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[bookmark: _Toc30422844]Introduction
1. [bookmark: _Toc30422845]Aims
The first aim of this report is to outline the general process by which Computational fluid dynamics
(CFD) is performed. The second aim of this report is to perform a CFD study on two versions of an Ahmed body, adjusting various parameters of the study to better illustrate the differences in flow structures between the two at varying windspeeds. 
2. [bookmark: _Toc30422846]Objectives
The first objective is to use DesignModeller within the ANSYS Workbench software package to import the Ahmed body into the workspace and use it to define the domain dimensions and boundary wall types. 
Following on from this, the second objective is to use ICEM CFD to create a 3D mesh of the domain, using mesh controls to increase the density of the mesh in regions where any significant flow regimes may occur.  
The third and final objective is to setup and solve the calculations using FLUENT and report the coefficients of lift and drag of the bodies being tested. The results will then be inserted into CFD-Post to post process the results and create contour plots with the purpose of analysing the flow regimes around the Ahmed body.  

[bookmark: _Toc30422847]Background Research
The Navier-Stokes equations are a set of equations that describe the relationship between velocity, pressure, temperature and density within a moving fluid. (NASA Glenn Research Center, 2015)
[image: The Navier-Stokes equations of fluid dynamics in three-dimensional,
 unsteady form.]
Figure 1 The Navier-Stokes Equations Source: NASA Glenn Research Centre
[bookmark: _Toc30422848]These are a set of coupled differential equations and, theoretically, ‘could be solved using methods from calculus’ (NASA Glenn Research Center, 2015). However, in practise these equations are too difficult to solve using analytical methods. This is where the use of a reasonably fast computer utilising a CFD software package comes in. These CFD packages can solve these for a given flow problem, for example the Ahmed body in this report, by calculating the result at each of these equations at each node within the mesh. This results in a view of the flow regimes around the body being studied. The software packages often don’t get this first iteration within a reasonable margin of error, so the software can iterate on the solution to get it to converge upon the final values of the study. 

Methodology
[bookmark: _Toc30422849]Domain 
Before any calculations can be carried out, the domain must first be defined. This will be used as an analogue for a wind tunnel; to do this, the model to be studied is first imported into the designmodeler component of ANSYS workbench and then generated.  
Next the shape and size of the domain can be defined using the sketch tool. From this, a sketch can be created with a rectangle which will be dimensioned to give the height and length required for this study.  Because the rear of the Ahmed model being studied is on the origin line, the ‘3 car lengths in front, and 5 car lengths behind’ detailed in (Lanfrit, 2005)’s report can then be measured from the origin line to a distance of 4.176m, which equals the length of the Ahmed model being used here plus the 3 car lengths detailed. The section behind is done in a similar manner, with the distance between the origin line being increased to 5.220m, or 5 car lengths. 
The height of the domain was calculated to be 2 times the overall height of the Ahmed model, giving a height of 0.576 meters. This can be easily increased using designmodeler later if required. The domain width used was two times the width of the model, however because the body is symmetrical it can be calculated as a half model to save on computational resources, thus meaning the extrusion of the rectangle is equal to 1.044m, the width of the model normally. 
Once this domain has been created, a Boolean can be used to cut the volume of the Ahmed body away from the domain, using the Ahmed geometry as a tool. Named selections can then be used as a way to name the walls of the domain to “velocity_inlet”, “pressure_outlet”, “road”, and symmetries that can be used within FLUENT to define what each face is going to do. 
[image: ]
Figure 2 The domain used for the Ahmed study
[bookmark: _Toc30422850]Mesh 
Next up the mesh needs to be defined using ICEM CFD. The model was first loaded from the domain created in designmodeler. The geometry was then repaired using the repair geometry tool within ICEM. From this, the feet of the model were selected and made their own specific part, as was the main part of the Ahmed body. 
Next, the global mesh settings were set to a seed size of 1 and a scale factor of 0.3. The mesh setup was then set to use an all-tri mesh type and a patch independent mesh method within the global mesh setup. 
Moving onto the volume meshing parameters, a tetrahedral mesh was used using the octree meshing strategy and an edge criterion of 0.06. For this example, there are very few thin parts of the model being studied, so going for a smaller edge criterion is not worth the extra computation time required to calculate this mesh. 
Moving onto the prism meshing parameters, the number of prism layers used was set to 5 to save computational resources around the boundary layers of the Ahmed body by reducing the total number of cells within the mesh.  
Within the part mesh setup, the number of prism layers can also be set on a per part basis. This window also allows for each part to have the size of the mesh set independently, allowing for finer control of the mesh size relative to the rest of the body.  
Next, density boxes were created around the locations on the Ahmed body where the flow is most likely to be studied. For this example, a density box was used underneath the body to better illustrate the flow underneath the body and around the feet. Another density box was also created in the region behind the Ahmed body to increase the resolution of the mesh within the wake structure, and another was placed around the kick point of the slope on the top of the body. 
The mesh could then be computed using the settings already given by ICEM on the compute mesh setting. From this the mesh quality could be displayed using skew as a criterion. If the skew was too large here, illustrated by uneven increases in the graph shown in the ICEM window the mesh settings could be changed to try and make these increases even. Another check on the mesh quality can be performed using Tgrid Skew as a criterion to double check the skewness of any cells.  
Next, the prism layers can be created using the prism mesh functionality within the compute mesh tab using the mesh constructed earlier. This will take the existing mesh and apply prism layers to the parts that were selected to have prism layers on them during the mesh setup. Once this has been computed, the mesh can then be repaired ready to move onto the actual calculation of the results.
[image: ]
Figure 3 The tetrahedral mesh created by ICEM for use in FLUENT
  
