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Abstract
[bookmark: _GoBack]	The Ahmed body is often used in the automotive industry known as a bluff body used for validation of more complex automotive geometries. This report explores how changes in input parameters can vastly impact the quality of CFD results. It is found that despite extensive study, the setup for one body may not work for another. The skill of CFD is not in the knowledge of navigating the software, but in making smart analytical decisions to decide the roots of a problem facing a specific CFD solve. This report compares lift and drag coefficients for the Ahmed body against experimental data as a means of validation with achieved accuracies of 0.2% from the experimental data.
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CFD Study of Ahmed Body using ANSYS Fluent
[bookmark: _Toc30623331]The Ahmed Body
The Ahmed body is classified as a bluff body used to simplify and exaggerate some of the flow patterns and formations you would see from a more complex, more aerodynamically streamlined objects. In the case of the Ahmed body, it was created by S.R. Ahmed in 1984 to study wake patterns behind vehicles (Christopher, 2015), it has long since been a benchmark geometry for CFD simulation in the automotive industry to validate simulation setups for more complex geometries. Figure 1 shows the dimensions used for the Ahmed body. 
[image: ]Figure 1 – The Ahmed Body Geometry definition







[bookmark: _Toc30623332]Base Case
Creating a base case allows for a starting point to make further informed decisions about the simulation such as domain size, mesh strategy and solve settings. Some of the important characteristics and observations of a base case are (Nidhul, et al., 2014) :
· A domain around the body that will represent all the changes in pressure and velocity to ensure flow structures have minimal interaction with the edges.
· A refinement of mesh behind the body to show the more complex fluid flow structures found on abrupt changes of geometry common on bluff bodies like the Ahmed body
· Refinement of mesh on the surfaces of the body to ensure smooth edges are fully represented by the mesh 
· Research informed solving conditions
A combination of critical analysis and literature informed decisions will be used to form the base case which will act as a benchmark to individually test each aspect of the CFD study.

[bookmark: _Toc30623333]Constitutive equation and its application
The Navier-Stokes Equations are a set of partial differential equations that are used to calculate the pressure, temperature and density of a moving fluid. They are commonly used in CFD packages as the governing equations of a computational solve. 




[bookmark: _Toc30623334]Experimental data
The process of an independence study allows for CFD results that are not influenced by any undesirable parameters, however, to ensure the results generated by the study reflect the real world, a set of experimental data is collected from a wind tunnel under controlled conditions. The results for the wind tunnel testing are found in Table 1. This experimental data will be used within reason as a comparison for the CFD study to ensure they are getting closer to actual calculated data.
Table 1 – Table of experimental data found in assignment brief
	Slant Angle
	Lift Coefficient (Cl)
	Drag Coefficient (Cd)

	25
	0.345
	0.299

	35
	0.004
	0.279



[bookmark: _Toc30623335]Mesh conditions for base case
Discretisation is very important step of a CFD simulation, otherwise, it would have to make calculations for an almost infinite amount of points. Meshing is used to discretise the domain into small sections, known as cells. The number of cells in a given area affects the quality of the CFD simulation.
Through analysis of the problem and using the conditions described for the base case, the following parameters for the mesh were determined in Table 2. These mesh sizes will provide a result that is representative of the wake region and the details of the geometry but, will have a reasonable solve time to allow for multiple studies to be conducted in the time frame. A study will later be undertaken to evaluate these mesh sizes and distributions.
Table 2 – Table showing mesh sizes used for base case 
	Area of interest
	Size (m)

