of a fluid are known as the Navier-

Stokes Equations. (Friedlander 2004; Ferziger and Perić 2002; Anderson 2012; Cavagna, 

Quaranta, and Mantegazza 2007). CFD solves these equations to simulate the fluid flow. However, 

these equations require simplification methods to be solved, primarily in relation to the turbulence 

and pressure-velocity coupling. There are a multitude of different models used in CFD studies to 

solve the turbulence behavior of a fluid, with each model having different strengths and 

weaknesses. The simplest of these models is known as the Reynolds Averaged Navier-Stokes 

(RANS) turbulence model, of which there are a few variations. RANS turbulence models are the 

most common and widespread approach due to their simplicity and lower computational costs, but 

the use of RANS turbulence models comes with some limitations due to their modeling 

assumptions. RANS models use an averaged approach and focus primarily on the larger trend of 

the fluid’s flow. As the flow boundary’s complexity and degrees of freedom in the flow increase, 

RANS models become more inaccurate. Because of this, RANS models are used for simple 

geometries in low-Reynolds flow. One variation of the RANS turbulence model that helps with 

this limitation is known as the shear stress transport k-omega RANS model. (F. R. Menter 1993). 

This model has an increased focus on the inner parts of the boundary layer, making it accurate for 

low-Re turbulence models where small turbulence near a surface is an important focus. This model 

does not include any extra damping functions like the large eddy simulation (LES) computational 

model, which drastically increases computational time. (Rahman 2023; Troldborg, Sørensen, and 

Zahle 2022; Bellegoni et al. 2023). The name of the k-omega SST model comes from the 
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implementation of turbulence kinetic energy k, and specific dissipation rate ω, in the governing 

equations.  

  The discretized forms of the Navier-Stokes equations used for CFD modeling have linear 

dependence of velocity and pressure and vice-versa. The inter-equation coupling of these two 

variables is called velocity-pressure coupling. Like with the turbulence models, there are different 

methods of coupling the pressure and velocity, with different uses for each one. There are two 

primary algorithms that are used for the pressure-velocity coupling in CFD. One of these 

algorithms is known as the semi-implicit method for pressure-linked equations, also called the 

SIMPLE algorithm. This algorithm works by first using an approximation of the velocity field by 

solving the momentum equation, then the pressure gradient term is calculated using the 

approximated velocity field and the pressure distribution from the previous iteration. The pressure 

equation is then formulated and solved to obtain the new pressure distribution. The velocity field 

is then corrected, and a new set of face mass fluxes is created. This repeats until the pressure and 

velocity fields converge. This coupling model is typically used for solvers with numerous iterations 

and typically at low Reynolds flow. (Patankar and Spalding 1972; Ferziger and Perić 2002; 

Rahman 2023; 2021; Karki and Patankar 2012)  

The other primary velocity-pressure coupling method used in research is the PISO 

algorithm (Pressure implicit with splitting of operator). This method is an extension of the SIMPLE 

algorithm for simulations with little to no iterations and with large timesteps. It was originally 

developed for the computation of unsteady compressible flow but has been adapted recently to 

work with steady state problems as well as incompressible flows. This algorithm works similar to 

the SIMPLE algorithm; however, it repeats the correction steps 3 times on its own rather than once 

per iteration. For its intended purpose, the PISO algorithm provides slightly more stable results 
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with a lower computational time than the SIMPLE algorithm, however in simulations requiring 

many iterations, it is much slower than SIMPLE and can provide unstable results. (Pries, Fiolitakis, 

and Gerlinger 2024; Cavagna, Quaranta, and Mantegazza 2007; Ilie 2019a; Sohail and Ullah 2017) 
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CHAPTER 3 

METHODS 

3.1 Conservation Equations 

  All CFD equations are obtained directly from the ANSYS Fluent Theory Guide (ANSYS 

Inc. 2011). As the simulation of coupled aeroelastic forces requires the implementation of fluid-

structure interaction, the turbulent boundary layer should be accurately modeled. Due to this 

importance, the boundary layer around the wing should be the primary point of interest when 

performing such a simulation to accurately solve the pressure and velocity at the wing wall. Of the 

various methods of CFD methods used, there are two prominent standouts when it comes to 

accurately modeling turbulence, RANS and LES. RANS simulations require significantly less 

computational resources than that of LES simulations, however RANS simulations provide less 

accurate results further away from the boundary layer. The type of turbulence model used for a 

simulation varies on the simulation’s application and model characteristics, as well as the available 

computational resources. Due to its significantly lower computational resources needed, RANS 

simulations are typically preferred if this method can provide accurate results for a given model. 

For more complex geometry and flow properties however, simulations using the LES turbulence 

model may be needed to provide accurate results (Troldborg, Sørensen, and Zahle 2022; Ilie 

2019b). For both LES and RANS, the governing equations for mass, momentum and energy are 

used (ANSYS Inc. 2011). The equation for conservation of mass can be written as:  

𝜕𝜌

𝜕𝑡
+ ∇ ∗ (𝜌�⃑�) =  𝑆𝑚          (3.1.1) 
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where the source term Sm is added to the continuity equation. This conservation of mass equation 

is applicable to both incompressible and compressible flows. The equations for conservation of 

momentum as well as conservation of energy respectively are defined as follows: 

𝜕

𝜕𝑡
(𝜌�⃑�) + ∇ ∙ (𝜌�⃑��⃑�) = −∇𝑝 + 𝜌�⃑� + �⃑�       (3.1.2) 

𝜕

𝜕𝑡
(𝜌𝐸) + ∇ ∙ (�⃑�(𝜌𝐸 + 𝑝)) = −∇ ∙ (∑ ℎ𝑗𝐽𝑗𝑗 ) + 𝑆ℎ      (3.1.3) 

where 𝑝  is the local static pressure and 𝜌 �⃑� and �⃑�  are body forces, and �̅�  is the 

shear stress tensor (ANSYS Inc. 2011).  

