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1. Computational Fluid Dynamics (CFD)~ An Introduction

Computational Fluid Dynamics provides a qualitative prediction of fluid flows by means of mathematical modelling, numerical methods and software tools. This enables scientists and engineers to perform numerical experiments. When constructing a CFD model, there is always a compromise between the detail of the meshing strategy, the computational resource available and the time available. A relatively basic model can be constructed in order to visualise the flow structures around a simple body. However, in some applications such as in a Formula One aerodynamics department, vast computational and human resources are required in order to optimise the extremely complex and detailed airflows around the car’s bodywork. (Kuzmin, n.d.)
CFD is used in a wide variety of engineering applications as being able to optimise the aerodynamic efficiency of a component or overall system computationally can be an extremely useful tool in the design phase. Before the advent of CFD tools engineers relied solely on manually manipulating physical models in wind tunnels in order to optimise their designs. CFD allows engineers to experiment with their design concepts computationally before taking their designs further along the development process. CFD is particularly prevalent in the automotive, aeronautical, nautical and motorsport industries. CFD is also used in a wide variety of other applications such as optimising the design for vacuum cleaners, and improving the efficiency of wind turbines. 
     As the manner in which a component or overall system passes through a fluid can be critical in terms of its efficiency and even safety, being able to utilise computational methods to understand how the shape of a body affects its aerodynamic properties is a vitally important skill for a design engineer. CFD can be applied to evaluate a wide variety of fluid behaviours, for this report ANSYS Workbench will be used as an aerodynamic tool in order to understand the airflows around a wind tunnel model. The aim of this report is to understand the practical applications for CFD tools and how modifying different aspects of a CFD model will affect the results obtained.




















2.1 The General CFD Process and Governing Equations Solved

Building a complete CFD model using the ANSYS Workbench will generate predicted results for the coefficients of lift and drag for the geometry in question, as well as visually representing the flow structures around the geometry in 3D. In order to predict such complex phenomena, the computer software provides detailed algorithms for the computer hardware to calculate. In order to construct a realistic simulation, the user needs to instruct the computer software using the most suitable parameters through the pre-processing stage.
       Fluid flow is governed by pressure differences. The velocity, density, pressure, temperature and viscosity of the fluid will determine its behaviour and must be considered simultaneously by the computer during its calculations. The Navier-Stokes equations are the governing equations of computational fluid dynamics and are based on the principle of the law of conservation of energy. The changes in mass, momentum and energy of a fluid are based on changes in input and output as energy cannot be created or destroyed.




2.2 Finite Volume Method
ANSYS uses a finite volume method to calculate a set of conservation equations of mass energy and momentum at set control volumes. Partial differential equations are discretized into a system of algebraic equations, allowing the software to predict the behaviour of the fluid at the neighbouring node in the mesh. The physical space is divided into small sub-domains, these are what are referred to as ‘control volumes’ or ‘cells’. The shape of the cells will be triangular or polyhedral in the mesh used for this report. With the finite volume method, we can easily find out that, if the Navier-Stokes equation is satisfied in every control volume, it will automatically be satisfied for the whole domain. One of the main advantages of the finite volume method is that the spatial discretisation is carried out directly in the physical space. This means there are no problems with any transformation between the physical and the computational coordinate system, such is the case with the finite difference method. Compared to the finite differences, one further advantage of the finite volume method is that it is very flexible – it can be more easily implemented on structured as well as on unstructured grids. This renders the finite volume method particularly suitable for the treatment of flows in complex geometries, this is why the finite volume method is more prevalent in CFD rather than the finite difference or finite element method of discretization. (Blazek, 2005) 
Increasing the number of cells in the mesh, hence increasing the number of nodes in the simulation, will result in more accurate predictions. This will also allow the software to more clearly represent the flow structures around the geometry, this is particularly important in turbulent regions.
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Figure 1- A representation of finite volume method for a structured and unstructured mesh.
(Tu, et al., 2013)

















