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Abstract 
 

This paper’s goal is to compare different simulations to the experimental data of the 3D printed 

airfoil. This report compares four different sources of data on a flat bottom airfoil. Data from 

wind tunnel testing served as a baseline for comparison. By comparing Autodesk Computation 

Fluid Dynamics, XFOIL, and FoilSim III, we hoped to identify which simulation was the most 

accurate at predicting Coefficients of Lift and Drag.  

We discovered that each simulation has strengths and weaknesses and that none of the 

simulations we looked at was better at everything than any of the others. Specifically Autodesk 

CFD had accurate lift data but faltered when computing drag. XFOIL was much better at drag 

and FoilSim was better at finding the shape of the Lift and Drag to Angle of Attack curves.  

What we identified can be put to use in future projects. We also increased our understanding of 

simulating airfoils and what you should be mindful of when simulating. 
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Introduction 
Several airfoil simulators have appeared in the engineering world as of late. Our group seeks to 

identify the accuracy of these simulations and compare them to wind tunnel data. The 

simulators we will be comparing are Foilsim III, XFOIL, and Autodesk CFD to a baseline of a wind 

tunnel test. 

Airfoil Simulation 
The need to simulate airfoils has grown exponentially over the past hundred years, and the 

opportunity available to run simulations has also grown exponentially with better computers 

and better algorithms. The gold standard for testing airfoils for aircraft for the past hundred 

years has been the wind tunnel. The wind tunnel works well because of two important 

concepts. First, the aerodynamic effects of a still plane in moving air are the same as the effects 

of a moving plane in still air. Therefore, instead of moving airfoils we can build wind tunnels 

that move air. Second, the aerodynamic forces of a full size plane moving at flight speeds are 

similar to those of a small plane moving at one tenth the speed. This is a critical realization, and 

it has to do with a concept called Reynolds Number. With this realization and the mathematical 

backing for it, we can simulate full size planes at small scales with remarkable accuracy. 

The revolution taking place over the last ten years has been that of computer algorithms that 

can solve flow problems, i.e. find the lift, drag, and velocities around airfoils. The simulation 

methods we are comparing use three different algorithms for solving flow problems. Each is 

described in detail in the next section. 

Foilsim III 
NASA developed Foilsim III in 1996 as a tool for demonstrating how airfoil simulation works. 

NASA specifies carefully on its website that it is not a tool for simulating airfoils but rather for 

demonstrating the concepts associated with flight. We still decided, however, that we should 

include it in our testing. 

To simulate lift and drag Foilsim uses Joukowsky airfoils and a strategy known as conformal 

mapping. Conformal mapping is a mathematical technique that allows coordinates on one fluid 

flow problem to be mapped onto a different one in order to solve it. Many years ago a Russian 

mathematician named Joukowski found a way to map the problem of a rotating cylinder to a 

set of generated airfoils known as Joukowski airfoils. This is significant because the “solution” to 

the rotating cylinder, i.e. the velocity vectors of the air around the cylinder, are easy to find 

because they have been derived analytically. Analytically solved equations are the gold 

standard of simulations; they allow for any values to be input and solved and, additionally, do 

not require very much computing power to solve once derived. 

Limitations exist for Joukowsky airfoils. The main limitation, which is a limitation of conformal 

mapping, is that once a solution is found it cannot be altered, and it only works for a very 

narrow problem set. In this case, the airfoils must be generated by a set of equations with only 
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a few parameters. This limitation is so limiting that it has virtually removed any possibility of 

using Joukowsky’s solutions for real world simulation. This is also because the airfoils generated 

by Joukowsky equations are generally not the most efficient. Additionally, certain designs of 

airfoils such as flat bottom are impossible to reproduce because the equations cannot produce 

flat segments. 

Autodesk CFD 
Autodesk CFD predicts an object’s performance in the realms of fluid dynamics. Autodesk CFD is 

just one of many simulation programs in the field of Computational Fluid Dynamics. All of the 

programs in the field of CFD use the same Navier-Stokes equations for solving flow problems. 

These equations, discovered in the 1800s, are a set of differential equations that can be used to 

find velocity, pressure, temperature, and density in a moving fluid problem. They are very 

complex but derivable from conservation of momentum and energy. This means that 

conceptually they are very simple.  

Ideally, when using the Navier-Stokes equations we would input our numbers and find an 

analytic solution. To find the analytic solution, a group of related differential equations have to 

be solved. In reality these analytic equations are extraordinarily difficult to solve, and it is 

unknown whether solutions even exist for all flow problems. Finding a way to produce analytic 

solutions for any flow problem is still an open challenge in the field of mathematics, and there 

is a $1 million prize for any mathematician who can figure it out. Until then, we have to resort 

to numerical solutions. 

Any differential equation can be found numerically instead of analytically. This process involves 

substituting numbers with a specific method until a solution is found. A simple example is 

gradient descent. 
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Figure 1: Example of gradient descent 

 

In our example, we have a formula f(x) for which we would like to find the minimum. An 

analytical solution would be to take the derivative of it and find when the derivative is zero. 

This seems like the best method for solving in every case, but this is a 1 dimensional equation. 

The Navier-Stokes equations are somewhere around 45 dimensional, and the difficulty of 

solving equations increases exponentially with the dimensionality. Instead of solving this 

analytically we can use the following set of steps: 

1. Pick a starting point 

2. Compute the slope 

3. If the slope is to the right jump to the right 

4. If the slope is to the left jump to the left 

5. If the slope is very small (pretty flat) end the program 

6. Go back to step 2 

This is demonstrated in the diagram above. Autodesk CFD uses much more complicated 

techniques than gradient descent, but it is a similar concept. 
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XFOIL 
XFOIL is a program that was written by MIT students in the 1980s. It has been iteratively 

improved, and the most recent version is from 2013. The goal was to find a compromise 

between the limited uses of Joukowsky analytic solutions and the powerful but computationally 

intensive CFD algorithms. 

