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[bookmark: _Toc30940090]Introduction
The following paper intends to analyse the flow around a three-dimensional simplified vehicle shape geometry: the Ahmed Body. The Ahmed body is a 1.044 by 0.338 by 0.389 meter car-type body benchmark test case used by the industry to study road vehicles aerodynamics (Thabet & H., 2018) and throughout the flow’s study improve performances (e.g. fuel efficiency, noise emission, drag or aerodynamic instability) (Banga, et al., 2015). To do so, the body has different rear slant angles that varies from 0-40 degrees.
[image: ]
[bookmark: _Toc30940054]Figure 1 AHMED Body
The paper will go through the understanding and the principles of the computational fluid dynamics (CFD) software, Ansys workbench16.2, and it will analyse, once defined the fundamental parameters, the different aerodynamic results of a AHMED body with a 25 and 35 degrees slant.
The showed tables throughout the report are only sections’ screen shots of a bigger general table (very difficult to fit entirely) built along the various simulation conducted, every time highlighting the values explained in the section





[bookmark: _Toc30940091]Background Research
The computational fluid dynamics study has three main steps to verify the fluid study: a pre-processing, a solver and a post processing step. (Thabet & H., 2018)
The pre-processing involves the creation of the geometry, the definition of the domain size and the creation of the mesh. 
The domain can be identified as the ambient in which a fluid dynamic experiment, if physically conducted, would be done; normally this domain can be intended as a wind tunnel.
On the other hand, the so-called mesh is the creation of a grid that sub-divides the domain and the model into smaller elements. These elements are smaller cells that can have different shapes (polyhedral, triangles, prism) and have a conspicuous influence in the accuracy of the solution due to their control over the volume (Strachan, et al., 2004). 
The solver is the main body of the computational process, where the turbulence models are chosen according to the governing equations and where the materials and boundary conditions are defined.
Different governing equations are used according to the case analysed: for instance, for incompressible flows CFD uses the continuity equation (Thabet & H., 2018): 

And implements it according to the interested axis.
There are also momentum and energy equations which are non-linear and partial differential equations of high orders (Thabet & H., 2018); moreover, various known dimensionless parameters are part of the equations: Reynolds number (Re), Euler number (Eu), Prandtl number (Pr) and others dimensionless parameters as Strouhal number (St),Froude number (Fr) Mach number (M) etc (Cattafesta, et al., 2010).
Finally, the post-processing represents the final analysis of the flow parameters calculated where comparison with experimental data are conducted to validate the model. (Thabet & H., 2018)
Unfortunately, as much as this computational tool is useful to speed up the aerodynamical research it depends on CPU power, a big limitation according to the scenario that needs to be analyzed (Lanfrit, 2005).

As understood, the computational results can be used to validate experimental data, normally acquired in wind tunnels: a closed passage or room through which currents of air are forced in order to study the effects of moving air on aircraft and other vehicles (Cambridge University, 1995). 
Intuitively, a wide variety of wind-tunnels do exist highly dependent on the application of interest and therefore their classification is also according to their size (Cattafesta, et al., 2010): some wind tunnels have moving ground planes for the automotive field, icing tunnels to studying the effects of ice formation on aircraft wings, climate tunnels for simulating environmental conditions (Cattafesta, et al., 2010).
Therefore, the various applications need different flow requirements differing wind tunnels for power, low-speed and high speed, and for configuration, open and close circuit (De Almeida, 2018). The variation of flow speed ranges from subsonic (0.26 Mach) up to supersonic (Mach 1), and their dimension are related to the application but are intended to test full-scale automobiles and trucks and large models of aircraft components (Cattafesta, et al., 2010)
Intuitively, cost is an important factor either case and as open-circuit configuration shows, the results aren’t always accurate and repeatable because affected by weather conditions, therefore the flow suffers poor quality (De Almeida, 2018); on the other hand, close-circuit  ones doesn’t have less problems: despite higher quality results, their system needs to be purged often due to the usage of smoke (De Almeida, 2018). 
Therefore, it is easy to understand the importance of CFD software packages, which allow to reduce costs and, most importantly, are capable to replicate results. 
[image: ]
[bookmark: _Toc30940055]Figure 2 Wind tunnel schematic