 

3.2 Steady-State Computational Fluid Dynamics 

There are two primary types of simulations used for CFD application: steady-state and 

transient. Steady-state simulations represent a time averaged simulation, whereas transient 

simulations simulate flow properties over user specified time periods. Steady-state simulations are 

preferred when applicable due to their higher accuracy with respect to computational time. Time 

averaged, steady-state simulations can also be used to initialize longer simulations such as LES to 

save computational time.  

For the purposes of this study, steady-state simulation is used due to the lower 

computational time compared to a transient simulation. Since this type of simulation uses a time-

averaged solution the results gathered are more reliable and consistent compared to a transient 

solution. A transient simulation is needed to represent changes in a fluid’s flow over time, and and 

is typically used for any simulation where large turbulence exists in the flow. Highly turbulent 

flow can have eddies with a wide range of length and time scales. Directly solving these eddies is 

called Direct Numerical Simulation (DNS) and is not computationally practical as the range of 
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eddies scales with the cube of the Reynolds number (ANSYS Inc. 2011). This requires a drastic 

increase in element count as the Reynolds number is increased, limiting the practical 

implementation of DNS. RANS and LES models solve this impracticality by limiting their eddy 

calculation focus.  The reasoning for this is that smaller eddies are less dependent on flow 

conditions and are more isotropic. This allows for some approximation when calculating these 

smaller eddies. The fundamental difference between LES and RANS models is their strictness in 

filtering out their eddy calculations. LES still calculates the properties of large eddies in a flow 

and has looser restrictions to what it defines as “large” eddies. RANS models focus primarily on 

eddies closer to a wall, where eddies in the surrounding flow are filtered out based on their 

approximated effect on the flow field. The two main variations of the RANS model are the 𝑘 − 𝜔 

and 𝑘 − 𝜀 models. The 𝑘 − 𝜔 model places an even greater focus on turbulence calculation within 

the boundary layer, whereas the 𝑘 − 𝜀 model places greater emphasis on larger turbulence in the 

surrounding flow field.  

Due to the focus of this study being on the turbulent boundary layer around the wing surface 

the 𝑘 − 𝜔 model is desirable for this study. The standard 𝑘 − 𝜔 model is an empirical model based 

on the model transport equations for turbulence kinetic energy (𝑘) and specific dissipation rate (𝜔) 

(Wilcox 2001). The turbulence kinetic energy,  𝑘, and the specific dissipation rate, 𝜔, are obtained 

form the following transport equations (ANSYS Inc. 2011): 

𝜕

𝜕𝑡
(𝑝𝑘) + 

𝜕

𝜕𝑥𝑖
(𝑝𝑘𝑢𝑖) =  

𝜕

𝜕𝑥𝑗
(Γ𝑘

𝜕𝑘

𝜕𝑥𝑗
) + 𝐺𝑘 − 𝑌𝑘 + 𝑆𝑘     (3.2.1) 

and 

𝜕

𝜕𝑡
(𝑝𝜔) +  

𝜕

𝜕𝑥𝑖
(𝑝𝜔𝑢𝑖) =  

𝜕

𝜕𝑥𝑗
(Γ𝜔

𝜕𝜔

𝜕𝑥𝑗
) + 𝐺𝜔 − 𝑌𝜔 + 𝑆𝜔     (3.2.2) 
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In these equations, Gk represents the generation of turbulence kinetic energy due to mean velocity 

gradients, and Gω represents the generation of ω. Γ𝑘 and Γ𝜔 represent the effective diffusivity of 𝑘 

and 𝜔 respectively. Y𝑘 and Y𝜔 represent the dissipation of 𝑘 and 𝜔 due to turbulence. S𝑘 and S𝜔 

are user-defined source terms. All the above terms are calculated using the following equations: 

Γ𝑘 =  𝜇 +
𝜇𝑡

𝜎𝑘
            (3.2.3) 

Γ𝜔 =  𝜇 +
𝜇𝑡

𝜎𝜔
            (3.2.4) 

where 𝜎𝑘  and 𝜎𝜔  are the turbulent Prandtl numbers for 𝑘  and 𝜔 . The turbulent viscosity, 𝜇𝑡  is 

computed as follows: 

𝜇𝑡 =  𝛼∗ 𝜌𝑘

𝜔
            (3.2.5) 

 The coefficient 𝛼∗ damps the turbulent viscosity, causing a low-Reynolds-number correction to 

be needed. This coefficient is defined as: 

𝛼∗ = 𝛼∞
∗ (

𝛼0
∗+𝑅𝑒𝑡 𝑅𝑘⁄

1+𝑅𝑒𝑡 𝑅𝑘⁄
)           (3.2.6) 

For calculating the production of k, the term Gk represents the production of turbulence kinetic 

energy. This term is defined as:  

𝐺𝑘 =  −𝜌𝑢𝑖
′𝑢𝑗

′̅̅ ̅̅ ̅̅ 𝜕𝑢𝑗

𝜕𝑥𝑖
          (3.2.7) 

The production of 𝜔 is given by: 

𝐺𝜔 =  𝛼
𝜔

𝑘
𝐺𝑘                       (3.2.8) 

where the coefficient 𝛼 is given by: 

𝛼 =
𝛼∞

𝛼∗ (
𝛼0+𝑅𝑒𝑡 𝑅𝜔⁄

1+𝑅𝑒𝑡 𝑅𝜔⁄
)                            (3.2.9) 

where 𝑅𝜔 = 2.95. The dissipation of k is given by: 

𝑌𝑘 =  𝜌𝛽∗𝑓𝛽∗𝑘𝜔 
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Where: 

𝑓𝛽∗ =  {
1

1+680𝑥𝑘
2

1+400𝑥𝑘
2

     𝑥𝑘≤0
𝑥𝑘>0

                   (3.2.10) 

𝑥𝑘  ≡  
1

𝜔3

𝜕𝑘

𝜕𝑥𝑗

𝜕𝜔

𝜕𝑥𝑗
                    (3.2.11) 

