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1. [bookmark: _Toc31532567]Introduction
Research into fluid dynamics has been conducted for over two hundred years leading to many engineering advancements such as flight and land speed records. This report is on the simulation of airflow over the Ahmed body. In order to validate the simulations completed, wind tunnel data given in the report brief and, in the report, “Experiments and numerical simulations on the aerodynamics of the Ahmed body”  (Meile, et al., 2010) was used. 



2. [bookmark: _Toc31532568]Literature review
2.1. [bookmark: _Toc31532569] Computational Fluid Dynamics (CFD)
Due to improvements in computational technology CFD began in the early 1970’s. initially it was only capable of one dimensional fluid flow approaching the speed of sound (transonic), however by the early 1980’s further technological advances meant that two and three dimensional simulations were possible using the Euler equations. As computational technology continued to improve and a number of numerical acceleration techniques were developed allowing the simulation of fluid flow over whole aircraft and turbomachinery the mid 1980’s brought a shift in focus to the far more computationally demanding viscous simulations governed by the Navier-stokes equations. Combined with a variety of turbulence models this brought about a new level of both accuracy and complexity. (Blazek, 2015)
2.2. [bookmark: _Toc31532570]Ahmed body
The Ahmed body is a simplified vehicle body known as a bluff body that is used to validate wind tunnel and simulation data for production vehicle bodies.
[image: ]
[bookmark: _Toc31537528][bookmark: _Toc31538082][bookmark: _Toc31609653]Figure 1 Ahmed body dimensions (Meile, et al., 2010)
As figure 1 displays the Ahmed body is symmetrical along its length therefore the body can be split along its length by a symmetry plane allowing the simulation to take place on half of the Ahmed body reducing computing time and computational resources required (Tudor, 2019)



2.3. [bookmark: _Toc31532571] Governing equations 
The CFD simulated during this assessment was governed by the Navier-Stokes equations which are approximated by the finite difference method. (Blazek, 2015) 
[image: ]
[bookmark: _Toc31537529][bookmark: _Toc31538083][bookmark: _Toc31609654]Figure 2 Navier-Stokes equations (NASA, 2015)





3. [bookmark: _Toc31532572]Methodology
3.1. [bookmark: _Toc31532573] Domain geometry 
[image: ]The domain is the volumetric area that is analysed in the CFD process there are a number of different considerations that must be made when determining the geometry for a Simulation, such as, the forward pressure wave, low pressure area above the Ahmed body and the rear vortex. [bookmark: _Toc31537530][bookmark: _Toc31538084][bookmark: _Toc31609655]Figure 3 Ahmed Base case domain

3.2. [bookmark: _Toc31532574] Meshing 
[image: ]The mesh is a term used to describe the result of splitting the domain into finite elements or cells that can be analysed individually and combined to form the full simulation. The more elements that are used the closer the simulation will represent the real world environment in the wind tunnel, However this is this is only the case up to a number of elements because of the way that the Navier-Stokes equations are calculated there is an accepted error in each calculation therefore the more elements there are the larger that error will become and at a point this will outweigh the added accuracy of having more elements.[bookmark: _Toc31537531][bookmark: _Toc31538085][bookmark: _Toc31609656]Figure 4 Finished base case mesh

3.3. [bookmark: _Toc31532575] Fluent (solver) 
The solver is the sub program that uses your mesh and user inputted settings and a turbulence model to create the parameters for the simulation before using the Navier-Stokes equations to simulate the fluid flow within the domain and provide the lift and drag values that form the basis of this report 
3.4. [bookmark: _Toc31532576] Post-Processing
The post processing program is used to analyse the flow structures and key features of the simulation. This is done using tools such ac pressure and velocity contours, vortex core region and streamlines. 

