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1) [bookmark: _Toc30286934]Introduction
The aim of this report is to gain an understanding of how computational fluid dynamics (CFD) works, looking into the equations it uses, the tools used to model the wind tunnel/area of study, the body, and the air behaviour and how it can be used to predict and verify real life results. To do this, a bluff body known as the Ahmed body will be used, this is a vaguely car shaped body with a slanted upper rear section and rounded front end (Ahmed, 1984). The effects of domain sizes, meshing, and turbulence models on the coefficient of lift and drag values seen by the Ahmed body will be the main focus of study. Results gathered from the study will then be compared to experimental data (Meile, et al., 2011), seeing how closely the results can be matched, hopefully proving the study to be an accurate representation of a real world experiment.


2) [bookmark: _Toc30286935]Theory
Computational fluid dynamics is used to replicate a real world or wind tunnel aerodynamic experiment on a computer. CFD is a useful tool that saves engineers time and money when testing new designs. Multiple tests can be run at once with different alterations to the design, speeding up the development process, and cutting prototyping costs.
[bookmark: _Toc30286936]2.1 Navier-Stokes equations
To calculate a solution, CFD uses a partial coupled differential equation known as the Navier-Stokes equation. This equation is built upon Euler’s work (Anderson, 1985), and tries to describe and model the flow of fluids and is made of five equations. The equations are time dependant and expressed as conservation of mass, momentum and energy in the X, Y, and Z direction, also accounting for the viscosity of the fluid. (Fefferman, 2017) Figure 2-1 shows the different parts of the equation.
[image: ]
[bookmark: _Toc30286978]Figure 2‑1 The five separate parts that make up the Navier-Stokes equation. The equation details the flow of fluids in three-dimensional space. (NASA, 2015)
Due to the complexities of turbulence in a three-dimensional space, some approximations must be made when modelling the problem, as without these the problem will not give an unreliable model to solve. Due to these approximations, CFD is not a perfectly accurate model of real life airflow, and a small margin for errors must be accounted for. (Simscale.com, 2020)
[bookmark: _Toc30286937]2.2 Domain
To solve a fluid flow problem, The domain conditions of the problem are first specified, detailing the domain size, which face of the domain the air is approaching from, which objects are solid, which are walls or symmetry planes, and where the pressure exits the domain. This is important to model correctly, as errors may occur with trying to calculate air that flows out of the domain and back in again.
[bookmark: _Toc30286938]2.3 Meshing
CFD programs use the Navier-Stokes equations and solves them between datapoints or nodes within the specified region of study. These datapoints are located on the vertices of tetrahedral elements that fill the region of the domain. Known as the volume mesh, the size of these elements can be specified by the user, with more elements creating a finer mesh leading to better results. Lanfrit suggests a course mesh will have less than 5 million elements, between 5-10 million elements for a medium mesh, and any thing above 10 million for a fine mesh. It goes without saying that the finer the mesh, the more calculations will be performed leading to an increase in computational time taken to solve the fluid problem. (Lanfrit, 2005)
[bookmark: _Toc30286939]2.4 Turbulence models
Once the mesh is complete, the air flow conditions for the problem must be specified. Turbulence models and boundary conditions are set detailing the behaviour of the airflow. There are a number of different turbulence models that can be used for different situations, for this experiment 3 models will be investigated.
[bookmark: _Hlk29844729]RANS (k-omega) –  The Reynolds averaged numerical solution uses the Navier-Stokes equations with approximations made based on knowledge of flow turbulence properties. RANS is usually used for solving turbulent flows. (Reynolds, 1895)
[bookmark: _Hlk29844752]LES – A large eddy simulation disregards the smaller eddies, concentrating on modelling the larger more important ones in greater detail.
SST –  Developed by Menter, the SST approach to turbulence modelling blends the K-omega and K-epsilon models together using blending equations to better model the boundary layers and wake regions. (ANSYS, 2006)
[bookmark: _Toc30286940]2.5 Solving
Once the turbulence models and boundary conditions are set, the simulation is initialised and solving can begin. Solving is done iteratively, trying to drive down the residual imbalance of each element to as close to zero as possible. The closer the residual values are to zero shows convergence accuracy, with 1e-3 showing a loose  convergence, 1e-5 showing good convergence, whilst anything above shows very good convergence. It is worth bearing in mind that the more complex a shape being modelled, the harder it is to achieve the higher residual values. (Engineering.com, 2015)




3) [bookmark: _Toc30286941]Equipment
[bookmark: _Toc30286942]3.1 Ansys Workbench 16.4
Ansys Workbench is software that encompasses a number of programs for simulating and solving engineering problems. The range of programs included in the package can be used to simulate electrical, thermodynamic, and fluid dynamic problems. For this experiment, the programs in the package being used are: Geometry modeller, ICEM mesher, Ansys Fluent, and Ansys post-processing.
[bookmark: _Toc30286943][image: ]3.2 Ahmed body 25[bookmark: _Toc30286979]Figure 3‑1 - Ansys Workbench project overview screen. Programs from the left-hand menu are drag and dropped into the main screen to create a work flow path.