[bookmark: _Toc30940092]Methodology 
[bookmark: _Toc30940093]The domain
[image: ]
[bookmark: _Toc30940056]Figure 3 Ansys project schematics
Following the above workflow screen, first steps were the import the Ahmed’s geometry file as Parasolid file, set up the units for the entire workspace and control if was a single solid body. 
Various sources were confronted to best understand the optimal domain size: a 5 meter in from front, 7.5 meters in the rear and 3 meter height by (Banga, et al., 2015), or 8 times the length of the Ahmed for the long side, 2 times the height and 2 times the width by (Strachan, et al., 2004), or 1.5 times the width, 3 times the height by (Corallo, et al., 2015) or 3 times the car length in front, 5 times in the back, 3 times the height and if using a symmetry plane 1.5 times half the width (Lanfrit, 2005).[image: ]
[bookmark: _Toc30940057]Figure 4 Domain analysis
As the yellow cells in figure4 highlight, several attempts of different domain sizes were tried to understand the domain influence over the computation; the final values were selected according to the similarity of the rough calculated coefficient values with the reference ones. 
This means a 3 time the Ahmed length for the area in front, 5 lengths in the back, 3 times the height for the y-axis (intersecting the stilts at 0.02 meters from the floor) and an overall 3 times the width of the body along the z-axis. Although, due to the symmetrical shape of the body, the study was conducted over half of the Ahmed body, therefore the domain width value was set to 1.5 times.
A boolean subtraction of the element was created within the domain and it was selected the option to prevent the geometry to mesh with the domain it-self. [image: ]
[bookmark: _Toc30940058]Figure 5 Boolean subtraction







[bookmark: _Toc30940094]The mesh
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[bookmark: _Toc30940059]Figure 6 Final mesh
[image: ]To proceed with the set-up of the workflow, the domain needs to be divided into smaller cells so to analyse the flow in small areas or around small parts of the main element. 
Due to the three-dimension of the Ahmed body, the smaller cells or mesh can have different shapes and can be used singularly or combining different ones, according to the location (domain or main body) (Ansys Inc, 2012)
Therefore, there is the distinction between a global and a local mesh set-up to highlight the areas of interest. The importance of the mesh is related to the fact that it is capable (or not if set up inappropriately) to identify the pressure distributions, affected by the location of flow’s separation and reattach (Lanfrit, 2005).[bookmark: _Toc30940060]Figure 7 Mesh type

[image: ]
[bookmark: _Toc30940061]Figure 8 Local mesh

Once the geometry system cell was complete, the ICEM CFD component system was launched in the workflow schematic. First step was to check the quality of the domain by identifying incomplete, corrupt or disconnected geometries throughout the repair geometry function. The bellow figure shows red lines along every element which suggests that no repair is required; blue lines would’ve suggested that some issues were present and need attention and yellow lines would’ve suggested some problem is present although is acceptable (Ansys Inc, 2012)
[image: ]
[bookmark: _Toc30940062]Figure 9 Geometry check
To generate the mesh, the system needs to be told which is the volume interested and therefore a body point within the domain was created.
Normally it is assumed that a high number of mesh cells gives accurate results (Hughes, 2018): the number of cell depend also on the complexity of the geometry, but generally an initial mesh counts between 2 and 5-million, a medium quality between 5 and 10 million and a fine resolution over 10 million cells (Lanfrit, 2005). [image: ]
[bookmark: _Toc30940063]Figure 10 Mesh study
As the above figures shows for some of the simulations, several mesh set up parameters where tried but the number of cell mesh rarely went over 2 million limit. Nevertheless, acceptable results can be obtained with less than 900’000 cells as (Hughes, 2018) major project highlights. The values used for the max element size ranged between 0.5 to 1 meter and several attempts, included the variation of the scale factor varying between the standard 0.5 value down to 0.2, were tried. 
Furthermore, first cases were run with a robust or octree method and the latest ones with a quick or delaunay one. The above table also highlights the parameters used per each case for the parts mesh set up table in which the number of prism layers are defined (each simulation was conducted with 5 prism layers) as for the elements or surfaces: floor and Ahmed body were the surface chosen in each run. 
[image: ]
[bookmark: _Toc30940064]Figure 11 Prism layers
The mesh has the important role to identify radii and sharp edges and to control the cells size to accomplish this task, resulting in a higher quality of the web, strategy B is the most accurate although more time consuming (Lanfrit, 2005). This strategy exploits the creation of density boxes in specific regions of the domain around the element: (Lanfrit, 2005) and (Banga, et al., 2015) were the only authors to identify a dimension of this box that would intercept turbulences and flow separations around the Ahmed body. It is in fact suggested that the box should extend about half the length in front, along the side and for the top and one length in the wake region (Lanfrit, 2005).
[image: ]
[bookmark: _Toc30940065]Figure 12 Density boxes schematic
The above picture shows the four density boxes introduced to fully analyse and control the mesh around the Ahmed body: a big one around the element, as specified in both papers consulted, a smaller one in the front to analyse the flow separation when impacting, another one underneath to analyse the effect of the stilts and the last one around the rear slant. 
The mesh was then computed for the surfaces, the volumes and the prisms.
[bookmark: _Toc30940095]Fluent 
[image: ]
[bookmark: _Toc30940066]Figure 13 Fluent workspace
When the fluent package is launched, the first operation per each simulation was the report quality function to analyse and evaluate the quality of the mesh. Two parameters are displayed: minimum orthogonal quality and skewness.
[image: ]
[bookmark: _Toc30940067]Figure 14 Report quality values examples
The first parameter has a range between zero and one, where values close to zero are considered bad, however any value over 0.1 are acceptable (Ansys Inc, 2012).
[image: ]The second parameter is calculated following:


[bookmark: _Toc30940068]Figure 15 Mesh Skewness

[image: ]and represents how close to the optimal equilateral cell, the generated mesh is. Its value ranges between zero and one, where values close to one are considered bad, however any value below 0.95 is acceptable (Ansys Inc, 2012). [bookmark: _Toc30940069]Figure 16 Skewness and Othogonal quality value range

The report quality check option also provides another parameter: the aspect ratio, whom values vary from case to case but any value below 100 is acceptable (Ansys Inc, 2012).
Each simulation was run with a pressure-based type, absolute velocity formulation and a steady time set.
The simulations were run as viscous models using a standard k-ε model equation and trying also the k-ω. The first model was mainly run as realizable and always with the near wall treatment set at non-equilibrium wall function. This choice was made to avoid drawbacks of analysing the near wall region: a high number of very small cells to identify the flow profiles (Ansys Inc, 2012), affecting the overall time taken to compute (Lanfrit, 2005). The drawback is a coarse near wall mesh.
The second turbulent model, k- ω, was used to analyse the boundary layer flows, exploiting its more accurate solution over flow separation (Ansys Inc, 2012). This turbulent model has two variations: standard and shear stress transport (SST); the last model furthermore, is a combination of the advantages of the k-ε and the k-ω models.
In the set-up of fluent, the materials and the cell zone condition parameters were left as default.
[image: ]Boundary conditions: inlet set as a velocity-inlet type and set to 40 m/s the X-velocity component; outlet set as a pressure-outlet; the rest of the components were checked to be wall type and the symmetry plane as symmetry. 
Reference values, compute from: inlet.  Area value: 0.05749 .
Solution methods: Pressure-velocity coupling, scheme: Coupled.

[bookmark: _Toc30940070]Figure 17 Solution Controls used parameters
Monitors: created one new monitor for drag coefficient and one for lift coefficient.
Solution initialization: hybrid initialization to populate the domain with a first flow field guess (Ansys Inc, 2012). Optimal values are below .

[bookmark: _Toc30940096]Results
	AHMED
	Cd
	Cl
	Min ortho qu
	Skew quality

	 25° slant
	0.346
	0.346
	3.08 E-2
	9.05 E-1

	 35°slant
	0.376
	0.110
	3.66 E-5
	9.81 E-1


[bookmark: _Toc30949394]Table 1 Result table
The following section will display flow results and analysis for both Ahmed bodies shapes; organized in a two-column layout where on the left-hand side will be the 25 degrees slant angle and, on the right, the 35 degrees one.
The table above shows results of the CFD simulations. It must be noted that once the results of the first Ahmed simulation were considered acceptable, the same parameters setup was then used for the second Ahmed body.
[bookmark: _Toc30940071]Figure 18 Convergence history

