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[bookmark: _Toc30964697]Introduction
The aim of this assignment is to understand the CFD process using the Ahmed body. The Ahmed body is widely used to validate aerodynamic principles through the use of a model with changeable characteristics such at the slant on the back of the body (Meile, Brenn, Reppenhagen, Lechner, & Fuchs, 2011). A base case will be made demonstrating the geometry and mesh strategies used as well as the fluent setting. After this has been demonstrated, an independence study will be undertaken to acknowledge how various domains sizes impact the coefficients of lift and drag. Analyse how the type of mesh used, density and location to depict areas of turbulent flow. Experiment with difference turbulent models and solver setting to discover the how making these changes affect the air flow.
[bookmark: _Toc30964698]Literature Review 

Computational fluid dynamics (CFD) consists of various equations being solved simultaneously to simulate the flow of fluids and their interactions with a chosen body with predefined boundary conditions. The foundations of CFD are based the navier-strokes equation which presents incompressible fluid flow (Hosch, n.d.). The navier-strokes equations are based on the conservation laws surrounding momentum, energy and mass to produce the continuity equation as well as energy and momentum equations. To solve these equations a technique called discretization must be used to define the location of elements in which the calculations will take place using the finite volume method (Zuo). 
Following the finite volume method, the size of elements is specified by the grid or mesh chosen within the domain. How coarse or fine the mesh at specific locations would be determined by an object’s effect on fluid flow. Areas of turbulence and changing flow need a finer mesh to capture data precisely. Whereas simple geometries and areas located away from a main body where flow is undisturbed can be given a coarse mesh (Zuo).
The amhed body doesn’t present all the key features to visually represent a car, although the shape and rear slant enable the body to demonstrate the essential aerodynamic features to calculate its relative drag coefficient (Thacker, Aubrun, & Leroy, 2013).  


[bookmark: _Toc30964699]Methodology 
[bookmark: _Toc30964700]Base Case

Creating the appropriate domain depends on the desired results. The scale of the domain would increase or decrease the number of cells within the mesh. A greater domain would be accurate and capture all the flow around the ahmed body but take time to solve. Alternatively, a smaller domain would improve time efficiency but forfeit accuracy to produce a simple model quickly. The domain in this study should reach a respectable level accuracy relative to the given standard lift and drag values as effectively as possible.
· Initial domain justification 
Firstly, to set up the fluid flow simulation of the Ahmed body the domain and geometry must be created. The domain is the volume of space in which the fluid will flow through, simulating the body if it were placed in a wind tunnel. A study into automotive aerodynamics suggest when creating a domain to locate the vehicle with 3 times its length in front and 5 times its length trailing the body (Lanfrit, 2005). 
[image: http://www.cfd-online.com/W/images/7/76/Ahmed.gif]

Figure 1 (Ahmed Body Design) (Tudor, 2019)


[image: ]Figure 2 (Initial Domain)



Using the dimensions of the ahmed body shown in figure 1 with a car length of 1044mm to create a domain with 5m behind the body and 4m to the back of the body to have 3m leading the ahmed body. The width and height for the initial domain is set at 1.3m.

· Producing mesh strategy for base case
To discover the optimal domain an appropriate mesh must be built around the ahmed body in order to interpret the data accurately. A coarse mesh would affect the results shown in the fluent solver, presenting the issue of distinguishing the results due to a changing domain to the fineness of the mesh running the simulation. As this is domain independent study once the appropriate mesh is assembled it will be used on all the domains to effectively scrutinise the changes purely through domain alone.    

Upon opening ICEM CFD which is software used to produce the mesh, a body is created spanning the volume to encapsulate the space in which set the air will flow and mesh will be built within. This volume is set at the global geometry of the mesh. As shown in figure 3 the global element size is set to 0.15m with a scale factor of one. A small global mesh is used to span the whole volume relatively accurately before determining a more efficient mesh in the mesh independent study. 
The parameters are set up to all triangles and to be patch independent. The method in which the mesh is built is using the robust octree method.  
[image: ]Figure 3 (Global geometry)


To encapsulate specific areas of activity around the ahmed body can be done using density boxes. A density box creates a volumetric body in which the size of cell can be adjusted to create smaller cells to better calculate the coefficients of lift and drag.
As the ahmed obstructs the flow of air in the wind tunnel a density box is located around the whole body 2.5 times in the x, y and z dimension. The cell size within this density box is 0.025m. 


[image: ]Figure 4 (Aerodynamic Principles) (Build Your Own Race Car)



As air flow increases around a vehicle the empty spaces created contain turbulent air flow called eddy’s represent in figure 4 (Build Your Own Race Car, n.d.). Using this information another density box is added around this rear section of the ahmed body with equal to one car length and extended by a factor 1.5 in the y and z dimension. Due to the vacuum and turbulences in this region that affect lift and drag the cell size is 0.01m to capture the rapid changes in the air flows velocity. 

