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XVHG�DQG�WHQVRU�QRWDWLRQ�LV�HPSOR\HG��,Q�WKH�DERYH�HTXDWLRQ�� r LV�WKH�IOXLG�GHQVLW\�� W �LV�WLPH�

*8 DUH�FRPSRQHQWV�RI�WKH�IOXLG�YHORFLW\�YHFWRU��
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,G LV�WKH�GLIIXVLRQ�FRHIILFLHQW�IRU�WKH�YDULDEOH
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0V1 �DUH�WKH�YROXPHWULF�DQG

VXUIDFH�VRXUFH�WHUPV��UHVSHFWLYHO\�

$OO� GHSHQGHQW� YDULDEOHV� DUH� VWRUHG� DW� WKH� JHRPHWULF� FHQWUH� RI� WKH� FRQWURO� YROXPH�� 7KH

DSSURSULDWH� GDWD� VWUXFWXUH� �FHOO�IDFH� EDVHG� FRQQHFWLYLW\�� DQG� LQWHUSRODWLRQ� SUDFWLFHV� IRU

JUDGLHQWV� DQG� FHOO�IDFH� YDOXHV� DUH� LQWURGXFHG� WR� DFFRPPRGDWH� DQ� DUELWUDU\� QXPEHU� RI� FHOO

IDFHV��7KH�FRQYHFWLRQ�FDQ�EH�DSSUR[LPDWHG�E\�D�YDULHW\�RI�GLIIHUHQFLQJ�VFKHPHV��7KH�VHFRQG

RUGHU�DFFXUDWH�DQG�ERXQGHG�0,102'�VFKHPH�LV�HPSOR\HG�IRU�WKLV�VWXG\��3U]XOM�DQG�%DVDUD

��������� 7KH� GLIIXVLRQ� LV� DSSUR[LPDWHG� XVLQJ� FHQWUDO� GLIIHUHQFLQJ�� 7KH� RYHUDOO� VROXWLRQ

SURFHGXUH� LV� LWHUDWLYH�DQG� LV�EDVHG�RQ� WKH�6,03/(�OLNH� VHJUHJDWHG�DOJRULWKP�ZKLFK�HQVXUHV

FRXSOLQJ�EHWZHHQ�WKH�YHORFLW\�DQG�SUHVVXUH�ILHOGV�
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7KH�IORZ�ILHOG�LV�PRGHOOHG�E\�WKH�HQVHPEOH�PHDQ�1DYLHU�6WRNHV�HTXDWLRQV�FRXSOHG�HLWKHU�ZLWK

WKH� HGG\�YLVFRVLW\� N e- � PRGHO� HTXDWLRQV� RU� ZLWK� WKH� GLIIHUHQWLDO� 5H\QROGV� VWUHVV� PRGHO

HTXDWLRQV�RU�ZLWK� � WKH� ERWK� RI� WKHVH�PRGHOV� IL[HG� LQ� WKH� IUDPH�RI� K\EULG� WXUEXOHQFH�PRGHO
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ZKHUH� 7 83 � LV� WKH� SURGXFWLRQ� E\� WKH�PHDQ�YHORFLW\� JUDGLHQWV�� 7 8e � GHQRWHV� WKH� GLVVLSDWLRQ� UDWH

WHQVRU�DQG� 9 :P LV�WKH�SUHVVXUH�VWUDLQ�FRUUHODWLRQ��)RU�WKH�SUHVVXUH�VWUDLQ�WHUP��WKH�66*�PRGHO

RI�6SH]LDOH��6DUNDU� DQG�*DWVNL� ������� LV� XVHG��7KH�66*�PRGHO� GRHV� QRW� UHTXLUH� WKH� XVH� RI

ZDOO�GDPSLQJ�WHUPV��7KLV�PRGHO�LV�JLYHQ�DV�
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7KH� e �PRGHO� HTXDWLRQ�� XVHG� LQ� FRQMXQFWLRQ� ZLWK� WKH� 560�PRGHO�� KDV� QRZ� WKH� IROORZLQJ

GLIIXVLRQ�FRHIILFLHQWV�DQG�VRXUFHV�
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���� 7KH�K\EULG�WXUEXOHQFH�PRGHO��+70�

$OWKRXJK�LW�KDV�EHHQ�VKRZQ�LQ�WKH�SDVW�WKDW�WKH�5H\QROGV�VWUHVV�PRGHO��560��PRGHOV�FDQ�EH

XVHG�IRU�UHDO�LQGXVWULDO�DSSOLFDWLRQV��LW�LV�DOVR�LQHYLWDEOH�WKDW�&)'�XVHUV�VHHN�OHVV�FRPSOLFDWHG

DQG�PRUH�UREXVW�VROXWLRQV���6HHNLQJ�IRU�VXFK�VROXWLRQ��%DVDUD�DQG�-DNLUOLF��������DQG�%DVDUD�

-DNLUOLF� DQG� 3U]XOM� ������� � UHFHQWO\� SURSRVHG� DQG� YDOLGDWHG� D� QHZ� DQG� VLPSOHU� VFKHPH� IRU

WXUEXOHQFH�PRGHOV�HPSOR\PHQW�

7KH� k e- � PRGHOV� XVH� WKH� WXUEXOHQFH� NLQHWLF� HQHUJ\� DQG� LW¶V� GLVVLSDWLRQ� UDWH� WR� GHILQH

FKDUDFWHULVWLF�WXUEXOHQFH�VFDOHV��7KH�Cm�FRHIILFLHQW�LV�GHULYHG�IURP�WKH�PHDVXUHG�UDWLR� /i ju u k

IRU� WKH�ZDOO� ERXQGDU\� OD\HUV� DQG� WKHQ� XVHG� DV� D� FRQVWDQW� YDOXH�� �:LWK� WKLV� DVVXPSWLRQ�� WKH

WXUEXOHQFH�YLVFRVLW\� LV�GHWHUPLQHG�DQG� WKHQ�XVHG� LQ�PRPHQWXP�HTXDWLRQV��$�ZHDN�SRLQW�RI

VXFK�IRUPXODWLRQ��EHVLGH�LW¶V�LVRWURSLF�IRUP��OLHV�LQ�D�GHULYDWLRQ�RI�WKH�FRQVWDQW�Cm��ZKLFK�LQ

UHDOLW\�GRHV�QRW�YDU\�MXVW�IURP�RQH�WR�DQRWKHU�W\SH�RI�WKH�IORZ�EXW�DOVR�DFURVV�WKH�VDPH�IORZ�

&RPPRQO\�XVHG�YDOXH�LV�������$Q�DSSURDFK�DGYDQFHG�E\�%DVDUD�DQG�-DNLUOLF���������VXJJHVWV

D�GHULYDWLRQ�RI�Cm�E\�HTXDOLVLQJ�WKH�SURGXFWLRQ�RI�WXUEXOHQFH�NLQHWLF�HQHUJ\�SUHGLFWHG�E\�WKH

5H\QROGV�VWUHVV�PRGHO�DQG�ZLWK�WKH�SURGXFWLRQ�REWDLQHG�E\�WKH�N�e�PRGHO��WKXV
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7KHUHIRUH�LQ�SURSRVHG��PRGHO��WKH�VWUHVV�DQG�PHDQ�VWUDLQ�WHQVRUV�DUH�FRXSOHG�YLD�%RXVVLQHVT¶V