𝛽∗ =  𝛽𝑖
∗[1 + 𝜁∗𝐹(𝑀𝑡)]                    (3.2.12) 

𝛽𝑖
∗ =  𝛽∞

∗ (
4 15⁄ +(𝑅𝑒𝑡 𝑅𝛽⁄ )4

1+(𝑅𝑒𝑡 𝑅𝛽⁄ )4
)                   (3.2.13) 

The dissipation of 𝜔 is given by: 

𝑌𝜔 = 𝜌𝛽𝑓𝛽𝜔2                           (3.2.14) 

where  

𝑓𝛽 =
1+70𝑥𝜔

1+80𝑥𝜔
                           (3.2.15) 

𝑥𝜔 = |
Ω𝑖𝑗Ω𝑗𝑘𝑆𝑘𝑖

(𝛽∞
∗ 𝜔)3 |                          (3.2.16) 

 

Ω𝑖𝑗 =
1

2
(

𝜕𝑢𝑖

𝜕𝑥𝑗
−

𝜕𝑢𝑗

𝜕𝑥𝑖
)                          (3.2.17) 

and  

𝛽 = 𝛽𝑖 [1 −
𝛽𝑖

∗

𝛽𝑖
𝜁∗𝐹(𝑀𝑡)]                        (3.2.18) 

where the compressibility function, F(Mt) is given by: 

𝐹(𝑀𝑡) = {
0

𝑀𝑡
2 − 𝑀𝑡0

2   𝑀𝑡≤𝑀𝑡0
𝑀𝑡>𝑀𝑡0

                        (3.2.19) 
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3.3 Flow Properties and Airfoil 

A key aspect of this research is to keep the simulation conditions used simple to create 

replicability. Because of this, analysis was done at a low Reynolds number to avoid compressibility 

effects. This also allows for easy wind tunnel testing to validate the simulation results. An added 

benefit to performing this simulation for low-Reynolds flow is a drastic reduction in computational 

time, which is one driving aspect of this research. Fluid flow at standard sea level (SSL) conditions 

at are used for this research to convey the aeroelastic effects of a wing under viscous dominant 

flow. The velocities chose are for the Reynolds number of each flow to equal 6.0E+5, 8.0E+5, 

1.0E+6, and 1.2E+6. The fluid properties and wing dimensions used to achieve this Reynolds 

number are shown in Table 3.3.1 below. 

Table 3.3.1: Simulation Fluid Properties and Wing Geometry for NACA 0012 Wing 

Density: 1.225 kg/m3 

Chord: 0.4 m 

Dynamic Viscosity: 1.81E-5 Pa*s 

Span 1.2 m 

Velocities 
22.04; 29.39; 36.73; 

44.08 
m/s 

Aspect Ratio 3  

 

The airfoil chosen for aeroelastic analysis in this research was the NACA 0012 airfoil. This 

is due to the simplistic nature of this airfoil. The NACA 0012 airfoil is symmetrical, meaning it 

has no camber and produces no lift at an angle of attack of 0°. This airfoil is also relatively thin, 
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with lower curvature than cambered airfoils, meaning it takes lower computational power to 

simulate than traditional cambered airfoils. Due to its simplistic nature, results gained using this 

airfoil are comparable to other traditional airfoils and wing shapes, albeit generally. Due to its 

replicability and simplicity, it is the most common airfoil that is tested in the field of aerospace 

research. (Mahato et al. 2023; Srinivasa Rao, Mahapatra, and Chaitanya Mangavelli 2018; Chen 

et al. 2022; Chang et al. 2022; Akbari and Price 2003; Han et al. 2021).  

The coordinates on the X and Y plane for a NACA 0012 airfoil were gathered from the 

UIUC Airfoil Coordinates Database (UIUC Applied Aerodynamics Group 2023). These 

coordinates are determined by using the following definition to generate a 2D curve with a chord 

length of 1 m. 

𝑦 = 0.6(0.2969√𝑥 − 0.1260𝑥 −  0.3516𝑥2 + 0.2843𝑥3 − 0.1015𝑥4)   (3.3.1) 

 

 

Figure 3.3.1: NACA 0012 Airfoil Plot 

3.4 Non-Dimensional Parameters and Aerodynamic Similarity Criterion 

In the field of aerospace, many relevant values such as pressure, lift, and drag are non-

dimensionalized to allow for easy comparison between models. These values are referred to as 

coefficients. The value that makes this easy comparison possible is a value known as Reynolds 

Number. Reynolds number (Re) is a non-dimensional value that characterizes the viscous 

properties of a fluid flow, which is calculated using equation 1 below: (Anderson 2012) 
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            (3.4.1) 

Where: 

• v = the velocity of the fluid in m/s 

• ρ = the density of the fluid in kg/m^3 

• l = the characteristic length, the chord length of an airfoil 

• µ = the fluid dynamic viscosity in kg/(m*s) 

Even if an airfoil is scaled up to ten times its original size, if the Reynolds number of the flow is 

the same, the aerodynamic characteristics will also be identical. This means the coefficients of lift, 

drag, pressure, etc. will also be identical between the two models if the fluid is still incompressible.  

