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[bookmark: _Ref31411570][bookmark: _Toc31593021][bookmark: _Toc31604840]Introduction
CFD (Computational Fluid Dynamics) is the analysis of the flow of fluids, through the use of computer programs, the computer is used due to the repetitive and iterative nature of the equations / calculations. The complexity of the equations is simplified by the use of the software, but a better understanding and underpinning knowledge of the mathematics and operational techniques and strategies is beneficial to an engineer and the study. The aim of this report is to investigate a study and develop understanding of the CFD processes. (McBeath, 2015)

[bookmark: _Toc31593022][bookmark: _Toc31604841] Study Methodology and Research
[bookmark: _Toc31593023][bookmark: _Toc31604842]Domain Independence Study
A domain independence study was run with three differing domain sizes and a basis global mesh with no prizm layers and a reduce parts mesh on the ahmed body. I started with my knowledge of CFD and domain sizes (Tudor, 2019) I then reduced the size of the mesh and then increased it, to make it larger than the initial run. The data I got from these runs and my knowledge of CFD and aerodynamics (Schuetz, 1982) allowed me to make informed decisions. 
The initial domain size will be carried thought for all following runs and studies due to its lack in computational time, ability to catch the majority of the detail and acceptable results collected form it.
[bookmark: _Toc31593024][bookmark: _Toc31604843]Mesh Density Study 
[bookmark: _Toc31593025][bookmark: _Toc31604844]Global study
A study was run of which the independent variable was the size of the global mesh. The scale factor was left at 1, which multiplies the size of the elements. 0 prizm layers were run during this study. Initially a global mesh of one was set, making the elements 1m tetrahedral. Mesh times where similar between global mesh sizes 1, 0.7 and 0.3 at around 2s and it slightly increase to 8s at 0.1 mesh size, but at 0.07 it to 44s and 0.03 took 297s. The Global Mesh Density Results and Analysis 4.2.1 elaborates on why 0.1 was taken through for further studies and why there was no results collected for 0.03.
[bookmark: _Toc31593026][bookmark: _Toc31604845]Mesh Strategy Assessment
Various density box where strategically placed to capture features as density boxes allow the mesh density (or element size) in that area to be reduced in size, this increases the accuracy as the elements are smaller there is more calculations in the area. Was run with 3 prizm layers on all stationary surfaces.
Scale factor was adjusted to alter all of the density boxes at the same time increasing or decreeing the mesh size by the set scale factor. Scale factors of 1, 1.25 and 0.75 where ran, changing the mesh size by one quarter.
[bookmark: _Toc31593027][bookmark: _Toc31604846]Turbulence Model 
Turbulence models are based on RANS model of turbulent air. RANS (Reynolds Average Naiver Stokes Simulations) model uses Osborn Reynolds observations of flowed flow. The model uses the naiver stokes equations and Reynolds number to average out the turbulence flow(ANSYS, 2011). Six Turbulence Models were used k epsilon (standard and realisable), k omega (standard and realisable), Transition SST and Reynolds stress model. Theses have an increasing number of equations and therefore an increasing computational cost. (ANSYS, 2011)
Run 1 k epsilon realisable
Run 2 k epsilon standard 
Run 3 k omega standard 
Run 4 k omega SST 
Run 5 Transition SST 
Run 6 Reynolds stress linear pressure strain, standard wall functions.
[bookmark: _Toc31593028][bookmark: _Toc31604847]Prizm Layer Study
Prizm layers are layers of elements on the surface of solids such as walls. The friction of the air on the walls slows the air down, the closer to the wall the slower the air becomes. Prizm layers enable you to measure the pressures. Prizm layers were added in the amounts of 3, 5 and 7.
[bookmark: _Toc31593029][bookmark: _Toc31604848]Post Processing 
Post processing creates visual representation of the data collected; pressure contours, velocity vectors, streamlines and turbulence vortex cores.
 [image: ][image: ][image: ]
[bookmark: _Toc31611391]Figure 1 CFD Post Processing
These visuals show there is change in pressure and turbulent air this is what informed my mesh strategy. Pressure contours and velocity vectors easily showed that the smaller domain was not suitable as the pressure wave was hitting the inlet and the fluid flow behind was not laminar and was still turbulent this could be seen through velocity vectors, streamlines and vortex cores.


