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[bookmark: _Toc30975548]Introduction 

The purpose of this report is to explore how to systematically approach a problem while using a computer aided software such as ANSYS Fluent to determine solutions that are not possible without the aid of such programs. This will be achieved by trying to recreate specific lift and drag coefficients for the well-researched Ahmed body. The Ahmed body was chosen because it is currently used as a wind tunnel calibration tool around the world due to the known flow attributes being so well validated. Which is why this report will focus on how to achieve those validated results so that different problems can be run with the same systematic approach.  



[bookmark: _Toc30975549]Background Research 

In order to correctly use any CFD software the user must first understand the underlying principles that govern the software. The following process is the general method used in industry and academic research for a wide array of CFD situations (Slater, 2008). 
1. Determine the Flow Problem – This step is used to form an overall scope of the project by starting to ask important questions regarding the starting conditions (e.g., What geometry should be included? What will the starting domain be? What end result is the user wanting? What are the operating conditions? Is the flow pattern laminar, turbulent or inviscid?). 

2. Geometry Modelling and Flow Domain – The geometry must be modelled in a way that allows the CFD software to generate appropriate results. This usually means the geometry model will need to be simplified (e.g. make a symmetry plane if the geometry is symmetrical) or certain assumptions must be made in order to produce a model that will be conducive to the flow domain. 

3. Boundary Conditions – When possible, the size and position of the domain should be determined from historical data and worst case the boundary should be determined by producing an independent domain study. This will help to ensure that the results generated in future steps will not need to be reworked due to poor initial boundary conditions.

4. Mesh Generation – In order to properly generate a suitable mesh for different problems, the user must try and determine the areas of high importance within the model by either first trying with a very coarse mesh and refining or by referencing historical data. The next step would be to create a general global mesh size and then refining the areas of high importance with density boxes. This strategy can be time consuming but the more time taken at this stage the better the end results. The final stage to mesh generation is producing a mesh independent study in order to verify what the optimal number of cells compared to run time is for each specific problem. 

5. Simulation Strategy and Input Parameters – This involves determining variables such as the turbulence model, boundary conditions, inlet and outlet parameters (e.g. velocity and pressure).

6. Perform and Monitor Simulation – Once all the variables and starting conditions have been chosen for the first run the simulation can then be run until the solution has been converged or the number of iterations is overly high due to the poor starting conditions that have been chosen. The goal here is not to determine the final results so if the solution has not converged yet it simple means that the initial staring conditions must ben changed or other parameters such as the mesh strategy needs to be further investigated.   

7. Post Processing – This step is when the user must determine if the flow results (e.g. lift, drag, thrust) generated from the simulation are valid or if the initial parameter setup must be changed. This step also allows the user to apply critical thinking to the problem and allow further iterations to achieve better results.     

8. Repeat the Process – The simulation must then be repeated to understand the sensitivity of changing certain input parameters, this will then determine the accuracy of the results. 
[bookmark: _Toc30975550]Governing Equations 
The key governing equations solved for the CFD method are the Navier-Stokes equations, also known as the momentum equation, continuity equation and energy equation, (Asako, 2017). The momentum equation represents the conversation of momentum that originates from Newtons second law, this law states that the rate of change of momentum is the same as the force moving an object (Asako, 2017). The continuity equation is a principle outlining the mass conservation of steady state one dimensional flow with one outlet and one inlet situations (Dr. Ronald J. Adrian, 2012), meaning that the mass flow change is zero throughout the system. Lastly, the energy equation is based off the first law of thermodynamics which states that energy can not be created nor destroyed.  

[bookmark: _Toc30975551]Input Variables

The following section of this report will highlight the assumptions and decisions made surrounding each individual input variable that was used to determine suitable simulation parameters for the Ahmed Body. 
*It is important to note that the coefficient values for the following graphs in this section were not used to determine the suitability of the study, rather the change in slope and the stability of the data was used to determine the correct results. The Ahmed body was also split in half length wise due to the symmetry of the object. This decision will enable a much shorter run time due to half the number of cells.   
[bookmark: _Toc30975552]Domain Study
The cross-sectional area of the wind tunnel used in the simulation was based of the initial conditions that Becker and Lienhart used in their initial study which specified a cross-sectional area of 1.87x1.4m2 (width x height) (H. Lienhart, 2003). The initial length of the domain was based off Marco Lanfrit’s study which specified 3 car lengths in front of the car and 5 lengths behind (Lanfrit, 2005). In order to try and reduce the amount of unnecessary domain space and thus reduce the overall solve time and efficiency, the following two domain studies were performed.
1. Overall Length – The overall length was determined by positioning the Ahmed body 3 meters from the inlet and just changing the overall length, figure 1 displays the results. The simulation parameters did not change throughout the domain study and all settings used were very basic and no real consideration went into turbulence models. Although a polyhedral mesh was used in order to speed up run times. The data below resulted in an overall length of 8.0m due to both coefficient values being the most stable and a longer length did not add more accuracy. 
[image: ]
Figure 1: Full Length Domain Study 
2. Ahmed Position Relative to Inlet – The next step was determining how far the Ahmed body should be positioned relative to the inlet within the 8.0m long domain. The same input parameters and mesh type/density was used when compared to the full-length domain study. The results in Figure 2 determined that the best position for the Ahmed body is 3.0m from the inlet, which validates the findings from Lanfrit.   
[image: ]
Figure 2: Ahmed Body Position Study