The Ahmed body is a bluff aerodynamic tool used for validation of CFD simulations and is vaguely modelled around the shape of a vehicle. the slope on the upper rear of the body is interchangeable to see the effect this has on lift and drag. For the experiment in this report, a 25 degree slant will be used on the Ahmed body. (Ahmed, 1984)
The dimensions for the Ahmed body can be seen below in figure 3-1.
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[bookmark: _Toc30286980]Figure 3‑2 - Ahmed body dimensions. The angle of the upper rear slope can be changed to see the effect of the lift and drag. (simscale.com/docs/_images/AhmedBody-diag.png)


4) [bookmark: _Toc30286944]Experimental procedures
[bookmark: _Toc30286945]4.1 Domain size
The first area of study was the effect of the size of the domain size on the coefficients of lift and drag. To model the domain, geometry modeller was used, tracing out a rectangle around the Ahmed body and specifying vertical and horizontal distances between points and then extruding in the Z direction. The distances specified were as follows:
H1 - front of domain to rear of Ahmed body
H2 – rear of body to rear of domain
V1 – top to bottom of domain
V2 – bottom of domain to floor
FD1 – extrusion length
[bookmark: _Toc30286946]Run 1 
The first run used settings provided by Tim Tudor in instructional videos. (Tudor, 2018)
[bookmark: _Toc30286965]Table 1 - Domain size settings for run 1.
[image: ]
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[bookmark: _Toc30286981]Figure 4‑1 - visualisation of the domain size for run 1.


[bookmark: _Toc30286947]Run 2
This was then increased in run 2 to a domain size twice that of the previous run with the following settings:
[bookmark: _Toc30286966]Table 2 - domain size settings for run 2.
[image: ]
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[bookmark: _Toc30286982]Figure 4‑2 - Visualisation of domain size for run 2.
[bookmark: _Toc30286948]Run 3
Run 3 saw a smaller domain size than run 1 being used:
[bookmark: _Toc30286967]Table 3 - Run 3 domain sizes.
[image: ][image: ][bookmark: _Toc30286983]Figure 4‑3 – Visualisation of domain for run 3






[bookmark: _Toc30286949]Run 4
Run 4 saw a smaller domain size again, only slightly larger than the Ahmed body itself.
[bookmark: _Toc30286968]Table 4 - run 4 domain size settings
[image: ]
[image: ]
[bookmark: _Toc30286984]Figure 4‑4 - Run 4 domain visualisation, as can be seen this is a very small domain
The varying domain sizes had a big effect on the accuracy of the Cl and Cd values, with the larger domain in run 2 proving to be the most accurate, with Cl and Cd values being accurate to within 8.5% and 2.5% respectively. Run 4, the smallest domain, refused to work with the global mesh settings that were being used for this experiment as it was too small to accommodate the element size. it is believed that if the mesh had been altered to fit within the domain, the results would have been very inaccurate due to interference from the domain wall boundary layers. 
From this test it was concluded that a larger domain provides more accurate results. 
[bookmark: _Toc30286950]4.2 Mesh sweeps
[bookmark: _Toc30286951]Run 5 – robust octree
The next part of the experiment concentrated on the effects of the global mesh, and meshing strategies.  In run 1 of the domain sweeps, a robust octree mesh was used with a max element size of 0.5. the robust octree method of meshing is a top down method, meaning elements are grown from the domain boundary to the body being modelled.  For the first of the mesh sweeps, a coarser robust octree mesh was used with the following settings:
[bookmark: _Toc30286969]Table 5 - Mesh settings for run 5, the first of the mesh sweeps.
[image: ]
	parts mesh setup
	 

	body size
	0.05

	feet size
	0.01


[image: ]
[bookmark: _Toc30286985]Figure 4‑5 - visualisation of the surface and global mesh for run 5. Note how a finer mesh is used for the feet.
[bookmark: _Toc30286952]Run 6 – quick delaunay
Run 6 saw a finer mesh in both the volume and surface meshing, whilst also using a quick Delaunay meshing method. This method is a bottom up method of meshing, meaning it starts by meshing the surface of the Ahmed body, growing elements outward  to the edge of the domain.
The settings used for run 6 were:[bookmark: _Toc30286970]Table 6 – Mesh settings for run 6

[image: ]
[image: ][image: ]
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[bookmark: _Toc30286986]Figure 4‑6 visualisation of the mesh used in run 6. The surface mesh on the Ahmed body is a lot finer.