4. [bookmark: _Toc31532577]Base Case 
[image: ]The base case domain was based on a model from G. Franck et al.’ report “NUMERICAL SIMULATION OF THE FLOW AROUND THE AHMED VEHICLE MODEL” (Franck, et al., 2009) the diagram of which can be found below.[bookmark: _Toc31537532][bookmark: _Toc31538086][bookmark: _Toc31609657]Figure 5 base case domain model (Franck, et al., 2009)

The main difference between the model above and the base case run in this report is that in the model the whole of the Ahmed body is being modelled and simulated. As the Ahmed body is a symmetrical body it is possible to shorten the solve time and lower the amount of processing power required during the simulation. This method was applied to the base case and all future simulations conducted as part of this report. The dimensions shown above however were used in the base case. The other difference is the base case used in this report uses two density boxes to modify mesh volumes to allow a more coarse or fine mesh. Based on prior learning the density boxes were placed to increase the mesh density around key features described in section 4.2 
4.1. [bookmark: _Toc31532578]Results
After analysing the results from the base case, it was decided that the domain did not need to be as long after the Ahmed body as the air flow had already returned to normal so the domain was shortened by one Ahmed body length. it was also decided that the domain did not need to be as tall so the height of the domain was reduced by half a body length.

4.2. [bookmark: _Toc31532579] Key features 
During the base case certain key features were displayed such as the pressure wave in front of the Ahmed body, areas of acceleration between the front face and the top/bottom of the body and at the top of the rear slant. Other key features included the eddy current formed behind the Ahmed body and the vortex created by opposing air flows in the wake region.

4.3. [bookmark: _Toc31532580]Base case settings 
· K epsilon, realizable, nonstandard wall functions 
· Symmetry = symmetry
· Outlet = pressure outlet
· Inlet = velocity inlet, components, x = 40
· Compute from inlet 
· Area = body+legs , reference zone = body
· Solution scheme = coupled, 0.5-0.25, 0.8-0.5
· Hybrid initialization
· # of iterations = 600


5. [bookmark: _Toc31532581]Domain independent study
[image: ]For the domain independent study, a number of simulations were completed and then evaluated to find changes that would decrease the percentage difference (error) in the lift and drag values of the next simulation. In order to ensure that any improvements in the results were solely due to the domain changes all other aspects of the simulation such as the mesh and solve parameters were controlled. Table 1 Domain study results
[bookmark: _Toc31609658]Figure 6 Graph of the varying drag values per run of the domain study in comparison with the optimal Coefficient of drag
[bookmark: _Toc31609659][bookmark: _Hlk31590471][bookmark: _Hlk31590472][bookmark: _Hlk31590524][bookmark: _Hlk31590525][bookmark: _Hlk31591210][bookmark: _Hlk31591211]Figure 7 Graph of the varying lift values per run of the domain study in comparison with the optimal Coefficient of lift



5.1. [bookmark: _Toc31532582] 1st run 
[image: ][image: ][image: ][image: ]the results from the first run showed that the domain had become too small in the y axis as the pressure contour over the top of the Ahmed body had attached to the top of the simulated wind tunnel it was therefore decided that the domain size needed to be increased in the Y axis. Having analysed at the streamlines and velocity contours on the edge plane it was decided that the length of domain behind the Ahmed body could be shortened further but not by a full body length so it was decided to be shortened by three quarters of a body lengthFigure 11 Velocity contours edge plane
Figure 10 Velocity contours Symmetry plane
Figure 8 Pressure contour on the symmetry plane of the 1st run
Figure 9 Streamlines and vortex core region of the 1st run

5.2. [bookmark: _Toc31532583] 2nd run 
The results of the second run show that the domain had become too short in the x-dimension behind the Ahmed body this is shown in the velocity contours on the edge plane and in the streamlines as the airflow leaving the outlet of the domain was still turbulent. The pressure contour results also show the increase in height meant that the low pressure area above the body was no longer in contact with the top of the simulated domain. However, the percentage error in the lift and drag values were much higher than in previous runs therefore it is logical that the domain size that would give the closest values to the experimental data lies in between the 1st and 2nd runs. 
[image: ][image: ]Figure 12 Velocity contours for the edge plane for domain run 2 
Figure 13 Pressure contours on the symmetry plane for domain run 2 

[image: ]Figure 14 Streamlines and vortex core region for domain run 2 

5.3. [bookmark: _Toc31532584] 3rd run
[image: ]It was decided that the best method to find the optimum domain between the first and second runs was to divide the difference into equal sections and simulate those to get closer to the optimum domain. The domain for the third run had therefore been extended by a quarter of a body length. The results from the simulation were closer to the experimental data than either the first or second run. The stream lines show that the airflow is not completely laminar again before reaching the outlet. Figure 15 Streamlines and vortex core region for domain run 3

