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[bookmark: _Toc31003818]INTORDUCTION OF AHMED BODY AERODYNAMIC
[bookmark: _Toc31003819]1.1 CFD Modelling 
   Computational fluid dynamic has significantly grown over the years commonly in Automotive industry. Computational fluid dynamic is mostly used in the automotive industry on the part of outside car body (aerodynamic shape) fluid flow in order to determine the drag, lift and forces which would influence the fuel efficiency and drivability. Finding the effective drag and lift plays a great role to reduce the environmental pollution. 
  Computational fluid dynamic is playing a great role for modelling aerodynamic body study based on the cost and time effective solution. Ahmed body was taken as an experimental study for ANSYS Fluent for decades due to simplified car model of 3D bluff shape. The front shape of the Ahmed body is designed not sharp due to that the flow cannot separate and the aerodynamic forces depend largely on the flow structure created on the rear.
  With the improvement of the computational efficiency, the CFD (computational fluid dynamic) more accurate and quicker than the wind tunnel test. The model would investigate based on the 3D Ahmed body vehicle geometry layout dimension, 25° slant angle at the rear edge.
[bookmark: _Toc31003820]1.2 Governing Equation for CFD 
   The fundamental governing equations of computational fluid dynamics are continuity, momentum and energy equations. Those three physical equations represented to all Fluid dynamics based on: mass is conserved; Newton’s second law and energy is conserved.
   The motion of fluid is difficult to control which is no specific location for the velocity distribution, it was different at each location. In order to visualize the moving fluid, they are two construction model: Finite control volume and Infinitesimal Fluid Elements.
   The flow field with a closed volume within a finite region of the flow which defines a control volume, V, and control surface, S, the close surface with boundary of the volume. The control volume may be moving with fluid inside or may be fixed in space with the fluid moving in it. The model of the flowing fluid focus only in the finite region of the controlled volume itself instead of the whole region. The integral form of the control volume would be controlled by partial differential equations which gives the conservation or non-conservation form of governing equations.
[image: Image result for fluid finite control volume"]
Fig. 1.1 Finite control volume the left conservation and right non-conservation form.
   Infinitesimal Fluid element, small fluid element in the flow with a differential volume, dV, the elements may be fixed in a space through the fluid moving on it, it may be also moving with a vector velocity V along the streamline at each point. The fluid element fixed in space by partial differential equations are conservation form (left in the figure below). Moving fluid element by partial differential equations are non-conservation form (right in the figure below).
       [image: ]
   Fig.1.2. Infinitesimal Fluid element
[bookmark: _Toc31003821]  1.2 NAVIER-STOKES EQUATION
   The Navier-stokes equation are used to determine the velocity vector flow for a fluid from given initial conditions. 
   
  The Navier-Stokes equation consists of time dependent continuity equation for conservation of mass, conservation of momentum along x, y and z-axis and conservation of energy.
    The equation represents the 3D axis to the x, y, z coordinates to determine the domain range for the three axis and time.
[bookmark: _Toc31003822]2. METHODOLOGY
[bookmark: _Toc31003823]2.1 DOMAIN INVESTIGATION STUDY
   Domain set up study was taken with the same solver set up except the domains change to the Ahmed body, but the mesh elements varying with the range of the domain even if the procedure of the setup and meshing were the same for all the domains. The mesh type used for the domain study was tetrahedral with 0.02m to Ahmed body, 0.015 to the legs of the geometry, one density box 0.07 size, 0.5 by 0.5 global mesh setup and five prism layers. The set up proved on the below table study, the investigation was held based on the drag and lift result comparing with experimental result. The more accurate and very closed to the experimental result domain was domain study 7 (D7) with drag 0.301 and lift 0.35. Those results were calculating the percentage error comparing with experimental values for (D7) 0.67% drag and 1.44% lift error. 
	Domains 
	Size (front*back*H*W) (m)
	Mesh elements
	Drag
	Lift
	Drag error %
	Lift error %

	D1
	5*7.5*3*3
	512673
	0.287
	0.233
	4.013
	32.46

	D2
	4*6.5*2.5*2.5
	693882
	0.304
	0.376
	1.672
	8.985

	D3
	4.5*7*2.5*2.5
	738619
	0.307
	0.385
	2.675
	11.59

	D4
	4*6*2.5*2
	547689
	0.307
	0.335
	2.675
	2.89

	D5
	4*6.5*2.5*2
	699193
	0.302
	0.373
	1
	8.12

	D6
	4*6*2.3*2.3
	736232
	0.31
	0.349
	3.678
	1.16

	D7
	4*6.5*2.5*2.3
	726689
	0.301
	0.35
	0.67
	1.44



              Table 2 1 Domain set up 
  Ahmed body with slant 25° the value of the drag coefficient from the experiment was 0.299 and the lift with 0.345. the figure below compares the CFD result with the Experimental base on varying the domain range to the geometry of the Ahmed body. 