[bookmark: _Toc30975553]Prism Layer Study
The use of prism layers is mainly due to the complex phenomenon that occurs at the boundary layer at the surface of the Ahmed body and along the floor of the domain. This phenomenon is when the air flow around the surface of an object is zero, this is due to the air being compressed around the structure. In order to correctly capture these boundary layers, prism layers are used to replace the traditional mesh because the amount of mesh detail needed in a traditional mesh would be too high, which would then result in long run times and potential mesh quality issues. The input parameters used for this study are identical to the above studies while utilizing the optimal domain length and Ahmed position. Figure 3 demonstrates that the optimal number of prism layers for this specific simulation are 5 due to the small change in coefficients once 5 layers are implemented. 
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Figure 3: Prism Layer Study

[bookmark: _Toc30975554]Mesh Density Strategy 
The mesh generated for any CFD simulation can potentially make or break the credibility/accuracy of the final results due to the complexity and wide array of approach’s that can be implemented during this stage. In order to produce a mesh that will generate reliable results the first step was to determine roughly where the critical areas of interest would be. This was achieved by looking at historical data and running a basic simulation to confirm the historical data. Figure 4 was used to understand that the critical areas of interest will be at the front/legs of the body and more importantly at the rear.
[image: ]
Figure 4: Typical Flow Pattern, (Chilbule, 2014)
The critical areas of interest were then validated by running a very basic simulation with all the independent studies also being implemented (e.g. prism layers and domain studies), see figures below.
[image: ]    [image: ]
 Figure 5: Initial Pressure Contours    			           Figure 6: Initial Velocity Contours
The next step was to then implement a finer mesh control in the critical areas, which have been done by adding density boxes with different maximum element size specifications, see figure 7. 
[image: ]
Figure 7: Density Box Locations
Along with the initial results determining the critical areas of mesh control the biggest deciding factor was based on preliminary results that highlighted other important areas. For example, the stilts originally had a maximum mesh size of 0.1m for the first 8 simulations but upon investigation the flow pattern was more complex, which then dictated a maximum mesh size of 0.01m. 
Another key factor that was used to dictate the mesh strategy was the mesh quality / convergence because the first 14 simulations produced drag and lift coefficients within 5% of the target values but the simulation was not able to smoothly converge the results. This meant that the mesh strategy had to be changed although the results being produced seemed valid. The following steps outline the revamped mesh strategy used to create a robust mesh.
1. Changing the size of the prism layers because initially the floor and Ahmed body prims layers were intersecting and causing errors.
2. Making sure that the density boxes overlapped and did not have slight gaps causing skewed cells.
3. Using the delauny volume mesh parameter.
By simply implementing these steps the convergence and mesh quality improved significantly and the run time was reduced by roughly a 25%, see the comparison below.
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Figure 8: Before Mesh Refinement
[image: ]
Figure 9: After Mesh Refinement