[bookmark: _Toc30286987][image: ]
Figure 4‑7 checking the orthogonal quality of the mesh. The cell count is on the Y axis, and orthogonal quality on the X axis.
[bookmark: _Toc30286953]Run 7 - advancing front
Run 7 was set up to use an advancing front meshing method, this method obtains an initial triangulation of the tool surfaces, then tetrahedral elements are generated by deleting faces from the generation front. (Löhner & Parikh, 1988)
The settings used for run 7 were:
[bookmark: _Toc30286971]Table 7 – Mesh settings used for run 7
	global mesh set up
	 

	scale factor
	0.5

	max element size
	0.3

	volume mesh parameter
	 

	mesh type 
	tetra mixed

	mesh method
	SMOOTH ADVANCING FRONT



[image: ]
[bookmark: _Toc30286988]Figure 4‑8 visualisation of the advancing front mesh used for run 7
[image: ]
[bookmark: _Toc30286989]Figure 4‑9 Checking the orthogonal quality of the advancing front mesh, it was seen to be of a much higher quality.
Analysing the results of the different mesh sweeps, it was shown that the advancing front provided the closest results for Cl and Cd when compared to the experimental data provided. With Cl values of 0.365 showing a 6% difference from experimental data, and a 14% difference in Cd values of 0.341. This method also started to show convergence after approximately 500 iterations.  
[bookmark: _Toc30286954]4.3 Prism layers
Prism layers are small prismatic layers that lie ontop of the surface of the body in question, they are used to model the horizontal flow closest to the body know as the boundary layer. The way Ansys creates these layers is by forcing the volume mesh away from the body and inflating the prims layers between the volume mesh and the body. The number of layers and height at which they grow can be altered depending on how accurate the user requires the results to be, obviously this trades off with computing time. (Chaitanya, 2017)
 For these sweeps, the height and number of layers was investigated.


[bookmark: _Toc30286955]Run 8
To see the effect prism layers had on the outcome of the experiment, the settings regarding initial height, total height, and the number of layers was investigated. Due to the advancing front meshing strategy not allowing prism layers to be used, the quick Delaunay method of meshing was used for prism layer sweeps as this gave accurate results for Cd. Run 8 used the following settings: 
[bookmark: _Toc30286972]Table 8 - Prism layer settings for run 8
[image: ]
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[bookmark: _Toc30286990]Figure 4‑10 - Prism layers can be seen as rectangular elements in the symmetry plane, and around the feet of the Ahmed body.



[bookmark: _Toc30286956]Run 9
run 9 increased the initial height and decreased the total height, doing so lead to a smaller first layer of prism cells which increased in size each layer. 
[bookmark: _Toc30286973]Table 9 - Prism layer setting for run 9.
[image: ]
[bookmark: _Toc30286957]Run 10
Run 10 added on another two layers of prism cells.
[bookmark: _Toc30286974]Table 10 – Prism layer settings for run 10. 
[image: ]
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[bookmark: _Toc30286991]Figure 4‑11 – The five layers of prism cells used for run 10 can be seen on the symmetry plane. 
[bookmark: _Toc30286958]run 11
For run 11 the prism layers initial and total height was increased, and also prism cells were placed on the floor to mimic the effect of the boundary layer underneath the Ahmed body. This resulted in a massive increase in processing time when trying to inflate the prism layers.
[bookmark: _Toc30286975]Table 11 - settings used for run 11. Note prism layers have been added for the road surface.
[image: ]
[image: ]
[bookmark: _Toc30286992]Figure 4‑12 - visualisation of the prism layers for run 11. Notice the layers on the road shown in the symmetry plane
From adjusting the settings of the prism layers, it was found that run 10 with 5 layers of cells at a total height of 0.01m and initial height of 0.001m gave the most accurate result when compared to the experimental data. 


[bookmark: _Toc30286959]4.4 Turbulence models
As mentioned in section 2.4, turbulence models are different ways in which CFD models the behaviour of the air, and how the governing equations are applied. As a k-epsilon model had already been used through each test so far, the settings and results from run 11 were taken as the first turbulence model example. Different turbulence models were then applied to these settings for the other runs. 
Run 12 used a K-omega turbulence model with equilibrium wall functions. run 13 had a Transitional SST model applied, and finally a lard eddy simulation was used for run 14.
The k omega turbulence model proved to be the most accurate, with a Cl accuracy of 9.17% from the experimental data, and Cd values were within 21% accuracy.