[bookmark: _Toc31593030][bookmark: _Toc31604849]Results and Analysis
For raw results data refer to Appendices (7)
[bookmark: _Toc31593031][bookmark: _Toc31604850]Domain independence Results and Analysis
	
	
	
	lift + drag
	Orthogonal  

	Run type 
	Run no.
	Description
	Cl
	Cd
	Quality
	Skew
	Aspect Ratio

	Domain study
	1
	medium
	3.65E-01
	2.84E-01
	3.93E-01
	5.65E-01
	1.03E+01

	
	2
	small
	6.78E-01
	7.22E-01
	3.91E-01
	5.61E-01
	1.04E+01

	
	3
	large
	3.62E-01
	2.80E-01
	3.91E-01
	5.61E-01
	1.04E+01


[bookmark: _Ref31561259][bookmark: _Ref31561688] A domain independence study was run with three differing domain sizes and a basis global mesh. The first run was a medium size domain based off of the learning in lectures (Tudor, 2019). This was then reduced in size to reduce computational time, as smaller domain has less elements. Run 2 in Table 1 Domain Study Results showed large differences in terms of the coefficient of lift and drag (Cl and Cd) which indicated that something was incorrect. This was backed up when you look at the post processing. The large domain as seen in Table 1 Domain Study Results, saw slight better Cl, Cd, orthogonal quality, orthogonal skewness and aspect ratio values but at a much larger computational cost. So, the medium domain (8m x 3m x 1.3m) was taken forward as the improvement between the runs was minimal. 
[bookmark: _Toc31610195]Table 1 Domain Study Results
[bookmark: _Toc31593032] 
[bookmark: _Toc31604851]Mesh Density Results and Analysis
[bookmark: _Ref31532627][bookmark: _Toc31593033][bookmark: _Toc31604852]Global Mesh Density Results and Analysis
The global mesh was independently changed with differing Cl and Cd values, which at this point in the investigation is no massively important as density boxes, turbulence models and solving settings have not been optimised or completely set up. More importantly are the values that where measured for orthogonal quality, orthogonal skewness and aspect ratio; which both orthogonal quality and skewness increase towards 1“(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.) (Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)” (ANSYS FLUENT check mesh results). Showing an increase in quality and skewness probably due to the lack of prizm layers as skewed elements are most likely at the boundary of bodies.  Run 6 in Table 2 Global Density Results was cancelled as it was predicted to take 186 hours, which was unrealistic in terms of distribution of computational resources.
[bookmark: _Ref31554572][bookmark: _Toc31610196]Table 2 Global Density Results
	
	
	
	lift + drag
	Orthogonal  
	Run Time

	Run type 
	Run no.
	Description
	Cl
	Cd
	Quality
	Skew
	Aspect Ratio
	Mesh Time (s)

	Global Density
	1
	1
	2.81E-01
	3.88E-01
	3.79E-01
	5.54E-01
	1.06E+01
	2

	
	2
	0.7
	2.71E-01
	3.85E-01
	3.79E-01
	5.59E-01
	1.06E+01
	2

	
	3
	0.3
	3.13E-01
	3.73E-01
	3.95E-01
	5.57E-01
	1.04E+01
	3

	
	4
	0.1
	3.00E-01
	3.78E-01
	4.00E-01
	5.57E-01
	1.01E+01
	8

	
	5
	0.07
	2.70E-01
	3.57E-01
	4.00E-01
	5.64E-01
	1.03E+01
	44

	
	6
	0.03
	Cancelled
	4.00E-01
	5.65E-01
	1.03E+01
	297



[bookmark: _Toc31593034][bookmark: _Toc31604853]Mesh Strategy Results and Analysis
The reduction of the scale factor to 0.75 had a positive impact across the orthogonal quality, orthogonal skewness as well as Cl and Cd values, although there was a time increase in solve time. The results are benefited by having a complete mesh strategy with multiply density boxes and 3 prizm layers.  
[bookmark: _Toc31610197]Table 3 Mesh Strategy Results
	
