P Prifysgol Cymru
%% Y Drindod Dewl Sant

" University of Wales
Trinity Saint David

University of Wales Trinity Saint David

School of Engineering

CFD Ahmed Body
Advanced Computational Methods
M6X00408
Zhangwel Guo
1805078
25/01/2020



Hx

L ADSITACT R 1
2 INTFOAUCTION ottt s s 2
3 CONAUCE RESEAITN ..ot 3
3.1 GENEral CFD PrOCESS ..ot 3
3.2 GOVEINING EQUATIONS ......cooveveieeeeeeeee ettt 3
4 Create FIuid DOMaiN GEOMIELIY ....o.iuiiiiiicirieeiees st 5
5  Create Mesh and Appraise QUAIITY .......c.oovovoveioeoeeeeeeeee e, 6
6 SoIve and ANAlYZE RESUILS......coiii e 10
6.1 25 Degrees ANMEd GEOMEBLIY ......ovveeeeeeeeeeeeeeeeeeeeeeeeeee ettt 10
6.2 35 degrees ANMed GEOMELIY ..o 14
T CONCIUSION. ..ttt 16
B RETEIEINCE. ...ttt 17



1 Abstract

This paper focuses on create a suitable simulation model for an Ahmed body analysis
and investigate CFD methodologies (Tudor, 2020). First of all, research on the whole
process of CFD and the governing equations of it are finished to get an understanding
of CFD. After that, the geometry is imported into ANSYS and a fluid domain been
established as well to finish the analysis of the aerodynamics around the Ahmed. The
choice of geometry domain is made at the same time considering the flow structures
and mesh strategy. Thirdly, a mesh of the domain is created as the mesh density
been applied using the mesh control in where the important flow occurs. Finally, the
solver is set up and the solution been got as the results could be checked by plots and
coefficients. Different set of domain sizes, mesh strategies, turbulence models and

solver settings been used to find the effect they have on the results.
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2 Introduction

As everyone knows, computational fluid dynamics (CFD) has been used to analysis
the interaction of the aerodynamic devices and the aerodynamics around the vehicles
which means all the simulations have to be 3D as the highly turbulent flow regimes are
3D phenomena.

Using computational fluid dynamics (CFD) to investigate the external and internal
aerodynamics is widely been used to redesign some parts and vehicles trying to get a
better aerodynamic performance. Computational fluid dynamics (CFD) has been
applied to develop a 3D simulation model and find the life and drag coefficients at
different settings on two geometries with different slant angles.

The major target of this paper is to investigate the effects of different domain sizes,
mesh strategies, turbulence models and solver settings on lift and drag coefficients of
the geometry, trying to find the best control solution for each geometry as well. This
paper has been organized as follows. At the beginning, an outline of the whole CFD
process and several control equations needs to be established after researching. After
that, import the geometry into ANSYS and create a fluid domain preparing for the
investigate of the external aerodynamics around the geometry. Thirdly, using mesh
controls to apply mesh density to get a suitable 3D mesh of the fluid domain. Finally,
the solver needs to be set so the initial solutions can be obtained and then the results

can be analyzed, the best control solutions can be found out as well.



3 Conduct Research

First of all, there are two computational fluid dynamics analysis methods could be used
to predict the aerodynamics around the vehicles which is solid modeling method and
shell modeling method (Ashok Patidar - Mahindra & Mahindra Limited, 2020). For solid
modeling method, the Ahmed geometry is modeled as solid and modeled as shell

element with defined thickness for shell modeling method.

3.1 General CFD Process

The step of both of these two CFD analyses methods are as follows. First of all, the
geometry should be established and imported into ANSYS. A suitable fluid domain
should be created around the geometry after that, so a 3D mesh of the fluid domain
could be created as well. And for some regions in which significant flow regimes occurs,
mesh controls could be used to create mesh density. Before set up the solver, the
mesh quality should be appraised from skew, orthogonality and aspect ratio. Finally,

all the results can be obtained from contour plots and reporting coefficients.