The above three monitors show, for both elements, the convergence history of residuals, drag and lift coefficient starting from the left and following a clockwise path, which will be referred to with a number scheme (1,2 and 3).
The computation of the 25 degrees element took 100 iterations more to reach a converged solution but for either case the decrease of the residuals (plot 1) was accomplish with no unexpected or weird fluctuations. Furthermore, if looking both cases drag and lift coefficient graphs, it can be noticed that after the first 100 iterations both cases show a stabilization of the curve trend. 
[bookmark: _Toc30940097]Pressure analysis[bookmark: _Toc30940072]Figure 19 Pressure contours

When analyzing the pressure distribution, as expected, the front section is the higher-pressure region due to the impact of the flow; it is peculiar to notice how the smaller slant angle element generates an overall higher pressure within the whole domain, as its influence over the area above it; the wake region also has higher pressure areas in the 25-degree model. Both models have low pressure areas on the top side of the body, generated by the separation of the surface layers due to abrupt inclination change of the surfaces.
The pressure distribution was furthermore analyzed along different planes locations of the z-axis: halfway through the Ahmed body, at the edge and researched till where influences the domain’s pressure.[bookmark: _Toc30940073]Figure 20 Pressure contour at half the Ahmed body
[bookmark: _Toc30940074]Figure 21 Pressure contour at half the Ahmed body (angle view)

The above group of images highlights the pressure distribution in the middle of the Ahmed body, 0.09725 meters from the symmetry plane. It can be noticed that, according to the view angle, the color scheme varies a bit: for instance, in figure20 the image on the right shows a green domain while in figure21, at a different angle, shows it in a more yellow fade. However, in both cases is highlighted the low pressure near the front change in radius of the fillet (light blue area) due to the separation of the flow after the frontal impact. Following the same principle, the flow separation generates a low-pressure area also underneath the Ahmed body and on the sides of the stilts. [bookmark: _Toc30940075]Figure 22 Pressure distribution on the edge

Figure22 shows the pressure distribution along the edge of the Ahmed body, i.e. at 0.1945 meters: as expected there is a lower pressure area on top of the element, but it is unusual that is only visible above the 25-degree model. In fact, the left image highlights an overall lower pressure within the whole domain.[bookmark: _Toc30940076]Figure 23 Ahmed’s pressure distribution influence

A final pressure analysis was conducted by researching till where the Ahmed turbulence influences the domain; it was noticed that both elements have different influence. The 25-degrees one reaches the domain’s lateral boundary, which suggests a wider width should be used so that the wall doesn’t affect the turbulence, as for the second case, the Ahmed body influence doesn’t affect the boundary of the domain. 
[bookmark: _Toc30940098]Velocities analysis[bookmark: _Toc30940077]Figure 24 Velocities

Another analysis was conducted over the flow velocity, seeking its variation at the already seen different points: along the symmetry plane, along the middle section and at the edges of the Ahmed body.[bookmark: _Toc30940078]Figure 25 Velocities at symmetry plane

Figure25 shows the flow velocities at the symmetry plane, where it is possible to notice that the low flow speeds are in the areas of major turbulence. The steeper slant angle generates a bigger boundary layer separation between the top surface and the slant, which results in a longer low velocity area in the wake. This smoother angle approach of the flow with the floor surface seems to generate less turbulence within the rear domain: in fact, the left image suggests higher velocities (green) in the area behind the Ahmed body, which can be interpret as bigger turbulences generated by the model.
An unexpected behavior is noticed for the velocity’s distribution along the top surface: in fact, bigger areas are found in the 35-degree model than in the 25 which is strange due to the hypothetical equal frontal area i.e. equal effects.[bookmark: _Toc30940079]Figure 26 Velocities at half Ahmed body

Differently from the pressure distribution, halfway through the Ahmed body the velocities do not vary from the symmetry plane (Figure 26).