2.3 How the computer uses Navier-Stokes equations to predict fluid flow


the general form of the equation which describes the fluid motion can be written as;
U (UU)pT f 
In the above equation, U is the fluid velocity vector, p is the flow pressure, T is the stress tensor and f denotes body forces caused by the outside environment.
In certain circumstances the body forces can be too large to be ignored, for example, electrified flow in an electric field. However, in the case considered in this report, gravity is the only body force acting on the fluid and its influence to the fluid motion is regarded as negligible. Under the assumptions of Newtonian, incompressible flow and constant viscosity, phenomena such as sound wave and shock wave are not considered. Furthermore, the transient term is taken out of the equation allowing a simplified steady-state momentum equation for incompressible Newtonian flow to be derived as: 
(UU)  P   2U     where ‘’ represents the constant viscosity of the fluid.
Using the same assumptions, the continuity equation for a steady-state, incompressible Newtonian flow can be written as: 
(U)  0   where ‘ρ’ represents the constant density of the fluid. 
(Tan, 2010)
The Navier-Stokes equations will need to be solved as follows in each direction;
X-direction component:

Y-direction component:


Z-direction component:





3.1 Constructing a CFD model using ANSYS Workbench
Assumptions made for calculations;

From the given data in the assignment, the following assumptions will be made during the CFD simulation;
· There is no heat transfer between the flow and the geometry. 
· Air velocity at the inlet section is a constant value during the solution. 
· All the object boundaries will be dealt as walls with no slip shear condition. 
· Because the Mach number is less than 0.3, the fluid flow will be assumed as an 
incompressible flow. 
· Viscosity is constant.
· Floor of wind tunnel is static.

P. Drage et al (2008) conducted both CFD simulations as well as wind tunnel testing (T.U Graz wind tunnel) on the Ahmed body with two rear slant angle configurations. The simulation was performed with Fluent using the Reynold Stress Model. The mesh was developed with the meshing tool SPIDER. It consisted of 4 prism layers around the body and had an unstructured volume mesh giving a total cell count of 7.7 million cells. For the 25° angle, a drag coefficient of 0.299 and a lift coefficient of 0.345 was obtained from the wind tunnel experiment, while the CFD simulation returned values of 0.295 and 0.387 for drag and lift coefficient respectively. The effects of changing the domain size and meshing strategy on  the results obtained is discussed further in this report. (Meile, Brenn, Reppenhagen, Lechner, & Fuchs, 2011)

For this report, the Ahmed body with 25 degree slant angle is imported into the workbench in order to build a simulation. The project schematic is split into 4 distinct sections
A. Geometry- This is where the size of the domain and named selections are made.
B. ICEM CFD- This is the meshing software that is used for this simulation.
C. Fluent- This is the solver that calculates the fluid flow for the given conditions.
D. Results- This is the ANSYS post processor, where the results gained from the fluent solver can be analysed.
3.2 Geometry Setup
Model is simplified by assuming a symmetrical geometry with onset flow from x- direction, this allows there to be a symmetrical boundary condition down the longitudinal plane through the Ahmed body. As the flow will be identical on either side of the body, this allows the creation of a domain that is half the size and therefore contains half the number of elements, halving the amount of time that the solution will take to solve.



3.3 ICEM CFD Setup
Scale Factor:1
Global Element Maximum size: 0.1m
Shell Meshing Parameters: Quad Dominant, Patch dependent 
Volume Meshing Parameters: Tetra/Mixed
Mesh Method: Robust Octree
Part Mesh Setup;
5 Prism Layers on Ahmed bottom, top and sides, with max element size of 20mm.
Total elements=948091
Total Nodes=163912