3.2 Governing equations

The governing equations are shown as follows:
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Figure 1. Continuity equation
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Figure 6. Energy equation
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Figure 4. RANS momentum equation
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Figure 5. K equation for turbulent energy
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Figure 6. General form of K equation for turbulent energy



4 Create Fluid Domain Geometry

First of all, import the external geometry file to get the geometry in the design modeler.
Domain and all analyses only needed to be performed on half of the geometry on
account of it is symmetric. For the size of domain, from the results of some experiments
as shown in figure 7 it can be defined as 10 meters long with 6 meters behind the
geometry, 1.5 meters high from the ground and 3 meters wide with 1.5 meters each

side.

i

Figure 7. Results of Experiment

After using the feature of Boolean to get the solid body needed for the mesh, name
each face is necessary as well.

The fluid domain is ready for mesh as follows:
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Figure 8. Fluid Domain Geometry



5 Create Mesh and Appraise Quality

To create the mesh, first of all, body of domain has to be created as figure 9 shows.

ANSYS

R16.2

4 BODY

Figure 9. Body of Domain

The work of mesh could be started when the body has been done. The first quick
mesh could be computed when global mesh setups like element scale factor,
element seed size and global mesh parameters been set.

But obviously, as figure 10 shows it is not suitable for the analysis on account of the
accuracy. The feature of part mesh setup could be used to improve it as it can define

the maximum size of each part as shown in figure 11. But both of the accuracy and

quality of the mesh are still not enough because of the Boundary - layer theory.
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Figure 10. First Quick Mesh
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Figure 11. Part Mesh Setup

The boundary — layer theory means when fluid is next to a solid surface, there is no
slip of the fluid relative to the surface, so if the surface is stationary, then the fluid
immediately adjacent to the surface must have zero velocity. But fluid any distance
from the surface can move (vanderain, 2020). This principle states that there is a
boundary layer near the solid surface. The fluid in the layer considers a large velocity
gradient, and the velocity of the layer that is in contact with the solid surface is
always equal to the solid surface speed which is zero when the solid is fixed.
However, the boundary layer is very thin, and all fluids with speeds <99% of the

mainstream velocity are considered to be within the boundary layer. So apply the
7



feature of Prism around the geometry and the ground is necessary for the analysis.

Mesh quality of domain gone much better in figure 12 after applying the Prism.

Figure 12. Prism

When vehicle is running at 40 meters per second as the boundary conditions, the
airflow flows through and vortex will be generated at the parts where the local airflow
speed changes sharply. So the first mesh density around the whole geometry is been
created. But from the results of several experiments shown in figure 13, there have
significant flow regimes occurs at the rear of the vehicle and the air flow separates
from the connecting point of the top and rear faces. So another mesh density
especially for the rear part of the geometry is been established like figure 14 and the

results comes a huge difference in figure 15.

1: Contours of Velodity Magn v

Fluent Releas




Figure 13. Vortex at Rear Part

Figure 14. Second Mesh Density
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Figure 15. Result of Velocity



6 Solve and Analyze Results

6.1 25 Degrees Ahmed Geometry

As to the solving setup, report quality of mesh from minimum orthogonal quality,
maximum orthogonal skew and maximum aspect ratio like figure 16 shows is
important so that the quality of mesh could be obtained and recorded in Excel shown

in figure 17.

Mesh Quality:

Hinimum Orthogonal Quality = 2.74682e-81
(Orthogonal Quality ranges from 8 to 1, where values close to O correspond to low quality.)

Maximum Ortho Skew = 7.25318e-81
(Ortho Skew ranges from O to 1, where values close to 1 correspond to low quality.)

Haximum Aspect Ratio = 1.18598e+81

Figure 16. Report Quality

Report Quality
Min Ortho Qualty Max Ortho Skew  Max Aspect Ratio

2 0.274682 0.725318 11.859
3 0.106505 0.893495 29.1955
4 0.0842995 0.9157 31.7134
5 0.104093 0.895907 22.6291
B 0.128521 0.871479 23.6017
7 0.104093 0.895907 22.6291
8 0.07444 0.92556 318721

Figure 16. Report Quality in Excel

After the quality check, come back to the solving setup. First of all, the boundary
conditions should be set with inlet velocity of 40 meters per second and reference
values used to be compute from inlet. As to the models, viscous model with setup of
k-epsilon (2 eqn), non-Equilibrium Wall Functions is set. For the k-epsilon Model,
both of the Standard and Realizable model are used to calculate the coefficients

separately as figure 17 and 18 follows.
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1: Scoled Residuals ~ 2: cd-1 Convergence History v