In order to determine the mesh density that would be suitable for the Ahmed body an independent mesh study was applied by using all the above parameters and just changing the mesh scale factor, figure 10. The results from the mesh study determined that the number of elements after 2.0 million do not really add any further accuracy with this specific case study and with the certain parameters chosen. Although this is just a guide for the final simulation as the other input parameters that will be narrowed down in the later steps which might affect these results. 
[image: ]
Figure 10: Independent Mesh Study
The figures below demonstrate the final mesh refinement and how the prism layers and density boxes were constructed. This resulted in a mesh consisting of 2077987 cells and 4262257 nodes.
[image: ]    [image: ]
Figure 11: Volume Mesh View 			           Figure 12: Grid Mesh View
The mesh final mesh quality falls within an acceptable range when compared to historical data and ANSYS tutorials (ANSYS, 2009). The list below outlines the final mesh quality values.
1. Maximum Orth Skew = 0.811 – Must be less than 0.95 to be acceptable 
2. Minimum Orthogonal Quality = 0.173 – Must be greater than 0.15 to be acceptable
[bookmark: _Toc30975555]Turbulence Model Study
In order to determine the best turbulence model for this case study, four different models were used to generate the lift and drag coefficients while using the same mesh and input parameters. The following table are the results generated from the turbulence model study.
Table 1: Turbulence Model Study
[image: ]
The turbulence model generating the lowest percent error from the supplied coefficient values was the K-Epsilon realizable setting. These results are consistent with previous research because the K-Epsilon realizable model is the best when the flow wake does not detach from the body (Hughes, 2015). The next best turbulence model based off coefficient values and flow wake results was the K-Omega model, but this model is typically used for turbulence detachment, so this model was disregarded for the 25o slant study. Also the transition SST model did not converge in under 800 iterations, so this model was disregarded as a potential setting.      
[bookmark: _Toc30975556]Final Simulation Parameters 
Based on all the above input parameters the following list outlines the definitive input variables.
1. Domain size - 1.87m x 1.4m x 8.0m (W x H x L).
2. Ahmed body position – 3.0m from inlet wall.
3. Five prism layers were used for the floor and Ahmed body.
4. A delauny mesh with six specific density box locations based on multiple simulations created a mesh with 2077987 cells and mesh quality that was acceptable according to ANSYS tutorials. 
5. K-Epsilon realizable was used for the turbulence model study due to the validation with previous Ahmed body studies.  
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Typically, the postprocessing stage is when the designer would critically determine if the simulation setup is generating valid results by looking at the flow patterns along with the velocity and pressure results around the body in question. The difference for this case study is that the postprocessing stage was used for validation because the Ahmed body is so well researched, which allowed a direct comparison to accurate results due to the amount of historical data for the Ahmed body.  
Figures 13 and 14 demonstrate the flow patterns achieved from the simulation.
[image: ]
Figure 13: Velocity contours at symmetry wall
[image: ]
Figure 14: Velocity contours at XY plane offset 0.1m from symmetry wall
*It is interesting to note how the rear wake detaches at an offset from the symmetry plane. 
Figures 15 and 16 show the need for a high-resolution mesh around the edges of the Ahmed body. This can be easily overlooked if the velocity is only viewed at the symmetry plane.
[image: ]
Figure 15: Velocity vectors at symmetry wall
[image: ]
Figure 16: Velocity vectors at XY plane offset 0.1m from symmetry wall
Figure 17 is a typical streamline illustration that is achieved when correct input parameters are used. When compared to the simulated streamline results (figure 18) the visual results are similar due to the fact that the turbulence structure behind the rear of the Ahmed body is producing the same amount of swirl and velocity ribbons.   

[image: ]
Figure 17: Sample Velocity Streamline, (Christopher, 2015)

[image: ]
Figure 18: Simulation Velocity Streamline

Figures 19 and 20 were compared to figure 21 to validate that the final input parameters were not only producing accurate lift and drag coefficients but also accurately determining the rear wake structure. 

[image: ]  [image: ]
     Figure 19: Rear flow wake at symmetry wall                Figure 20: Rear flow wake at XY plane offset 0.1m from symmetry wall

[image: ]
Figure 21: Sample rear flow wake, (Hughes, 2015)

It is important to note that the vortices are very similar and that the overall detachment  from the Ahmed body is consistent with historical results. The overall conclusion from the postprocessing stage is that the results achieved from the simulation are consistent enough with previous research to deem the input parameters suitable for this specific case study. 


[bookmark: _Toc30975558]Results

Once the data achieved from the simulation was postprocessed and validated against typical Ahmed CFD data the following lift and drag coefficient results are displayed below. 
Table 2: 25o Ahmed Results
[image: ]
The percent error was calculated from the supplied lift and drag values. Although both coefficient values were slightly higher than the supplied values, these results have been deemed acceptable due to the fact that the specific input parameters for the supplied data are unknown. These results are also consistent with the findings from Walter Meile’s paper on the Ahmed body CFD values (Miele, 2011).
[image: ]
Figure 22: Final Simulation Values


[bookmark: _Toc30975559]Validation 

The overall purpose of this case study is to develop an understanding of the CFD process and how to properly build a simulation that will produce accurate results. The simulation so far has only dealt with one geometry and the problem with simulating only one geometry and comparing that data to likewise geometry is that the simulation parameters could potentially only be valid for that specify scenario. This is why the simulation was then assessed for a slant angle of 35o to stress test the input parameters. Figures 23 and 24 are the results from using the same input parameters which yielded a drag coefficient of 0.2889 and a lift coefficient of 0.0376. These values when compared to the supplied values are within specification, but the key problem is the simulation was unable to properly model the wake detachment at the rear of the Ahmed body for the 35o slant geometry. Figure 25 shows the correct wake detachment.  
[image: ]     [image: ]
           Figure 23: 35o Rear Wake Flow, Symmetry Plane                                          Figure 24: 35o Rear Wake Flow, 0.1m offset  
[image: ]
[image: ]K-Omega