As the speed of a fluid increases and becomes incompressible, the viscous effects of the 

fluid start to matter less to the aerodynamic performance as the behavior of the air molecules start 

to change. Once the fluid starts to become compressible, the speed of fluid relative to the speed of 

sound becomes the driving factor for the aerodynamic properties. The value that corresponds to 

the characteristics of the fluid at these speeds is known as the Mach number (M), which is a ratio 

of the local flow velocity over the speed of sound through that fluid. The Mach number, like the 

Reynolds number, is also non-dimensionalized. The Mach number at which a fluid is compressible 

is typically considered to be 0.8. (Anderson 2012)  

           (3.4.2) 

An additional non-dimensional value that is used in computational fluid dynamics 

specifically is the y+ value. y+ is the distance based on the local cell fluid velocity and is associated 
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with the resolution and convergence of a mesh grid. It is a dimensionless distance from the surface 

wall of a fluid boundary to the first node in the mesh. This value is calculated using the following 

equation:  

                                                                                                              (3.4.3) 

Where u* is the friction velocity at the wall and y is the perpendicular distance from the wall to the 

nearest node. (Ferziger and Perić 2002). The lift and drag forces as well as pressure acting on a 

wing or airfoil are also commonly non-dimensionalized (Anderson 2012). The non-

dimensionalized versions for lift and drag force are defined using the following equations: 

𝐶𝐿 =
𝐿

1

2
𝜌𝑉2𝐴

                                                                                                              (3.4.4) 

𝐶𝐷 =
𝐷

1

2
𝜌𝑉2𝐴

                                                                                                             (3.4.5) 

where A is the cross-sectional area that the force is applied on, L is the force in the Y direction 

(lift), and D is the force in the X direction (drag). The capitol L and D in these equations denote 

that the lift and drag coefficients are for a 3D, finite wing. For a 2D airfoil, the L and D are 

lowercase, and the chord length is used as the reference length as opposed to A for a finite wing. 

Another commonly used coefficient is the pressure coefficient, Cp. This coefficient is given by: 

𝐶𝑝 =
𝑝−𝑝∞
1

2
𝜌𝑉2

                                                                                                             (3.4.6) 
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where 𝑝∞ is the total freestream pressure. Due to its commonality between equations, the term 

1

2
𝜌𝑉2 is typically referred to only as dynamic pressure, q. (Anderson 2012) 

3.5 Model Geometry Characteristics 

To generate the geometry model of the 3D wing, this curve is imported into ANSYS Design 

Modeler and extruded by 3m to create a solid wing, which is then scaled down by 0.4 to have a 

chord of 0.4 m and a wingspan of 1.2 m. For different angles of attack, the wing is rotated about 

the leading edge of the wing. This wing geometry is used for the CSD simulation, however the 

CFD simulation requires a fluid boundary as well. To create this fluid boundary, a 3 m x 4 m box 

is created around the wing, with the leading edge at the leftmost center of the box. A half-circle 

with a radius of 2 m is created at the leftmost edge of the box. This resulting shape is then extruded 

by 2 m. The wing geometry is then subtracted from the extruded box to complete the fluid 

boundary geometry.  

  

Figure 3.5.1: Fluid Domain Geometry; 2D Side View (Left), and 3D Isometric View (Right) 
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3.6 Mesh Generation 

  This geometry is imported into ANSYS Fluent Meshing for the meshing process. The mesh 

at the wing surface is meshed first to achieve the desired y+ value. For highly viscous dominant 

flow, a y+ value less than 1 is ideal, however a y+ value between 1 and 30 is considered 

appropriate. (ANSYS Inc. 2011). Due to the large computational time of the CFD/CSD simulation 

and the purpose of this research, a y+ value of 1 is used for this application to keep computational 

time to an achievable amount. To achieve a y+ value of 1, the following equations were used to 

determine an approximation of the needed mesh sizing at the wall based on flat plate boundary 

layer theory. (White 2002) 

           (3.6.1) 

          (3.6.2) 

           (3.6.3) 

           (3.6.4) 

Where Cf is the coefficient of friction, τwall is the shear at the wall, and Δs is the wall spacing. 

Using these equations, the desired wall spacing to achieve a y+ value of 10 is 1.5E-05m. 6 Inflation 

layers with a first layer thickness of 1.5E-05 m were added at the wing surface to produce a smooth 

transition from boundary layer to surrounding volume. To show that this mesh is converged, a 
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series of simulations were run at Re = 1.2E+06 and α = 6° starting with a surface element size of 

0.007 m, and the maximum velocity around the wing was taken. This was repeated until the 

maximum velocity converged, resulting in the following values: 

Table 3.6.1: Element Size vs Maximum Velocity 

Element Size at Wing Surface (m) Maximum Velocity (m/s) 

0.007 5.20E+1 

0.0025 5.36E+1 

0.003 5.79E+1 

0.005 5.83E+1 

0.007 5.83E+1 

 

 

Figure 3.6.1: Mesh Resolution at Wing Surface 



38 

 

For the remainder of the volume mesh, a growth rate of 1.1 per layer was applied with a maximum 

mesh size of 0.7m. For the element order, linear is chosen due to the drastic increase in 

computational time that quadratic elements because. This element type in ANSYS ADPL is labeled 

as FLUID 142, which is a linear 3D element for fluid dynamics calculations. (ANSYS Inc. 2012). 

Due to this limitation, polyhedral elements are used as opposed to hexagonal due to the increased 

accuracy that polyhedral elements provide over hexagonal.  

  Mesh quality can be assessed through both skewness and orthogonality. Skewness refers 

to how close a cell is to its ideal shape. For example, in the case of 3D hexahedral elements, a cube 

or rectangular prism will have higher skewness when compared to a rhombus element shape. 

Orthogonality is related to the angle between the vector connecting two ajacent cell centers and 

the normal vector of the face shared by these two cells. Two rectangular prisms adjacent to each 

other will have a low orthogonality compared to two extruded rhombuses. When creating a mesh 

where a domain exhibits any amount of curvature, it is nearly impossible for every element in the 

mesh to have an ideal skewness. For a 3D mesh, a maximum skewness of less than 0.9 with an 

average skewness less than 0.4 are ideal. The ideal average orthogonal quality is 1. (ANSYS Inc. 