XFOIL is a command line interface program with the ability to solve fluid flow problems for all 

airfoil shapes. The general workflow is to load an airfoil by a set of coordinates, specify 

parameters, and XFOIL will solve for lift and drag coefficients. The program can also reverse 

solve the fluid flow problems and recommend alterations to the airfoil to get to target lift and 

drag coefficients. The program is used to generate data for the NACA airfoil database.  

XFOIL uses an algorithm called ISES. ISES is not based on the Navier-Stokes equations or 

Joukowsky airfoils; it is based on a third solving method called the viscous-inviscid zonal 

approach. This approach works by separating the area around the airfoil into viscous and 

inviscid zones, each of which have discrete laws that govern the physics in those areas. Next, 

the laws are coupled together using a transition prediction formula, which is a formula that 

defines how the laws should be combined together in areas that are both viscous and inviscid. 

The breakthrough of ISES was a surprisingly good transition prediction formula. The viscous 

inviscid approach is an analytic solution, which requires iteration; however, the amount of time 

spent on iteration in these is miniscule compared to those of the Navier-Stokes equations. This 

is evident in our procedure below. 

Wind Tunnel 
The use of a wind tunnel is evident throughout our project, as we used the data from the wind 

tunnel as our standard to compare the airfoil simulators. Enclosed wind tunnels have been used 

for over 145 years and revolutionized the field of aerospace engineering. The ability test a 

model within a wind tunnel and apply the results to the conditions that the wing will face flying 

is more complex than we originally thought. Through experimentation, Englishman Robert 

Reynolds realized that the airflow pattern over a scale model would be the same for the full-

scale vehicle if a certain flow parameter were the same in both cases. He called this flow 

parameter Reynolds number. Reynolds number is a dimensionless number, which represents 

the ratio of inertial to viscous forces. We realized that comparing the simulations without 

having the same Reynolds number would render our data useless and our conclusions wrong.  

Our approach was to calculate the Reynolds number for the wind tunnel and apply it to all the 

simulations because we could not change the Reynolds number of the wind tunnel. The wind 

tunnel data is what ties together our comparisons and conclusions. Without this technology, we 

would not be able to generate experimental data to compare to the theoretical data. The 

factors included in Reynolds number are listed here. Note that the plus or minus beside it 

indicates whether the Reynolds number is inversely or directly proportional to it. 

● Velocity (+) 



5 
 

● Airfoil Chord Length (+) 

● Fluid Density (+) 

● Fluid Pressure (+) 

● Fluid Temperature (-) 

● Kinematic Viscosity (-)  

● Dynamic Viscosity (-)  

 

Figure 2: Reynolds numbers for different flying objects 
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Procedure 
Our general methodology for testing the airfoil simulations was to find a set of data that we 

could evaluate all of the models for and then compare the data. We settled on comparing two 

pieces of data. Our goal was to compare coefficients of lift and drag directly between the 

different simulation types and to compare qualitatively the curves of Cl and Cd versus the angle 

of attack. Each of our simulation methods required different procedures for obtaining the data 

we needed. This section describes the procedure for each simulation. 

Calculating Reynolds Number 
The most important aspect we had to keep in mind while simulating the airfoils was to keep the 

Reynolds number constant. Without a constant Reynolds number, the coefficients of lift and 

drag as well as the lift and drag cannot be compared to give useful numbers. Of our four 

simulation sources the only one that had a Reynolds number that was not possible to change 

was the wind tunnel experiments. Therefore we decided to make all of our other simulations 

have the same Reynolds number as the wind tunnel. 

Reynolds number is defined as the ratio of inertial to viscous forces. There are numerous 

formulas for calculating it, but since we are dealing with the flow around the airfoil we want to 

calculate the chord Reynolds number (R): 

𝑅 =  𝐹𝑙𝑖𝑔ℎ𝑡 𝑠𝑝𝑒𝑒𝑑 ∗  𝑐ℎ𝑜𝑟𝑑 𝑙𝑒𝑛𝑔𝑡ℎ / 𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 

𝑘𝑖𝑛𝑒𝑚𝑎𝑡𝑖𝑐 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 =  𝑑𝑦𝑛𝑎𝑚𝑖𝑐 (𝑎𝑏𝑠𝑜𝑙𝑢𝑡𝑒) 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 / 𝑑𝑒𝑛𝑠𝑖𝑡𝑦 

Dynamic viscosity : calculated by inputting the temperature (K) inside the wind tunnel and what kind of 

gas was present (standard air). Calculator used: http://www.lmnoeng.com/Flow/GasViscosity.php                               

We measured the chord length of the printed airfoil with a dial caliper. We measured the 

temperature with an infrared thermometer. One discrepancy in this measurement is that we 

did not measure the temperature on the day we did the wind tunnel testing; however, we feel 

that this inaccuracy would be insignificant in our Reynolds number calculations. We used a GPS 

to determine the altitude of the wind tunnel and used that in the pressure formula. Here are 

the measurements we collected: 

Dynamic Viscosity = 1.856 e-5 kg/m/s 

Height (from sea level) = 137.16m 

Temperature = 23.89 C 

Density = 1.2238 kg/m^3 

Kinematic viscosity = 1.517 e-5 m^2/s 

Flight speed = 60 mph = 26.8224 m/s 

Chord Length = 0.125m 

http://www.lmnoeng.com/Flow/GasViscosity.php
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Pairing this with the above formulas, we came up with a Reynolds number of 221015. This 

number is around what we expected given the size and speed of the airfoil.  