Figure 2.1.  Drag and lift coefficient value on varying domain
[bookmark: _Toc31003824]2.2 MESH INDEPENDENT STUDY
  The study made based on the domain set up study. The domain study concluded with domain study (D7) with result found by the CFD modelling. The mesh independent study models the study with the same domain D7 for all the studies on the below table 2.2 and 2.3. The study held with the same setup solver, but by varying the Geometry (Ahmed body and the legs) mesh size, global mesh setup and wake density box. The turbulence model was K-ɛ realizable for all procedures in the study.
   According, the drag and lift coefficient CFD result mesh study 3 (M3) was the closest comparing with Ahmed experimental result.
	Mesh study Numbers
	Elements
	Size (Ahmed body *Legs)
	Global mesh setup
	Density Wake box size
	Drag
	Lift

	M1
	63029
	0.04*0.03
	1*1
	0.07
	0.393
	0.325

	M2
	270081
	0.04*0.03
	0.5*0.5
	0.07
	0.336
	0.358

	M3
	726689
	0.02*0.015
	0.5*0.5
	0.07
	0.301
	0.35

	M4
	920589
	0.02*0.01
	0.5*0.5
	0.06
	0.288
	0.358

	M5
	1923801
	0.015*0.009
	0.5*0.5
	0.04
	0.27
	0.363



 Table 2 2 Mesh independent study based on drag and lift 	

   Figure 2.2.  Mesh study base on the drag, lift and meshing elements
   Mesh independent study based on the time of iteration to reach the convergence. The iteration time increases as the meshing elements increases and the meshing elements also affects the iteration to converged.
	Mesh name
	Iteration converged
	Time per iteration
	Total time of iteration (sec.)

	M1
	55
	0.043
	2.384

	M2
	133
	0.235
	31.244

	M3
	147
	0.478
	70.793

	M4
	168
	0.676
	113.55

	M5
	151
	1.561
	235.665



Table 2 3 Mesh study based on time and converged iteration 
       
   Figure 2.3. Mesh study based on the total time iteration
  The mesh independent study also determined from the post-processing CFD result which represents the flow of the fluid to the domain and Ahmed body. The accurate meshing element gives a well velocity vector distribution flow to the whole and back of the body as well and the vortex core for Mesh study (M3).
[image: ]
   Figure 2.4 drag and lift for M3
       [image: ]
       Figure 2.5 velocity vector distribution for M3
[image: ]
   Fig.2.6. 3D Turbulent Vortex Core Regine for M3
[bookmark: _Toc31003825]3. TURBULENCE MODELLING STUDY FOR AHMED BODY
   Turbulence modelling study taken with the same mesh procedure and domain study 7 (D7) only varying the turbulence model type. The result of the modelling based on the drag and lift coefficient result and the number of iterations to converge. The meshing taken the same as mesh study 3 (M3) to prove the turbulent model.
   According, the study turbulence model K-ɛ RNG taken iteration up to 2000 but never reached the convergence of the values which was continuously fluctuate the result and apparently taken long time of iteration. K-omega turbulence model also reached convergence at 624 comparing with rest taken long time for iteration.
   The result compares the CFD the error from the experimental result, with turbulence model K-ɛ Realizable only 0.67% error for the drag coefficient and 1.45% lift coefficient error. The most efficient turbulence modelling type based on the drag, lift and iteration convergence would be “K-ɛ realizable”. 
	Turbulence model types
	CD
	CL
	Drag Error %
	Lift Error %
	Iteration convergence

	K-ɛ Realizable 
	0.301
	0.35
	0.67
	1.45
	150

	K-ɛ RNG 
	0.294
	0.363
	1.67
	5.22
	2000* 

	K-ɛ Standard 
	0.303
	0.349
	1.34
	1.16
	139

	K-omega SST
	0.307
	0.355
	2.67
	2.89
	106

	K-omega standard
	0.309
	0.344
	3.344
	0.29
	624



 Table 3 1 turbulence modelling with drag, lift CFD results and percentage error 
     
     Figure 3.1 Turbulence modelling 
[bookmark: _Toc31003826]4. MESH DENSITY STUDY FOR AHMED BODY
   The mesh density box studied focus in the mesh refining and the result. The below table experiment done with fixed domain D7 size and K-ɛ realizable. The mesh type, size and the prism number taken the same as the mesh study procedure.
  Mesh density 1 (MDS1) was the efficient comparing to the two-study based on the drag and lift coefficient result and the time of iteration. MDS2 was refine mesh especially on the back edge of the Ahmed body but the lift was high. For MDS3 the mesh refines well on the back and underneath of geometry, but the result is slightly out. 
	Density study numbers
	Elements
	Density box size (Wake box*Back box*Underneath box)
	Drag coefficient
	Lift coefficient
	Iteration convergence