2011) 

Table 3.6.2: Fluid Domain Mesh Statistics  

Size at wing surface 1.5E-05 m 

y+ 0.5 (Average), 0.9 

(maximum) 

Growth rate 1.1 

Element number 3092485 

Element type Polyhedra (Fluid142) 

Element order Linear 
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Max. skewness 0.751 

Average skewness 0.01932 

Average orthogonal quality 0.97565 

Inflation layer # 6 

Inf. layer growth rate 1.1 

 

 

Figure 3.6.2: Mesh Resolution Near Wing Surface (α = 10° Shown) 

 

Figure 3.6.3: Total Volume Mesh Resolution (α = 10° Shown) 

3.7 Boundary Conditions 
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For the boundary conditions of the fluid domain, the front face of the domain is made an 

inlet with an X velocity of 18.5 m/s, and the back face is made a pressure outlet with a gauge 

pressure of 0 Pa. The top and bottom faces of the boundary, as well as the wing surface, are walls 

with the no-slip boundary condition. The remaining walls are selected as symmetrical boundaries 

to avoid wall interference at the wing base and tip. A fluid-structure interaction boundary condition 

is also added to the wing surface and dynamic remeshing is applied to the wing surface. To save 

on computational time, the dynamic meshing is set to only re-mesh the portions of the mesh that 

exhibit deformation, as opposed to the entire mesh.  

  

Figure 3.7.1: Boundary Conditions for Fluid Domain; Side View (Left) and Front View 

(Right) 

3.8 Computational Models 

The CFD computational model used for solving the turbulence model is RANS k-omega 

SST. This model was chosen since the fluid flow is at a low Reynolds number and viscous 

dominant with low amounts of turbulence, and the fluid properties and turbulence close to the wing 

wall are the focus. The simple wing shape used for the simulations also contributes to higher 
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accuracy of the RANS turbulence model (Rahman 2023; Bellegoni et al. 2023). This model also 

provides lower computational cost than that of the LES turbulence model. For more complex 

geometry than the model tested in this thesis, an LES model may be needed to provide more 

accurate results. For this research, however, it is deemed that the use of the RANS turbulence 

model is appropriate (Ilie 2019b).  

The basic, discretized forms of the equations used for the RANS k-ω SST model are: (F. R. Menter 

1994; 1993; ANSYS Inc. 2011) 

          (3.8.1) 

       (3.8.2) 

     (3.8.3) 

Where: 

        (3.8.4) 

         (3.8.5) 

       (3.8.6) 
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        (3.8.7) 

          (3.8.8) 

          (3.8.9) 

                      (3.8.10) 

                     (3.8.11) 

                    (3.8.12) 

                    (3.8.13) 

The velocity and pressure of the system are coupled using the second-order PISO 

algorithm. This model is slower per iteration than the SIMPLE algorithm but is typically faster 

overall for steady-state simulations than the SIMPLE algorithm if there is no temperature change 

in the flow.  The PISO algorithm consists of three major steps: the predictor step, the first corrector 

step, and the third corrector step. In the predictor step, the pressure field p* is first guessed based 

on the previous time step’s flow conditions to calculate the velocity field components u* and v* 

using a discretized momentum equation. The initial guess for the pressure field may or may not be 

correct, and the velocity components may not satisfy the continuity equation. If this is the case, 

correction factors for pressure and velocity are defined to solve the conservation of momentum 

equation: p’, u’, and v’ respectively.  

𝑝′ = 𝑝∗∗ − 𝑝∗                     (3.8.14) 
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𝑢′ = 𝑢∗∗ − 𝑣∗                     (3.8.15) 

𝑣′ = 𝑣∗∗ − 𝑣∗                     (3.8.16) 

Where p**, u**, and v**, are the corrected pressure and velocity fields corresponding to the 

momentum equation.  For the second corrector step this correction method is repeated using the 

corrected pressure and velocity fields respectively using additional correction factors p’’, u’’, and 

v’’. The corrected pressure and velocity fields gained from this are denoted as p**, u**, and v** in 

the following equations: 

𝑝∗∗∗ = 𝑝∗∗ − 𝑝′′;  𝑝′′ = 𝑝∗ − 𝑝′                             (3.8.17) 

𝑢∗∗∗ = 𝑢∗∗ − 𝑢′′;  𝑢′′ = 𝑢∗ − 𝑢′                  (3.8.18) 

𝑣∗∗∗ = 𝑣∗∗ − 𝑣′′;  𝑣′′ = 𝑣∗ − 𝑣′                  (3.8.19) 

These two correction steps are repeated until a converged solution is found, or the desired iteration 

number is reached. Once this converged solution is reached, the boundary conditions of the model 

are updated. (ANSYS Inc. 2011; Ferziger and Perić 2002; Sohail and Ullah 2017; Komen et al. 

2021).  

3.9 Simulation Setup 

A separate simulation is performed for each angle of attack for each Reynolds number. The 

simulation is performed for 2,000 iterations. The residual plots for continuity, x-velocity, y-
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velocity, z-velocity, k, and omega are gathered for each simulation to confirm flow convergence. 

An example of these residuals plot is shown below for the lowest and highest Re and α. 

 

 

Figure 3.9.1: Residuals Plot for Re = 6.0E+5, α = 6° (Top); Re = 1.2E+6, α = 15° (Bottom) 
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CHAPTER 4 

RESULTS AND DISCUSSION 

The purpose of this study is to exemplify and show the differences in flow properties from 

increasing the flow velocity and angle of attack for a NACA 0012 airfoil. First an investigation 

into the aerodynamic forces, lift and drag, is performed. Then, the point at which the flow separates 

from the airfoil is then analyzed and compared at each angle of attack and flow velocity. Once 

these results are properly established, the corresponding pressure and velocity fields for each aoa 

and flow speed are compared, followed by the turbulence kinetic energy contour and wall shear 

vectors for each simulation. 

4.1: Lift and Drag Coefficients 

Using the equations for lift and drag found in chapter 3, the coefficients of lift and drag are 

calculated for each angle of attack and corresponding Reynolds number. These values are taken at 

half of the wingspan (0.6 m). These results are then plotted vs angle of attack for each simulation. 