	Global Mesh
	0.15

	Ahmed refinement
	0.01

	Stilts refinement
	0.005

	Density refinement
	0.02



A global mesh will decide the mesh size for any elements that are not otherwise defined by the user. As refinements are often made at points of geometry or flow structures, the global mesh will often represent areas that have simple flow. This in turn means your global mesh size is larger than anywhere else to reduce computational expense. Refinement has been used on the Ahmed body to capture flow structures more accurately around the body, further refinement has been used on the stilts as they are small radius cylinders meaning the mesh must be small to represent the round surface fully. A single density box is used in the base case to capture the wake region in a higher level of detail. The wake region is described as ‘the flow downstream of a body immersed in a stream or the flow behind a body propagating through a fluid otherwise at rest’ (Teleonis, 2014). This region contains some of the most turbulent and changeable air flows so must have a mesh that can represent the changeable nature of a wake zone.
[bookmark: _Toc30623336]Prism Layers for base case
[image: Image result for no slip boundary condition]In Fluid dynamics, there is a phenomenon called the no-slip boundary condition. It describes that air on the surface of body has no velocity relative to that body (Rapp, 2017). This means near the surface of a body there is a large change in air velocity which takes on a curve as the air decelerates near the surface, figure 2 demonstrates the non-linear flow pattern found at this point. To ensure this change is captured, there must be significant refinement of meshing on the surface of the body to capture this change. Prism layers are used, which are formed (most commonly, post-inflation) by taking the existing volume mesh and offsetting it from a surface by a given amount and filling it with an inputted number of prisms. Like the rest of the mesh, the number of prism layers used has an impact on the validity of the result. Using 2 prism layers will give a very linear graph of velocity at the surface, therefore the minimum starting point for prism layer count is 3. According to (Lanfrit, 2005) the suggested number of prism layers is 5. Based on these 2 pieces of information, the base case will use 4 prism layers, to minimize solve times but still produce a result that represents the non-linear velocity decrease at the no-slip surface.Figure 2 - Diagram of no-slip boundary condition (Raj, 2018)

[bookmark: _Toc30623337]Turbulence model for base case 
A turbulence model uses mathematical models to predict how turbulent flow will behave. Due the unpredictable nature of turbulent flow, there are many models which provide more accurate results for specific applications. The literature suggests that for bluff bodies with defined flow separation, the k-epsilon realisable model is best (Zhang, et al., 2019). Therefore, until further investigated, this model will be used.
[bookmark: _Toc30623338]Study Optimization
[bookmark: _Toc30623339]Domain Independence Study
The ‘domain’ in a CFD study is a volume of space that you are conducting the study within.  The domain can have an impact on the results of your study as a domain that is too small will mean that the flow structures that form between the body of interest and the air will interact with the wall of your domain which could produce a result that is unrepresentative of the real body in the set conditions. On the other hand, a domain that is too large will indeed produce a more representative result, but the time taken to solve the study is much longer than possibly needed as it is solving for elements at a point where the air flow has returned to atmospheric pressure. A domain independence study allows us to determine ideal domain conditions to produce a result that is representative of the test data without a solve time longer than necessary. 
[bookmark: _Toc30623340]Pre-conditions for study
To conduct a viable study, the settings for other areas of a CFD simulation must be consistent. Therefore, during the domain independence study the setup will match the base case with only the size of the domain size changing. The Ahmed body is a symmetrical body, this means solve time can be reduced by using a symmetry line through the length of the body. According to (Lanfrit, 2005) the computational domain dimensions are defined in terms of the length of the body (1044mm for the Ahmed body) and should start 3 lengths in front of the body and 5 lengths behind. To ensure that the point of independence is recognised, the starting dimensions for the study will be half what is recommended; starting 1566mm (1.5 lengths) in front of the body and dimensions of L 4698mm (4.5 lengths) x H 1252.8mm (1.2 Lengths) x W 835.2mm (0.8 Length). Each dimension of the domain will increase by 10% for every iteration of the study.

Each simulation is to be run until convergence is achieved. After generating lift and drag values across a range of domain sizes, an average error will be generated between Cl and Cd which will give a means to quantify how close the CFD results are to the Experimental data following the equation shown in Equation 1. Table 3 shows the results collected from 5 domain sizes and Figure 3 shows the Average Error from experimental data against each iteration of the study.