IRUPXOD�� DV� LQ� WKH� VWDQGDUG� N�e PRGHO�� � � +RZHYHU�� WKH� WXUEXOHQFH� NLQHWLF� HQHUJ\� LV� QRZ

REWDLQHG�DIWHU�VROYLQJ�IXOO�5H\QROGV�VWUHVV�WUDQVSRUW�HTXDWLRQV��7KH�GLVVLSDWLRQ�UDWH�HTXDWLRQ�LV

DOVR� VROYHG� LQ� WKH� IRUP� FRPPRQO\� XVHG� LQ� WKH� IUDPHZRUN� RI� WKH� 5H\QROGV�VWUHVV� FORVXUHV�

)LQDOO\��WKH�VWUXFWXUDO�SDUDPHWHU�CmLV�FDOFXODWHG�DV�D�IXQFWLRQ��JLYHQ�DERYH�UDWKHU�WKHQ��NHSW

FRQVWDQW�



�7KLV�µFRQVWDQW�IUHH¶�HGG\�YLVFRVLW\�PRGHO�JUHDWO\�LPSURYHV�UHVXOWV�FRPSDUHG�WR�LWV�VWDQGDUG

N�e �FRXQWHUSDUW��6HYHUDO��YHU\�ZHOO�NQRZQ�ZHDNQHVVHV�RI�WKH�N�e �PRGHOLQJ�SUDFWLFH��SHUWLQHQW

HVSHFLDOO\� WR� WKH� URWDWLQJ� DQG� VZLUOLQJ� IORZV�� VHSDUDWHG� IORZV�� DV�ZHOO� DV� IORZV�ZLWK� VWURQJ

GLODWDWLRQDO� HIIHFWV�� DUH� UHPRYHG� LQ� VXFK� D�ZD\��2Q� WKH�RWKHU�KDQG�� WKLV� DSSURDFK� LPSURYHV

VLJQLILFDQWO\�WKH�FRQYHUJHQFH�UDWH� LQ�FRPSDULVRQ�WR� WKH�5H\QROGV�VWUHVV�PRGHO�JURXSV��6XFK

IRUPXODWLRQ� RI� WKH� HGG\� YLVFRVLW\� PRGHO� RIIHUV� YHU\� UREXVW� FRPSXWDWLRQDO� SURFHGXUH� DQG

DFFXUDWH�VROXWLRQV�

,W�LV�FOHDU�WKDW�WKH�K\EULG�WXUEXOHQFH�PRGHO��+70��LV�VSHFLILFDOO\�GHVLJQHG�WR�VDWLVI\�LQGXVWULDO

QHHGV�� � 7KH� ILUVW� LQGXVWULDO� PHHWLQJ� �$9/� $67� 8VHU� 0HHWLQJ� ������ ZKHUH� +70� ZDV

SUHVHQWHG� �%DVDUD� ��������� VKRZHG� WKDW� WKH� LQGXVWU\� KDV� D� KLJK� LQWHUHVW� IRU� VXFK�PRGHOOLQJ

SUDFWLFH�� � 7KHUHIRUH�� WKH� PRGHO� LV� QRZ� LQWHQVLYHO\� YDOLGDWHG� RQ� D� ZLGH� UDQJH� RI� GLIIHUHQW

IORZV��DQG�WKLV�DOVR�LQFOXGHV�D�WXUEXOHQW�IORZ�DURXQG�$KPHG�ERG\�
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7KH� FRPSXWDWLRQDO� GRPDLQ� FRQWDLQV� �������� KH[DKHGUDO� FHOOV�� /RFDO� JULG� UHILQHPHQW� LV

DSSOLHG��VHH�)LJXUH����WR�LPSURYH���D�JULG�UHVROXWLRQ�DURXQG�WKH�ERG\�� �7KH�JULG�LV�FDUHIXOO\

FKHFNHG� IRU� WKH� QXPHULFDO� HUURU� E\� � HPSOR\LQJ� GLIIHUHQW� GLIIHUHQFLQJ� VFKHPHV� DQG� LW

UHSUHVHQWV� WKH�PLQLPXP�VL]H�DFFHSWDEOH�IRU� WXUEXOHQW�PRGHOV� WHVWLQJ�� �)RU� WKH� IXOO�ERG\�� WKH

JULG�VL]H�LV���PLOOLRQ�ZKLFK�LV�DOVR�DFFHSWDEOH�VL]H�IRU�WUDQVLHQW�FDOFXODWLRQV��7KH�ILUVW�QH[W�WR

ZDOO�FHOOV�HQVXUHV�\��YDOXHV�RQ�WKH�ERG\�WR�EH�OHVV�WKHQ������)RU����GHJUHH�FDVH��WKH�JULG�LV

SUDFWLFDOO\� WKH� VDPH� DV� � RQH� � IRU� ��� GHJUHH��'XH� DWWHQWLRQ�ZDV� DOVR� JLYHQ� WR� WKH� ERXQGDU\

FRQGLWLRQV��0HDVXUHG�YHORFLW\�SURILOH�ZDV�XVHG�IRU�H[WUDSRODWLRQ�DW�WKH�LQOHW�ERXQGDU\�IDFHV�

$�PLQLPXP�LQOHW�GLVWDQFH�IURP�$KPHG�%RG\�KDV�EHHQ�YDOLGDWHG�DQG�LW�ZDV�IRXQG�WKDW����P�LV

VXIILFLHQW� HQRXJK�QRW� WR� LQIOXHQFH� UHVXOWV��7KH�EHVW� DJUHHPHQW�ZDV� DFKLHYHG�ZKHQ� WKH� LQOHW

SURILOH�ZDV�WDNHQ�IURP�WKH�VDPH�VHW�RI�PHDVXUHPHQWV�XVHG�IRU�FRPSDULVRQV��LQOHW�SURILOH�ZDV

WDNHQ�IURP�[ ������P��

)LJXUH����&DOFXODWLRQ�JULG���������FHOOV�
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SURFHVVLQJ�RI�FRPSXWDWLRQDO�UHVXOWV�
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1 Introduction