3: d-1 Convergence History

100 425 180

Iterations

214 1.0768e-03 2.3069e-05 7.3906e-06 9.8431e-06 1.1911e-03 7.2727e-04 3.5501e-01 3.0331e-01 ~
215 1.0730e-03 2.4071e-05 7.5055e-06 9.9131e-06 1.1824e-03 7.2743e-04 3.5618e-01 3.0339%e-01
216 1.0756e-03 2.3710e-05 7.4463e-06 0.8175e-06 1.1763e-03 7.0000e-0% 3.5503e-01 3.0368e-01
217 1.071%e-03 2.3310e-05 7.1781e-06 0.6224e-06 1.163%e-03 6.9151e-04 3.5566e-01 3.0372e-01
218 1.0603e-03 2.3041e-05 7.0206e-66 0.4016e-06 1.1485e-03 6.9461e-04 3.5587e-01 3.0357e-01
219 1.0567e-03 2.3112e-05 7.1564e-86 9.5177e-06 1.1428e-03 6.970%e—0% 3.5613e-01 3.0364%e—01
220 1.0546e-03 2.2752e-05 7.0861e-86 9. 1. 6. 3.5596e-01 3.0387e-01
iter continuity x-velocity y-velocity z-velocity K epsilon c1-1 cd-1
221 1.0458e-03 2.2324e-05 6.8427e-06 9.1814-06 1.1211e-03 6.6183e—04 8.5570e-01 3.0392e-01
222 1.0265e-03 2.192%e-05 6.6777e-66 8.9808e-06 1.1076e-03 6.626%e—04 3.5584e-G1 3.0384e—01
223 1.0114e-03 2.1808e-05 6.7340e-06 B.9099%e-06 1.1015e-03 6.6137e-04 3.5612e-01 3.0389e-01
224 0.9820e-04 2.13¢1e-05 6.6004e-06 B.742%e-06 1.0931e-03 6.4500e-0% 3.5607e-01 3.0404e-01
225 9. 2. 6. §.5153e-06 1.0867e-03 6.3230e-04 3.5500e-01 3.0408e-61
226 0.6361e-04 2.0601e-05 6.2930e-66 8.360%¢-06 1.0707e-03 6.3351e-0% 3.5602e-01 3.0405e-01
227 0.48u%e-04 2.0385e-05 6.3078e-06 8.2618e-06 1.0644e-03 6.309%e-0% 3.5623e-01 3.0411e-01
228 0.3375e-04 1.9927e-05 6.1607e-86 B.0816e-06 1.0552e-03 6.1772e-04 3.5619e-01 3.0422e-01
229 9. 1. 5. 7.8677e-06 1.0437e-03 6.0718e-04 3.5611e-01 3.0426e-61
230 8.9751e-04 1.9166e-05 5.8910e-86 7.7149e-06 1.0350e-03 6.8640e—04 3.5623e-01 3.0426e-01
231 8.812%e-04 1. 5. 7. 1.0277e-03  6.0185e-04 3.5638e-01 3.B431e-61
iter continuity x-velocity y-velocity z-velocity k epsilon £1-1 cd-1
232 8.6560e-04 1.8309e-05 5.7012e-06 7.4027e-06 1.0179e-03 5.0008e-0% 3.5637e-01 3.0430%e-01
233 8.4868e-04 1.7058e-05 5.5310e-066 7.207%e-06 1.0073e-03 5.8144e-04 3.5636e-01 3.0442e-01

*+ 234 solution is converged
234 8.313%e-84 1.7646e-85 5.4618e-86 7.8531e-86 9.9878e-04 5.7829e-04 3.5647e-01 3.8443e-81