FoilSim III 
FoilSim includes a built in model for a flat bottom wing. The model is not truly flat bottom 

because FoilSim works by calculating lift and drag based on known analytic solutions to 

Joukowsky airfoils, as described above. Joukowsky airfoils are generated by smooth curves and 

therefore cannot have a completely flat bottom. FoilSim still labels the airfoil as flat bottom and 

approximates a straight portion. We decided that the flat bottom design in FoilSim would 

suffice for comparison.  

 

Figure 3: FoilSim approximation of flat bottom airfoil at 7° AOA 

FoilSim takes a number of inputs relating to the environment and the wing and uses analytic 

formulas to simulate a number of outputs. A limitation of FoilSim is its inability to have custom 

geometry for airfoils. These are the modifiable parameters: 

● Angle 

● Camber 

● Thickness 

● Speed 

● Altitude 

● Chord 

● Span 

● Area 

These are the parameters that we can record based on changes in the parameters: 

● Lift 

● Drag 

● Coefficient of Lift (Cl) 



8 
 

● Coefficient of Drag (Cd) 

● Reynolds Number 

● L/D Ratio 

For our analysis we only focused on modifying angle of attack. The data we decided to record 

was the angle of attack between -5 and 15 degrees by 5 degree increments. The reason we 

decided on these is that they are realistic ranges and the same ranges that the wind tunnel 

allowed us to test. 

We also modified other parameters so that we could have a Reynolds number that was very 

close to our wind tunnel testing. The parameters we decided to modify was chord length, as it 

has a large effect on Reynolds number and is easy to account for when doing further 

calculations. We held wind speed at a constant 60 mph for the experiment. The rest of the 

values we did not modify. We found that a chord length of 3.825 ft gave us a Reynolds number 

of 2211262, which is reasonably close to our wind tunnel Reynolds number. 

 

Figure 4: FoilSim simulation of a flat bottom wing at 0° AOA with a wind speed of 60 mph 

The results of the simulation can be found in the results section below. 

NACA Data 
The FoilSim flat bottom wing was not literally flat, so we decided to try to find a design for a flat 

bottom wing online. The constraints we used while we were looking online were that the 

airplane had to have a perfectly flat bottom and be in the NACA database, so that we could use 
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their numbers for comparison in our project. We considered using the Clark-Y, a wing design 

commonly used in trainer airplanes because of it’s simplicity. The issue that we saw with this 

design is that the bottom is not completely flat. We decided on a different design in order to 

keep our testing as close to a true flat bottom as possible. We decided on the Rhode St. Genese 

32. It is a flat bottom airfoil with NACA data on the coefficient of lift and drag. 

 

Figure 5: Rhode St. Genese 32 

The way that the NACA data relevant to our comparison is structured is in a graph of Cl 

(coefficient of lift) vs AOA (angle of attack) for the following Reynolds numbers: 50k, 100k, 

200k, 500k, 1m. We noticed that these points are very far apart and that rounding to the 

nearest Reynolds number in this data could give us an inaccurate measurement. We decided 

that it would be worthwhile to simulate the airfoil ourselves with the custom Reynolds number 

from the wind tunnel. 

NACA data is generated using XFOIL as described in the introduction. We downloaded XFOIL 

and the data file for the airfoil from the NACA website. We then used a script modified from the 

NACA website to generate our own data. The list of commands we used is as follows: 

 

LOAD rhodesg32.dat Load the dat file 

MDES Go to the MDES menu 

FILT Smooth any variations in the dat file data 

EXEC Execute the smoothing 

[enter] Back to main menu 

PANE Set the number and location of the airfoil 

points for analysis 

OPER Go to the OPER menu 

ITER 70 Max number of iterations set to 70 for 

convergence 

RE 221015 Set Reynolds number 

VISC 221015 Set viscous calculation with Reynolds 

number 

PACC Start polar output file 

polarOutput.txt The output polar file name 

[enter] No dump file 
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ALFA 0 Calculate lift and drag at 0° angle of 

attack 

ALFA 0 Sometimes it’s necessary to run this step 

multiple times if the program does not 

converge 

ALFA 5  

  

  

ALFA 10  

ALFA 15  

ALFA -5  

  

PACC Close polar file 

VISC Reinitialise viscous calculation  

[enter] Down to main menu 

QUIT Exit Xfoil 

 

These steps generated a file called polarOutput.txt which contained the coefficients of lift and 

drag for each alpha value. We imported the file into Excel. The full data table and analysis can 

be found in the results section below. 

Autodesk CFD 
The first step to simulating an airfoil in Autodesk CFD is to create a CAD model for it. Autodesk 

CFD offers a choice during simulation of whether to simulate a 2D or 3D model. For the 

purposes of our simulation, we decided to use a 2D model because generally 2D simulations 

run significantly faster. Also, all of our other simulations except for the wind tunnel are 

exclusively 2D. 

We downloaded the data file for the airfoil shape to the computer and imported it into 

Microsoft Excel. From there we put it into the formatting that Autodesk Inventor uses for 

importing points.  

 

Figure 6: Data formatted for Inventor import in Microsoft Excel 
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We imported the points from the spreadsheet into a new sketch in Inventor. The next step is to 

connect all of the points. Normally, there would be a spline wrapping around all of the points in 

the airfoil; however, due to the flat portion on the bottom we were able to split the geometry 

into one spline and one straight line on the bottom. This seems like a small change, but it most 

likely saved a significant amount of processing time in Autodesk CFD. It utilized a straight line 

rather than an almost straight line with significantly more geometry. We then created a driven 

dimension for the chord of the airfoil. 