Along the top edge, it is still noticeable the different effect generated by the front impact with the flow. The 35-degree body highlights a bigger high-velocity area in the front (yellow) than the 25-degree Ahmed body.[bookmark: _Toc30940080]Figure 27 Velocities along the edges

[bookmark: _Toc30940099]Vectors analysis
With the vector analysis is possible to analyze in more depth the reasons of the variation of pressure and velocities highlighted in the previous sections.[bookmark: _Toc30940081]Figure 28 Vectors at the symmetry plane

At the symmetry plane, the low-pressure area previously highlighted underneath the Ahmed body, can be now explained by analyzing the vectors direction when impacting the frontal area: the flow experiences a big jump, therefore, can’t follow the Ahmed shape. Vectors also can be used to understand the boundary layers separation behavior (Hughes, 2018).[bookmark: _Toc30940082]Figure 29 Vectors at half the Ahmed body

Figure29 show better than the previous section, how the steeper slant angle generates a bigger boundary layer separation therefore, generating a longer wake cause the flow re-joints further on from the Ahmed body. the left image highlights how the flow in fact, can’t cope to the more abrupt variation of the surface inclination and keeps its travel horizontally longer.
On the other hand, the 25-degrees slant, because doesn’t allow the flow to separate from the surface when passing over the inclination change, directs the flow to the ground and, as  figure 30 highlights, a bigger turbulence is generated in the wake (left image, red circle) if compared to the smoother flow re-join of the 35-degree one.
[bookmark: _Toc30940083]Figure 30 Vectors in the wake

Further research was conducted to understand how the turbulences generated by the two bodies affect the domain, throughout the implementation of planes at fixed distances from the symmetry plane.[bookmark: _Toc30940084]Figure 31 Vectors at 0.3 meters from symmetry


Figure 31 highlights the different turbulence generated by both Ahmed bodies at 0.3 meters away from the symmetry plane: the 25 slant degrees one, as previously stated, generates a lot of wake turbulence, whilst the 35-degrees body doesn’t however, its main turbulence influence on the domain is by the frontal flow impact (red circle).[bookmark: _Toc30940085]Figure 32 Turbulence effect at 0.5 meters away from symmetry plane

However, both turbulences seem to reach the same distance from the symmetry plane, figure 33, even though in different regions: the 25-degrees Ahmed influences the domain with his wake (left image) while 35-degree one (right image) with the turbulences generated by the frontal impact.[bookmark: _Toc30940086]Figure 33 Turbulences at 0.65 meters from the symmetry plane






[bookmark: _Toc30940100]Streamlines
Similar analysis of the flow was conducted throughout the streamlines feature which, differently from the vectors, better show the behavior of the flow it-self. [bookmark: _Toc30940087]Figure 34 Streamlines

[bookmark: _GoBack]The streamlines best highlight the wake’s turbulence for the 25-degree Ahmed body, which as previously seen, almost reaches the lateral domain wall. On the contrary, the 35-degrees slant doesn’t generate a big turbulence and therefore the streamlines have less spirals.[bookmark: _Toc30940088]Figure 35 rear view of the streamlines




[bookmark: _Toc30940089]Figure 36 Streamlines from a frontal view

The above image, highlights what in the previous section was mentioned: the bigger influence over the front impact of the flow against the 35-degrees body. 

[bookmark: _Toc30940101]Recommend Further Work
It was noticed that the orthogonal parameter for the mesh quality, throughput each simulation was always too small. Even though a lot of research, meetings with more experienced students over the usage of the software and attempts were done to improve this parameter, unfortunately the result was never different. Several domain or mesh sizes were tried, future attempts could include different mesh types.
Furthermore, the low-quality mesh also affected the curiosity of trying different turbulence models, as the k-omega. 






[bookmark: _Toc30940102]Conclusion
The assignment highlighted the fundamental importance of a good domain and mesh setup for optimal flow studies. Unfortunately, the small amount of time available to understand, learn and master the software was a big barrier to improve the results: for instance the biggest difficulty was trying to understanding where the mesh quality errors were generated from and consequently find solutions.
For this reason, it is recognized that the preciseness of the computational results isn’t as accurate as it supposed to be and varies for both cases: for example, the frontal section should generate the same turbulences, flow separations and pressure distribution areas for both Ahmed body, especially due to the fact that the only difference between them lies in the rear slant. 
Organization and strategy of the assignment are schematically summarized in the screenshotted tables in the appendix.
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image94.emf
AHMED # OF times DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 3length F 3.132m 1 main body 0.5 1 0.1 5v done 3.83E-01 4.17E-01

height 0.338m 5length R 5.22m stilts 0.01 5v 0.383 0.417

width 0.389m 3height T 1.02m 0.345 0.299

height B 0.005m total # elements

front area0.056016m^2 2width 0.778m k epsilon:std

AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprism hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 3length F 3.132m 1 main body 0.5 1 0.1 5v done 3.53E-01 4.26E-01