Table 3 – Table of results for Domain independence study


	Dimensions (Ahmed lengths)
	Lift Coefficient (Cl)
	Drag Coefficient (Cd)
	Average Error from experimental data

	EXPERIMENTAL DATA
	0.345
	0.299
	-

	L 4.5 x H 1.2 x W 0.8
	0.34983
	0.32583
	0.01583

	L 4.95 x H 1.32 x W 0.88
	0.34683
	0.36156
	0.032195

	L 5.445 x H 1.452 x W 0.968
	0.35055
	0.30903
	0.00779

	L 5.990 x H 1.597 x W 1.065
	0.33493
	0.30673
	0.0089

	L 6.589 x H 1.757 x W 1.172
	0.35108
	0.30386
	0.00547


Figure 3 – Graph of Average error from experimental data against iteration count


The values for lift and drag change variably through the study, however the error from the experimental data when considering both Lift and Drag Coefficients, follow an average downward trend with minimal change between the final iterations, 4 and 5, this suggests that a point if independence has been reached.

Figure 4 helps aid the validity of this domain size, the figure is showing pressure contours around the body, in the top image there is interaction between the inlet of the domain and the pressure contour generated by the body. This interaction could have an impact on the results generated by the study. With a larger domain shown in the bottom image, it is clear that the pressure contours have no interaction with the surface of the domain.Figure 4 – Pressure contours at varying domain sizes


The results suggest that the domain inlet and height are far enough from the body for the pressure contours to have no interaction with incoming air. This suggests domain independence, however as the Vortex core region suggests in Figure 5, the domain does not extend far enough behind the body to represent the vortices generated by the body. Therefore, the height, width and distance from inlet, will follow the dimensions gained from the study and the distance behind the body will be extended to match the literature suggested by (Madharia, et al., 2015) with 6.6 Lengths behind the body Making the final dimensions for the domain: L 9.659m x H 1.757m x W 1.172m. This therefore gives a domain that optimally minimises interaction with domain while still representing the large flow structures behind the body. 

[bookmark: _Toc30623341]Mesh Strategy and development
[bookmark: _Toc30623342]Mesh Strategy Study
[image: ]	It is important to ensure that areas of changeable air flow are well represented by the simulation. Using post processing will allow for a look into the areas that require further refinement of the mesh. The vortices produced directly behind the body, produce a low-pressure environment with changeable air flow. Based on this, a further refined density box will be used. Figure 5 shows the placement of the new density box, a 0.01m spacing will be used. Post processing with the use of velocity contours demonstrates the complexity of the velocity of air in this section and how the mesh refinement has well represented this flow structure.Figure 5 – Velocity vectors of rear density box

The pressure and velocity contours demonstrate that at the front of body the air has a large change in velocity as it comes directly from the inlet, therefore further refinement was used with the same mesh density as the rear density box, and as Figure 6 shows this refinement led to a more complete representation of the flow in this region.
[image: ]
Figure 6 – Pressure contours overlaid on mesh

	As the air is forced underneath the body, the air has a high velocity, therefore a third density box was placed underneath the Ahmed body. It is also important to recognise why lift is generated on this body. An aerofoil is designed in such a way that the air has further to travel over the top surface than the bottom; generating high pressure on the bottom surface and low pressure on top. Providing that the air is not separated on the back slant, the Ahmed body will have an aerofoil effect, therefore ensuring the back slant is well represented by the mesh is vital to the generation of the lift coefficient. Based on this, the rear refinement region was adjusted to cover the back slant as shown in Figure 7. The final lift and drag coefficients after density refinement were as follows:
· Cl = 0.33848
· Cd = 0.29691
This means the lift coefficient was just 1.88% from experimental data and drag is 0.70% from experimental data. These percentage errors are small enough to assume density placement is fully representative of the flow structures and forces generated by the air.
[bookmark: _Toc30623343]Mesh Density Study
	Scale factor
	Lift Coefficient
	Lift % from Exp data
	Drag Coefficient
	Drag % from Exp data
	Iterations to converge
	Average % from Exp data