 


5.4. [bookmark: _Toc31532585] 4th run
[image: ][image: ]The fourth run was another quarter of a body length longer. The percentage errors were also much lower than in any of the previous runs. The post processing results also highlighted key features such as the large eddy at the rear of the Ahmed body. The velocity contours also highlighted the interference of the boundaries of the domain especially between the Ahmed body and the domain floor. This was a concern to be brought forward into the mesh study and solved using different mesh techniques. The streamlines and vortex core region also show that the airflow has regained laminarity before the outlety. Figure 17 streamlines and vortex core region showing the regained laminarity
Figure 16 Velocity contour showing the large rear eddy and the boundary interference 

5.5. [bookmark: _Toc31532586] 5th run
[bookmark: _Toc31532587]The fifth run was dimensioned to be halfway between the first and fourth run as the results were getting closer to the experimental values the closer the x back dimension got to that of the first run. As the fifth run of the domain study produced worse results than the fourth run, and while not having the closest single value the fourth run had the closest pair of values therefore the fourth run will be the simulation taken forward. 


6. Mesh independent study
The aim of the mesh independent study is to apply a mesh that is going to give the most accurate results possible while still being able to simulate within a reasonable timescale. As part of the mesh independent study both a mesh strategy assessment (MSA) and a mesh type study will be conducted.
[bookmark: _Toc31532588]6.2. Mesh strategy assessment
The mesh strategy assessment is used to determine the placing and density of elements in a meshing order to achieve the highest level of accuracy in the time available. This is because the finer the mesh the more calculations are required to be completed therefore the longer the simulation will take to solve. 
The MSA will cover both prism layers and global mesh parameters. The mesh and results brought forward from the domain independent study will become the initial run for the MSA and any further runs will aim to improve upon this.
[bookmark: _Toc31532590][image: ][image: ] 6.2.2. Scale factor studyTable 2 Scale factor study results 

[bookmark: _Toc31609660]Figure 18 Graph of the varying lift values per run of the scale factor study in comparison with the optimal Coefficient of lift


[image: ]  The scale factor assessment aims to assess the affect of scaling the entire mesh on the coefficient of lift and drag. The scale factor study began by increasing the scale factor to two and a half  and decreased initially by  0.5  per run, each run was scaled from the original to ensure that each scale factor was creating the intended mesh. From previous runs it was discovered that the optimum factor was between 0.5 and 1 therefore as in the domain study the range was split into sections until the optimum scale factor was found.[bookmark: _Toc31609661]Figure 19 Graph of the varying drag values per run of the scale factor  study in comparison with the optimal Coefficient of drag

As the scale factor increases the number of elements also increases. this increase raises the accuracy of the simulation however as explained previously this will eventually cause a decrease in accuracy (Blazek, 2015). The increased element count also increases the computational time required to solve the simulation this can be a limiting factor in certain applications such as motorsport where developments need to be made quickly.
[image: ]6.2.2.1. Best run
[image: ]Figure 21 Symmetry plane velocity contour for scale factor study
[bookmark: _Toc31609662]Figure 10 Streamlines and vortex core region 

[bookmark: _Toc31532591]
6.2.3.  Prism layer assessment
[image: ][image: ][image: ]Prism layers are used to better simulate the turbulent airflow close to boundary layers created by the skin friction between the airflow and the boundary itself. This is especially important around the Ahmed body itself as this can have a large affect on the drag coefficient especially. (NASA, 2015)Figure 23 Graph of the varying drag values per run of the prism layer study in comparison with the optimal Coefficient of drag
Figure 22 Graph of the varying lift values per run of the prism layer study in comparison with the optimal Coefficient of lift
Table 3 Prism layer study results

As shown in the results the first prism layer sees a large increase in the percentage error when compared with no prism layers, however both the lift and drag values then got closer to the optimal value with each additional layer up to four layers. The fifth layer produced worse results, this is likely due to interference between the prism layers on the floor of the domain and those on the bottom of the Ahmed base. The best result was the run with zero prism layers meaning that this would be the result carried forward, the post processing therefore remained the same.
[image: ]6.2.4. Mesh types Table 4 Mesh type results

