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In this presentation, I am going to cover these 6 main areas. Firstly, I will give an Introduction and the aim. And then, I will introduce the governing equations. Point 3 will be the models designs. The Computer simulation results will be number 4. Finally, I will discuss the results and will present the conclusion from this study.
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Introduction

(1) Aerodynamic problems such as a high air resistance to
the car movement, vibration of vehicles, excessive
pressure fluctuation and noise generated inside the car.

(2) Air flow around a moving car at high speeds.

(3) The ride quality is very important.

(4) The aerodynamic forces and their effects.

The aim

To investigate the impact of aerodynamic effects on two
Ahmed body geometries overtaking each other in order to
improve the ride quality and reduce the energy
consumption.
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The dynamic response of a vehicle structure has been an active area of research which would affect the vehicle suspension system and it has been facing significant challenges related to the aerodynamic problems such as a high air resistance to the car movement, vibration of the lift car, excessive pressure fluctuation and noise generated inside the car as it is moving inside the lift shaft. 

These problems occur because of the high relative speed air flow around the moving car which increases when two cars running abreast or passing each other. 

The ride quality is very important for the passengers’ safety and comfort. 

Accordingly, it is essential to understand the aerodynamic forces and mitigate their effects. 

The aim of this paper is to investigate the impact of aerodynamic effects on two Ahmed body geometries overtaking each other in order to improve the ride quality and reduce the energy consumption. 


Governing Equations
Navier-Stokes equations

The transport flow variables are governed by two basic physical
principles:

dp | 9(pu;) _ .
ot + ox; 0. L=123 (1)
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where:

p is the mean mass density of air.

F; represents the body forces.

T;j is the shear stress in the fluid.

p is the pressure.

u; is the air flow velocity. 4
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A three-dimensional incompressible flow has been considered in order to develop a mathematical model and to have a better understanding of the flow behaviour. 

The transport flow variables are governed by two basic physical principles which are the conservation of mass in equation (1) and the conservation of momentum as shown in equation (2). These two partial differential equations are called Navier-Stokes equations. These variables are the pressure (𝑝) and the flow velocity ( 𝑢 𝑖 ). Also, the parameters of these equations are the mass density, the body forces and the shear stress in the fluid. 


Governing Equations
the hybrid SST k — w turbulence model

It is used to solve the aerodynamic coefficients during an overtaking
event of two bluff bodies

d(pk) , 0(pku;) = _’
3t + axj Pk ,8 p(,()k+ ,U+O'k )

(3)

ok
6x]

a .
0(pw) | (p‘””f)=ap52 Bpw® +2(1 — F1)g, 22522 1 2 [(”Jr

ot axj wax] ax] axj

0o 2 )22 i,j =123 (4)

w/ 0x;j
where: P,]{ denotes the production limiter; 3,5%, «a,0,,, 04, 0 denote
the closure coefficients in the turbulence-rate equation to be 0.075,
0.09, 0.55, 0.5, 0.856 and 0.85, respectively; u denotes the dynamic
viscosity; S denotes the strain rate; F1 is the first blending function.
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Governing Equations
The lagrange’s approach

The impulse conservation equation below has been developed by

using the Lagrange’s approach. It can be solved by using one of the
FEA approaches.

[M]iE(©)} + [C1x (O} + [K]x(©)} = 1Fi(t)] (5)

where: |[M] denotes the mass matrices for the body, [K] and [C]
are the system stiffness and damping matrices, {¥(t)}, {x(t)} and
{x(t)} represent the system acceleration and displacement vectors
at time t. The fluid forces are denoted by {F;(t)}.



The Computational Fluid Dynamics (CFD) workflow process

(1) Creating the geometry (SolidWorks)

(2) Creating the mesh domain (BlockMesh and snappyHexMesh utilities)

(3) Setting up the case study (OpenFOAM)

(4) Simulation run in parallel on a number of cores (OpenFOAM)

(5) Evaluation of results (ParaView)

The model design /

(1) Simplified CAD design

(2) the slant angle is 30° and the
vehicle dimensions are (73.8, 27.3
and 20.16 cm) as the length, width
and height, respectively.

The assumptions

(1) 3-dimensional incompressible flow.

(2) The structures are treated as elastic bodies.
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Figure 1. Schematic layout of the multi-body dynamic
system of the Ahmed body model
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The computational fluid dynamics (CFD) modelling process has been done by different commercial and open source platforms. It involves creating the geometry by SolidWorks software. Setting up the case and the domain Mesh have been done by using BlockMesh and snappyHexMesh utilities.  OpenFOAM which is an implicit open source solver has been used for the simulation run. Eventually, visualising the results by ParaView software. 

This figure shows Three simplified CAD design of the Ahmed body model. 

The car is equipped with spring-damper system which shows that this model has been considered as a 3-dimensional model. 

This work has considered 2 assumptions, the fluid is 3 dimensional incompressible flow. And, the structures are treated as elastic bodies.



The Computer Simulation

(1) Finite Volume Method (FVM) to solve the fluid dynamics.

(2) Finite Element Method (FEM) to solve the structure dynamics.
(3) The wind tunnel width is 8 meters.

(4) A dynamic mesh has been used in this case.