[bookmark: _Toc30422851]FLUENT setup 
Before any physical calculations can be set up, FLUENT must first be set up to run. This is where the processing is set to parallel and the number of processes set to a number equal to the number of physical CPU cores on the computer the calculations are being performed on. Because the CFD is being run on machines with quad-core processors, this is set to four.  
For the models being used in these calculations, the viscous laminar flow is being studied, with the k-epsilon (k-ε) being set to be realisable with non-equilibrium wall functions. The boundary conditions were then set to make the body and feet into what FLUENT would see as a wall, with the road, the ceiling and outer wall all set to be wall functions as well. The plane the model would be mirrored around was then set to be a symmetry. The pressure outlet wall was then set to that the gauge pressure was 0, with the velocity inlet set to give a calculation method of a magnitude and a direction. The magnitude was then set to 35 m/s, leaving the direction as the default. The turbulent intensity was also set to a small value such as 1%.  
The frontal area was then calculated and then added into the reference values for the calculations. The setup was also set to compute from the velocity inlet.  
The calculation methods were set to “coupled” with the pressure set to “standard” and the momentum set to be first order upwind for the first few iterations. This would later be changed to be calculating the second order upwind velocities after the first 100 or so calculations.  
The solution controls were then set to give a flow courant number of 50 with a momentum and pressure of 0.25. The turbulent Kinetic Energy and dissipation rate were set to 0.5 and the velocity set to 0.8. The limits were then edited to multiply the maximum turbulent velocity ratio by 10000. 
The next thing to be set up would be the factors being logged in the report definitions section. A force report would be calculated for the coefficients of lift and drag using the body and feet as the bodies being evaluated. These reports would then be written to a log file, as well as plotted on the screen and logged in the console within FLUENT.  
Next the solution can be initialised before running. If the result of this outputs an error message where the convergence tolerance is not reached, the accuracy of the calculation may be affected and require the mesh to be rebuilt. If this error message does not come up, the calculation can be run with 100 iterations before changing to second order calculations. Once the change has been made to second order calculations has been made, the calculation can then be run until the CL and CD converge on their final values.  


