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Computational fluid dynamics of an Ahmed body
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[bookmark: _Toc30938329]Introduction 

[image: Image result for ahmed body windtunnel]This report is a study into the aerodynamic affects of the Ahmed body using Computational fluid dynamics (CFD). The study will need to be refined using knowledge of aerodynamic principles and adjusting in ANSYS to analyse results and comparisons made to real life. CFD is like a virtual Wind Tunnel and is lot cheaper to use which breaks down the object into elements in a triangular shape creating a mesh, like FEA. The smaller the mesh the more accurate the study but increased time. To get more accurate results from the project finding the compromise between element size and time, where the small elements needs to be placed will show high level of understanding for using CFD. 
Figure 2‑1 2-D CAD drawing of the Ahmed body

[bookmark: _Toc30938330][image: ]Testing plan 
[image: ]600 iterations as it could get accurate results without excessive computing time Figure 3‑1 Testing plan of the Ahmed body

[image: ]
When conducted the testing plan it was important that the accuracy of the simulation needed to be done in steps so that it would be easier to understand every setting change and what affect that had. The testing started with the scale factor, then the result of adjusting that would lead into the next test so gradually the results got more accurate the further the test session went. For example, most accurate scale factor/computing time would be the set value for adjusting the global element size and so on. 
This method would get the simulation accurate to an extent because the settings were a compromise between accuracy and computing time. After the turbulence model settings there would be 1 very accurate study at the expense of computing time just to see how close the simulation could be compared to real life. 





[bookmark: _Toc30938331]Results and analysis  
[bookmark: _Toc30938332][image: ]Domain size study Figure 4‑1 Testing plan and results for analysing domain study

[image: ][image: ][image: ]The domain size figures were chose based off increasing the domain size big enough show the difference in lift and drag without increasing computing time excessively. For example, to show the effects of using a larger domain the height was set to 50m, that would increase in computing time excessively and would be unnecessary amount to adjust the domain. Figure 4‑2 Time vs accuracy graph of adjusting domain size
Figure 4‑3 Graph showing variance in domain size
Figure 4‑4 selection of different domain sizes

The graphs shows that making the domain too large increases the computing time as there are more elements in the study but also decreases the accuracy, this is the same for a smaller domain size as the air flow from the Ahmed body is restricted by the size of the domain. (Thabet, 2018)Therefore, the domain size selected will be the medium as it’s the most accurate results but also the computing time is less than the biggest domain. Also, the scale factor was set at 1 so the amount of elements were the same for all domains otherwise the smallest domain would have too small elements making it more accurate. (W.Meile, 2011)
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Adjusting the scale factor adjusts the size of all the domain elements instead of adjusting them separately, therefore if you wanted to make an accurate mesh quickly you can adjust the scale factor, however by doing this it makes the meshing process more inefficient as you are making every node smaller which doesn’t need to be accurate wasting time. So, when conducting the scale factor study, it was decided to go from maximum to minimum size nodes to show that to improve accuracy the scale factor is not the ideal way to do it. 
[image: ]The global element size is the adjustment of the elements instead of scaling them. This means that when you have a mixture of small nodes and big nodes, you can adjust the size of the big nodes which don’t need to be accurate, compared to the scale factor which will adjust the size of every element. Scale factor reducing all the element size making the big elements to big and small elements to small 
Figure 4‑5 Volume mesh of the largest scale factor


[image: ]Figure 4‑6 Volume mesh of the smallest scale factor


[bookmark: _Toc30938334]Scale factorFigure 4‑7 table plan of adjusting scale factor

[image: ]Figure 4‑8 Adjusting the scale factor of the entire domain


Figure 4-4 shows that decreasing the scale factor decreases the lift and drag result getting them closer to the real-life coefficients, this is because decreasing the scale factor reduces the size of the nodes as can be seen in figure 4-8. This increases the accuracy of the airflow around and underneath the body which affect the lift and drag coefficients. (Khan, 2014)As the density box has smaller elements than the main domain this reduces the size of the nodes within the density box making the air flow more accurate. However, on the smallest scale factor this increases the computing solving time which reduces efficiency as can be seen in figure 4-9. 

Figure 4‑9 Time vs accuracy graph for adjusting the scale factor of the entire domain


Figure 4-9 shows the accuracy of the simulation compared to real life, 100% been exactly accurate. By reducing the scale factor, the accuracy increases as the entire domain has smaller nodes reducing any errors with large elements mixing with small elements which can be seen later.  This creates a more accurate study at the expensive of computing time as can be seen by decreasing the scale factor from 0.4 to 0.2. This makes you question whether it is the most reliable and efficient way to improve the accuracy is by adjusting the scale factor, as the computing time increases I would say no. What can be seen is that the Lift coefficient value is a lot closer than the drag value on a larger scale factor setting. 