height 0.338m 5length R 5.22m stilts 0.01 5v converged 148 0.353 0.426

width 0.389m 3height T 1.02m 0.345 0.299

height B 0.005m total # elements 110175 106801

front area0.056016m^2 3width 1.167m k epsilon: std after the prism mesh

AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 1 main body 0.5 1 0.1 5v Minimum Orthogonal Quality done 4.06E-01 4.91E-01

height 0.338m 5length R 5.22m stilts 0.01 5v Maximum Ortho Skew  converged 164 0.406 0.491

width 0.389m 3height T 1.014m 0.345 0.299

height B 0.005m total # elements 118193 114383

front area0.056016m^2 1.5width 0.5835m k epsilon: std after the prism mesh

3AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m length F 4.176m 4 main body 0.5 1 0.05 5v Minimum Orthogonal Quality 8.35E-04done 3.56E-01 4.08E-01

height 0.338m length R 5.22m stilts 0.005 5v Maximum Ortho Skew  9.88E-01converged 359 0.356 0.408

width 0.389m height T 1.014m 0.345 0.299

height B 0.002m total # elements 116510 207364

front area0.056016m^2 2width 0.778m k epsilon: std after the prism mesh

4AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 4 main body 0.5 1 0.05 5v Minimum Orthogonal Quality 3.08E-02done 3.46E-01 3.82E-01

height 0.338m 5length R 5.22m stilts 0.005 5v Maximum Ortho Skew  9.05E-01converged 316 0.346 0.382

width 0.389m 3height T 1.014m 0.345 0.299

height B 0.002m total # elements 422568

front area0.057052m^2 2width 0.778m k-epsilon realizable after the prism mesh

5AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 5 main body 0.3 1 0 5v Minimum Orthogonal Quality 2.99E-05done 2.98E-01 3.93E-01

height 0.338m 5length R 5.22m stilts 0 5v Maximum Ortho Skew  9.97E-01converged 564 0.298 0.393

width 0.389m 3height T 1.014m floor 5v 0.345 0.299

height B 0.002m total # elements 771027

front area0.057052m^2 2width 0.778m k-epsilon: realizable after the prism mesh

6AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 5 main body 0.2 1 0 5v Minimum Orthogonal Quality 4.10E-05done 4.04E-01 3.92E-01

height 0.338m 5length R 5.22m stilts 0 5v Maximum Ortho Skew  9.77E-01converged 250 0.404 0.392

width 0.389m 3height T 1.014m floor 5v 0.345 0.299

height B 0.02m total # elements 722919

front area0.057052m^2 1.5width 0.5835m k-epsilon: realizable

7AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismDELAUNAY hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 5 main body 0.2 1 0 5v Minimum Orthogonal Quality 5.28E-06done 4.27E-01 3.95E-01

height 0.338m 5length R 5.22m stilts 0 5v Maximum Ortho Skew  9.77E-01converged 295 0.427 0.395

width 0.389m 3height T 1.014m floor 5v 0.345 0.299

height B 0.02m total # elements 473568

front area0.057052m^2 1.5width 0.5835m k-epsilon: realizable

8AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 3 main body 0.2 0.3 0.2 5v Minimum Orthogonal Quality 3.71E-05 3.87E-01 3.46E-01

height 0.338m 5length R 5.22m stilts 0.04 5v Maximum Ortho Skew  9.80E-01converged 298 0.387 0.346

width 0.389m 3height T 1.014m floor 5v 0.345 0.299

height B 0.002m total # elements 3025995

front area0.057052m^2 2width 0.778m k-epsilon: realizable

AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 3 main body 0.2 0.3 0.2 5v Minimum Orthogonal Quality

height 0.338m 5length R 5.22m stilts 0.04 5v Maximum Ortho Skew  converged 0.000 0.000

width 0.389m 3height T 1.014m floor 5v 0.345 0.299

height B 0.002m total # elements

front area0.057052m^2 width 0.778m k-epsilon: standard

8BIS AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismDELAUNAY hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 3 main body 0.2 0.3 0.2 5v Minimum Orthogonal Quality 3.71E-04 3.61E-01 3.56E-01

height 0.338m 5length R 5.22m stilts 0.04 5v Maximum Ortho Skew  9.84E-01converged 266 0.361 0.356