Figure 17. k-epsilon-standard

1: Scaled Residuals 2: cd-1 Convergence History

Te+01

1e+00

282 1.1781e-83 1.798%e-05 L4.9457e-06 7.293%e-86 6.0592e-84 3.2443e-04 3.3477e-01 3.8605e-81 0:36:59 318 ~
283 1.1680e-03 1.7866e-05 4.9412e-06 7.2563e-06 6.0104e-04 3.2018e-04 3.3492e-01 3.0614e-01 0:35:50 317
284 1.1581e-03 1.7734e-85 4.9345e-086 7.2166e-86 5.9611e-84 3.1593e-04 3.3586e-01 3.8624e-81 8:35:57 316
285 1.1474e-03 1.7584e-05 4.9262e-06 7.1764e-06 5.9114e-04 3.1168e-04 3.351%9e-01 3.0633e-01 0:34:58 315
286 1.1359e-83 1.7417e-05 4.9130e-06 7.1308e-06 5.8608e-04 3.0744e-04 3.3531e-81 3.0643e-01 0:35:13 314
iter continuity x-velocity y-velocity z-velocity k epsilon c1-1 cd-1 time/iter
287 1.1232e-03 1.7226e-05 4.8923e-06 7.0760e-06 5.8083e-04 3.0316e-04 3.3541e-01 3.0652e-01 0:34:21 313
288 1.1098e-03 1.7020e-85 L4.86608e-06 7.0112e-86 5.7544e-04 2.9885e-04 3.3551e-81 3.8661e-81 0:34:40 312
289 1.0960e-03 1.6796e-05 4.8333e-06 6.9344e-06 5.6990e-04 2.9449e-04 3.3560e-01 3.0670e-01 0:33:52 311
298 1.0810e-83 1.6555e-05 4.7934e-06 6.8485e-06 5.6417e-04 2.9008e-04 3.3568e-01 3.0679e-01 0:34:14 310
291 1.0647e-03 1.6293e-05 4.7435e-06 6.7527e-86 5.5828e-84 2.8559e-04 3.3576e-01 3.8687e-81 0:33:29 389
292 1.0470e-03 1.6013e-05 4.6853e-06 6.6495e-06 5.5228e-04 2.8108e-04 3.3583e-01 3.0696e-01 0:32:52 368
293 1.08273e-03 1.5720e-85 4.6207e-06 6.5387e-86 5.4616e-84 2.7651e-04 3.3590e-81 3.06704e-81 0:33:22 387
294 1.0071e-03 1.5417e-05 4.5494e-06 6.4185e-06 5.39%4e-04 2.7193e-04 3.3596e-01 3.0712e-01 0:32:44 306
* 295 solution is converged
295 9.8697e-04 1.5102e-05 L4.4721e-06 6.2906e-86 5.3358e-04 2.6729e-04 3.3602e-01 3.06720e-81 0:33:13 385

Figure 18. k-epsilon-realizable
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For the Ahmed geometry with slant angle of 25 degrees, seven calculations are

finished with all the results recorded in Excel as follows.

Table 1- Results of Slant Angle 25Degrees with Standard Mode/

Slant Angle-25-STAND model
CL CD
Experimental Tested Experimental Tested
(-01) (-01) (-01) (-01)
3.45
1 3.6451 2.99 3.2747
3.45
2 3.5016 2.99 3.2115
3.45
3 3.7000 2.99 3.0620
3.45
4 3.5617 2.99 3.2384
345
5 3.5647 2.99 3.0443
3.45
6 3.5617 2.99 3.2384
3.45
7 3.4166 2.99 3.2857
Slant Angle 25-Standard Model
38 37
27 3.6451
3.5617 3.5647 3.5617
3.6 3.501
. 3.4\;‘4)“_’33?%34%6
. = » » » » q
g 34 3.2747 3.2857
? 33 29115 3.2384 3.2384
3.2
31 3.062 3.0443
299 299 299 299 299 293 299
E!
2.9
1 2 3 4 5 6 7 8 9 10 11
A FRE PR
el C| -Experimental s CL-Tested CD-Experimental CD-Tested

Figure 19. 25 Degrees Standard Model
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Table 2-Results of Slant Angle 25 Degrees with Realizable Mode/