[bookmark: _Toc30938335]Global element size Figure 4‑10 Volume mesh of the largest element size

[image: ]Larger elements increase and decrease the height of the boundary layer



[image: ]Figure 4‑11 Volume mesh of the smallest element size


Figure 4‑12 Graph of adjusting the global element size of the entire domain
Results start to flat line, reducing the element size but not more accurate results

Figure 4-12 shows that adjusting the global elements size increases the accuracy but only to a certain degree because on the smallest global element size this was still far of the real-life values. This is because to get an accurate result you need to use a large domain so that you can see the wake region after the air hits the Ahmed body. (Banga, 2015)This means that there are certain areas of the domain where the air flow is insignificant and air flow around the floor of the Ahmed body which is. However, the global element size can only be adjusted for the whole domain which means that to get accurate results you need to reduce the size of the elements around the Ahmed body and density box. (W.Meile, 2011)Results flat lining, increasing the computing time but no increase in accuracy 
Figure 4‑13 Time vs accuracy graph of adjusting the global element size

Figure 4-13 shows that when reducing the global element size from 0.2 to 0.1 the results start to flat line and increasing the computing time out ways the accuracy results, therefore going forward to the global element size shouldn’t be anything less than the 0.2. 

[image: ][image: ][image: ][image: ]Post processing results Figure 4‑14 Pressure plot of the smallest element size of the domain
Figure 4‑15 Pressure plot of the largest element size of the domain
Figure 4‑16 Turbulent kinetic energy of the smallest element size
Figure 4‑17 Turbulent kinetic energy of the largest global element size



Analysis

Figure 4-17 and 16 show that by using the smaller element size the wake region shows higher pressures and the air floor sticking to ground closer than with larger elements. This is because when a boundary layer forms along the Ahmed body the air flow wants to follow the surface because of the friction between the Ahmed body and air flow (this can be seen in figure 4-16 along the top surface). (Bernard, 2009)The air attaches to the slant angle and when the angle drops away to the vertical surface the air tries to follow the surface, but the velocity is too fast. This creates vortices (turbulence) which is chaotic non-laminar air flow which increases kinetic energy which can be seen in the wake region in figures 4-17 and 16. The smaller elements are able to replicate the air flow more accurately which is why the kinetic energy plot is more turbulent and higher pressures in figure 17 compared to 16. 
Figures 4-14 and 15 shows the pressure plot acting on the Ahmed body and the smaller element size show a bigger drop in pressure around the front face on the Ahmed body. This pressure drop comes from as soon as the air hits the vertical surface the velocity drops and the pressure increases. The air tries to increase to recover to the initial velocity and escapes around the sides, this causes the velocity to increase and pressure decrease, this pressure decrease is the blue next to the front face on the Ahmed body. (Banga, 2015)The smaller elements are able to show this in more depth as the air flow is split up into smaller nodes and show that there is greater pressure decrease than the larger elements can predict.  Therefore, going forward it will be important use a fine element size around the Ahmed body as to show this but this element size will not be necessary for the entire domain, but the density box and Ahmed body will need small element size (between 0.1 to 0.01) for an accurate result.  

[bookmark: _Toc30938336]Element size of the Ahmed body 

[image: ]Adjusting the node sizes on the Ahmed body will be important as this where the air will be flowing over the body and hitting the surfaces, the smaller the nodes the more accurate the Lift and drag results will be but will take longer to solve and vice versa for using larger nodes. Therefore, to reduce computing time it will be important to use the smallest elements on the ahmed body and largest elements in the domain where the air flow has a neglible effect on the Ahmed body. Figure 4‑18 Prism mesh of the largest element size on the Ahmed body
Trying to get the smallest elements for the computing time to get the most accurate results 

[image: ]Figure 4‑19 Prism mesh of the smallest element size on the Ahmed body


[image: ][image: ]Figure 4‑20 Graph of adjusting the element size of the Ahmed body
Figure 4‑21 testing plan of adjusting the size of the elements on the Ahmed body

Could be an error in the results as drag coefficient trend is constant 

Figure 4-20 shows that by decreasing the element size on the Ahmed body the closer the results get to the real coefficients. As the Ahmed body is small compared to the domain you can use very small elements which doesn’t increase the computing time excessively, these nodes also need to be small as it’s where the main air flow around the body and can see that on average the drag coefficient decreases by 0.1. On the element size of 0.1 it can be seen that lift coefficient doesn’t follow the same trends as by using smaller nodes, this could because the element size is too big that causes inaccuracy in the results as it can’t replicate accurate airflow. Lift and drag starting to converge as the elements are smaller and more accurate 
Figure 4‑22 Time vs accuracy graph by adjusting the element size on the Ahmed body