The study of three-dimensional flow around a ground vehicle has become a subject of significant importance in the auto-
mobile industry. One obvious way of improving the fuel economy of vehicles is to reduce aerodynamic drag by optimizing
the body shape. Execution of good aerodynamic design under stylistic constraints requires an extensive understanding of
the flow phenomena and, especially, how the aerodynamics are influenced by changes in body shape. The aerodynamic
forces are caused by various viscous flow phenomena, such as the three-dimensional turbulent boundary layer on the body
surface, longitudinal vortices induced by three-dimensional separation, recirculating flows caused by separation.

The flow region which presents the major contribution to a car’s drag, and which poses severe problems to numerical
predictions and experimental studies as well, is the wake flow behind the vehicle. The location at which the flow separates
determines the size of the separation zone, and consequently the drag force. Clearly, a more exact simulation of the wake
flow and of the separation process is essential for the accuracy of drag predictions. A real-life automobile is very complex
shape to model or to study experimentally. However, the simplified vehicle shape employed by Ahmed [1] generates fully
three-dimensional regions of separated flow which may enable a better understanding of such flows.

2 Code description

The ISIS code, developed by the DMN group, uses the unsteady incompressible Reynolds-Averaged-Navier-Stokes Equa-
tions (RANSE) written in a conservative form. The discretization scheme uses a finite-volume method, generalized to 2D,
Axi and 3D unstructured meshes composed of control volumes of arbitrary shape. Flow variables share the same location
at the center of control volume. A second-order accurate three-level fully implicit time discretization is used. The fluxes
are evaluated using second-order accurate approximations [2]. The momentum and continuity equations are solved in a
segregated way, using a SIMPLE-like algorithm based on the classical Rhie and Chow interpolations [3].

Presented results have been obtained with the steady RANSE and with a low-Reynolds turbulence model: the two-
equations model of Menter (SST k-ω) [4].

3 Grid description

The computational domain is defined by the half body. It starts at one body length in front and five body lengths behind
the Ahmed body. The width of the domain is 935 mm and the height is 1400 mm. The body is located at 50 mm above
the plane. The mesh is generated by the software Gridgen.

The grid is composed to 2474237 mesh points with 37667 points on the Ahmed body. The number of cells is 3680100
with 2061543 hexahedral cells. Due to the low-Reynolds turbulence model, the distance between the first fluid points and
the walls is fixed to 0.01 mm. Then, the distance y+ is near to 1 for the Reynolds number considered (Re = 2.784106).
Figure 1 shows a mesh view of the symmetric plane.

4 Results

The slant angle of 25◦ is only considered.



Figure 1: Mesh of the symmetric plane

The drag coefficient is 0.295. This value is close to the drag coefficient obtained in Ahmed et al. experiment [1] in
which the drag coefficient is 0.285 with a Reynolds number of 4.29106.

Figures 2 show a comparison of the streamline contours in the symmetric plane between experimental results 2(a) and
numerical results 2(b). We can see that the vortices generated by the simulations are more intense than those produced in
the experiments. The recirculation length is close to 200 mm in experiment 2(a) then in simulation, it is 300 mm 2(b).

Figures 3 show the comparison of the streamline distributions between experimental results and numerical predictions
in the one half of the symmetric planes at x=0.080 m, 0.200 m and 0.500 m. In figure 3(a), formation of the side vortex
is visible. The flow behind the back of the body is different between experiment and simulation. At x=0.200 m, the
concentration of streamlines is not located at the same position between numerical results and experiment results. At
x=0.500 m, the recirculation is more concentrated in the computtion results than in the experiments.