[bookmark: _Toc30286960]4.5 Final run
Taking what had be learnt throughout the 14 runs, and picking which parameters worked best, one final run was made combining the best domain size, mesh strategy, prism layers, and turbulence model.  The main setting for this run can be seen in figure
	
Mesh2
	
	

	global mesh set up
	
	

	scale factor
	1
	

	max element size
	0.5
	

	shell mesh parameters
	
	

	mesh type
	all tri
	

	mesh method
	patch independent
	

	volume mesh parameter
	
	

	mesh type
	tetra mixed
	

	mesh method
	delauney
	

	scheme
	tGlib
	

	prism meshing
	
	

	growth law
	expo
	

	initial height
	0
	

	height ratio
	1.2
	

	num of layers
	5
	

	total height
	0
	

	parts mesh setup
	
	

	
	max size
	prism layers

	body
	0.01
	5

	wheels/feet
	0.01
	5

	road
	0.05
	3

	density mesh/wake box
	
	

	size
	0.05
	


[bookmark: _Toc30286976]Table 12 – The settings used for the final run, encompassing the best elements of the previous domain, mesh, prisms, and turbulence sweeps
[image: ]


5) [bookmark: _Toc30286961]Results
The experimental results provided from a real world investigation into the aerodynamics of the Ahmed body carried out by W. Meile gave a Cl value of 0.345 and Cd value of 0.299 for the ahmed body with the 25 degree slant. (Meile, et al., 2011). The results calculated from the final run are shown in table 13 below. Both Cl and Cd values were within 5% accuracy of the experimental data. The accuracy of these results proves the settings being used to be adequate for this model to closely represent a real-world experiment, whilst accounting for estimations within the CFD calculations.
[bookmark: _Toc30286977]Table 13 - results for the final run compared to the experimental data provided. as can be seen both were within 5% accuracy.
[image: ]
[image: ]
[bookmark: _Toc30286993]Figure 5‑1 – Areas of low and high pressure on the symmetry plane on the Ahmed body. A high pressure is seen at the front stagnation point in pink, and low pressure areas at the slant kick point, and curvature of the leading edge are seen in blue.
Figure 5-1 shows the differences in pressure around the Ahmed body, the highest pressure can be seen at the front stagnation point, as expected, with a pressure of 252.2 pascals. And the lowest pressures being seen around the kick points of the slant and frontal curves where the air is accelerating around the body. The velocity of the air around the body also shows the air speeding up as it passes over the low pressure regions at the front, and kick point of the slant. (Figure 5-2).
[image: ]
[bookmark: _Toc30286994]Figure 5‑2 -Vectors showing air speed around the Ahmed body. The red arrows coming from the leading edge radii show the highest speeds. The blue area at the rear shows a void with low air speed as the air recirculates in this wake region.
The blue area at the wake of the body demonstrates the air circulating back on itself to fill the void created by the rear end of the Ahmed body. Ahmed’s original finding also show that a large vortex should be observed at the rear of the body, starting with air from the side lapping up onto the low pressure region of the slant. (Ahmed, 1984). Using post processing to view the vortex regions, it can also be seen on the experiment carried out in CFD.
[image: ][image: ]
[bookmark: _Toc30286995]Figure 5‑3 – comparison of Ahmed’s original study against the CFD results. A strong vortex is shown to form at the rear of the body as high pressure bleeds into the low pressure created by the slant. The area of recirculation is also shown in Ahmed’s diagram. (Ahmed, 1984)
[bookmark: _Toc30286996]Figure 5‑4 – Graph showing the surface pressure distributions across the Ahmed body. as shown, a high pressure is seen at the stagnation point at the front of the body, with a large drop to lower pressure seen around the curvature of the front. The kick point along the top surface is show by the second drop in pressure. 

[image: ]Figure 5-4 shows pressure distribution along the distance of the Ahmed body. initially starting with an immediate high pressure of 250Pa as air hits the stagnation point, then quickly dropping to around -350Pa as  it moves over the front curve. Following the trace moving over the top of the body, it is shown to almost return to atmospheric before once again dropping sharply as it reaches the rear slant kick point. 

6) [bookmark: _Toc30286962]Further work
For further investigation into the Ahmed body, a study could be done trying to replicate the original study performed by Ahmed himself to see how close CFD analysis could replicate the original test data. 
A study could also be performed on the effect of increasing the rear slant angle to find where separation begins to occur. 
Another study into how to improve the aerodynamics of the body to reduce drag could also be carried out using CAD and CFD software together, seeing if it is also possible to reduce the strength of the rear vortices.

7) [bookmark: _Toc30286963]Conclusion
Computational fluid dynamics is a useful tool that saves engineers a lot and money when understood and used correctly. In this report, the author has investigated different settings of some of the main aspects of the CFD software ANSYS Fluent. The size of the domain, meshing strategy, turbulence model, and boundary conditions can all affect the accuracy of results and how long a CFD problem can take to solve. 
Once accurate settings for domain, mesh, and turbulence models were found, a run combining the best settings was constructed, and  the results compared to previous experimental data. The results were within 5% difference for Cl and Cd values, and showed similar vortex patterns thus proving an accurate simulation of the experiment. 
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