[image: ]
Figure 5 (Mesh density and position)



Due to the no slip boundary condition there are sharp velocity gradients at a point where a solid and fluid meet (Katopodes, 2019). As there is this change in velocity along the surfaces of the ahmed body a total of 5 prism layers at 0.01m have been added to the mesh. 
[image: ]
Figure 5 (prism Layers)


· Fluent setting for base case
After the mesh has been generated the mesh is imported into fluent. Fluent is used to model the flow and turbulence for fluids (ANSYS, 2020). In this application the ahmed body can simulated for a given velocity of 40 m/s to determine the coefficient of lift and drag created by the 25-degree slant on the body.
Throughout the set up of fluent, the original setting where possible have been kept as default to study different turbulence model later in the study. For the initial model K-Epsilon is used, as it’s the most commonly used model where turbulent flow is present (Simscale, n.d.). K-Epsilon is used throughout the domain and mesh independent studies. The settings within K-Epsilon are realizable with non-equilibrium wall functions.




	Ahmed Body
	Wall

	Internal body
	Interior

	Inlet 
	Velocity Inlet

	Outlet
	Pressure Outlet

	Symmetry
	Symmetry

	Topside
	Wall

	Floor
	Wall

	Legs
	Wall


Table 1 (Boundary Conditions)
The velocity inlet’s parameters contain a velocity component in the x axis at 40 m/s. The outlet is specified as a pressure outlet set to atmospheric pressure. Wall boundary condition causes each part to act as a wall. Using the reports section within fluent is used to determine the projected surface area of the Ahmed body and legs in the x direction to set as a reference value. These simulations were solved as coupled as it is robust solving steady state flow scenarios rather than being used to solve for transient flow (eneagrid.enea.it, 2009). Cd and Cl monitors are set up to analyse on the Ahmed body and legs. To update fluent to these setting its initialized as a hybrid, then the number of iterations it set and run until the solution is converged.   

	Cl
	Cl %
	Cd
	Cd%
	Total difference %

	0.36123
	4.704348
	0.30919
	3.408027
	4.056187291


Table 2 (1st domain coefficients)

	Cl =
	0.345
	Cd=
	0.299



Table 3 (Cl & Cd of the ahmed body)


The results for the first domain already produce coefficients of lift and drag within 5% error of the given coefficients. The next stage of the process is to change the domain to see how the results vary with different domains. As the results are producing within the range a smaller domain will be selected in the intension of reducing the number of elements and retaining a similar level or accuracy based on the post processing from the 1st domain.

[image: ]
Figure 6 (Vortex Post-processing)
Figure 6 shows a vortex of a strength of 0.01. At this strength it displays turbulent flow close to the Ahmed body, as well as a wake trail produced by the back of the body. 

[bookmark: _Toc30964701]Domain Independence Study

The 2nd domain is created following the results of the 1st domain. The domain behind the body is shortened by 2.5m so that it covers the entirety of the vortex at this strength.
[image: ]
Figure 7 (2nd Domain)

	Domain
	Cl
	Cl % difference
	Cd
	Cd % difference
	Total % difference 

	Front (m)
	Behind (m)
	
	
	
	
	 

	3
	5
	0.36123
	4.704348
	0.30919
	3.408027
	4.056187291

	3
	2.5
	0.31851
	7.678261
	0.28528
	4.588629
	6.133444816

	3
	2.75
	0.27259
	20.98841
	0.27551
	7.856187
	14.42229654

	3
	3
	0.37169
	7.736232
	0.30742
	2.816054
	5.276142698

	3
	3.25
	0.36234
	5.026087
	0.29877
	0.076923
	2.551505017

	1.5
	3.25
	0.32567
	5.602899
	0.30761
	2.879599
	4.241248606

	2
	3.25
	0.37497
	8.686957
	0.31037
	3.802676
	6.244816054


Table 4 (Domain)
Table 4 shows the change in the back of the domain in intervals of 0.25 until 3.25m which was within 2.55%. As it is within a well-respected amount of error there was no need to extend behind the rear of the body and focus in front of the body.

[image: ]
Figure 8( Pressure Contour)

Figure 8 is a pressure contour on the symmetry plane. High pressure is built up on the nose of the Ahmed body as velocity decreases was it comes in contact with the body. There is a substantial distance between the pressure contours and the inlet. Therefore, the domain was decreased to smaller dimensions. The percentage in error increased as the domain was shortened concluding that the domain should remain at 3m in front at 3.25m behind.