Three different mesh types were compared during the study the Octree method is the method used for all other studies and is an example of a grid overlay process. The Octree method benefits from all mesh geometries being completed at once however provides the user with less ability to control the mesh quality and element placement. (Steven Owen-Sandia National Laboratories , 2016)
The Delaunay method is an example of a bottom up mesh that benefits from enabling more control over the mesh quality and element placement however structured meshing requires special case topologies. (Steven Owen-Sandia National Laboratories , 2016)
 The polyhedral mesh can be used in conjunction with either the Octree or Delaunay mesh type and enables the acceleration of simulation solve times at the expense of accuracy. This happens because the polyhedral mesh tool combines a number of elements together to form polyhedral elements instead of tetrahedral elements. This reduces the overall max element count therefore decreasing the number of iterations that need to be solved in the simulation. However, the larger elements may not be able to fully simulate finer flow structures, decreasing the accuracy of the of the overall simulation. (Steven Owen-Sandia National Laboratories , 2016)
Both the Delaunay and polyhedral mesh types produced significantly worse results than the Octree mesh type which is likely because all of the other elements of the simulation had been set up using the Octree mesh type. Therefore it was decided that the mesh type would remain as Octree 

7. [bookmark: _Toc31532592][image: ]Turbulence models Table 5 Turbulence model results

[bookmark: _Hlk31608115][image: ][image: ]The turbulence models compared are both two equation models both of which are based on the the turbulence kinetic energy. K-epsilon uses the dissipation rate of the turbulence energy whereas K-omega uses the ratio of the dissipation rate of the turbulence energy over the turbulence kinetic energy. 
Figure 25 K-epsilon streamlines and vortex
region


Figure 24 K-omega streamlines and vortex
region
[image: ][image: ] 
Figure 26 K-Omega velocity contour Symmetry Figure 27 K-epsilon velocity contour Symmetry plane


plane
K-epsilon is superior in simulating the wake region and free shear flows this is corroborated by (Zhai, et al., 2007) (Menter, 1992) however K-omega is superior at predicting equilibrium adverse pressure flows (Zhai, et al., 2007)





8. [bookmark: _Toc31532593]Conclusion
In conclusion this report aimed to find the best individual elements of a CFD simulation and combine them and compare with the experimental data values given.  After combining the best result of each of the studies the final simulation had a total percentage difference of just over 1.7%. which is smaller than the percentage difference of the results in the paper by (Meile, et al., 2010)



9. Suggestions for further work
· Analysis of the effects of varying slope angle on the lift and drag coefficients
· Analysis of turbulent kinetic energy on 
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Domain study coefficient of lift 
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Domain study coefficient of drag 
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image7.emf
run Xfront Xback Y Z ITTERATIONS cL Optimal cLdifference% difference cD optimal cDdifference% difference

0 3.5496 6.8904 1.566 1.044 358 0.323 0.345 -0.022 -6.3768 0.313 0.299 0.014 4.6823

1 3.5496 5.8464 1.044 1.044 412 0.347 0.345 0.002 0.5797 0.322 0.299 0.023 7.6923

2 3.5496 5.0634 1.305 1.044 362 0.294 0.345 -0.051 -14.7826 0.314 0.299 0.015 5.0167

3 3.5496 5.3244 1.305 1.044 397 0.337 0.345 -0.008 -2.3188 0.316 0.299 0.017 5.6856

4 3.5496 5.5854 1.305 1.044 367 0.339 0.345 -0.006 -1.7391 0.309 0.299 0.01 3.3445

5 3.5496 5.7159 1.305 1.044 251 0.331 0.345 -0.014 -4.0580 0.313 0.299 0.014 4.6823
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image19.emf
scale factorITTERATIONS cL Optimal cLdifference% difference cD optimal cDdifference% differenceaverage  % difference