width 0.389m 3height T 1.014m floor 5v 0.345 0.299

height B 0.002m total # elements 1110570

front area0.057052m^2 width 0.778m k-epsilon:  realizable

9AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismDELAUNAY hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 3 main body 0.2 0.3 0.2 5v Minimum Orthogonal Quality 3.71E-04 3.75E-01 3.81E-01

height 0.338m 5length R 5.22m stilts 0.04 5v Maximum Ortho Skew  3.71E-04converged 247 0.375 0.381

width 0.389m 3height T 1.014m floor 5v 0.345 0.299

height B 0.002m total # elements 1059260

front area0.057052m^2 width 0.778m k-epsilon:  standard


image95.emf
1_35 AHMED 35 DOMAIN DENSITY BOX MESH scale factor max element max size # layers prism OCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 3 main body 0.3 0.3 0.2 5v Minimum Orthogonal Quality 3.66E-05 1.10E-01 3.68E-01

height 0.338m 5length R 5.22m stilts 0.04 5v Maximum Ortho Skew  9.81E-01converged 243 0.110 0.368

width 0.389m 3height T 1.014m floor 5v 0.004 0.279

height B 0.002m 1273567

front area0.057052m^2 width 0.778m k-epsilon:REALIZABLE

AHMED 35 DOMAIN DENSITY BOX MESH scale factor max element max size # layers prism OCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 3 main body 0.2 0.3 0.2 5v Minimum Orthogonal Quality 3.66E-05 1.10E-01 3.68E-01

height 0.338m 5length R 5.22m stilts 0.04 5v Maximum Ortho Skew  9.81E-01converged 243 0.110 0.368

width 0.389m 3height T 1.014m floor 5v 0.004 0.279

height B 0.002m 4210657

front area0.057052m^2 width 0.778m k-epsilon:REALIZABLE

2_35 AHMED 35 DOMAIN DENSITY BOX MESH scale factor max element max size # layers prism DELAUNAY hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 3 main body 0.3 0.3 0.1 5v Minimum Orthogonal Quality 7.19E-05 1.65E-01 3.76E-01

height 0.338m 5length R 5.22m stilts 0.01 5v Maximum Ortho Skew  9.81E-01converged 263 0.165 0.376

width 0.389m 3height T 1.014m floor 5v 0.004 0.279

height B 0.002m 436726

front area0.057052m^2 width 0.778m k-epsilon:REALIZABLE

total # elements

total # elements

total # elements
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an air or water

« Drive System: electrical engine three-phase with 8 poles, 380 V and 350 hp equipped
cooling system, and fairing integrated to reduce flow disturbance and heating.

« Engine speed control: through frequency inverter.

« Fan blades: 8 blades of composite material, with approximately 3 m diameter and adjustable pitch for
reaching optimum operational condition

« The drive system must be structural isolated from other sections of the tunnel to avoid vibration,

Eigure 2 shows a schematic view of the closed-circuit wind tunnel and its parts (sections). Some aspects of the
wind tunnel design are described in the following sections.

() Test section @ Big diffuser
) small diffuser © Comers3and 4
@ Corners12nd2 D Big connector
@ small connector @ mxpansor

@) Variable junctions @ seuting chamber

© Drivesystem (12) Contraction

Figure 2 Closed-circuit wind tunnel - sketch and part description

TEST SECTION

According to 22 et2L [199) the first step in the design of a wind tunnel is to determine the size and shape of the
test section. This choice depends on the intended uses of the facility and, as will be discussed, is intrinsically
linked to financial resources available to build the equipment. What we called scale factor was considered at the
al design stage, considering flight vehicles cruising below Mach number of 0.3 and with span close to 17 m,
giving a scale factors in the range of 1:10 up to 1:20. The test section was originally designed with 1.70 m
(width), 1.20 m (height) and 3.0 m (length). An approximation to the available Reynolds number in atmospheric
conditions is in the range of 300,000 up to 7 X 10°, providing satisfactory speed limits for the models that could
be accommodated inside the closed-test section. Figure 3 illustrates the geometric sizing of the test section. It
was constructed according to the requirements; including a large access door made of acrylic for making easy the
application of visualization techniques such as smoke's rake or particle image velocimetry (PIV). The other lateral
panels could be replaced at any time with acrylic panels and/or other specific material such as laminated wood.
The test section illumination was completed with light emitting diode (LED) lamps over the floor and ceiling along
its length. At the floor, there was the access platform to the aerodynamics balance, which is a circular disk of 1 m
in diameter. A common rule of thumb has been set in accordance with M4 822 (1979), yyere the test section
rectangular dimension sizing is around 1.4:1. The results for the boundary layer estimates in the test section will
be shown in the CFD analysis section
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image6.emf
AHMED # OF times DOMAIN DENSITY BOX MESH scale factormax elementmax size# layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 3length F 3.132m 1 main body 0.5 1 0.1 5v done 3.83E-01 4.17E-01

