[bookmark: h.q3h1xvg4a19m]2d airfoil, CFD Workflow and Validation 
[bookmark: h.mr5ptna8uopx]Brief description
In this lesson you will learn how to build a 2d airfoil simulation in STAR-CCM+ and validate the results with the NASA NACA 4412 validation.
[bookmark: h.eop8muhwol2e]Learning objectives
At the end of this exercise you should be able to ….
1. Understand how to start with an imported 2d curve, and build the geometry needed for the simulation
2. Develop a 2d mesh
3. Select the appropriate physics settings (turbulence model, wall treatment, etc)
4. Apply initial conditions and boundary conditions
5. Visualize the mesh, solution fields, and create solution history plots 
6. Create a field function to define chord length
7. Create a plot for coefficient of pressure per cord length and import validation plot data to compare/validate CFD results
[bookmark: h.d1y3xhndz1zg]Steps you need to take
1. [bookmark: h.g3easmra264w]Open STAR-CCM+.
2. File, new simulation.
3. Where appropriate, enter additional licensing options if needed/wanted (Power on Demand, put in your PoD key, select parallel, etc.).
4. Expand Geometry, right click 3D-CAD Models, new
5. Right click 3D-CAD Model 1, Import, CAD Model
6. Go to the folder for this course and select naca4412_wing.x_b, then select Open.
7. Under Create Sketch Entities, select Create Rectangle. [image: ]
8. Click once above and to the left of the airfoil, then click a second time below and to the right of the airfoil. The exact locations of the points will be adjusted in the next step.
9. Click each of the following points and adjust the X and Y locations to:
a. Upper left: X= -15m Y= 15m
b. Lower left: X= -15m Y= -15m 
c. Upper right: X= 15m Y= 15m 
d. Lower right: X= 15m Y= -15m
e. Select OK
10. Right click sketch 1, Create Extrude. Change distance to 2 meters and change body interaction to None (so it does not unite the wing with the block into one body). Select OK.
11. Right click Body 2, rename, and rename this to Domain.
12. Left click to rotate the geometry. Rotate to the downstream face of the block, right click the face, under the face menu select Rename. Enter Outlet for the name and select OK. This will rename the face so that we can use this later as a pressure outlet boundary condition.
13. Repeat this procedure and rename the top, bottom, and upstream faces Inlet. Rename the sides to symmetry 1 and symmetry 2 (order does not matter).
14. Zoom in to the leading edge of the airfoil (using the middle scroll button or the zoom icon [image: ]). Select the line on the leading edge of the airfoil. Ensure the line (not the face) highlights, right click the highlighted line, under the edge menu select rename, enter LE, and select OK.
15. Repeat the same procedure for the trailing edge of the airfoil, rename this to TE.
16. [bookmark: _GoBack]Under Bodies, hold down Ctrl and select Wing and Domain. Right click, Boolean, Subtract. Select the blue box next to Target Bodies, select Domain in the viewing window. Note that Domain will turn green in the viewing window.
17. Select the blue box next to Tool Bodies, select Domain in the viewing window. Note that the airfoil will turn red in the viewing window.
18. Ensure each body is highlighted the appropriate color and select OK. Select Close 3D-CAD.
19. Expand 3D-CAD Models, 3D-CAD Model 1, Bodies, right click Domain, New Geometry Part, OK.
20. Right click Operations, New, Badge for 2D Meshing. Under Parts select Domain, and enable Execute Operation Upon Creation. Select OK.
21. Right click Operations, New Automated Mesh (2D). Select Domain, then under Select Meshers select Polygonal Mesher and Prism Layer Mesher. Select OK. For more information on meshing best practices, please see the following article: https://steve.cd-adapco.com/articles/en_US/Video/Subsonic-Wing-Simulation-Tutorial-and-Best-Practices
22. The next steps will set the global sizing for this simulation. The subsequent steps will further refine the sizing of the mesh in this simulation. Note that the global sizing will help to refine the features such as the airfoil surface and the prismatic layers adjacent to the surface of the airfoil (to capture the boundary layer). Expand Automated Mesh, expand Default Controls, select Base Size and in the properties window set this to 0.01 m. The Base Size is a characteristic dimension of the model that you set before using any relative values. As general examples, you can set the base size to the diameter of an inlet, the length of the fluid volume, or a size that is convenient for scaling other values.
23. Expand minimum surface size, select Relative Size, and set this to 50. This limits the minimum surface size to 50% of the base size, or 0.005 m as displayed in the properties window. 
24. Select Number of Prism Layers, set this to 15. Expand Prism Layer Total Thickness, select Relative Size, set this to 50%. More information on how to appropriate size prism layers can be found here: https://steve.cd-adapco.com/articles/en_US/Video/How-to-use-prism-layers-for-effective-y-values
25. To constrict the sizing in the domain away from the airfoil to a large but consistent size first right click Custom Controls, New, Volumetric Control. Expand Custom Controls, select Volumetric Controls. Below in the properties window select the empty brackets next to Parts, select Domain. 