We decided to use meters as our standard unit in Autodesk CFD. This simplifies some of our 

calculations. The next step was to scale the model so that the chord is exactly 1m. Further 

down the process this would simplify our calculations of Coefficient of Lift and Drag. The way to 

do this is to measure the value of the driven dimension and use the scale tool to scale by 1 / 

(value of driven dimension). At this point the driven dimension should read 1m. 

From here we followed a guide published by Autodesk for formatting simulations for external 

incompressible flow. All of the parameters used in the following paragraphs were from the 

guide. 

The next step is to create in the sketch the domain where the simulation will take place. The 

guide recommended a domain size of 5-10 chords in front of the airfoil and 10-20 chords 

behind the airfoil. Because our airfoil is 1m, we decided on a domain length of 30m, with 5m in 

front of the airfoil and 19m behind. 

 

Figure 7: Dimensioned domain sketch 

The guide also recommends, for different angles of attack, rotating the domain rather than the 

part. We added a construction line horizontally and dimensioned it to the domain so that it 

would be easy to rotate the domain by changing the dimension.  
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Figure 8: Finished sketch of airfoil for simulation at +5 AOA 

After completing the sketch, in order to use it as a 2D simulation in Autodesk CFD, we had to 

convert it into a surface using the patch tool. Note that Autodesk CFD only uses the area of air 

for simulations. This means that you cannot add the airfoil itself as a surface; only the domain 

should be added. 

 

Figure 9: Finished surface for simulation at +5 AOA 
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To import into Autodesk CFD, we used the CFD add in to Inventor under the simulation tab. 

Autodesk CFD projects are ordered in a hierarchy. The top level of the hierarchy is known as a 

Design Study. The Design Study is the entire project from start to finish. It can include multiple 

CAD files. Under a design study is a design. A design includes exactly one CAD file. Within each 

design there are scenarios. Each scenario is a set of settings for simulating. CFD makes it easy to 

duplicate scenarios and change a parameter. In this case when we create a new file CFD 

prompts for the name of the Design Study. CFD automatically creates a design named Design 1 

and a scenario named Scenario 1. 

 

Figure 10: Project browser example 

 

In Autodesk CFD, there are multiple steps required in order to set up the simulation. The first 

step is to set the material to air by selecting the main face and clicking the small edit button in 

the context menu that appears. This dialog allows you to choose from a list of predefined fluids. 

Additionally, choosing the set environment button allows you to define the altitude of your 

simulation.  

The next step is to set the boundary conditions. For our simulation the leading edge of the 

domain needs to be set as a velocity, the trailing edge needs to be set as 0 pressure, and the 

other edges should be set as slip/symmetry. 
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Figure 11: Recommended boundary conditions 

To add a boundary, select the boundary conditions button on the ribbon and then select an 

edge. Once the edge is selected, click the edit button in the context menu that appears. In the 

dialog box that pops up, set the type field to the desired type. Some boundary types do not 

require configuration and some do. The slip/symmetry type has no parameters. The pressure 

type has parameters, but for this simulation none have to be changed. The velocity type has 

speed and unit parameters that need to be changed to the desired speed. We used 10 mph.  

 

Figure 12: Setting the velocity boundary parameters 

 

The next thing that needs to be configured is the mesh. The way that Autodesk CFD computes 

any simulations is through the use of nodes. A node is a single point where computation is run 

during the simulation. This is important because between the nodes there is not computation 

happening and detail is lost. For external incompressible flow problems it is critical that a very 

tight mesh (large number of elements) is created because the mesh must be able to capture 

turbulence that happens behind the airfoil in order to generate accurate lift and drag numbers. 
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Most of the time we spent in Autodesk CFD was trying to find a mesh that was small enough to 

give us accurate numbers but large enough to not take an excessive amount of time for 

computation. 

 

Figure 13: Autodesk CFD Mesh View 

To generate the mesh view right click on the scenario in the project browser on the left and 

click “generate mesh.” Then go to view tab on the ribbon and click view style -> shaded mesh 

Autodesk CFD generates a mesh that is made of simple geometric shapes (in 2D they are mostly 

triangles). Each corner is a node, and between the nodes the values are interpolated linearly.  

In CFD there are two main ways to generate meshes. One way is to use the autosizing feature. 

We found that the mesh generated even on the settings to produce the smallest meshes was 

not tight enough to produce an accurate result. The other way to produce meshes is through 

manual sizing. In this method, you can assign each edge or surface a target distance between 

nodes and CFD will interpolate between them. To do this click on the mesh sizing button in the 

ribbon, select manual sizing in the green area of the ribbon, and then choose the edge selector 

on the ribbon if it is not selected. Then click on an edge and then the edit button on the context 

menu that appears. Change the element size to the desired size and click apply.  

We used an element size of 0.01 (1cm) for the domain edges and an element size of 0.0005 

(0.5mm) for the airfoil itself. This created a mesh that was high resolution closer to the airfoil 

and lower resolution farther out. By right clicking on the top mesh size in the project browser 

and clicking edit, it is possible to see how many nodes there are in the mesh. Our mesh used 25 

million nodes. 
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Figure 14: Mesh sizing dialog showing number of nodes 

We think that we did not use a small enough mesh for the simulation. The issue with the mesh 

we generated is that the resolution of the mesh decreases too quickly farther from the airfoil. 

Ideally the 0.5mm resolution would continue until at least one chord above the airfoil. A tool to 

fix this that we investigated but were unable to implement effectively is setting mesh sizes in 

specific regions. When we used regions to try to set mesh sizes, the element count quickly grew 

to numbers beyond our capabilities for simulation. Given more time we could have found a 

balance and possibly found much better results. 