height 0.338m 5length R 5.22m stilts 0.01 5v 0.383 0.417

width 0.389m 3height T 1.02m 0.345 0.299

height B 0.005m total # elements

front area0.056016m^2 2width 0.778m k epsilon:std

AHMED DOMAIN DENSITY BOX MESH scale factormax elementmax size# layersprism hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 3length F 3.132m 1 main body 0.5 1 0.1 5v done 3.53E-01 4.26E-01

height 0.338m 5length R 5.22m stilts 0.01 5v converged 148 0.353 0.426

width 0.389m 3height T 1.02m 0.345 0.299

height B 0.005m total # elements 110175 106801

front area0.056016m^2 3width 1.167m k epsilon: std after the prism mesh

AHMED DOMAIN DENSITY BOX MESH scale factormax elementmax size# layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m 4length F 4.176m 1 main body 0.5 1 0.1 5v done 4.06E-01 4.91E-01

height 0.338m 5length R 5.22m stilts 0.01 5v converged 164 0.406 0.491

width 0.389m 3height T 1.014m 0.345 0.299

height B 0.005m total # elements 118193 114383

front area0.056016m^2 1.5width 0.5835m k epsilon: std after the prism mesh

AHMED DOMAIN DENSITY BOX MESH scale factormax elementmax size# layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m length F 4.176m 4 main body 0.5 1 0.05 5v done 3.56E-01 4.08E-01

height 0.338m length R 5.22m stilts 0.005 5v converged 359 0.356 0.408

width 0.389m height T 1.014m 0.345 0.299

height B 0.002m total # elements 116510 207364

front area0.056016m^2 width 0.778m k epsilon: std after the prism mesh
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4AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m length F 4.176m 4 main body 0.5 1 0.05 5v done 3.46E-01 3.82E-01

height 0.338m length R 5.22m stilts 0.005 5v converged 316 0.346 0.382

width 0.389m height T 1.014m 0.345 0.299

height B 0.002m total # elements 422568

front area0.057052m^2 width 0.778m k-epsilon realizable after the prism mesh

5AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m length F 4.176m 5 main body 0.3 1 0 5v done 2.98E-01 3.93E-01

height 0.338m length R 5.22m stilts 0 5v converged 564 0.298 0.393

width 0.389m height T 1.014m floor 5v 0.345 0.299

height B 0.002m total # elements 771027

front area0.057052m^2 width 0.778m k-epsilon: realizable after the prism mesh

6AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismOCTREE hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m length F 4.176m 5 main body 0.2 1 0 5v Minimum Orthogonal Quality 4.10E-05done 4.04E-01 3.92E-01

height 0.338m length R 5.22m stilts 0 5v Maximum Ortho Skew  9.77E-01converged 250 0.404 0.392

width 0.389m height T 1.014m floor 5v 0.345 0.299

height B 0.02m total # elements 722919

front area0.057052m^2 width 0.5835m k-epsilon: realizable

7AHMED DOMAIN DENSITY BOX MESH scale factor max element max size # layersprismDELAUNAY hybrid initialization Cl (LIFT) Cd (DRAG)

length 1.044m length F 4.176m 5 main body 0.2 1 0 5v Minimum Orthogonal Quality 5.28E-06done 4.27E-01 3.95E-01

height 0.338m length R 5.22m stilts 0 5v Maximum Ortho Skew  9.77E-01converged 295 0.427 0.395

width 0.389m height T 1.014m floor 5v 0.345 0.299

height B 0.02m total # elements 473568

front area0.057052m^2 width 0.5835m k-epsilon: realizable
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