[bookmark: _Toc30938337]Element size of the density box 
The density box is an area containing the wake region and airflow around the Ahmed body, this means that you can run smaller nodes in the wake box without adjusting nodes in the whole domain which improves the accuracy in the results. This reduces the computing time but can still produce accurate results. Therefore, you want these nodes in the density box to be as small possible. 
[image: ]Larger elements increase the boundary layer height and reduce accuracy of results 
Figure 4‑23 Prism mesh of the largest elements of the density box

Figure 4‑24 Prism mesh of the smallest element size in the density box

[image: ]Much smaller elements increase the accuracy of the wake region but there’s to much variance in the boundary layer height with makes the study less accurate as the boundary layer height should remain consistent unless it collides with another surface 







[image: ][image: ]Figure 4‑25 Time vs accuracy graph of adjusting the global element size of the density box
Figure 4‑26 Graph of adjusting the element sizes of the density box
Figure 4‑27 Testing plan of the adjusting the element size of the density box

Figure 4-25 and 26 shows that by reducing the element size that the accuracy does increase but only marginally, this could because the scale used to adjust the element size of the density box was a lot smaller compared to the element size of the entire domain. The results start to flat line between 0.6 to 0.4, this shows that this the most accurate the density box can be without increasing computing time.  By decreasing the size of the elements in the density box it will create an inconsistent boundary layer, this means there will need to be a compromise between the element size of the domain and density box. This would be between 0.4-0.6. 

Post processing of the density boxFigure 4‑28 Velocity vectors of the smallest element size of the density box
Figure 4‑29 Velocity vectors of the largest element size of the density box
Figure 4‑30 Turbulent kinetic energy of the smallest element size of the density box
Figure 4‑31 Turbulent kinetic energy of the largest element size of the density box

[image: ][image: ][image: ][image: ]

Analysis

From making the density box finer (smaller elements) it can be seen the wake region shows the air flow to be more streamlined, this is because the smaller elements break the air flow down which show it be more laminar. This can be seen in the turbulent kinetic energy plot and velocity vectors in figures 28-29 where the velocity vectors show the turbulence in more detail, however both element sizes in the density box predict the same trends but the smaller elements can do it in more detail. This shows that adjusting previous variable (element size, scale factor) has resulted in an accurate base case as no matter how fine the density box is there is still a wake region around the density box. 
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Prism layers 
Prism layers are ways of inputting boundary layers into the study, there will be boundary layers forming around the Ahmed body but adjusting the amount and height of these will affect the results. As I’m comparing my simulation to a wind tunnel, the wind tunnel has a stationary floor which means that a boundary layer will form on the floor which will interact with the Ahmed body and affect the results, therefore I would need to adjust the number of prims layers to find the most accurate result in replicating real life boundary layers. 
[bookmark: _Toc30938339]Ahmed body Figure 4‑32 Graph of adjusting the amount of prism layers on the Ahmed body

Figure 4‑33 Graph of time vs accuracy for adjusting the prism layers on the Ahmed body




Figure 4-32 and 33 show that by adjusting the prism layers from 4-6 affects the accuracy of the results but no trends saying less elements is more accurate and vice versa, this could because the once the Ahmed body has at least 3 prism layers it is forming the boundary layer and by increasing the prism layers it reducing the amount of turbulent airflow caused by the Ahmed body. 
The element size of the density box is 0.1 and Ahmed body is 0.01 which means that the prism layer is going to be small, this means that by increasing the prism layers from 4-6 isn’t a big enough scale to make a significant difference to the coefficients. The reason to use 4-5 prism layers is because that seemed like a realistic height for the boundary layer around the Ahmed body and 6 prism layers should be too high to see a drop off of accuracy. Figure 4-32 shows that using 6 prism layers on Ahmed body causes the drag coefficient to decrease in accuracy showing 5 prism layers is the most accurate amount for the scale that was used. 
[bookmark: _Toc30938340]Ahmed body and floor Figure 4‑34 Time vs accuracy graph of adjusting the amount of prism layers on the floor and Ahmed body
Figure 4‑35 graph showing the amount of prism layers on the floor and Ahmed body