	
	
	lift + drag
	Orthogonal  

	Run type
	Run no.
	Description
	Cl
	Cd
	Quality
	Skew
	Aspect Ratio

	Mesh Strategy (Scale Factor)
	1
	1
	3.88E-01
	2.80E-01
	9.95E-02
	6.65E-02
	1.03E+01

	
	2
	1.25
	3.99E-01
	2.76E-01
	1.82E-01
	6.13E-02
	1.03E+01

	
	3
	0.75
	3.58E-01
	2.82E-01
	3.95E-01
	5.65E-01
	1.03E+01



[bookmark: _Toc31593035][bookmark: _Toc31604854]Turbulence Model Results and Analysis
Mesh orthogonal quality, orthogonal skewness and aspect ratio stayed the same as the mesh was not altered this was done as a control of variables during study, as well as prizm layers and domain size were also kept the same. In terms of Cl values as a generalisation the values reduced across the runs, with runs 1 and 5 being the exception. Run 5 is a shear stress transport model which uses hybrid two-equations and combines the benefits of both k epsilon and k omega. Although Transition SST and Reynolds stress look like the best results there is a larger computational cost that comes with then which is why k epsilon realisable remained in use for further studies which was backed up by my research (ANSYS, 2011). The same applies for the Cd values with k epsilon realisable as it gave the best results for the computational time taken. (ANSYS, 2011)
[bookmark: _Toc31610198]Table 4 Turbulence Model Results
	
	
	
	lift + drag
	Orthogonal  

	Run type 
	Run no.
	Description
	Cl
	Cd
	Quality
	Skew
	Aspect Ratio

	Turbulence Model 
	1
	k epsilon realisable
	3.58E-01
	2.82E-01
	3.95E-01
	5.65E-01
	1.03E+01

	
	2
	k epsilon standard
	3.68E-01
	2.78E-01
	3.95E-01
	5.65E-01
	1.03E+01

	
	3
	k omega standard
	3.68E-01
	2.78E-01
	3.95E-01
	5.65E-01
	1.03E+01

	
	4
	k omega SST
	3.41E-01
	2.84E-01
	3.95E-01
	5.65E-01
	1.03E+01

	
	5
	Transition SST
	3.38E-01
	2.74E-01
	3.95E-01
	5.65E-01
	1.03E+01

	
	6
	Reynolds stress
	3.39E-01
	2.84E-01
	3.95E-01
	5.65E-01
	1.03E+01



[bookmark: _Toc31593036][bookmark: _Toc31604855]Prizm Layer Results and Analysis
The Prizm layers should increase the orthogonal quality of the mesh, you can see from Table 5 Prizm Layer Results, which also shows an improvement in the skew elements as these tend to form on the body boundary, in particular around the stilts. We saw small increases in Cd values as we went up in the amount of prizm layers. This was due to the reduction in slow air on the surface of the body, therefore reducing drag. Cl values varied this could be due to lack of mesh strategy as prizm layer study was run be for mesh strategy study was complete.

[bookmark: _Ref31595605][bookmark: _Toc31610199]Table 5 Prizm Layer Results
	
	
	
	lift + drag
	Orthogonal  

	Run type 
	Run no.
	Description
	Cl
	Cd
	Quality
	Skew
	Aspect Ratio

	Prizm Layers
	1
	5
	1.32E-01
	2.40E-01
	1.32E-01
	8.55E-01
	2.16E+02

	
	2
	3
	4.17E-01
	2.85E-01
	1.98E-01
	8.02E-01
	1.50E+02

	
	3
	7
	3.74E-02
	2.48E-01
	1.02E-01
	8.96E-01
	3.10E+02



[bookmark: _Toc31593037][bookmark: _Toc31604856]Ahmed 25 vs 35 
The Ahmed 35-degree sloped body was entered into the base case with full complement of density boxes and prizm layers. Although if the 35-degree body was to be investigate further I would start from scratch as the body crashed my solver, I believe this was due to an Inadequate mesh strategy for this body. A separate investigation would be benifical.