	MDS1
	726689
	0.07
	0.301
	0.35
	148

	MDS2
	839746
	0.07*0.05
	0.292
	0.396
	163

	MDS3
	906583
	0.07*0.05*0.05
	0.292
	0.383
	168



  Table 4 1 mesh density study
    
   Figure 4.1 mesh density box with CD and CF results
[image: ][image: ][image: ]
Figure 4.2 MDS1, MDS2 and MDS3 CFD
[bookmark: _Toc31003827]5. PRISM LAYER AND MESH TYPE STUDY
[bookmark: _Toc31003828]5.1 PRISM LAYER STUDY
   The prism layer study held with the same mesh type procedure which was tetrahedral and same size followed mesh study 3 (M3). The results are close to each another even the convergence of the iteration except the PLS1 lift coefficient slightly out, but elements are increased as the prism number increases.
	Prism Layers
	Prism numbers
	Elements
	CD
	CL
	Iteration Converged 

	PLS1
	2
	643255
	0.302
	0.359
	150

	PLS2
	5
	726689
	0.301
	0.35
	148

	PLS3
	7
	807129
	0.301
	0.349
	148



  Table 5 1 Prism layer study
             
        Figure 5.1 Prism layer with CL

[image: ][image: ][image: ]
   Figure 5.2. PLS1 top left, PLS2 top right and PLS3 bottom 
[bookmark: _Toc31003829]5.2 MESH TYPES
   The mesh types for ICEM CFD are volume mesh types tetrahedral (octree and Delaunay) and hexa-dominant. For all the study followed mesh study 3 (M3), surface mesh taken with all triangle mesh type, patch independent mesh method and with five prism layers. 
   For both used the same procedure but the elements and the nodes are large difference between each, but the convergency of the iteration almost the same and result as well.
   
	Mesh types
	Nodes
	Elements
	Total Iteration time
	Iteration convergence
	CD
	CL

	Tetrahedral
	187817
	744977
	65.17
	148
	0.302
	0.348

	Hexa-dominant 
	105780
	176061
	77.43
	149
	0.301
	0.348



Table 5 2 mesh types
[image: ]
   Figure 5.3 tetrahedral
[image: ][image: ]
                     Figure 5.4 Octree and Delaunay 
[image: ][image: ]
    Figure 5.5 Hexa-dominant 

[bookmark: _Toc31003830]6. POSTPROCESSING 

[bookmark: _Toc31003831]6.1 Velocity distribution
   The velocity distribution along the geometry section of Ahmed body the area in the green region was 40m/s, but the blue at the back of the body and front of the body were with low velocity and high-pressure region. The red region was with high velocity and low-pressure region. 
    On the velocity contour the symmetry was in 40m/s velocity region except a certain area above the Ahmed body in a range slightly above 40m/s due to the flow contact between the air speed and the body.  

[image: ][image: ][image: ][image: ]
      Figure 6.1 velocity distribution 
[bookmark: _Toc31003832]6.2 Pressure distribution and Turbulence kinetic energy
  The air flow directly strikes the front geometry of Ahmed body and front legs, which results a very high pressure due to the flow direction. The air flow then divides between the upper and lower Ahmed body of the geometry and causes to drop the pressure the curved surface which was low pressure at the back of the body. The low pressure creates lifts over the top surface with air flows through it. Due to the continuously air flow and pass through the rear a separation of flow formed at the rear of the body, this separation leaves a vacuum which was low pressure with a gap, the low pressure creates lift to the body.
[image: ][image: ]
           Figure 6.2 Pressure distribution
[image: ]
  Figure 6.3 pressure distribution along the lower and upper body
     The shown figures the distribution of the turbulence kinetic energy and the intensity of the distribution 
[image: ][image: ]
Figure 6.4 turbulence kinetic energy
[image: ]
Figure 6.5. 3D turbulent vortex core regime 

[bookmark: _Toc31003833]6.4 Centre of pressure
   Centre of pressure is the point on the Ahmed body where the resultant forces of the drag and lift acts. The total resultant force of the drag was 17.02 N and the lift resultant force 20.02 N. The centre of the pressure calculated with the moments on the body fixed the moment axis (0,0,1) and moment on the point of the centre pressure zero. The moment centre for Ahmed body based on the below study would be (-0.4061,0,0) which means 0.4061 m from the origin (from the back of the body toward the centre. 

[image: ]
Figure 6.6. centre of pressure (406.1 mm) (0.4061 m)
[image: ]
Figure 6.7 Total force to the x-axis and y-axis
[bookmark: _Toc31003834]7. CONCLUATION
  In this study, the domain study taken based on the geometry size with several testing on the Ansys model. The domain selected based on the drag and lift value, the air domain size for Ahmed geometry was 4 m front the front measures from the back of the body, 6.5 m to the back, 2.5 m height and 2.3 width. The domain results 0.67 % error for the drag and 1.44 % error for the lift comparing to the experimental test. 
   Mesh independent study concentrated on the result of the drag and lift coefficient, cells refine and time of iteration. The mesh study on this study was not as more elements comparing with previous studies, based on my domain the medium elements (between 700000 to 800000) were closest to the experimental data. 
   Turbulence model concluded k-ɛ realizable with the drag result and time of iteration. The study showed the velocity vector where the flow direction and the effect on the body and the pressure distribution on the top and underneath of the body.  
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