At this point the model is setup for simulation. There are a multitude of options for how the 

simulation itself can be run. Click the solve button on the ribbon. The tabs here and the buttons 

at the bottom let you navigate through the options for the simulation. As described in the 

introduction, solving the simulations is based on the Navier-Stokes equations, which must be 

run as a number of small timestep iterations until they “converge.” CFD has both manual and 

automatic convergence tests, both of which are not always accurate.  
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Regardless of the convergence testing method that you use, Autodesk will show a graph similar 

to the ones below that show the averages of many parameters such as velocities and pressure.  

 

Figure 16: Two examples of simulations in CFD. The first simulation has converged because 

the lines straighten and approach values. The second example has not converged because the 

simulation is oscillating. 

Click on Solution Control then Advanced. This will bring up the options for automatic 

convergence testing. The slider changes the requirements for the solution to be considered 

converged. Changing the slider to the right makes the simulation converge slower. For external 

flow problems, we generally want the convergence to be very tight in order to get an accurate 

simulation.  

Go back to the solve dialog and select the physics tab. For our simulation we did not try to run a 

compressible simulation, but this could be important at higher speeds. 

Click on the turbulence button. This dialog allows you to change the formula used by the CFD 

software to simulate turbulence. Different formulas are used in different applications (i.e. 

different speeds, internal flow, different fluids, different Reynolds numbers, etc). The guide we 

used to find settings for external incompressible flow recommended using SST k-Omega as the 

turbulence model. We picked this model and did not experiment with changing it. Change the 

model to SST k-omega and close the dialog. 

The other tab on the solve dialog deals with adaption. Adaption is a feature of Autodesk CFD 

which creates a mesh-independent solution. Often times solutions can change drastically with 

different mesh sizes. Enabling adaption starts with the mesh at the full resolution and then runs 

more simulations at progressively coarser meshes. The results from all of these simulations is 

combined to produce a solution that is more likely to be accurate. The issue with adaption is 

that it is not available for 2D simulations. We could have tried to manually do adaption by 
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running the simulation multiple times and adjusting the mesh sizes; however, we decided it 

would not be worth the time. 

These are all of the settings that need to be changed for running the simulation. Clicking the 

solve button now will run the simulation on your computer. The meshing step is memory bound 

(it will run faster with more RAM), and the solving step is processing power bound. On my 

computer running this simulation with 25M nodes took about 1.36 seconds per iteration. 

Computer specs: 

● i5-4210U Quad Core @ 2.40 Ghz 

● 6GB DDR3 RAM 

● Sequential HDD Read Speed: 81.43 MB/s 

Another option for simulation is running cloud simulations. To do this select CLOUD as the 

solver computer. If you have an Autodesk student account, you have an unlimited number of 

free simulations. These generally ran faster than simulations on my computer, and I was able to 

use my computer while the simulations were running. If you do not have an Autodesk student 

account, the simulations are $15 each.  

Once the simulation is complete, CFD will automatically open the results tab on the ribbon and 

change apply colors to the model.  

 

Figure 17: Global simulation velocity magnitude results 

At this point there are a number of possible options for using the data in the simulation. The 

colors displayed show the magnitude of the velocity of the air. Click the Vector Settings button 

on the ribbon and change the Results dropdown to Velocity Vector. This will create arrows that 

represent both the speed and direction of the moving air. Drag the slider all the way down to 

make the arrows as small as possible and zoom in on the airfoil. 
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Figure 18: Velocity vectors visible on the airfoil 

Many of the features we defined earlier are illustrated in this diagram. Since each arrow 

represents a node it is possible to see the mesh resolution from this view. 

 

Figure 19: Result vectors near the airfoil. Notice how the number of arrows dramatically 

decreases farther from the surface due to our mesh sizing constraints 
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Figure 20: Turbulent flow on the trailing edge of the airfoil 

It is also possible to see turbulent flow on the trailing edge of the airfoil. The issue with this is 

that on an airfoil flying at under its stall angle, the flow should be completely laminar, i.e. there 

should not be any air moving backwards. This is most likely a result of simulation error. If we 

had run the simulation at higher resolution it is possible that this error could have been 

avoided. We could not discern whether this small amount of turbulence had any effect on the 

lift and drag numbers we measured. 

Another possible way to avoid this could be changing a solve setting. Within the turbulence 

dialog in the solve settings there is an option to switch from a turbulent to a laminar flow. 

Although this is not recommended in the guide we followed,  it may be suitable for our 

situation because we are simulating at low angles of attack. We did not have time to test this 

option. 

The true power of Autodesk CFD is in this phase. At this point it is possible to get data about 

anywhere in the simulation. For our purposes we will calculate the lift and drag along the 

airfoil. To do this we use the wall calculator. Open the wall calculator from the ribbon. The wall 

calculator takes a set of edges and calculates the forces acting on them. Click the double check 

marks to select all the edges in the simulation. Deselect edges 1-4 by clicking on them and then 

clicking the red X. We do this because it is difficult to click on the airfoil directly because of all of 

the arrows. Check the box next to Force and click calculate. The results shown are for each wall 

and at the bottom there is a summary. 
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Figure 21: Summary of Wall Calculator 

The TOTAL FX number indicates the sum of forces in the X direction. In our case, this represents 

drag. TOTAL FY represents lift. Another important thing to note when interpreting these 

numbers is that Autodesk CFD automatically assumes a thickness of whatever the units of your 

document are. The units of your document are viewable at the top of the project browser on 

the left. For example, my document is in meters so the depth of the wing is 1 meter. This is 

important for almost any uses of calculating drag or lift coefficients. 