	2.5
	0.38796
	12.5
	0.46367
	55.1
	182
	33.76

	2
	0.34836
	0.97
	0.34948
	16.88
	374
	8.925

	1.5
	0.36884
	6.91
	0.32307
	8.05
	498
	7.480

	1.25
	0.34258
	0.70
	0.30797
	3.00
	602
	1.850

	1.1
	0.34970
	1.36
	0.29854
	0.15
	577
	0.255

	1
	0.33848
	1.89
	0.29691
	0.70
	557
	1.295

	0.9
	0.32913
	4.60
	0.28476
	4.80
	658
	4.700

	0.8
	0.34933
	1.26
	0.29142
	2.54
	742
	1.900


Similarly, to the domain independence study, there is a point at which the results generated for lift and drag coefficients are no longer affected by the size of the meshing, this is known as Mesh density independence. A series of scale factors will be tested to ensure the mesh density is not larger than it needs to be. The base case proves that the ratio of mesh sizes between density boxes and global mesh size is representative of the major flow structures, however the density may be larger than possibly needed. According to (Ljungskog, 2017) wind tunnel tests have the following repeatability:
·  = 0.33% from Experimental data
·   = 0.87% from Experimental data
Table 4 – Table of varying scale factors










Figure 7 – Graph of varying mesh density scale factors against average percentage error from exp data

At a mesh scale factor of 1.1 the coefficient of lift and drag are an average of just 0.255% away from experimental data which falls within the average repeatability error for experimental data. Based on this a 1.1 scale factor will be used moving forward, this is slightly larger than the original mesh density therefore solve time has been optimised without detriment to the quality of the solve results. 
[bookmark: _Toc30623344]Prism Layer study
	Prism layer count
	Lift Coefficient
	Lift % from Exp data
	Drag Coefficient
	Drag % from Exp data
	Iterations to converge
	Average % from Exp data

	0
	0.29012
	15.9072464
	0.29394
	1.69230769
	398
	8.79977703

	1
	0.33388
	3.22318841
	0.31733
	6.13043478
	626
	4.67681159

	2
	0.33743
	2.1942029
	0.30586
	2.29431438
	484
	2.24425864

	3
	0.31431
	8.89565217
	0.30556
	2.19397993
	523
	5.54481605

	4
	0.34961
	1.33623188
	0.30597
	2.33110368
	599
	1.83366778

	5
	0.3349
	2.92753623
	0.30685
	2.62541806
	638
	2.77647715

	6
	0.34042
	1.32753623
	0.30434
	1.78595318
	623
	1.5567447

	7
	0.32299
	6.37971014
	0.29711
	0.63210702
	613
	3.50590858

	8
	0.34295
	0.5942029
	0.30263
	1.21404682
	671
	0.90412486


As discussed in previous sections, the prism layers are intended to represent the no-slip boundary found on the surface of the body. To ensure optimal layer count, a series of layer counts are tested as shown in Table 4. 
Table 5 – Table of results for varying Prism layer counts









Figure 8 – Graph of changing Prism layer count
	Figure 7 does display changeable results with a downward trend from the start. This study validates that 4 prism layers was a reasonable decision for the base case, however with the use of 6 prism layers the average percentage error is decreased further, despite 8 prism layers improving accuracy even further; the mesh generation and solve took longer, therefore 6 is an ideal compromise between computational expense and result accuracy.
[bookmark: _Toc30623345]Turbulence Model
The k-epsilon turbulence model was used throughout the previous studies. To ensure optimal application of turbulence model; a series of models were assessed for accuracy to experimental data and the presence of the expected flow structures. Turbulence models are first divided by the time approach. Instantaneous velocity vectors will display all small eddy structures, however may not give the best representation of the overall structure, therefore time-averaged velocities are commonly used to give a clearer understanding of the flow, this computational approach is known as RANS (Reynolds Averaged Navier-Stokes Simulation) which is the most common form of turbulence model. Most RANS models will be tested and analysed, Table 5 describes the results collected and Figure 9 is a graphical representation of the same data set, the appendices (ANSYS, 2012). 
Table 6 – Table of results for varying turbulence models
	Turbulence model
	Cl
	Cl % from exp
	Cd
	Cd % from exp
	Iterations to converge
	Average % from Exp data