[bookmark: _Toc30964702]Mesh Strategies
The mesh independent study will utilise the optimum domain discovered in the domain independent study. This mesh strategy investigation is a continuation of the mesh presented in the base case. Depending on the task presented will result in different mesh refinements. A finer mesh theoretically displays more accurate results. However, the finer the mesh computational time increases (AUTODESK.Support, 2015). Different mesh strategies are needed to implement mesh fineness in areas of significance. Doing so will reduce computational time. If the whole domain was set to a single fine mesh, it would drastically increase time at no greater accuracy to the results.  


[bookmark: _Toc30964703]Global Element size

	Global Element size
	Cl
	Cl % difference
	Cd
	Cd % difference
	Total % difference 

	 
	
	
	
	
	 

	0.15
	0.36234
	5.026087
	0.29877
	0.076923
	2.551505017

	0.2
	0.35052
	1.6
	0.30748
	2.83612
	2.218060201

	0.25
	0.35052
	1.6
	0.30748
	2.83612
	2.218060201

	0.3
	0.35052
	1.6
	0.30748
	2.83612
	2.218060201

	0.4
	0.35414
	2.649275
	0.31421
	5.086957
	3.868115942


Table 5 (Global Element Size)
From 0.2 – 0.3 there was no change in coefficients therefore its optimum global mesh is 0.3 being that it matches the accuracy of a slightly finer mesh with less elements and computational time. It can be assumed that from the global element size being able to reach 0.3, the locations of interest which dramatically effect lift and drag coefficients are contained elsewhere within the density boxes.
[bookmark: _Toc30964704]Density boxes

Figure 9 displays mesh density represented by the red dots, a velocity contour and a vortex with a strength of 0.01. This figure is useful to locate areas interest against the current mesh, such as the nose of the Ahmed body in which there are changes in from low to high velocities as well as turbulent flow on the surface.

[image: ]
Figure 9 (Mesh, Vortex & Velocity Contor)
An additional density box equal to half the length of the density box to the rear of the body is placed at the front. The dimensions of the box were increases by 1.5 in the z axis and then subsequently in the x axis. The reasoning for the z axis is shown in figure 10. A plane positioned parallel to the width of the body contains velocity vectors distributing outwards as the air interacts the body.

[image: ]
Figure 10 ( Velocity Vector)
[image: ]
Figure 11 (Cut Plane Mesh)
Table 6 (Density Boxes)
	Density box
	Cl
	Cl % difference
	Cd
	Cd % difference
	Total % difference 

	0.5 x body
	0.36267
	5.121739
	0.30267
	1.227425
	3.17458194

	1.5 x in z
	0.33691
	2.344928
	0.30122
	0.742475
	1.543701226

	1.5 x in x
	0.37632
	9.078261
	0.3061
	2.374582
	5.726421405



Increasing in the z axis decreases the error in lift and drag and the extension in x axis made no increase in the accuracy. Therefore, moving forward only the increase in z axis has been used.


The standard of mesh currently being produced is highly similar to that of 2 peer reviewed journals. In both of these studies they have used the Ahmed body with the same 25-degree slant. The mesh structure in figures 12 & 13 compared to figure 14 capture the same regions of fine mesh needed to produce respectable values for lift and drag.  
[image: ][image: ]
                   Figure 13 (Fares, 2006)Figure 12 (Corallo, Sheridan, & Thompson, 2015)

[image: ]Figure 14 ( Mesh Location and Density)



[bookmark: _Toc30964705]Prism layers

Another journal that looks into the affects of lift and drag displays areas of greater turbulence, creating a vortex at the edge of the slant and on the surface of the slant displayed in figure 15. At a strength of 0.1 in figure 16 displays similar findings validating the mesh currently being used.
[image: ]
Figure 15 (Guilmineau, 2008)
[image: ]
Figure 16 (0.1 vortex)
These areas of greater vortex strength and acceleration in velocity in close proximity to the Ahmed body present the case to study prism layers further. Currently 5 prism layers have been used since the base case. The number of layers has been experimented with to see how these areas capture change in air flow differently.


	Prism Layers
	Cl
	Cl % difference
	Cd
	Cd % difference
	Total % difference 

	1
	0.36674
	6.301449
	0.30628
	2.434783
	4.368115942

	2
	0.35607
	3.208696
	0.31205
	4.364548
	3.786622074

	3
	0.34125
	1.086957
	0.30425
	1.755853
	1.421404682

	4
	0.36576
	6.017391
	0.30182
	0.943144
	3.480267559

	5
	0.33691
	2.344928
	0.30122
	0.742475
	1.543701226

	6
	0.34821
	0.930435
	0.30206
	1.023411
	0.976923077

	7
	0.36461
	5.684058
	0.30199
	1
	3.342028986


Table 7 (Prism Layers) 

Although there is some distribution of results with varying prims layers there is a general trend can be seen. Increasing prism layers decreases the percentage error. Anomalous results such as these within a CFD process could be due to the quality of mesh not aligning properly an obscuring the results as theory suggest a finer mesh as referred to in 3.3 (AUTODESK.Support, 2015).   