Table 4.1.1: Lift and Drag Coefficients vs Angle of attack for Re = 6.0E+5 

α (°) CL CD CL/CD Ratio 

6 0.451 0.0168 26.85 

9 0.668 0.0352 18.98 

12 0.791 0.0580 13.64 

15 0.698 0.175 3.99 
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Table 4.1.2: Lift and Drag Coefficients vs Angle of attack for Re = 8.0E+5 

α (°) CL CD L/D Ratio 

6 0.452 0.0165 27.32 

9 0.673 0.0339 19.83 

12 0.834 0.0637 13.09 

15 0.722 0.1599 4.51 

 

Table 4.1.3: Lift and Drag Coefficients vs Angle of attack for Re = 1.0E+6 

α (°) CL CD L/D Ratio 

6 0.457 0.0165 27.63 

9 0.680 0.033 20.46 

12 0.837 0.0581 14.41 

15 0.753 0.1459 5.16 

 

Table 4.1.4: Lift and Drag Coefficients vs Angle of attack for Re = 1.2E+6 

α (°) CL CD L/D Ratio 

6 0.793 0.0165 27.85 

9 0.458 0.0334 20.15 

12 0.849 0.0584 14.55 

15 0.789 0.1521 5.19 
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Figure 4.1.1: Lift Coefficient (CL) vs Angle of Attack (α)  

 

Figure 4.1.1: Drag Coefficient (CD) vs Angle of Attack (α)  
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Figure 4.1.1: Lift-to-Drag Ratio vs Angle of Attack (α)  

From these results, a sharp decline in lift can be seen once the angle of attack exceeds 12°, 

meaning that for each simulated flow velocity, the NACA 0012 stalls at between 12° and 15° with 

the lift for Re = 6.0E+5 falling slightly sooner than the other flow speeds. This aligns with expected 

results. 

4.2: Pressure and Velocity  

To properly compare the pressure and velocity fields at each aoa and velocity, Contours 

are created at the middle of the wingspan parallel to the X-Y plane for the velocity magnitude in 

m/s and the gauge pressure in Pa. For clarity, only the contours at a Reynolds number of 6.0E+5 

and 1.2E+6 are shown in this section, as the differences are clearer. The contours for the other flow 

velocities not shown here will be shown in Appendix A.  
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Figure 4.2.1: Gauge Pressure Contour at Alpha = 6°; Re = 6.0E+5 (Top) & Re= 1.2E+6 

(Bottom) 
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Figure 4.2.2: Velocity Contour at Alpha = 6°; Re = 6.0E+5 (Top) & Re= 1.2E+6 (Bottom) 
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Figure 4.2.3: Gauge Pressure Contour at Alpha = 9°; Re = 6.0E+5 (Top) & Re= 1.2E+6 

(Bottom) 
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Figure 4.2.4: Velocity Contour at Alpha = 9°; Re = 6.0E+5 (Top) & Re= 1.2E+6 (Bottom) 
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Figure 4.2.5: Gauge Pressure Contour at Alpha = 12°; Re = 6.0E+5 (Top) & Re= 1.2E+6 

(Bottom) 
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Figure 4.2.6: Velocity Contour at alpha = 12°; Re = 6.0E+5 (Top) & Re= 1.2E+6 (Bottom) 
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Figure 4.2.7: Gauge Pressure Contour at Alpha = 15°; Re = 6.0E+5 (Top) & Re= 1.2E+6 

(Bottom) 
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Figure 4.2.8: Velocity Contour at Alpha = 15°; Re = 6.0E+5 (Top) & Re= 1.2E+6 (Bottom) 

 As expected, the pressure and velocity fields differ greatly between the lower and higher Reynolds 

flows, as the flow speed is significantly higher for Re = 1.2E+6. For both flow speeds, flow 

separation can be seen once the angle of attack reaches and exceeds 9° as the wing approaches 

stall, with the separation being the clearest at alpha = 15°. In Figure 4.2.5 a low pressure bubble 

can be seen for the Re = 1.2 million plot, signifying that the wing is approaching stall, which 

reflects the lift and drag coefficient results.  

 To visualize the point at which the flow separates from the wing and enters stall, the skin friction 

coefficient was plotted against the chord length for each simulation. The point at which the 

coefficient becomes negative shows the point at which the flow separates from the wing surface. 

An example plot is shown below:  
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Figure 4.2.9: Pressure Coefficient (CP) vs. Chord Length (m) for Re = 1.0E+6, Alpha = 15° 

 Based on this plot, flow separation begins at approximately x = 0.012 m away from the leading 

edge. The other pressure coefficient plots not shown here can be found in Appendix B. This point 

was recorded for each simulation and is shown in the table below. The streamline plot at this angle 

of attack and flow velocity clearly shows the flow separation and formation of vortices. 

 

Figure 4.2.10: Flow Streamline plot for Alpha = 15°, Re = 1.0E+6 
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 Each simulated wing shows flow separation once the angle of attack reached 15°. This aligns with 

the lift and drag coefficient results, as a sharp drop in lift and increase in drag can be observed as 

the angle of attack goes from 12° to 15°. 

 

4.3: Turbulence Kinetic energy and Wall Shear 

To further show the effects of increasing the angle of attack and airspeed, contour plots of 

the turbulence kinetic energy (TKE) and wall shear vector plots were created for each simulation. 

For the turbulence contour plots, only plots at α = 15° are shown, as there is very little turbulence 

around the wing before stall.  

 

Figure 4.3.1: TKE Contour Plot for Alpha = 15°, Re = 6.0E+5 
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Figure 4.3.2: TKE Contour Plot for Alpha = 15°, Re = 8.0E+5 

 

Figure 4.3.3: TKE Contour Plot for Alpha = 15°, Re = 1.0E+6 

 

Figure 4.3.4: TKE Contour Plot for Alpha = 15°, Re = 1.2E+6 
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  As expected, the turbulence kinetic energy around the wing is significantly higher for the 

higher Reynolds flow once the wing enters stall. Higher velocity and higher flow separation causes 

more turbulence to form around the wing. Flow separation can be observed in each TKE contour 

plot, where the vortices created by the flow separation causes turbulence away from the wing 

before the trailing edge. Wall shear vector plots are also taken for each simulation, which are shown 

below. For brevity, only the wall shear vector plots for alpha = 6° and 5° for Re = 6.0E+5 and 

1.2E+6 are shown here. The remaining plots can be found in Appendix . 