Figure 4-35 and 34 show that increasing the prism layers on the floor increases the accuracy of the simulation but affects the lift coefficient more. This is because when a boundary layer height increases the air velocity decreases and in turn pressure increases according to Bernoulli’s equation. (Bernoullis equation, n.d.) When this happens between the Ahmed body and the floor, pressure increases below the Ahmed and decreases because of the Venturi affect. (Huminic, 2012) This decreases the coefficient of Lift as the pressure above the Ahmed body decreases and reduces the aero load on the Ahmed body. By increasing the prism layers, it increases this process. 
The prism layer height also depends on the mesh element size, for example a small element size on the density box will compress the prism layers and reduce the height of the boundary layer which means that trying to get the accuracy of the prism layers depends on the element size. For the element size of the density box of 0.1, 6 prism layers result in the most accurate setting. 
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	                                                               Mesh Parameters

	Scale factor
	Global element size
	Ahmed body element size 
	Density box size element size 
	Prism layers 

	1
	0.2
	0.01
	0.1
	3


                                      Figure 4‑36 Table of the mesh parameters used for accuracy study
These values were decided on the previous study and then by increasing from 30-50% more accurate as computing time wouldn’t be considered too important as long as it wasn’t over 6 hours as this wouldn’t be useful because the solver time would be too long. 
[image: ]









Figure 4‑37 Volume mesh of the accurate study

	                                                                Table of results

	
	drag
	Lift

	Coefficient 
	0.303
	0.36

	Accuracy % (100 being exact)
	101.33
	104.34


[image: ]Figure 4‑38 Turbulent kinetic energy plot of the accuracy study


[image: ][image: ][image: ]When conducting the accurate study, it was important to increase the amount of elements in the density box to refine the wake region. As there are multiple Ahmed bodies with different slant angles which change the turbulence, there needs to small elements in the density box to show this (figure 4-38)Smaller elements in the wake region 
Figure 4‑39 Turbulence vortex from the accurate run
Figure 4‑40 Velocity vector of the accurate run
Figure 4‑41 Pressure plot of the accurate run

From figure 4-37 the turbulence region shows the different size elements between the density box and the entire domain, this can reduce the accuracy of the turbulence as its less refined at long distance, this could be more accurate by reducing of the element size of the entire domain, but this will increase computing time. (Thabet, 2018)As the elements in the density box were very small this seemed more important to get an accurate study by decreasing the elements in the wake region instead reducing elements after the density box region as this would result in a less accurate study.
From figure 4-39 it can be seen that the pressure region around the “feet” of the ahmed body show the same trends as the flat face surface on the Ahmed body, this is because the elements are so small in this region they can replicate air flow the same as front surface whereas using larger elements in this region cant show this. (W.Meile, 2011)Therefore, reducing the size of the density box elements was the largest difference between the previous studies and the accurate one which increased the accuracy in lift by 5% and drag by 7%. 
[bookmark: _Toc30938342]Turbulence models in fluent 
[image: ]Figure 4‑42 Table of plan and results of turbulence models

K-epsilon 
· Is the most widely used engineering turbulence model for industry 
· Does not perform well for air flow with strong separation, large streamline curvatures and large pressure gradient (ANSYS model turbulent flows, n.d.)
K-omega
· Most common turbulence model solver 
· Two equation model which mean that include extra transport equations which can account for convection and diffusion of turbulent energy. (ANSYS model turbulent flows, n.d.)
Transition omega
· Transition attempts to predict air flow between laminar and turbulent. (ANSYS model turbulent flows, n.d.)Figure 4‑43 Bar chart showing adjusting turbulence models with Fluent

The bar chart shows the difference between turbulence model and there is minimal difference between K-omega and K-epsilon as they are very similar in the way they calculate turbulence with K-omega been more accurate. (ANSYS model turbulent flows, n.d.) Whereas transitional turbulence model decreases in accuracy and would not be the correct turbulence model to use for the Ahmed body as the accuracy decreases by 45% for lift and 70% for drag. 




[bookmark: _Toc30938343]Conclusions

The conclusion made from the study were that breaking down each variable and starting with larger element to small elements was the best way to get the accurate study as you were able to understand each change and what affect that had. Once the domain size and density box size were selected increasing the accuracy would be by reducing the element size on the Ahmed body and the density to further refine the wake region. As the slant angle caused the biggest change in laminar to turbulent air flow the density box region would need to be the most accurate area. To make comparisons to wind tunnel data prism layers on the floor (for a stationary floor) and ahmed body would need to be selected but the amount would depend on the element size, finding a compromise by element size and amount of prism layers would lead a more accurate air flow representation on the body and floor. 
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Time vs accuracy adjusting the domain size 

Drag 	5.4	8.5	10.199999999999999	160.53511705685619	147.15719063545151	147.15719063545151	Lift 	5.4	8.5	10.199999999999999	110.36789297658865	110.36789297658865	117.05685618729096	Time (minutes)