26. Expand Volumetric Control, then Controls, select 2D Surface Mesher, select the Customize Size checkmark box.
27. Expand Values, expand Custom Size, select Relative Size, for Percentage of Base enter 10,000. This will keep the cells away from the airfoil and inside the domain to ~1m in size.
28. To constrict the sizing on the outer domain boundaries (inlet and outlet boundaries), first right click Custom Controls, New, Surface Control. Below in the properties window, select the brackets next to Part Surfaces, and select Inlet and Outlet. 
29. Expand Surface Control, expand controls, select Target Surface Size, and adjust the setting in the properties window from parent to Custom. Repeat this for Minimum Surface Size.  
30. Expand Values, expand Target Surface Size, select Relative Size, and in the properties window change the Percentage of Base to 10,000. Repeat this for Minimum Surface Size.
31. To refine the airfoil wake, first right click Custom Controls, New, Surface Control. Below in the properties window, select the brackets next to Part Surfaces, and select Wing. 
32. Expand Surface Control, select Wake Refinement, enable the check mark box in the properties window. 
33. Expand Values, select Wake Refinement, and in the properties window change the distance to 0.5 m. Then change the direction to 0.95, 0.05, 0. Expand Wake Refinement, select Relative Size, set this to 50 in the properties window.
34. To refine the leading edge and trailing edges of the airfoil, first right click Custom Controls, New, Curve Control. Below in the properties window, select the brackets next to Part Curves, and select LE and TE.  
35. Expand Controls, select Target Surface Size and in the properties window adjust this to custom. Repeat this for Minimum Surface Size.
36. Expand Values, expand both Target Surface Size and Minimum Surface Size. Select Relative Size for each, and in the properties window set the value 10.
37. To refine the trailing edge of the airfoil, first right click Custom Controls, New, Curve Control. Below in the properties window, select the brackets next to Part Curves, and select TE.  
38. Expand Controls, select Wake Refinement, and in the properties window adjust this to custom.
39. Expand Values, select Wake Refinement, and in the properties window change the distance to 0.2 m. Then change the direction to 0.95, 0.05, 0. Expand Wake Refinement, select Relative Size, set this to 25 in the properties window.
40. Go back to the Parts listing, right click Domain, Assign Parts to Regions. Adjust the option that shows “Create a boundary for Each Part” to “Create a boundary for Each Part Surface”. Assigning the Part to Regions transfers our geometry and the mesh produced to the Regions level in STAR-CCM+, where we can run the models we will select in the next step. The adjustment made above assigns each part surface (inlet, outlet, etc) to a different boundary allowing for different boundary conditions to be applied to each boundary.
41. Now we are done with the geometry node, so we will move on to Continua. Here we will select the physics models. Right click Continua, New, Physics Continuum. Right click Physics 1, Select Models…. All unselected models are listed on the left, as we select models they will populate the right side of the screen under enabled models. Note that Auto-select recommended models is enabled, therefore some of the options you select will automatically enable other models. For the purpose of this exercise, we will keep this enabled. Select Two Dimensional, Steady, Gas, Segregated Flow, Constant Density, Turbulent, K-Omega Turbulence, and then Close at the bottom of the screen. For more information on modeling best practices, please see the following article: https://steve.cd-adapco.com/articles/en_US/Video/Subsonic-Wing-Simulation-Tutorial-and-Best-Practices
42. Expand Initial Conditions, select Velocity, and in the properties window enter 27.13, 0. Note that the reference pressure (under reference values) is already 101325 Pa. The pressure shown under Initial Conditions is set to 0 Pa (gauge pressure).
43. Expand Regions, expand Region, expand boundaries, and select Domain.Inlet. Note that by default all boundaries are set to no slip walls. This is reflected in the boundary icon appearance and in the properties window where the Type is set to wall. Adjust the Type by selecting the down arrow next to Wall, and adjust this to Velocity Inlet. Note that the boundary icon changed. Expand Domain.Inlet, expand Physics Conditions, select Flow Direction Specification, and in the properties window adjust the Method to Angles. Note that the default setting is boundary normal which is incorrect, we need all of the incoming flow in the same direction and angle (13.87 degrees). Expand Physics Values, select Flow Angles, and in the properties window set the value to [13.87, 0.0, 0.0] deg. Then select Velocity Magnitude and in the properties window enter 27.13 m/s for the value.
44. Select Domain.Outlet. Adjust the Type by selecting the down arrow next to Wall, and adjust this to Pressure Outlet. The pressure (under physics values) for this boundary by default set to 0 Pa, keep this as is. The Domain.Wing boundary can remain as is (a no-slip wall boundary). The no-slip conditions can be found under Physics Conditions, Shear Stress Specification.