3.4 Fluent Setup
Mesh domain can be converted to polyhedral elements, this will reduce accuracy slightly but will solve quicker. Every 5 elements will be joined into polyhedral elements
General
Solver is pressure based with absolute velocity formation and steady state.
Models
Turbulence model is required as where turbulence propagates downstream, turbulence eddy’s become smaller than the elements and would become lost if the energy dissipated was not predicted by the solver.
Viscous- Realizable k-epsilon, non-equilibrium wall function
Materials
Fluid- Air 
Solid- Aluminium
Cell Zone Conditions
Body is specified as fluid
Boundary Conditions
Inlet- velocity inlet, air travelling through X axis at 40 m/s 
Ahmed bottom- wall
Ahmed top- wall
Ahmed sides- wall
Outlet- pressure outlet at atmospheric pressure
Topside- wall
Symmetry- symmetry
Floor- wall
Reference Values
Frontal area of Ahmed body projected as 0.05749819 m^2
Solution Methods
Pressure-Velocity Coupling Scheme: Coupled (coupled solution method is used as two variables in lift and drag are being solved, this setting allows them to be solved simultaneously. A coupled solution is also more stable with a steady state flow.)
Spatial Discretization:
Gradient- Least squares cell Based
Pressure- Second Order
Momentum- Second Order Upwind
Turbulent Kinetic Energy- First Order Upwind
Turbulent Dissipation Rate- First Order Upwind 




Solution Controls
Flow Courant Number= 50
Explicit Relaxation Factors- Momentum= 0.25, Pressure= 0.25
Under Relaxation Factors- Density=1, Body Forces=1, Turbulent Kinetic Energy=0.5
Turbulent Dissipation Rate= 0.5, Turbulent Viscosity=1
Monitors
Lift and drag will be calculated for the Ahmed Body













4.1 Preliminary Run Results
Fluent setup as described above.
Geometry setup;
[bookmark: _Hlk30006927]Height of domain= 1.5m
Distance between front of domain and rear of Ahmed body= 2m
Distance between rear of domain and rear of Ahmed body= 4m
Width of domain= 1m
[image: ]Mesh construction;
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                                                 Total elements: 991641
Total nodes: 173105
Figures 2 & 3


Post processor results;
Images below represent pressure gradients across the Ahmed body and velocity vectors along the symmetry. These results show the basic air pressure patterns that would be expected with regions of high pressure at the front of the car and low pressure towards the rear.
[image: ]Figures 3 & 4 
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Fluent solver took 2 minutes 43 seconds to converge after 170 iterations using polyhedral elements. The results obtained were as follows;
[bookmark: _Hlk30009104]Coefficient of drag= 0.37398474
Coefficient of lift= 0.3442205
Not converting to polyhedral elements led to the solver taking 19 minutes 40 seconds to converge after 509 iterations. The results obtained were as follows;
Coefficient of drag= 0.37578941
Coefficient of lift= 0.39438766
Despite taking much longer to solve using tetrahedral elements, all further fluent calculations are completed using this method in order to gain more accurate results.
In order to improve the accuracy of the results obtained, a variety of adjustments could be made to the first model constructed. The first area that could be adjusted is the size of the overall domain. For the second simulation the length and height of the domain was adjusted
5.1 Second Simulation
New domain size; 
[bookmark: _Hlk30089304]Height of domain= 2m
Distance between front of domain and rear of Ahmed body= 3m
Distance between rear of domain and rear of Ahmed body= 5m
Width of domain= 1m
[bookmark: _Hlk30093198]Solver took 16 minutes 28 seconds to converge after 449 iterations
Coefficient of drag= 0.35986595
Coefficient of lift= 0.38285682
Increasing the domain size led to more accurate lift and drag coefficients.