 

 
Figure 4.3.3: Wall Shear Vector Plots for Alpha = 6°; Re = 6.0E+5 (Top) & Re= 1.2E+6 

(Bottom) 
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Figure 4.3.3: Wall Shear Vector Plots for Alpha = 15°; Re = 6.0E+5 (Top) & Re= 1.2E+6 

(Bottom) 

Similarly to the TKE contour plots, the wall shear increases as the angle of attack and flow 

speed increases, with most of the wall shear occurring at the leading edge, where pressure is 

highest. These vector plots also show the formation of vortices at the wing edge due to pressure 

differences between the upper and lower surfaces of the wing. These vortices occur due to the wing 

being of finite length, rather than a 2D airfoil. The higher and lower pressure regions mix at the 

wing edge, creating these vortices. 
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CHAPTER 5 

CONCLUSION 

An investigation into the effects of differing Reynolds number flow on a NACA 0012 wing 

near stall was conducted successfully. For each simulated flow speed, the wing exhibited behavior 

that it was approaching stall at an angle of attack of 12° was fully stalled at 15°. At this angle of 

attack, the lift coefficient drops, and the drag coefficient rises due to flow separation from the wing 

surface. As was expected, the pressure and velocity fields were highest for the wing at a Reynolds 

number of 1.2 million at an angle of attack of 15°, with the turbulence kinetic anergy and wall 

shear following a similar pattern. The highest amount of lift generated by the wing (CL = 0.849) 

occurs at α = 12° and Re = 1.2E+6 before the wing has entered stall, while the highest amount of 

drag (CD = 0.1521) occurs at α = 15° at the same flow speed. The lift-to-drag ratio decreases with 

an increasing angle of attack, meaning the wing is less efficient at higher angles of attack. 

Since the wing that is simulated in this study is a 3D wing, the lift generated by the wing 

is slightly lower than what a 2D airfoil would generate due to the presence of induced vortices at 

the wing tip. These vortices reduce lift and increase drag; however, they are an innate symptom of 

a finite wing, and cannot be completely eliminated for a wing. Devices such as winglets aim to 

reduce the size of these vortices and move the bulk of the vortices away from the primary wing 

surface, but these were not tested in this study.  

5.1 Future Recommendations 

For future studies, it is recommended that an experimental study performed replicating the flow 

conditions are used to properly validate the results gathered. Since this study was done using 

RANS, the large amount of turbulence in the simulated flow at α = 15°  could cause some 
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inaccuracies, as RANS approximates the larger eddies further away from the wing. These vortices 

could have an impact on the aerodynamic forces produced on the wing. 
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APPENDIX  

Appendix A Pressure and Velocity Contours 

Below are the pressure contour plots gathered for Re = 600k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure A.1: Pressure Contour at Re = 6.0E5; α = 6° 

 

Figure A.2: Pressure Contour at Re = 6.0E5; α = 9° 
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Figure A.3: Pressure Contour at Re = 6.0E5; α = 12° 

 

Figure A.4: Pressure Contour at Re = 6.0E5; α = 15° 

 

Below are the pressure contour plots gathered for Re = 800k for α = 6°, 9°, 12°, and 15° 

respectively  
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Figure A.5: Pressure Contour at Re = 8.0E5; α = 6° 

 

Figure A.6: Pressure Contour at Re = 8.0E5; α = 9° 

 

Figure A.7: Pressure Contour at Re = 8.0E5; α = 12° 
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Figure A.7: Pressure Contour at Re = 8.0E5; α = 15° 

 

Below are the pressure contour plots gathered for Re = 1 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure A.8: Pressure Contour at Re = 1.0E6; α = 6° 
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Figure A.9: Pressure Contour at Re = 1.0E6; α = 9° 

 

Figure A.10: Pressure Contour at Re = 1.0E6; α = 12° 

 

Figure A.11: Pressure Contour at Re = 1.0E6; α = 15° 
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Below are the pressure contour plots gathered for Re = 1.2 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure A.12: Pressure Contour at Re = 1.2E6; α = 6° 

 

Figure A.13: Pressure Contour at Re = 1.2E6; α = 9° 

 

Figure A.14: Pressure Contour at Re = 1.2E6; α = 12° 
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Figure A.15: Pressure Contour at Re = 1.2E6; α = 15° 
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Below are the velocity contour plots gathered for Re = 600k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure A.16: Velocity Contour at Re = 6.0E5; α = 6° 

 

Figure A.17: Velocity Contour at Re = 6.0E5; α = 9° 
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Figure A.18: Velocity Contour at Re = 6.0E5; α = 12° 

 

Figure A.19: Velocity Contour at Re = 6.0E5; α = 15° 

 

Below are the velocity contour plots gathered for Re = 800k for α = 6°, 9°, 12°, and 15° 

respectively  
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Figure A.20: Velocity Contour at Re = 8.0E5; α = 6° 

 

Figure A.21: Velocity Contour at Re = 8.0E5; α = 9° 

 

Figure A.22: Velocity Contour at Re = 8.0E5; α = 12° 
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Figure A.21: Velocity Contour at Re = 8.0E5; α = 15° 

 

Below are the velocity contour plots gathered for Re = 1 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure A.22: Velocity Contour at Re = 1.0E6; α = 6° 
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Figure A.23: Velocity Contour at Re = 1.0E6; α = 9° 

 

Figure A.24: Velocity Contour at Re = 1.0E6; α = 12° 

 