One limitation of Autodesk CFD is that it is not easy to change the angle of attack in a 

simulation. We experimented with changing the velocity vector of the input velocity but this did 

not produce an accurate result because the nodes would start out rotated near the beginning 

of the domain and slowly rotate to horizontal. The method for changing angle of attack 

recommended in the guide and the one we eventually decided on was to rotate the input 

domain to the inverse of the angle of attack. One advantage this has is that the airfoil is always 

horizontal so the FX and FY numbers are accurate. If the airfoil itself was rotated it is possible 

we would have needed to correct for this rotation in our FX and FY numbers to make drag and 

lift perpendicular to the airfoil. 

The main disadvantage of this approach is that each angle of attack had a different Inventor file 

and all of the settings had to be reconfigured inside of CFD for each. However, CFD still provides 

resources for this type of simulation. Namely, CFD offers templates which allow you to 

duplicate settings from one design to another. This saved us a little bit of time on configuring 

settings for each AOA. Right click on your design in the project browser and click save settings 

as template. 

To create a new angle of attack simulation go back to Inventor. Adjust the angle of attack using 

the angular dimension on the domain and save the file with a different name. In CFD, click 

Add/Update design and choose your new file. Now right click on your new design in the project 
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browser, select apply template, and choose your template. It will create “placeholders” in the 

project browser. 

 

Figure 22: Project browser after template application 

As you fill in the settings for material, boundary conditions, and mesh sizing these placeholders 

will disappear indicating you have correctly set the settings. Additionally, you will find that all of 

the solve settings were stored in the template and will be applied if you run the simulation. 

Our scenarios require different settings to match with the Reynolds number of the airfoil in the 

wind tunnel. Unlike Foilsim, the chord length was not easily modifiable so we decided to modify 

the pressure in the simulation. We were able to work backwards from the target Reynolds 

number to find a pressure that would give us the correct numbers: 

𝑅𝑒 =  𝑣𝑒𝑙𝑜𝑐𝑖𝑡𝑦 ∗  𝑐ℎ𝑜𝑟𝑑 ∗  𝑑𝑒𝑛𝑠𝑖𝑡𝑦 / 𝑣𝑖𝑠𝑐𝑜𝑠𝑖𝑡𝑦 

221015 =  26.82 𝑚/𝑠 ∗  1 𝑚 ∗  𝑑𝑒𝑛𝑠𝑖𝑡𝑦 / 1.817 ∗  10−5 

𝑑𝑒𝑛𝑠𝑖𝑡𝑦 =  221015 ∗  1.817 ∗  10−5  ∗  26.82 𝑚/𝑠 =  107.7 𝑘𝑔/𝑚3  
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Autodesk CFD allows you to specify a temperature and pressure for each simulation. Once you 

specify them it will compute density and viscosity. Temperature impacts viscosity and pressure 

impacts density. We decided to set the temperature at the same as the wind tunnel (297.013 

kelvin) which gave us the viscosity of 1.817e-5. Using this viscosity we solved for a density of 

107.7 kg/m^3. We then altered the pressure until we found a pressure that gave us 

approximately the correct density. We settled on a pressure of 9.15e+06 Pascals, equivalent to 

approximately 90 atmospheres. This gave us a density of 107.312 kg/m^3 which we decided 

was close enough for the simulation. 

 

Figure 23: Final Material Environment Settings 

For our simulation we duplicated this procedure for each of the following angles of attack: -5, 0, 

5, 10, and 15. From here we went through each scenario, calculated lift and drag, and put them 

in a spreadsheet. The full data table and analysis can be found in the results section below. 

Wind Tunnel Testing 
The wind tunnel we had available to us was the Jetstream 500. It has an inside size of 5.25” x 

5.25” and a maximum wind speed of 70mph. Our best resource for creating a model to use for 

wind tunnel testing was an Ultimaker 2+ 3D printer. We decided to use a 3D printed model 
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because of the ease of printing and accuracy we could achieve. To create the 3D model for 

printing we used Autodesk Inventor. 

We used the same files we used for Autodesk CFD to create a model for printing. After we 

imported the points from the data file and connected them as described in the procedure for 

Autodesk CFD we scaled the points to a chord length of 5 inches using the method described in 

the procedures above. We then extruded the completed path 4 inches based on the size of the 

wind tunnel. We wanted a large extrusion length to prevent wingtip vorticies from occurring 

but a small enough size to fit reasonably in the tunnel. 

 

Figure 24: Airfoil top back left isometric view 

The wind tunnel we were using attached to the airfoils using a metal clip on the bottom. In 

order to lay flush with the clip we needed to model a notch for the clip to fit in. Additionally we 

needed holes for the screws on the clip to fit into.  
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Figure 25: Attachment Clip Top View    Figure 26: Attachment Screw 

When designing the notch for the clip we had access to dial calipers for measuring the clip as 

well as being able to look at an airfoil that had already been printed with a notch for a clip. The 

printed airfoil had not been done correctly and the clip did not fit at all but we were able to use 

it to better design our airfoil. 

Our first job was to design the initial extrusion into the material to accommodate the plate on 

the clip. We measured the plate as 0.632 in W x 1.089 in D x 0.0315 in H. After examining the 

nonworking airfoil provided for us as an example we settled on adding a tolerance of 0.01 

inches to the width and 0.05 inches to the depth. We added extra tolerance to the depth 

dimension because our 3D printers have a tendency to sag in the dimension that is vertical on 

the print bed. Adding tolerance was designed to compensate for this. We centered the 

extrusion horizontally on the airfoil and for the front and back dimension we used the center of 

mass. Autodesk Inventor allows you to view the center of mass of a part. We placed the center 

of the clip on the center of mass to reduce any torque caused by the mass. Inventor does not 

allow you to dimension to the center of mass because it could create circular dependencies but 

we placed the clip as close to the center of mass as we could. 
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Figure 27: Dimensioned clip extrusion sketch from bottom view. Gold sphere indicates center of mass. 