[bookmark: _Toc30964706]Global Scale factor 

Global scale factor reduces or increases the size of every element within the domain. Following on from 6 prism layers with a percentage of error of 0.97 %. As this is extremely accurate to the actual values for lift and drag it would be beneficial to increase the scale factor to determine if less elements could achieve similar result. Increasing scale factor as shown in figure 17 demonstrates a trend that an increasing scale factor has a great percentage of error.
To see the effects of a reduced scaled factor 0.6 was computed but contained 20,000,000 + elements compared to that of 4,700,000 elements with a scale factor of 1. Therefore, it was not solved as the time taken would not outweigh any further accuracy. A factor of 0.9 didn’t display any improvement to the current mesh.

	Global Scale Factor
	Cl
	Cl % difference
	Cd
	Cd % difference
	Total % difference 

	0.9
	0.35459
	2.77971
	0.30345
	1.488294
	2.13400223

	1
	0.34821
	0.930435
	0.30206
	1.023411
	0.976923077

	1.1
	0.35325
	2.391304
	0.30195
	0.986622
	1.688963211

	1.3
	0.37465
	8.594203
	0.32236
	7.812709
	8.203455964

	1.5
	0.35055
	1.608696
	0.33023
	10.44482
	6.026755853

	2
	0.4091
	18.57971
	0.3738
	25.01672
	21.79821628


Table 8 (Global Scale Factor)

Figure 17 ( Global Scale Factor)
[bookmark: _Toc30964707]Turbulence Models

All the turbulence models all attempt to capture the complexity of turbulent air flow but as simply as possible only retaining the underlaying physical properties due to its complexity (Sodja, 2007). Each model varies as the number of equations used per model changes and many have different functions within a turbulence model.  

	Turbulence Models
	Cl
	Cl % difference
	Cd
	Cd % difference
	Total % difference 

	Spalart- Allmaras
	0.37804
	9.576812
	0.32624
	9.110368
	9.343589744

	K-Omega
	0.34881
	1.104348
	0.30367
	1.561873
	1.333110368

	k-kl omega
	0.46909
	35.96812
	0.5431
	81.6388
	58.80345596

	K-Epsilon standard
	0.38094
	10.41739
	0.33851
	13.21405
	11.81571906

	K-Epsilon Realizable 
	0.36925
	7.028986
	0.3159
	5.652174
	6.34057971

	K-Epsilon Realizable Non-equilibrium wall functions
	0.34821
	0.930435
	0.30206
	1.023411
	0.976923077


Table 9 (Turbulence Models)

Within K-Epsilon, the difference between standard and realizable was 5% difference and with non-equilibrium wall functions the percentage error reduced to 0.97 % total difference. This shows how each model best describes different turbulence models. Figures 18 & 19 show the 2 models with greatest error displayed the air floe around the body. They both calculate the air flow in areas of acceleration differently resulting in their percentage difference from desirable coefficient values.

[image: ]
Figure 18 ( K-Epsilon Standard)

[image: ]
Figure 19 ( Spalart – Allmaras)
K-Epsilon set to realizable with non eqilibrium wall functions was the most succesful turbulence model experimented with. This model is validated by figure 21 replicating the air flow behind the body descibed by the diagram froma study into the Ahmed body. 
[image: ]
Figure 20 ( K-Epsilon, realizable, non equilibrium wall functions)
[image: ]
Figure 21 (Uruba & Hladik, 2009)
[bookmark: _Toc30964708]Solver Settings

Within Fluent the mesh created can be converted into polyhedral. A polyhedral mesh solves at a faster rate to that of the octree method used throughout, but combines elements together in order to solve quicker. This method comes at a cost as proven in table 10 where the results increase in error to 6 % from 0.97% previously.
	Solver setting
	Cl
	Cl % difference
	Cd
	Cd % difference
	Total % difference 

	Polyhedral
	0.37872
	9.773913
	0.30587
	2.297659
	6.035785953


Table 10 (Polyhedral)
[bookmark: _Toc30964709]Conclusion

The results produced by fluent are highly dependent of the geometry and mesh produced. A geometry shouldn’t interact with the values of the results. Smaller geometries could restrict air flow and pressure and act differently to the scenario under question, discrediting the results. The mesh is very influential to the results depicting locations for refinement and computational time. Turbulence models and solver setting also play apart as the correct model need to represent the turbulence present. During these experiments over each of these areas it was found that the optimum domain tested was 3m in front of body and 3.25 to the rear. The mesh contained 3 density boxes. One density box around the whole body and the wake trail. The other 2 at the front and rear in area of changing velocities. 6 prism layers were decided upon before the % difference did not improve by a significant amount as well as a scale factor of 1. The turbulent model suited to the Ahmed body was K-Epsilon, realizable with non-equilibrium wall conditions. 
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