5 Conclusions

These results are preliminary results. We can notice that the simulation with the SST k-ω turbulence model predicts
recirculation more intense. We must continue to study these configuration with others turbulence models, as Spalart-
Allmaras, Rij-ω.
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(a) x= 80 mm

(b) x= 200 mm

(c) x= 500 mm

Figure 3: Comparison of streamline contours in the one half of the symmetric transverse planes
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Test-case 9.4: Flow around a simplified car body

(Ahmed body)
Description of the Model and Computational Method

O. Ouhlous, W. Khier, Y. Liu and K. Hanjalić

Faculty of Applied Sciences, Delft University of
Technology,Lorentzweg 1, 2628 CJ Delft, The Netherlands

Flow description

Air flow around a typical road vehical is essentially three dimensional with a
high degree of unsteadyness and strong interaction between numerous areas
of flow separation. As a result, any symetric analysis of the flow physics
may lead to missinterpretation of the real physics. This has resulted in
the proposition of simplified, or basic, car shapes of reduced geometrical
complexity. Those simplified shapes are specially designed for retraining
only those flow phenomena under consideration so that their effect can be
studied in detail. The same practice has been adopted in MOVA project
(Models for Vehicle Aerodynamics project) and Ahmed car shape has been
chosen as a benchmark test case for model evaluation and developpment
activities. In our computations 500.000 control volumes distributed over 33
blocks were used to compute the flow around the 350 Ahmed body. Figure
1 shows

the computational domain. The flow domain extended one body length
upstream, left, right and above the model while the outlet boundary was
situated five body lengths downstream of the car. The computations re-
prodoced the same ground conditions as the wind tunnel measurements
performed by LSTM. The model was supported by four slits of 50 mm
above a solid stationary ground 2. On the inflow, a uniform velocity profile
of 40 m/s was imposed and turbulence intensity of 2.5 percent. Symmetry
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Figure 1: Figure 1: Dimension of Ahmed body

boundary conditions were imposed on the side and the top of boundaries
and non slip condition on the surfaces of the model and the ground. All
computations were performed on 16 processors of the TU-Delft CRAY T3E

Computation method and code description

The flow considered was computed with the X-STREAM finite-volume struc-
tured Navier-Stokes code. Cartesian vector and tensor components are used
in colocated variable arrangement. The variables are defined in the cell
centres, varying linearly in between. A pressure-correction method based
on SIMPLE algorithm is used for pressure-velocity coupling. A hybrid des-
critization was emloyed for the convective and dissipative terms. The com-
putations were advanced in time at intervals of 10−3 seconds to satify the
CFL condition. The code uses the three-level time-integration scheme, the
computations were performed using a true-time marching.

Mesh used

The grid was generated using the commercial FLUENT grid generator GAM-
BIT. Using a grid converter the unstructered GAMBIT grid have been con-
verted into a block structured grid. Figure 2 shows the grid points on the
surface.

The mesh contains about 500.000 cells in a total of 33 blocks. The first
y+ on the body top surface is around 60

2
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Figure 2: Figure 2: Geometry and surface grid

Turbulence model

The complexity of the flow around made it interesting to test several turbu-
lence model on this test case. The simulation of the 350 Ahmed body were
performed using:

• The standard k − ε model

• SSG Reynolds-stress model with standard wall function

• SSG Reynolds-stress model with new non-equilibriun wall function

• k − ε − υ2 with wall function

• Elliptic Blending Reynolds-stress model EBM with wall function

References

(1) Speziale, C.G., S. Sarkar, and T. B. Gatski (1991). Modelling the
pressure-strain correlation of turbulence: an invariant dynamical systems
approach. J. fluid Mech. 227, 245-272.
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tion to account for wall effects in RANS modelling.
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Figure 3: Streamlines in the wake of Ahmed body (St. SSG model)

Figure 4: x = 277mm
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Figure 5: x = 694mm

Figure 6: x = 1736mm

Figure 7: Streamlines in the wake of Ahmed body. Form top to bottom:
x/L=0.277, 0.694, 1.736. Calculated by the St. SSG model
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Kinetic Energy Contours: 25 degree slant
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Kinetic Energy Contours: 35 degree slant
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LSTM Measured Data Y (m) Calculated Data

Secondary Velocity Vectors and Turbulent Kinetic Energy, k (m2/s2)
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Secondary Velocity Vectors and Turbulent Kinetic Energy, k (m2/s2)
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35 degree Cubic k-    SCL X = 0.080m

LSTM Measured Data Y (m) Calculated Data

Secondary Velocity Vectors and Turbulent Kinetic Energy, k (m2/s2)
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Z (m)

35 degree Cubic k-    SCL X = 0.200m
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Secondary Velocity Vectors and Turbulent Kinetic Energy, k (m2/s2)
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