Dimensions are in meters 

The next part we had to create was the holes. We measured the screws (shown in Figure 26) and we 

found the diameter of the shaft of the screw to be 0.0642 in and the diameter of the threads to be 

0.0855 in. Our method for determining the diameter of the holes was to determine a “bite percentage.” 

The bite percentage signified the percentage of the threads, which would be embedded in the plastic. 

We decided on a bite percentage of 80%, i.e. 80% of the threads would be embedded in the material. To 

calculate the hole diameter from the bite percentage we used a weighted average of the two diameters. 

ℎ𝑜𝑙𝑒 𝑑𝑖𝑎𝑚𝑒𝑡𝑒𝑟 = 0.8 ∗ 0.0642 𝑖𝑛 + 0.2 ∗ 0.0855 𝑖𝑛 = 0.06846 𝑖𝑛 

To calculate the distance separating the holes on the part apart we measured the distance in between 

the notches for the screws on the clip. We measured it to be 0.719 in. To find the distance to put the 

holes at we added 1.5 * hole diameter to that distance to account for the screws being placed. 

ℎ𝑜𝑙𝑒 𝑠𝑒𝑝𝑎𝑟𝑎𝑡𝑖𝑜𝑛 =  0.719 𝑖𝑛 +  1.5 ∗  0.06846 𝑖𝑛 = 0.8629 𝑖𝑛  
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Figure 28: Dimensioned hole sketch. All units in meters 

After the holes and extrusion were placed on the airfoil in Inventor, all that was left was printing and 

testing.  

We generated a 3D print job model using Ultimaker’s software Cura. Originally we printed with 0% infill 

accidentally and our airfoil came out hollow. We decided to run some tests with it anyways. After 

putting it in the wind tunnel we realized that it was changing shape under the wind speed. We decided 

to rerun the print job with the intended infill of 10%.  

After printing the model at 10% infill we had no problems attaching the clip and putting it in the wind 

tunnel. The clip fit well on the model and the screws went in the holes and held tightly. 
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Figures 29-32: Views of 3D printed airfoil 

With the 3D printed airfoil in hand, we headed to the wind tunnel to gather data on the coefficients of 

lift and drag at different AOA. To get our airfoil in the tunnel we had to take out the base and attached 

our airfoil by the clip we screwed onto the bottom. Once we positioned the airfoil in the tunnel we 

adjusted the AOA. Starting at -5, we increased increments by 5 degrees each simulation and stopped at 

15 AOA. In order to get the data, we plugged in a flash drive to a computer connected to the wind 

tunnel by an application. In the application was a graph that charted Lift and Drag while doing the 

testing. Each test we set the maximum speed of the wind to 70 mph, so that we could get data up to and 

a little beyond 60 mph. After hitting 60 mph on the graph, we stopped the wind tunnel, saved our data 

onto the flash drive, increased the AOA by 5, and ran the test again. The data from the flash drive was 

them taken and converted into an excel spreadsheet by utilizing the Excel import feature.  
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Results 
All of our simulations produced different formats for the data we intended to analyze. Our first step was 

to convert all of these into Coefficients of Lift and Drag at different angles of attack so that we could 

compare directly. The reason we chose Cl and Cd as our comparison metrics is that they are dependent 

only on the geometry, not on velocity or size, which makes them good for comparison.  

The wind tunnel data was structured in a series of files each representing a test at a different angle of 

attack. Within each test file there was one row for each wind speed in the test. We imported all of the 

data into a spreadsheet. 

 

Figure 33: Sample of Wind Tunnel Test Data imported into Excel 

First we computed Cl and Cd from Lift and Drag for each data point using the Lift equation. The 

parameters for computing Cl and Cd from Lift and Drag are velocity, density, and area. For velocity we 

used the wind speed measured by the wind tunnel, for density we used the density that we calculated 

for our Reynolds number calculations (1.224 kg/m3 converted to lb/in3), and for area we used 

measurements taken on the part file in Autodesk Inventor (20 in2). This gave us a table of Cl and Cd for 

every wind speed. For our testing we were only interested in looking at the data around 60 mph so we 

averaged Cl and Cd for each test where the wind speeds were between 55 and 65 mph.  
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Once we took the average of each test, we compiled the data into a table of Cl and Cd for different 

angles of attack. 

  

 

AOA Cl Cd 

-5 0.010077 0.011915 

0 0.084148 0.011248 

5 0.209993 0.02329 

10 0.454278 0.065792 

15 0.625738 0.101927 

 

 

The full wind tunnel data including Cl and Cd computation can be found in Appendix A.  
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The next source that we compiled was Foilsim, which computes Cl and Cd internally so we did not have 

to do any computation on the data before we put it in the table format.  

AOA Cl Cd 

-10 -0.587 0.067 

-5 0.005 0.018 

0 0.597 0.046 

5 1.143 0.136 

10 1.646 0.271 

15 1.872 0.372 

 

The next source was XFOIL. XFOIL also produced Cl and Cd along with a number of additional 

parameters that we were not interested in for our research, but we included in the table below. 