2.5 258 0.265 0.345 -0.08 23.1884058 0.434 0.299 0.135 45.15050167 34.16945373

2 234 0.318 0.345 -0.027 7.826086957 0.382 0.299 0.083 27.75919732 17.79264214

1.5 286 0.256 0.345 -0.089 25.79710145 0.342 0.299 0.043 14.3812709 20.08918618

1 367 0.339 0.345 -0.006 1.739130435 0.309 0.299 0.01 3.344481605 2.54180602

0.75 519 0.333 0.345 -0.012 3.47826087 0.299 0.299 0 0 1.739130435

0.7 396 0.305 0.345 -0.04 11.5942029 0.295 0.299 -0.004 1.337792642 6.46599777

0.65 499 0.335 0.345 -0.01 2.898550725 0.294 0.299 -0.005 1.672240803 2.285395764

0.5 636 0.321 0.345 -0.024 6.956521739 0.28 0.299 -0.019 6.35451505 6.655518395


image20.png
0.45

04

035

cD

Scale factor study coefficient of drag

03

0.25

02
25

—cD 0.434
= optimal cD 0299

0.382
0.299

15 1 0.75
0.342 0309 0.299
0.299 0.299 0.299

Scale factor

=D ==—optimal cD

07
0.295
0.299

0.65
0.294
0.299

T

05
0.28
0.299




image21.jpeg
Densi
Vorten Cors Region 1 .





image22.png
Velocity
Contour VELOCITY SYM

5.848e+001
5.540e+001
5.232e+001
4.925e+001
4.617e+001
4.309e+001
4.001e+001
3.693e+001
3.386e+001
3.078e+001
2.770e+001
2.462e+001
2.155e+001
1.847e+001
1.539e+001
1.231e+001
9.234e+000
6.156e+000
3.078e+000
0.000e+000

[m s*-1]





image23.png
Prism layer study coefficient of drag

034

033

032

031

Axis Title

03

0.29

0
——cD 0299
——optimal cD|  0.299

1 2 3
0315 0314 0312
0.299 0.299 0.299

prism layers

4
0.308
0.299

0332
0.299




image24.png
prism layer study coefficient of lift

038
037
036
035

Axis Title

031

03
0.29
0.28

0
— | 0333

——OptimalcL| 0345

0317
0345

—l

034
033
032

2 3
0336 0.346
0345 0345

Axis Title

= Optimal cL

4
0343
0345

0373
0345




image25.emf
Prism layersITTERATIONS cL Optimal cLdifference% difference cD optimal cDdifference% differenceaverage  % difference

0 519 0.333 0.345 -0.012 3.4783 0.299 0.299 0 0.0000 1.7391

1 390 0.317 0.345 -0.0280 8.1159 0.315 0.299 0.0160 5.3512 6.7336

2 371 0.336 0.345 -0.0090 2.6087 0.314 0.299 0.0150 5.0167 3.8127

3 418 0.346 0.345 0.0010 0.2899 0.312 0.299 0.0130 4.3478 2.3188

4 383 0.343 0.345 -0.0020 0.5797 0.308 0.299 0.0090 3.0100 1.7949

5 1054 0.373 0.345 -0.0240 6.9565 0.332 0.299 -0.0190 6.3545 6.6555
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Mesh Type ITTERATIONS cL Optimal cLdifference% difference cD optimal cDdifference% differenceaverage  % difference

Octree 519 0.333 0.345 -0.012 3.4783 0.299 0.299 0 0.0000 1.7391

Delaunay 434 0.372 0.345 0.0270 7.8261 0.293 0.299 -0.0060 2.0067 4.9164

Polyhedral 174 0.361 0.345 0.0160 4.6377 0.314 0.299 0.0150 5.0167 4.8272
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turbulence modelITTERATIONS cL Optimal cLdifference% difference cD optimal cDdifference% differenceaverage  % difference

K-Epsilon, 

realizable, non

 Equilibrium

 wall functions

519 0.333 0.345 -0.012 3.4783 0.299 0.299 0 0.0000 1.7391

K-Epsilon, 

standard, 

standard wall 

functions

493 0.3290 0.3450 -0.0160 4.6377 0.3130 0.2990 0.0140 4.6823 4.6600

K-Omega Standard 490 0.3170 0.3450 -0.0280 8.1159 0.3000 0.2990 0.0010 0.3344 4.2252

K-Omega SST 453 0.3290 0.3450 -0.0160 4.6377 0.3010 0.2990 0.0020 0.6689 2.6533
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