[bookmark: _Toc31593038][bookmark: _Toc31604857]Conclusions
In conclusions I have developed individual parts of the simulation, I can now identify using my engineering knowledge a suitable sett up to get a simulation that I am happy with in terms of this model, its accuracy and computational time. 
Further to my investigation I would look at doing the same for the 35-degree sloped ahmed body to be able to do a complete analysis, and therefore generate a separate simulation that suits that body. 
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[bookmark: _Ref31411546][bookmark: _Ref31411619][bookmark: _Ref31411629][bookmark: _Ref31411646][bookmark: _Ref31411666][bookmark: _Toc31593042][bookmark: _Toc31604861]Appendices 
[bookmark: _Toc31593044][bookmark: _Toc31604862]Domain study
[bookmark: _Toc31593045][bookmark: _Toc31604863]Run 1 Medium Domain 
Mesh Quality:
Minimum Orthogonal Quality = 3.92513e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64684e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.03038e+01
1	1.000000e+00
	2	1.018114e-04
	3	2.064562e-05
	4	5.900621e-06
	5	1.881365e-06
	6	6.812884e-07
	7	2.606415e-07
	8	1.171387e-07
	9	6.748617e-08
	10	4.977284e-08
hybrid initialization is done.

!  427 solution is converged
   427  9.9944e-04  1.5611e-06  8.4832e-07  8.3739e-07  3.8515e-04  1.9227e-04  3.6472e-01  2.8392e-01  0:22:54  373

[bookmark: _Toc31593046][bookmark: _Toc31604864]Run 2 Small Domain
Mesh Quality:
Minimum Orthogonal Quality = 3.90990e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.61380e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.03973e+01
1	1.000000e+00
2	2.753265e-04
3	5.067454e-05
4	1.495670e-05
5	4.687644e-06
6	1.755323e-06
7	6.617122e-07
8	2.913346e-07
9	1.300311e-07
10	7.909055e-08
hybrid initialization is done.

!  587 solution is converged
   587  9.9600e-04  6.0703e-06  3.0759e-06  2.7020e-06  3.1891e-04  2.6809e-04  6.7799e-01  7.2201e-01  0:08:12  213

[bookmark: _Toc31593047][bookmark: _Toc31604865]Run 3 Large Domain
Mesh Quality:
Minimum Orthogonal Quality = 3.90990e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.61380e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.03973e+01
 1  	1.000000e+00
 2 	2.753265e-04
 3  	5.067454e-05
 4  	1.495670e-05
 5  	4.687644e-06
 6  	1.755323e-06
 7  	6.617122e-07
 8  	2.913346e-07
 9  	1.300311e-07
 10  	7.909055e-08
hybrid initialization is done.

!  827 solution is converged
   827  9.9944e-04  1.5611e-06  8.4832e-07  8.3739e-07  3.8515e-04  1.9227e-04  3.6192e-01  2.8042e-01  0:22:54  373
[bookmark: _Toc31593048][bookmark: _Toc31604866]Global Density 
[bookmark: _Toc31593049][bookmark: _Toc31604867]Run 1 Mesh size 1.0
Mesh Quality:
Minimum Orthogonal Quality = 3.79000e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.54109e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.06427e+01
 1  	1.000000e+00
 2  	1.129530e-03
 3  	2.503447e-04
 4  	7.523060e-05
 5  	2.515839e-05
 6  	9.515847e-06
 7  	3.624195e-06
 8  	1.462402e-06
 9  	6.040951e-07
 10  	2.678647e-07
hybrid initialization is done.