This image shows the velocity streamlines around the body after increasing the domain size. The model is simulating some of the turbulent airflow around the body

[image: ]

Figure 5























Increasing the overall domain size further should improve the accuracy of the model. For the third run the domain was modified as follows;


5.2 Third Simulation
Height of domain= 3m
Distance between front of domain and rear of Ahmed body= 4m
Distance between rear of domain and rear of Ahmed body= 6m
Width of domain= 1m

Total elements: 1608430
Total nodes: 278098






Fluent Results

Solver took 31 minutes 16 seconds to converge after 479 iterations

Coefficient of drag= 0.35223741
Coefficient of lift= 0.3559195

6.1 Mesh Development

Another way of improving the accuracy of the simulation is by refining the mesh and adjusting the mesh parameters. For the 4th simulation run the surface mesh type was changed from quad dominant to all triangles and the mesh method was changes from patch dependent to patch independent. All other mesh parameters remained the same as the 3rd simulation.
Total elements: 1927202
Total nodes: 334149








6.2 Fourth Simulation 

Fluent Results;

solver took 20 minutes 25 seconds to converge after 333 iterations
Coefficient of drag= 0.34287705
Coefficient of lift= 0.36620099
Quadrilateral surface meshing can generate more accurate results as the quad cell shape has 4 vertices and 4 sides and the triangular cell shape has 3 vertices and 3 sides. Quadrilateral meshing is required for complex geometries, however for the simple geometry that is being used in the report triangular surface meshing is more suitable as more representative results are gained in significantly less time.
Further analysis into the mesh structure shows that the legs of the Ahmed body are poorly defined and smaller cell sizing around the body could benefit the simulation. Increasing the size of the density box around the body to better show the turbulent flow structures in front of and behind the body will also improve the accuracy.
[image: ]    


















Figure 6 








7.1 Fifth Simulation

For the 5th simulation the part mesh setup was refined. The maximum cell size around the Ahmed body was reduced to 15mm from 20mm and the cells around the Ahmed body legs were reduced from 20mm to 5mm. The density box was also increased in size , below is an image of the improved mesh;




The 5 Prism layers around the body can also be observed.   Figures 6 & 7
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Total elements: 2096314
Total nodes: 389959
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7.2 Fluent Results;

solver took 37 minutes 39 seconds to converge after 513 iterations
Coefficient of drag= 0.29095486
Coefficient of lift= 0.33555559
This clearly shows that strategically developing the meshing setup around the Ahmed body has significantly improved the accuracy of the overall simulation.
By comparing the results gained from the final simulation run and the actual values gained from the wind tunnel experiment completed by P. Drage et al (2008) (drag coefficient of 0.299 and a lift coefficient of 0.345) an accuracy value can be obtained.

Using the equation: (

For coefficient of drag; 0.299-0.29095486/0.299 x 100 = 2.69% error 
For coefficient of lift;   0.345-0.33555559/0.345 x 100=  2.74% error 

[image: ]


Figure 8








7.3 Post Processing of Final Model

In the first image velocity vectors have been added to the model. Airflow separation can be observed around the front of the body and low velocity turbulent airflow can be observed at the rear of the body, highlighted by the blue arrows at the rear of the body that reverse in direction.     
Figure 9 
[image: ]







[image: ][image: ]The image below shows the turbulence kinetic energy streamlines at the rear of the body, with pressure gradient displayed across the surface of the body itself;























The image below shows the turbulence kinetic energy from the front of the body.























Figures 10 & 11
8.1 Conclusion

Increasing the domain size in the geometry setup significantly improved the accuracy of the results achieved by the fluent solver. By increasing the height and length of domain in front and behind the body being studied increases the accuracy as the interaction of the turbulent airflow around the body is less disrupted by the surrounding walls. Strategically reducing the size of the cells around the body in the most turbulent areas and around small features such as the stilts in this instance was vital in achieving the more accurate results in the final simulation run. When building a CFD simulation it is important to balance the computational and time resources in order to gain a suitable simulation. As the body being studied was very simple, basic mesh improvements allowed for a relatively fast solve time. In order to build a simulation to study air flow behaviour in depth around an extremely complex body such as the front wing of a contemporary Formula One car, vastly increased computational, economic, time and human resources would be required. Further areas to study for the model used in this report would be to further refine the mesh with additional density boxes around the areas of turbulent airflow. Observing the effect of using different solution methods in the fluent solver could also further improve the understanding of how the simulation could be improved.
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