Slant Angle-25-REA model
CL CD

Experimental Tested Experimental Tested

(-01) (-01) (-01) (-01)
4

1 345 3.6202 2.99 3.2941
4

2 343 3.2972 2.99 3.0579

3 34 3.4018 2.99 2.8470
4

4 345 3.3602 2.99 3.0720

5 34 2.7407 2.99 2.6261

6 345 3.3602 2.99 3.0720
4

7 343 3.1465 2.99 3.1283

Slant Angle 25-REA Model

3.8
3.6202
36 3.4 3.45 3 3.45 3.45
: . 23335 a5 :
L il ﬂ" il
3.4 . .
S 32 .
2.99 2.99 2.59 2.89 2.99 eep
3
2.847
28 740
2. 1
2.6
1 2 3 4 5 [+ 7 8 9
R g
sl CL-Experimental s CL-Tested CD-Experimental CD-Tested

Figure 20. 25 Degrees Realizable Model
From the overall calculation results of both of these two models, the addition of the

second mesh density has greatly improved the accuracy of the calculation results.
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For the standard model, the deviation is successfully reduced from 5.35% to 1.49%,
while the calculation deviation of the real model is also reduced from 10.17% to
2.27%. Six calculations are performed by changing various parameters including
domain sizes, mesh strategies, turbulence models and solver settings. In the sixth
calculation, there is a large difference between the standard model and the realizable
model, especially the calculation results of the realizable model can be discarded
from consideration and the analysis due to the large deviation. In the process of
reducing the unit size in the mesh step by step, increasing the number of layers of
prism, reducing the thickness of prism, and changing the quality of mesh density, it is
obviously that the change trends of the calculation results of the two coefficients by
the two models are generally consistent. The accuracy of the calculation results
shows an overall trend of increasing first and then decreasing. It can be seen that
both the standard model and the realizable model can reflect the influence of the
changes of various parameters on the calculation results to a certain extent. At the
same time, the results are not always better if the settings are more precise. But it is
obviously that the finer the setting of each parameter, the longer it takes for the
processes of both mesh and solve, so it is more demanding that we can find a

balance between the accuracy of calculation and the time spent.

6.2 35 degrees Ahmed Geometry

For the geometry with slant angle of 35 degrees, using the settings of test sixth and

the quality and results are as follows:

Hesh Quality:

Minimum Orthogonal Quality - 3.87012e-61
{Orthogonal Quality ranges from O to 1, where values close to O correspond to low quality.)
Haximum Ortho Skew = 5.65065e-01

(Ortho Skew ranges from B to 1, where values close to 1 correspond to low quality.)

Maximum Aspect Ratio = 1.B84943e+81

Figure 21. Quality Report of Mesh

14



2: d-1 Convergence History ~

ANSYS
R16.2

cademic

Jan 26, 2020
ANSYS Fluent Release 16.2 (3d, phns, ske)

c-1 Convergence History

3: cd-1 Convergence History ~

300
Iterations

02000
0

a00
terations

co-1 Convergence Histary Jan 26, 2020

ANSYS Fluent Release 16.2 (3d, pbns, ske)

o1 Convergence History Jan 26,2020

ANSYS Fluent Release 16.2 (34, pbns, ske)