!  195 solution is converged
   195  9.8469e-04  7.6861e-06  2.5743e-06  2.4896e-06  2.7338e-05  8.0899e-05  2.8096e-01  3.8780e-01  0:06:25 1805

[bookmark: _Toc31593050][bookmark: _Toc31604868]Run 2 Mesh size 0.7
Mesh Quality:
Minimum Orthogonal Quality = 3.79000e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.58538e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.06303e+01
 	1  	1.000000e+00
 	2  	1.138766e-03
 	3  	2.729666e-04
 	4  	9.587269e-05
 	5  	3.123839e-05
 	6  	1.165241e-05
 	7  	4.417472e-06
 	8  	1.739721e-06
 	9  	7.183440e-07
 	10  	3.140252e-07
hybrid initialization is done.

results
!  217 solution is converged
   217  9.8434e-04  8.0867e-06  2.4025e-06  2.3947e-06  1.2477e-05  2.7698e-05  2.7077e-01  3.8545e-01  0:05:15 1783

[bookmark: _Toc31593051][bookmark: _Toc31604869]Run 3 Mesh size 0.3
Mesh Quality:
Minimum Orthogonal Quality = 3.95457e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.56959e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.03752e+01
 	1  	1.000000e+00
 	2  	4.534798e-04
 	3  	1.020574e-04
 	4  	3.497244e-05
 	5  	1.180147e-05
 	6  	4.887119e-06
 	7  	1.995638e-06
 	8  	9.013048e-07
 	9  	4.243501e-07
 	10  	2.225342e-07
hybrid initialization is done.

results
!  212 solution is converged
   212  9.9531e-04  2.6949e-06  1.1201e-06  1.1489e-06  3.9490e-05  3.9048e-05  3.1347e-01  3.7286e-01  0:11:25 1788

[bookmark: _Toc31593052][bookmark: _Toc31604870]Run 4 Mesh size 0.1
Mesh Quality:
Minimum Orthogonal Quality = 4.00070e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.56890e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.00966e+01
 1 	1.000000e+00
 2 	1.321868e-04
 3 	2.832330e-05
 4 	8.099296e-06
 5 	2.578314e-06
 6 	9.178505e-07
 7 	3.438014e-07
 8 	1.492479e-07
 9 	8.149141e-08
 10 	5.712164e-08
hybrid initialization is done.

!  208 solution is converged
   208  9.8304e-04  1.8436e-06  7.7367e-07  7.9711e-07  8.7746e-05  2.9247e-05  3.0038e-01  3.7755e-01  0:26:18 1792

[bookmark: _Hlk29805440][bookmark: _Toc31593053][bookmark: _Toc31604871]Run 5 Mesh size 0.07
Mesh Quality:
Minimum Orthogonal Quality = 4.00004e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64077e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.03426e+01
 1  1.000000e+00
 2  3.199123e-05
 3  6.775164e-06
 4  1.650321e-06
 5  5.197015e-07
 6  1.871435e-07
 7  8.987425e-08
 8  5.714269e-08
 9  4.502078e-08
 10  3.945858e-08
hybrid initialization is done.

!  346 solution is converged
   346  9.9432e-04  7.6510e-07  4.2608e-07  4.4395e-07  1.9291e-04  3.6326e-05  2.7047e-01  3.5669e-01  2:49:58 1654

[bookmark: _Toc31593054][bookmark: _Toc31604872]Run 6 Mesh size 0.03
Cancelled 186 hour run time
Mesh Quality:
Minimum Orthogonal Quality = 4.00005e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64614e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.03472e+01
1  	1.000000e+00
 	2  	9.151589e-06
 	3  	1.988856e-06
 	4  	4.688335e-07
 	5  	1.401262e-07
 	6  	6.891747e-08
 	7  	4.769659e-08
 	8  	4.009108e-08
 	9  	3.678756e-08
 	10  	3.552010e-08
hybrid initialization is done.
Cancelled 

[bookmark: _Toc31593055][bookmark: _Toc31604873]Mesh strategy
[bookmark: _Toc31593056][bookmark: _Toc31604874]Scale Factor 1
Mesh Quality:
Minimum Orthogonal Quality = 3.99462e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.66537e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.03296e+01
 1  1.000000e+00
 2  9.149950e-05
 3  1.847475e-05
 4  5.155126e-06
 5  1.627893e-06
 6  5.840017e-07
 7  2.273350e-07
 8  1.028451e-07
 9  6.219164e-08
 10  4.702246e-08
hybrid initialization is done.
30s mesh time

!  611 solution is converged
   611  9.9231e-04  1.5830e-06  7.9779e-07  8.3008e-07  2.5590e-04  1.6703e-04  3.8785e-01  2.8029e-01  1:41:58 1389