	Spalart – Allmaras
	0.34559
	0.171014493
	0.32283
	7.969899666
	258
	4.07045708

	 Standard
	0.3569
	3.449275362
	0.32215
	7.742474916
	609
	5.59587514

	 RNG
	0.12687
	63.22608696
	0.2606
	12.84280936
	1017
	38.0344482

	 Realizable
	0.34042
	1.327536232
	0.30434
	1.785953177
	665
	1.5567447

	 Standard
	0.36799
	6.663768116
	0.29859
	0.137123746
	640
	3.40044593

	 SST
	0.24533
	28.88985507
	0.30026
	0.421404682
	993
	14.6556299

	Transition k-kl-
	0.42641
	23.59710145
	0.4865
	62.7090301
	628
	43.1530658

	Reynolds stress
	0.32800
	4.927536232
	0.30359
	1.535117057
	1150
	3.23132664




Figure 9 – Graph of percentage error for lift and drag with varying turbulence models
[image: ]The appendecies details post processing of velocity vectors and kinetic turbulence contours to represent the flow characteristics for each turbulence model. Some models of note; the k-epsilon RNG model is generated using a statistical technique known as renormalization (ANSYS, 2012). The RNG model is generally considered on par with the Realizable model, however, in my case it appears that the air flow has seperated before reaching the end of the slant leading to skewed lift values as shown in figure 10.
Figure 10 – ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-epsilon RNG turbulence model

[image: ]Another model of note is the transition k-kl-omega model with an average percentage from experimental data of 43.1% the post processing clearly shows how the transition based model has led to a more transient representation of the flow structures, as shown in figure 11, compared to the pure RANS models, the interaction with the wall boundary may also be contributing to the inaccurate estimations of lift and drag.







Figure 11 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-kl-omega transition model 


[image: ]As the literature suggested the k-epsilon Realizable model resulted in the closest values of lift and drag at an average error of just 1.56%. The realizable model is designed to satisfy given mathematical constraints on the normal stresses found throughout the physics of turbulent air flow (Fluent Incorporated, 2003). 
Figure 12 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-epsilon realizable model

Ahmed 35
[image: ][image: ]As Figure 13 shows, all expected flow structures are present with the Ahmed 25 body; large swirling vortices off the rear corner of the body with opposing tight vortices directly behind the body caused by the low pressure. As this case demonstrates, it was expected that the flow would not separate from the  slant of the body, and this flow attachment causes the lift on the body, if the slant is increased to 35 degrees it is predicted and shown by experimental data that the flow will separate at the point of slant causing a very low lift coefficient. To test this the Ahmed 35 body will be ran in our current setup. However, with a Lift Coefficient of 0.49607 and Drag coefficient of 0.35225, the setup for one case may not work for another. Figure 14 shows that the flow did not separate on the slant resulting in even higher lift forces than that with the Ahmed 25. To lean closer to experimental data, a range of turbulence models should be tested.
Figure 14 – ANSYS Post – velocity vectors and velocity turbulence contours for Ahmed 35 with k-epsilon turbulence model

Figure 13– ANSYS Post – Streamlines behind Ahmed 25 body



Conclusion
CFD is a powerful tool for analysing forces and flow structures for external aerodynamics of an automotive body, but it is important to recognise that there is no one-size-fits-all solution to a CFD problem and specific tailoring made through knowledge of flow structures and adapting models is vital to the functionality of CFD for external fluid analysis.

[bookmark: _Toc30623347]Appendices
[image: ]

[image: ]
Figure 15 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for Spalart-Allmaras turbulence model

Figure 16 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-epsilon standard turbulence model

[image: ]Figure 17 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-epsilon RNG turbulence model

[image: ]Figure 18 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-epsilon realizable turbulence model



[image: ]
Figure 19 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-omega standard turbulence model

[image: ]Figure 20 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for k-omega SST turbulence model


[image: ][image: ]
Figure 21 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for transition k-kl-omega turbulence model
Figure 22 - ANSYS Post – velocity vectors with kinetic turbulence contour overlay for Reynolds Stress turbulence model
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