579 3.6183e-83 8.5061e-86 2.7377e-06 3.1610e-06 1.802%9e-84 4.4743e-0% 1.9764e-02 2.8744e-01 0:07:58 21 ~
580 3.6445e-03 B8.5781e-86 2.7571e-86 3.1922e-06 1.7873e-04 4.5453e-04 1.88460-02 2_8794e-01 0:07:36 20
581 3.6677e-03 B8.6740e-86 2.783%e-86 3.2270e-06 1.7772e-04 4._7043e-04 1.7565e-02 2.8849e-01 0:07:14 19
582 3.6934e-03 B8.7837e-86 2.8215e-06 3.2660e-06 1.7663e-04 4.7600e-04 1.6072e-02 2.8902e-01 8:086:52 18
583 3.7238e-03 B8.8789%e-86 2.8634e-06 3.3028e-06 1.75568-04 4.7766e-04 1.4485e-02 2._8949e-01 0:086:26 17
iter continuity x-velocity y-velocity z-uelocity k epsilon €1-1 ca-1 time/iter
584 3.7559e-083 8. 2. 3. 1.7494e-04 4.7718e-04 1.2901e-02 2.8986e-01 0:06:04 16
585 3.7927e-03 9.8372e-86 2.9505e-06 3.3455e-06 1.7503e-04 4._8020e-04 1.1475e-02 2.9012e-01 0:05:42 15
586 3.8365e-03 9.1135e-86 2.9975e-86 3.3706e-086 1.7574e-04 4 _8657e-04 1.0432e-02 2.9027e-61 0:05:20 1
587 3.8812e-03 9.2088e-86 3.0429e-06 3.4007e-086 1.7698e-804 4._9018e-04 9.8836e-03 2.9632e-61 8:04:57 13
588 3.9165e-63 9.3180e-86 3.0816e-86 3.4333e-06 1.7900e-04 4_9879e-04 9.8237e-03 2.9029e-61 8:04:32 12
589 3.9439e-83 9.4319e-06 3.1084e-06 3.4670e-06 1.8153e-04 5.1137e-04 1.0244e-02 2.9017e-61 0:84:18 11
590 3.9584e-83 9.5457e-86 3.1229e-86 3.4944e-06 1.8380e-04 5.2356e-04 1.1210e-02 2.89%94e-01 0:83:48 10
501 2.9501e-63 0.6384e-06 3.1240e-086 3.5020e-06 1.8542e-04% 5.3411e-04 1.2662e-02 2.8061e-01 0:83:26 9
592 3.9460e-63 0.6984e-06 3.1100e-06 3.4062e-06 1.8410e-04 5.3863e-04 1.4447e-02 2.8022e-01 @:62:57 8
593 3.8036e-63 0.4548e-06 3.0220e-06 3.4007e-06 1.8415e-04 5.3831e-04 1.6400e-02 2.8878e-01 0:62:36 7
504 3.811%e-63 0. - - - - 2.8833e-061 0:62:14 6
iter continuity x-velocity y-velocity z-velocity k epsilon €1-1 cd-1 timesiter
595 3.8154e-63 0.5550e-86 2.0818e-86 3.363%e-66 1.8860e-64% 5.3313e-6% 2.143%e-62 2.8708e-61 @:61:40 13
596 3.7035e-63 ©0.3602e-86 2.8991e-86 3.2681e-66 1.7806e-64% 5.2553e-6% 2.383%e-62 2.8752e-61 @:61:26 L
597 3.6229e-83 9.121%e-86 2.8306e-86 3.1916e-86 1.7916e-84 5.2667e-0% 2.606%9e-02 2.8722e-61 8:01:85 3
598 3.6783e-83 9. 2. 3. 1.7823e-04 5.2097e-84% 2.8111e-82 2.8696e-01 0:00:44 2
599 3.7174e-03 9.2850e-86 2.8153e-86 3.1917e-06 1.7681e-84 5._1572e-04 2.9637e-02 2.8675e-01 8:00:22 1
600 3.7328e-03 9.3097e-86 2.8863e-06 3.1924e-86 1.7562e-84 5_1327e-04 3.0520e-02 2.8662e-61 0:00:00 a o
Figure 22. Result of Coefficients
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Figure 23. Velocity Result

It is obviously that the best settings been found for geometry with slant angle of 25
degrees is not suitable for the geometry with slant angle of 35 degrees as both of the

coefficients have a huge difference from the experimental data.
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7 Conclusion

This paper covers the entire process of CFD (Computational fluid dynamics), from the
external model import to the establishment of domain, from the creation of the mesh
to the setting of the solver and the analysis of calculated results.

In the process of investigating the influence of the setting of each parameter on the
final calculation results, it is obviously that the change trends of the calculation
results of the two coefficients by the two models are generally consistent. At the
same time, the accuracy of the calculation results shows an overall trend of
increasing first and then decreasing. From the differences in calculation results and
changes in parameter settings, both of the standard model and the realizable model
can reflect the influence of the changes of various parameters on the calculation
results to a certain extent. However, in this process, it is also found that the accuracy
of the calculation results and the precision of the parameter settings are not always
linear which means the results are not always better if the settings are more precise.
It can be also concluded that each geometry has a different best setting for the
calculations of coefficients.

After that, there is another important point, whether for mesh or solve, more precise
the parameter settings, longer it will take. When a test been found that the expected
calculation time is more than 200 hours, been stopped immediately because it does
not make any sense. In addition to the accuracy of the calculation results, it is
significant to find the balance between the accuracy of calculation and the time

spent.
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