[bookmark: _Toc31593057][bookmark: _Toc31604875]Scale Factor 1.25
Mesh Quality:
Minimum Orthogonal Quality = 1.82251e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 0.61327e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
 1  1.000000e+00
 2  9.149950e-05
 3  1.847475e-05
 4  5.155126e-06
 5  1.627893e-06
 6  5.840017e-07
 7  2.273350e-07
 8  1.028451e-07
 9  6.219164e-08
 10  4.702246e-08
hybrid initialization is done.
 !  475 solution is converged
   475  9.9987e-04  1.4904e-06  8.4186e-07  8.6123e-07  3.6343e-04  1.9507e-04  3.9785e-01  2.7629e-01  1:25:32 534


[bookmark: _Toc31593058][bookmark: _Toc31604876]Scale Factor 0.75
Mesh Quality:
Minimum Orthogonal Quality = 0.39531e-1
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 0.564684e-1
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
 1  1.000000e+00
 2  9.149950e-05
 3  1.847475e-05
 4  5.155126e-06
 5  1.627893e-06
 6  5.840017e-07
 7  2.273350e-07
 8  1.028451e-07
 9  6.219164e-08
 10  4.702246e-08
hybrid initialization is done.

!  598 solution is converged
   598  9.9930e-04  1.5176e-06  8.4867e-07  8.4746e-07  2.6904e-04  1.7762e-04  3.6847e-01  2.7753e-01  1:36:57 1402


[bookmark: _Toc31593062][bookmark: _Toc31604877]Turbulence Models
[bookmark: _Toc31593063][bookmark: _Toc31604878]Run 1 K-epsilon Realisable
Mesh Quality:
Minimum Orthogonal Quality = 3.95310e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64684e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
1 1.000000e+00
2 1.016931e-04
3 2.067043e-05
4 5.838839e-06
5 1.868033e-06
6 6.692108e-07
7 2.614857e-07
8 1.158372e-07
9 6.738323e-08
10 4.916152e-08
hybrid initialization is done.

!  442 solution is converged
   442  9.9987e-04  1.4904e-06  8.4186e-07  8.6123e-07  3.6343e-04  1.9507e-04  3.5848e-01  2.8183e-01  1:52:16 1558

[bookmark: _Toc31593064][bookmark: _Toc31604879]Run 2 K-epsilon Standard
Mesh Quality:
Minimum Orthogonal Quality = 3.95310e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64684e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
1 1.000000e+00
2 1.016931e-04
3 2.067043e-05
4 5.838839e-06
5 1.868033e-06
6 6.692108e-07
7 2.614857e-07
8 1.158372e-07
9 6.738323e-08
10 4.916152e-08
hybrid initialization is done.

!  598 solution is converged
   598  9.9930e-04  1.5176e-06  8.4867e-07  8.4746e-07  2.6904e-04  1.7762e-04  3.6847e-01  2.7753e-01  1:37:40 1402

[bookmark: _Toc31593065][bookmark: _Toc31604880]Run 3 K-omega Standard
Mesh Quality:
Minimum Orthogonal Quality = 3.95310e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64684e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
1 1.000000e+00
2 1.016931e-04
3 2.067043e-05
4 5.838839e-06
5 1.868033e-06
6 6.692108e-07
7 2.614857e-07
8 1.158372e-07
9 6.738323e-08
10 4.916152e-08
hybrid initialization is done.

!  598 solution is converged
   598  9.9930e-04  1.5176e-06  8.4867e-07  8.4746e-07  2.6904e-04  1.7762e-04  3.6847e-01  2.7753e-01  1:36:57 1402

[bookmark: _Toc31593067][bookmark: _Toc31604881]Run 4 K-omega SST
Mesh Quality:
Minimum Orthogonal Quality = 3.95310e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64684e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
1 1.000000e+00
2 1.016931e-04
3 2.067043e-05
4 5.838839e-06
5 1.868033e-06
6 6.692108e-07
7 2.614857e-07
8 1.158372e-07
9 6.738323e-08
10 4.916152e-08
hybrid initialization is done.