[bookmark: _Toc30422852]Results

Graph 1 A chart of the lift coefficient of the Ahmed body, experimental data vs CFD data
Graph 1 shows the difference in coefficient of lift between the supplied data in blue and the data gathered by the CFD study in orange. The orange bar giving a larger result may be down to some issues with the mesh quality of the study, which may have been solved by remeshing the study before running it. This may have also been caused by an incorrect input of the frontal area into the reference values used by FLUENT. This could have been solved by making the feature size used to calculate the frontal area smaller, thus giving a more accurate result. 



Graph 2 A chart of the Drag coefficient of the Ahmed body, experimental data vs CFD data
Graph 2 shows the differences in the coefficient of drag between the supplied data in blue and the data gathered from the CFD study in orange. Again, the CD of the CFD study is much higher, which may have been caused by a skewed mesh or some small variation caused by how ANSYS was configured on that particular computer. 
Another cause of this discrepancy may have been blockage factors caused by the walls of the domain being close to the model, meaning there is less physical room for the flow regimes around the sides and top of the model to propagate. This may have been reduced by increasing the physical size of the domain when initially setting this up, thus reducing the effect of the blockage effect. 
This blockage effect is important to consider in these types of experiments as it has a large effect on the results of the experiments undertaken within a wind tunnel, both physical and simulated like in the experiments considered here. (Kwon, 1998) 
[image: ]
Figure 4 A plot of the velocity of the air around the Ahmed body in the CFD study
Figure 4 shows the stream velocity around the Ahmed body in our CFD study. From the experimental setup, the leading edge of the body is on the left of the image and the trailing edge is on the left.
It can be observed that there is a region of low velocity on the leading edge, with the air speeding up as it goes over and under the leading edge. This creates a relative low pressure zone, illustrated in figure 5, on the kick points of the body around the areas where the air is forced under the body. On the underside, where the air is accelerated as it flows under the body. This same phenomenon can be seen on the top surface of the body, with the airflow becoming faster around the kick point of the rear slope. 
This pressure drop of the air is caused by the venturi effect, which is when the physical volume the air has to flow through is reduced, the pressure of the air has to decrease to ensure the same flow rate. This has the side effect of also increasing the velocity of the air in that section, as shown in figures 4 and 5. (Henderson Plastics limited, 2020)
An in the wake of the body, as shown in figures 4 and 6, there is a turbulent region of slow-moving air that has been left in the wake region. This is caused by the air rushing in to fill the void left by the free-flowing air around the body. This in turn causes the vortices apparent in the streamlines shown in figure 6. 
[image: ]
Figure 5 A plot of the air pressure around the Ahmed body in the CFD study
[image: ]
Figure 6 A plot of the streamlines around the Ahmed body in the CFD study
[image: ]
Figure 7 A three-dimensional view of the volume of the vortices generated around the Ahmed body.
Figure 7 shows a volume rendering of the vortices generated by the Ahmed body used in this study. At the leading edge of the body, this rendering method shows a series of small vortices as the slow moving air bleeds over the top of the Ahmed body. Towards the trailing edge, it shows two long vortices caused by the swirling air emanating from the wake region of the body. This shows a region of air that when applied to a racing vehicle, can be described as “dirty air” where a following vehicle could see a reduction in drag, leading to an ability for the following vehicle to travel at a higher speed at a cost of losing downforce as this dirty air reduces the effectiveness of the wings. (Verlin, 2016)


[bookmark: _Toc30422853]Discussion & Conclusion
To conclude, the results gathered from the CFD study give an idea of the performance of the Ahmed body within the context of a wind tunnel. The flow regimes gathered are similar to those found within (Banga, 2015)’s report, which means the CFD methods used are largely sound, but may need some adjustments making to improve the results of the CFD study, for example optimising the mesh size better or enlarging the domain to avoid blockage caused by a domain that is too small or close to the body being tested.
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Experimental data	CL	0.34499999999999997	Calculated data	CL	0.504	


Experimental data	CD	0.29899999999999999	Calculated data	CD	0.435	
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