Accuracy (%)




Adjusting domain size 

Drag 	small	medium 	max	0.48	0.44	0.44	Lift 	small	medium 	max	0.33	0.33	0.35	Small                                       medium                                    large

Coefficient 




Adjusting scale factor domain 

Drag coefficient 	0.8	0.6	0.4	0.2	0.48	0.43	0.39	0.3	Lift coefficient 	0.8	0.6	0.4	0.2	0.39	0.42	0.36	0.36	scale factor 


coefficient




Time vs accuracy graph for adjusting global scale factor 

Drag coefficient 	1.3	3.24	13.1	132	160.53511705685619	143.81270903010034	130.43478260869566	100.33444816053512	Lift coefficient 	1.3	3.24	13.1	132	113.04347826086958	121.73913043478262	104.34782608695652	104.34782608695652	Time (minutes)


acuraccy (%)




Adjusting global element size of the domain  

Drag coefficient 	0.6	0.4	0.3	0.2	0.1	0.5	0.5	0.48	0.44	0.44	Lift coefficient 	0.6	0.4	0.3	0.2	0.1	0.41	0.41	0.38	0.36	0.35	Global element size 


coefficient 




Time vs accuracy graph for adjusting global element size 

Drag coefficient 	0.5	1.1000000000000001	1.3	2	4.5	167.22408026755852	167.22408026755852	160.53511705685619	147.15719063545151	147.15719063545151	Lift coefficient 	0.5	1.1000000000000001	1.3	2	4.5	118.84057971014492	118.84057971014492	110.14492753623189	104.34782608695652	101.44927536231884	Time (minutes)


accuracy (%)




Adjusting global element size of the Ahmed  body 

Drag coefficient 	0.04	0.03	0.02	0.01	0.44	0.4	0.38	0.33	Lift coefficient 	0.04	0.03	0.02	0.01	0.36	0.45	0.4	0.37	element size of the ahmed 


coefficient 




Time vs accuracy graph for adjusting global element size of the ahmed body 

Drag coefficient 	2.2999999999999998	4.3	5.2	6.1	147.15719063545151	133.77926421404683	127.09030100334448	110.36789297658865	Lift coefficient 	2.2999999999999998	4.3	5.2	6.1	104.34782608695652	130.43478260869568	115.94202898550728	107.24637681159422	Time (minutes)


Accuracy (%)




Time vs accuracy of adjusting global element size of the density box 

Drag coefficient 	3.4	5	6.5	20	113.71237458193981	110.36789297658865	110.36789297658865	110.36789297658865	Lift coefficient 	3.4	5	6.5	20	110.14492753623189	107.24637681159422	107.24637681159422	107.24637681159422	Time (minutes) 


accuracy (%)




Adjusting global element size of the density box

Drag coefficient 	0.08	0.06	0.04	0.02	0.34	0.33	0.33	0.33	Lift coefficient 	0.08	0.06	0.04	0.02	0.38	0.37	0.37	0.37	element size 


Coefficient 




Time vs accuracy adjusting the amount of prism layers on the ahmed body 

Lift 	20	21	23	107.35785953177259	109.69899665551841	110.03344481605353	Drag	20	21	23	113.91304347826087	110.72463768115944	114.49275362318842	time (minutes)


Accuracy (%)  




Adjusting the amount of prism layers on the ahmed body 

Drag coefficient 	4	5	6	0.32100000000000001	0.32800000000000001	0.32900000000000001	Lift coefficient 	4	5	6	0.39300000000000002	0.38200000000000001	0.39500000000000002	Prism layers 


coeffcient 




Time vs accuracy adjusting the amount of prism layers on the ahmed body and floor 

Drag 	20	21	22	110.03344481605353	110.03344481605353	109.69899665551841	Lift 	20	21	22	114.49275362318842	110.72463768115944	109.56521739130436	Time (minutes)


Accuracy (%) 




Adjusting the amount of prism layers on the Ahmed body and floor 

Drag coefficient 	4	5	6	0.32900000000000001	0.32900000000000001	0.32800000000000001	Lift coefficient 	4	5	6	0.39500000000000002	0.38200000000000001	0.378	Prism layers 


Coefficient 




Adjusting turbulence models within Fluent 

Drag 	k- epilson	k-omega	transition k-kl-omega	109.69899665551841	105.68561872909699	170.56856187290973	Lift 	k- epilson	k-omega	transition k-kl-omega	109.56521739130436	104.6376811594203	142.02898550724638	
Accuracy (%)
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