45. Expand Stopping Criteria, select Maximum Steps, and in the properties window set the Maximum Steps to 2000. This will stop the solving after 2000 solve iterations.
46. To report drag in the x direction, right click the Reports node, new Report, Force. Note that the direction by default is in x (1, 0, 0). Next to Parts in the properties window, select the empty brackets, and select Domain.Wing. Right click the Force 1 report, select Rename, enter Drag in X, and hit enter.
47. To report lift, click/drag/drop the Drag in X report onto the Reports node. This will make a copy of this report. Rename the report Lift in Y. Change the Direction in the properties window to 0, 1, 0. 
48. To use these reports to create a plot that is updated each solve iteration, right click on of the reports and select Create Monitor and Plot from Report. Repeat this for the other plot. Note that under the Plots node there is now a plot for each report along with a Residual plot. 
49. Next we will create a plot that shows coefficient of pressure per chord length on the wing compared to the experimental data obtained from the NASA. This validation can be seen here: http://turbmodels.larc.nasa.gov/naca4412sep_val.html. Note that there is a link named “NACA 4412 surface pressure coefficients”. The data shown on this page is used to develop the csv file provided here. To import this csv file as a table into STAR-CCM+, first expand Tools, right click Tables, New Table, File Table, browse to the csv provided called naca_4412_rey1.52million_alpha13.csv, then select Open. 
50.  Right click Plots, New Plot, and XY Plot. Click the new XY Plot 1 and in the properties window next to Parts, select Domain.Wing. 
51. Select X Type and in the properties window next to Type, adjust this to Scalar. This is done so that the chord length (which is a scalar value) can be set for the X axis. However currently we only have position in X to use for the scalar function. Therefore, we will need to create this chord length function under field functions. Expand the Tools node, right click field functions, New, and Scalar. Right click the title, Rename, and enter X/C. In the properties window next to function name enter X/C. Next to Definition enter $${Position}[0]/.9012. This equation take position in X ($${Position}[0]) and divides it by the length of the airfoil (0.9012 m). Now go back to XY Plot 1, expand X Type, select Scalar Function, and in the properties window next to Field Function click <Select Function> and set this to X/C. 
52. Expand Y Type, Y Type 1, select Scalar Function, and in the properties window set the Field Function to Pressure Coefficient. Note that the pressure coefficient is using defaults settings for reference density, pressure, and velocity which in this case are not correct. To adjust these settings, go to Tools, expand Field Functions, scroll down and select Pressure Coefficient. Change the following values in the properties window: Reference Density = 1.18415 kg/m^3, Reference Pressure = 0 Pa, Reference Velocity = 27.13 m/s. 
53. Right click Data Series, Add Data, and select naca_4412_rey1.52million_alpha13. Note that this plot will update each solve iteration. Under Data Series, select naca_4412_rey1.52million_alpha13. In the properties window adjust the setting next to Y Column to CP. 
54. Select the Mesh menu option above, and Generate Volume Mesh. This should produce approximately 19,000 cells. Meshing times time will vary depending on the computer used, but this should mesh within 20-30 seconds.
55. To create a scalar scene, right click the Scenes node, New Scene, Scalar. To set the scalar field being used, right click the blue bar in the viewing window, scroll to Pressure (you can also type P to jump to the P section), and select Pressure. Note you can also Expand the Scenes node, expand Scalar Scene 1, expand Displayers, expand Scalar 1, select Scalar Field, Next to Function in the properties window, click <Select Function>, then select Pressure, and select OK. Note that this scene will update each solve iteration.
56. To create a vector scene, right click the Scenes node, New Scene, Vector. By default, it will set the field to Velocity. However, if you desire to change the field being used the same steps mentioned above would apply. To change the length of the vectors expand Vector Scene 1, Displayers, Vector 1, and Glyph. Then select Relative Length and adjust the Glyph Length (%) to 0.025. Note that this scene will update each solve iteration.
57. To create a scene to review the mesh, right click the Scenes node, New Scene, Mesh. Note that at this point, all plots and scenes are open in tabs at the top of the screen. You can change between these plots and scenes as needed by selecting the appropriate tab. 
58. Select the Solution menu option above and select Run. The run time will vary depending on the computer used, but this should take approximately 5-10 minutes to run. Note that our plots are oscillating about a value, indicating that the solution has converged. More information on convergence can be found here: https://steve.cd-adapco.com/articles/en_US/FAQ/SW-5-262
Discussion questions
1. How does this solution compare to the NASA results? 
2. Why does the CP plot not match at the trailing edge of the airfoil? What factors in this simulation setup contribute to this discrepancy? What type of simulation should be run to get the best match possible (give details on what selections you would make for the Physics Continua in STAR-CCM+)? Why did you make these selections?
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