Figure 25: Difference between K-Omega and K-Epsilon Turbulence Model, (Hughes, 2015)
The above figure demonstrates that by using the K-Omega turbulence model the simulation correctly predicts the detachment of the wake at the rear of the Ahmed body. The K-Omega model was then used, which resulted in figure 26 and 27 and the coefficients results are listed in table 3. 
[image: ]   [image: ]
   Figure 26: 35o Rear Wake Flow, Symmetry Plane, K-Omega                 Figure 27: 35o Rear Wake Flow, 0.1m offset, K-Omega
Table 3: 35o Slant Results
[image: ]
[bookmark: _Toc22637031]The K-Omega results deviated further away from the supplied data but properly modelled the detached wake flow which meant the simulation would need to be further refined before accurately predicting other scenarios. 


[bookmark: _Toc30975560]Conclusion	 

The results achieved for the lift and drag coefficients for the 25o slant angle on the Ahmed body are within reasonable specification and have provided data that has been successfully validated against historical data. Although, the simulation would need further refinement for other geometries as the 35o slant angle has proven the need for certain input parameters to be changed.
This report has also highlighted the fact that a CAD software such as ANSYS fluent is very capable of predicting real world results such as the drag and lift coefficients if the user is competently trained and is able to apply critical thinking towards the problem. On the other hand, the software is also capable of producing results that appear to be accurate but in actual fact are not reliable at all. This means that the user must take precaution when using  programs like ANSYS and must approach the problem in a systematic way which ensures that all input variables are validated in some way before moving onto the next step.
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When recreated in star CCM+, K-epsilon provided the following:

Figure 24 K-epsilon rear wake velocity results

As regards to modelling the rear wake flow field, K-epsilon appears to have done this very
accurately when compared to experimental data, correctly modelling the two vortices flow
attachment to the back face at 25 degrees, partial detachment at 30 degrees and near full
detachment at 35 degrees. The flow features are distinct and undistorted. Both vortices, F1
and F2 are correctly positioned.

K-omega:

Figure 25 K-epsilon rear wake velocity results

In the case of 25 and 30, K-omega seems to have relatively successfully modelled the correct
rear flow structure, with an attached flow at 25 and a partial detachment with only some shape
distortion at 30 degrees. K-omega was very unsuccessful at correctly modelling the flow
detachment from the slant surface, with the flow initially detaching from the slant, only to
reattach near to the slant corner later on. This possibly explains the inaccuracy in k-omegas
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Once the data achieved from the simulation was postprocessed and validated against typical Ahmed CFD.

data the following lft and drag coefficient results are displayed below.

Table 2: 250 Ahmed Results

Co_ |CD % Error| CL CL % Error

0.3038 161 0.3627 5.12

The percent error was calculated from the supplied lift and drag values. Although both coefficient values
‘were slightly higher than the supplied values, these results have been deemed acceptable due to the fact
that the specific input parameters for the supplied data are unknown. These results are also consistent

‘with the findings from Walter Meile’s paper on the Ahmed body CFD values (Miele, 2011).

Validation and Limitations

The overall purpose of this case study is to develop an understanding of the CFD process and how to
properly build a simulation that will produce accurate results. The simulation so far has only dealt with
one geometry and the problem with simulating only one geometry and comparing that data to likewise
geometry is that the simulation parameters could potentially only be valid for that specify scenario. This
is why the simulation was then assessed for a slant angle of 35°to stress test the input parameters. Figures.
22 and 23 are the results from using the same input parameters which yielded a drag coefficient of 0.2889
and a lift coefficient of 0.0376. These values when compared to the supplied values are within
specification, but the key problem is the simulation was unable to properly model the wake detachment

at the rear of the Ahmed body for the 35° slant geometry. Figure 24 shows the correct wake detachment.
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accurately when compared to experimental data, correctly modelling the two vortices flow
attachment to the back face at 25 degrees, partial detachment at 30 degrees and near full
detachment at 35 degrees. The flow features are distinct and undistorted. Both vortices, F1
and F2 are correctly positioned.
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% Error

K-Epsilon Realizable 0.29 3.54 0.04 840.75

K-Omega Standard 0.30 6.60 0.05 1061.50
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