Figure A.25: Velocity Contour at Re = 1.0E6; α = 15° 
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Below are the velocity contour plots gathered for Re = 1.2 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure A.26: Velocity Contour at Re = 1.2E6; α = 6° 

 

Figure A.27: Velocity Contour at Re = 1.2E6; α = 9° 
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Figure A.28: Velocity Contour at Re = 1.2E6; α = 12° 

 

Figure A.29: Velocity Contour at Re = 1.2E6; α = 15° 

 

  

  

  

  

  

  



84 

 

Appendix B Wall Shear Vector and Turbulence Kinetic Energy Plots 

Below are the wall shear vector plots gathered for Re = 600k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure B.1: Wall Shear Vector Plot for Re = 6.0E5; α = 6° 

 

Figure B.2: Wall Shear Vector Plot for Re = 6.0E5; α = 9° 
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Figure B.3: Wall Shear Vector Plot for Re = 6.0E5; α = 12° 

 

Figure B.4: Wall Shear Vector Plot for Re = 6.0E5; α = 15° 
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Below are the wall shear vector plots gathered for Re = 800k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure B.5: Wall Shear Vector Plot for Re = 8.0E5; α = 6° 

 

Figure B.6: Wall Shear Vector Plot for Re = 8.0E5; α = 9° 
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Figure B.7: Wall Shear Vector Plot for Re = 8.0E5; α = 12° 

 

Figure B.8: Wall Shear Vector Plot for Re = 8.0E5; α = 15° 

Below are the wall shear vector plots gathered for Re = 1 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure B.9: Wall Shear Vector Plot for Re = 1.0E6; α = 6° 
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Figure B.10: Wall Shear Vector Plot for Re = 1.0E6; α = 9° 

 

Figure B.11: Wall Shear Vector Plot for Re = 1.0E6; α = 12° 

 

Figure B.12: Wall Shear Vector Plot for Re = 1.0E6; α = 15° 
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Below are the wall shear vector plots gathered for Re = 1.2 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure B.13: Wall Shear Vector Plot for Re = 1.2E6; α = 6° 

 

Figure B.14: Wall Shear Vector Plot for Re = 1.2E6; α = 9° 



90 

 

 

Figure B.15: Wall Shear Vector Plot for Re = 1.2E6; α = 12° 

 

Figure B.16: Wall Shear Vector Plot for Re = 1.2E6; α = 15° 
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Appendix C Skin Friction Coefficient Plots 

Below are the skin friction coefficient plots gathered for Re = 600k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure C.1: Skin Friction Coefficient Plot for Re = 6.0E5; α = 6° 

 

Figure C.2: Skin Friction Coefficient Plot for Re = 6.0E5; α = 9° 
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Figure C.3: Skin Friction Coefficient Plot for Re = 6.0E5; α = 12° 

 

Figure C.4: Skin Friction Coefficient Plot for Re = 6.0E5; α = 15° 
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Below are the skin friction coefficient plots gathered for Re = 800k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure C.5: Skin Friction Coefficient Plot for Re = 8.0E5; α = 6° 

 

Figure C.6: Skin Friction Coefficient Plot for Re = 8.0E5; α = 9° 
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Figure C.7: Skin Friction Coefficient Plot for Re = 8.0E5; α = 12° 

 

Figure C.8: Skin Friction Coefficient Plot for Re = 8.0E5; α = 15° 
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Below are the skin friction coefficient plots gathered for Re = 1 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure C.9: Skin Friction Coefficient Plot for Re = 1.0E6; α = 6° 

 

Figure C.10: Skin Friction Coefficient Plot for Re = 1.0E6; α = 9° 
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Figure C.11: Skin Friction Coefficient Plot for Re = 1.0E6; α = 12° 

 

Figure C.12: Skin Friction Coefficient Plot for Re = 1.0E6; α = 15° 
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Below are the skin friction coefficient plots gathered for Re = 1.2 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure C.13: Skin Friction Coefficient Plot for Re = 1.2E6; α = 6° 

 

Figure C.14: Skin Friction Coefficient Plot for Re = 1.2E6; α = 9° 
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Figure C.15: Skin Friction Coefficient Plot for Re = 1.2E6; α = 12° 

 

Figure C.16: Skin Friction Coefficient Plot for Re = 1.2E6; α = 15° 
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Appendix D Streamline Plots 

Below are the velocity streamline plots gathered for Re = 600k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure D.1: Velocity Streamline for Re = 6.0E5; α = 6° 

 

Figure D.2: Velocity Streamline for Re = 6.0E5; α = 9° 
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Figure D.3: Velocity Streamline for Re = 6.0E5; α = 12° 

 

Figure D.4: Velocity Streamline for Re = 6.0E5; α = 15° 
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Below are the velocity streamline plots gathered for Re = 800k for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure D.5: Velocity Streamline for Re = 8.0E5; α = 6° 

 

Figure D.6: Velocity Streamline for Re = 8.0E5; α = 9° 

 

Figure D.7: Velocity Streamline for Re = 8.0E5; α = 12° 
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Figure D.8: Velocity Streamline for Re = 8.0E5; α = 15° 

 

Below are the velocity streamline plots gathered for Re = 1 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure D.9: Velocity Streamline for Re = 1.0E6; α = 6° 

 

Figure D.10: Velocity Streamline for Re = 1.0E6; α = 9° 
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Figure D.11: Velocity Streamline for Re = 1.0E6; α = 12° 

 

Figure D.12: Velocity Streamline for Re = 1.0E6; α = 15° 
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Below are the velocity streamline plots gathered for Re = 1.2 mil for α = 6°, 9°, 12°, and 15° 

respectively  

 

Figure D.13: Velocity Streamline for Re = 1.2E6; α = 6° 

 

Figure D.14: Velocity Streamline for Re = 1.2E6; α = 9° 
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Figure D.15: Velocity Streamline for Re = 1.2E6; α = 12° 

 

Figure D.16: Velocity Streamline for Re = 1.2E6; α = 15° 
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