Alpha CL CD CDp CM Top_Xtr Bot_Xtr 

-10 -0.3843 0.08514 0.08203 -0.0369 0.9972 0.0688 

-5 0.0679 0.01634 0.00872 -0.0875 0.8453 0.0834 

0 0.6078 0.01195 0.00436 -0.0795 0.4062 1 

5 1.0925 0.01752 0.00951 -0.0677 0.3447 1 

10 1.3602 0.02662 0.01926 -0.0289 0.1252 1 

15 1.3034 0.08407 0.07757 -0.0183 0.041 1 
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Finally, we added our data from Autodesk CFD. Autodesk CFD measured Lift and Drag, which meant we 

had to convert to Cl and Cd using the Lift equation. We used different parameters for velocity, density, 

and area. Our velocity was 60 mph. For area we used 1m2 and for density we used the number from the 

Environment panel in Autodesk CFD (107.312 kg/m3).  

AOA Cl Cd Lift Drag 

-5 0.00349 0.03552 134.759 1371.09 

0 0.01372 0.00097 529.768 37.4 

5 0.94237 0.00541 36377.7 208.785 

10 1.25405 0.09146 48409.4 3530.58 

15 1.14774 0.06668 44305.5 2574.15 

 

 

 

We compiled all of these tables into one spreadsheet for comparison. The full spreadsheet can be found 

in Appendix B. The first thing we did with all of the results was generating tables to compare the data 

visually. Our baseline for the analysis was the wind tunnel.  

 

Generally, the simulations overestimated the amount of lift produced by the airfoil. Additionally, the 

simulations also seem to have underestimated the stall angle. The coefficient of lift started to slope 

downwards at around 10 degrees for the simulations but the wind tunnel data looks like the stall angle 

is somewhere between 15 and 20 degrees. This could also be a problem with our wind tunnel, as it has a 

tendency to not function correctly near stall angles due to the fact that the air flowing over the wing 

bounces off the roof of the tunnel and hits the back of the wing. 
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Most of the simulations underestimated the amount of drag produced, the exception being Foilsim. Our 

hypothesis as to why this occurred is that the airfoil that we printed was not made of a perfectly smooth 

material. It could also be a result of the geometry in Foilsim not matching the geometry that we used for 

the other simulations. Overall, the simulations did reasonably well predicting the trend of drag, with 

higher drag being produced with more extreme angles of attack.  

We realized at this point that comparing the coefficients of lift and drag directly for simulations would 

not give us an accurate comparison. This is because real world testing will always produce lower lift and 

higher drag than a simulation. Because of this, when we compare the simulations the one that produces 

the lowest lift and highest drag will be the best. This is not what we want. What we want is a simulation 

that can produce an accurate measure of the shape of the Cl and Cd curves.  

Realizing this we decided to normalize our data. To normalize Cl and Cd we divided each value by the 

average of all of the values in the test. This let us compare the shapes of the graph rather than the 

values themselves. If a simulation does well on this comparison test it can be multiplied by a scale factor 

to produce results more accurate to real world testing. 
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The shapes of the line in the above graphs have not changed; however, the lines are all centered around 

the y = x line. This allows us to compare the shapes. The line that is closest to the wind tunnel data is 

CFD, but the curvature is much more extreme than the rest of the lines. The line that looks most similar 

to the wind tunnel data is the Foilsim line, which does not have a decrease in Cl in the 10-15 AOA range. 

 

In this graph, both Foilsim and XFOIL did a reasonable job predicting drag. Autodesk CFD values are 

much more extreme and the curvature is not correct.  

The second part of our analysis was a numeric analysis. We wanted to quantify the trends that we were 

seeing in the graphs. To do this we decided on using quadratic error. To calculate this we took each 

simulation’s Cl and Cd value and subtracted it from the corresponding wind tunnel value and squared it.  

Quadratic error is a metric that measures how different two values are. The advantage of quadratic 

error over normal error is that it penalizes outliers heavily. We felt this would be a good metric for our 

analysis because we wanted a simulation that had a very low outlier percentage. 

We averaged the quadratic error for each metric in each simulation and compiled it into a table. Green 

values represent the lowest error in the metric (lowest value in the row) and red values represent the 

highest. Values that differ by less than 0.005 are shown in the same color.  

  FoilSim XFOIL CFD 

Cl 0.82138 0.46726 0.2910093 

Cd 0.0258 0.00038 0.0005767 

Norm Cl 0.19159 0.2701 0.1725093 

Norm Cd 0.04399 0.17603 0.3332403 

Norm Cl * Norm 
Cd 0.00843 0.04755 0.0574871 

Cl * Cd 0.02119 0.00018 0.0001678 
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It is worth noting that the last two columns are based on operations on the first four. This means they 

should be compared somewhat separately to the first four. It is clear looking at this table that there is 

not a clearly better simulation. For computing Coefficient of Lift and Normalized Coefficient of Lift 

Autodesk CFD was definitely best, as it had the lowest error values by a decent margin. For Drag it is not 

very clear which simulation did best, as some exceled in normalized values and some exceled in non-

normalized values. 
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Conclusion 
Our conclusion is that running one simulation is not a good way to find accurate data. Multiple 

simulations should be run for each design test and the strengths and weaknesses of each simulation 

should be taken into account. A sample workflow for simulating based on our results could be the 

following:  

 Simulate in Autodesk CFD and scale the Lift values down. Use the lift values as results. 

 Simulate in XFOIL and average the Drag values with the Drag values from Autodesk CFD. Use 

those values as results. 

 Simulate in Foilsim and create a trendline for Cd. Use this trendline for any extrapolation. 

It may be possible to create even more effective workflows with more investigation. If given more time 

we could experiment on even more data. We were limited by only having around 10 data points for 

each simulation. We could’ve tried investigating how each simulation reacts at different Reynolds 

numbers. Finally, we could also refine our simulation methods. There are hundreds of settings for both 

Autodesk CFD and XFOIL to experiment with and there are infinite possibilities for designing airfoils to 

test in our wind tunnel.  
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