!  455 solution is converged
   455  9.9445e-04  1.8570e-06  9.4623e-07  9.1070e-07  4.0909e-04  6.5619e-06  3.4098e-01  2.8441e-01  1:53:46 1545


[bookmark: _Toc31593069][bookmark: _Toc31604882]Run 5 Transition SST
Mesh Quality:
Minimum Orthogonal Quality = 3.95310e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64684e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
1 1.000000e+00
2 1.016931e-04
3 2.067043e-05
4 5.838839e-06
5 1.868033e-06
6 6.692108e-07
7 2.614857e-07
8 1.158372e-07
9 6.738323e-08
10 4.916152e-08
hybrid initialization is done.


[bookmark: _Toc31593070][bookmark: _Toc31604883]Run 6 Reynolds Stress
Mesh Quality:
Minimum Orthogonal Quality = 3.95310e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 5.64684e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.02727e+01
1 1.000000e+00
2 1.016931e-04
3 2.067043e-05
4 5.838839e-06
5 1.868033e-06
6 6.692108e-07
7 2.614857e-07
8 1.158372e-07
9 6.738323e-08
10 4.916152e-08
hybrid initialization is done.

Results
!  996 solution is converged
   996  9.9712e-04  1.3962e-06  8.0448e-07  7.7756e-07  1.2735e-04  1.5531e-04  1.5319e-04  1.9117e-04  1.2652e-04  4.5697e-04  9.7033e-04  4.2407e-04  3.3928e-01  2.8359e-01  1:32:36 1004
[bookmark: _Toc31593071][bookmark: _Toc31604884]Prizm Layers
[bookmark: _Toc31593072][bookmark: _Toc31604885]Run 1 5 Layers
Mesh Quality:
Minimum Orthogonal Quality = 1.32251e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 8.54602e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 2.15538e+02
 1  1.000000e+00
 2  5.723535e-05
 3  1.098987e-05
 4  3.531811e-06
 5  1.125008e-06
 6  3.864313e-07
 7  1.666810e-07
 8  8.645891e-08
 9  6.087468e-08
 10  5.414158e-08
hybrid initialization is done.

!  672 solution is converged
   672  9.8890e-04  1.0578e-05  3.3905e-06  3.1389e-06  7.8433e-04  2.9369e-04  1.3164e-01  2.4044e-01  1:27:36 1328

[bookmark: _Toc31593073][bookmark: _Toc31604886]Run 2 3 Layers
Mesh Quality:
Minimum Orthogonal Quality = 1.97516e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 8.02484e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 1.50138e+02
 1  1.000000e+00
 2  8.083009e-05
 3  1.562645e-05
 4  4.804760e-06
 5  1.485794e-06
 6  5.116270e-07
 7  2.016634e-07
 8  1.022391e-07
 9  6.276930e-08
 10  5.384235e-08
hybrid initialization is done.

!  409 solution is converged
   409  9.9231e-04  5.1919e-06  2.1841e-06  2.3176e-06  5.7456e-04  2.5676e-04  4.1677e-01  2.8459e-01  1:34:51 1591

[bookmark: _Toc31593074][bookmark: _Toc31604887]Run 3 7 Layers 
Mesh Quality:
Minimum Orthogonal Quality = 1.02238e-01
(Orthogonal Quality ranges from 0 to 1, where values close to 0 correspond to low quality.)
Maximum Ortho Skew = 8.96398e-01
(Ortho Skew ranges from 0 to 1, where values close to 1 correspond to low quality.)
Maximum Aspect Ratio = 3.10416e+02
 1  1.000000e+00
 2  4.076351e-05
 3  7.811231e-06
 4  2.533571e-06
 5  8.156629e-07
 6  2.975151e-07
 7  1.311215e-07
 8  7.496654e-08
 9  6.198330e-08
 10  5.609467e-08
hybrid initialization is done.

!  454 solution is converged
   454  9.6830e-04  1.2799e-05  3.7023e-06  3.7496e-06  9.9253e-04  3.4325e-04  3.7370e-02  2.4776e-01  1:44:46 1546
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