The total mesh volume after using the snappyHexMesh technlque

was 17,119,330 cells

VL x'?.i ’ ,:' -’.z
Re = 2= =39 x 10° /
2 o ul start

where: A7 8
p: the air density (1.2041 kgm™3) (at 20°C) 15 e
V: the lift car velocity (30.32 ms™1) end
L: the Ahmed body width/depth (2 m)
w: the dynamic viscosity of air : 3
(1.81 X 10~5 kgm—ls—l) Figure 2. Cross-sectional area of the simplified g

cars/hoistway model (top view), all dimensions in mm
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The explicit solver based on the Finite Volume Method (FVM) is used to solve the Eulerian system of flow equations which forms a model to predict the dynamic behaviour of air around the lift car. Finite Element Method (FEM) has been used to model the structural parts of the problem.

This figure shows the cross-sectional area of the wind tunnel. Its height is 1.5 m.

Large Reynolds number results 3.9 10^5. This clearly leads to consider the flow as a turbulent  flow.  



CFD mesh generation

(1) BlockMesh utility has been utilised to generate a simple block
consists of 81000 cells which are fully structured as a hexahedral
mesh.

(2) A dynamic mesh has been used in this case.

(3) The total mesh volume after using the snappyHexMesh technique
was 17,119,330 cells.

(4) The wall layers have been added on both car structures and all
boundary conditions to have a better prediction to the flow near wall.

Figure 3. The surface and volume mesh of one car



S : :
Dynamic mesh deformation

(b)

(c)
Figure 4. The computational mesh deformation for the overtaking manoeuvre. (a) Start,
(b) at the overtaking event, (c) end.
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The dynamic mesh technique was used to achieve the rectilinear displacement of the body which allows to control the mesh deformation and sliding. The movement of the mesh is illustrated in figure (5) at three different times of the scenario. Two subdomains were used, the stationary (overtaken) car 1 is located in the top subdomain, while, the moving (overtaking) car 2 is located in the bottom subdomain as shown in the figure 


he FEA dynamic scenario

e Processing the input data.
e Preparing Model topology data.

e Generating the model matrices.

e Assembling system matrices.

e Computing the normal modes and residual vectors has already being done in the
modal analysis.

e Processing external loadings (the fluid excitation).

e Applying rigid-body constraints.
e Solving for unknowns.
e Generating model results.
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Figure 5. The location of dynamic loads and six sensors. H
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The simulation was accomplished in three stages, first, static pre-stiffening analysis, then, Modal extraction procedure and Dynamic analysis. 

The eigen-frequency extraction procedure was conducted in order to extract the modes which includes the eigen-modes. This subset of modes is used to predict the structure’s response. The analysis procedure is as shown here.


%esults and Discussion

CFD results

The side force for the overtaken car
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Figure 6. The aerodynamic coefficients comparison between the
numerical and experimental data.

The ya‘fuing moment coefficient (Cn)

The drag force coefficient for the overtaken car
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The drag force coefficient {Cx)
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As shown in the figures.   The numerical results are close to the experimental data with maximum difference 5% between them. The focus was on the aerodynamic effects on the overtaken car (stationary).
The resultant fluid forces were obtained by multiplying the fluid pressure by the cross-sectional area of the body.
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Results and Discussion
CFD results

The pressure coefficients were

EP‘
obtained by using the equation I
below: 0.25-0125 0 0.125 0.25
Cp=t Lo '
P 0.5p02 . '

Where: Cp denotes the

pressure coefficient,

T o
o> O

Figure 7. The comparison between two CFD data; CFD data from the open-source code
used in this work (right); CFD published data (left)

P — P, 1s the relative

pressure.
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FEA results

A flnlte element model Was bUlIt by Table 1. The natural modes and their natural frequencies

using a commercial software which Mode frequ;‘;‘fyaiHZ)
is a powerful tool for simulating 1 0.276
linear vibration analysis. The FEA § 01'_71569
software was also used for results ‘5‘ }gé
visualisation. The stationary was 6 2.62
modelled as a fully deformable ; ;’é
body made of aluminium and the 190 gég
thickness is set to be 5mm. 11 292
The table shown illustrates the }i iéﬁ
natural modes of the Ahmed body . e
oscillating system. The natural 16 469
frequencies are calculated i; %g
depending on the structure, v Ao
material and boundary conditions. 21 2.64 X 10°




The fully dynamic response at the 3'9 mode = 0.34cm
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Figure 8. the 3rd mode
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The translational displacement response for the modes (3-6) can be shown in the figure shown
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_The fully dynamic response at the 5" mode = 0.19 cm

Figure 9. the 5th mode
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And this is also the 5th mode shape. 


The fully dynamic response at the 7" mode = 7.9 X 10~ ¢cm

L
™ Figure 10. the 7th mode
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The flexible body frequencies which cause the body deformation would be explained to identify the fluid forces contribution. As shown in the figure, the top and bottom panels are influenced more by the dynamic lift force and the resultant translational displacement is equal to 7.9×〖10〗^(-5)cm.


The fully dynamic response at the 7" mode = 7.9 X 10~ ¢cm

1.0965E-04 cm

I; Figure 11. the 8th mode
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the dynamic side force would be the main contributor in the 8th mode to deform the back half of the body bottom panel.  The displacement is 1.2× 10 −4 cm as shown in this figure
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Figure 12. The frequency domain of the
translational response of the body at sensor (1)
cause by fluid forces/moments
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Figure 13. The time domain of the translational response of the body at sensor (1)
location for the dynamic fluid excitations.
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By using the Inverse Fast Fourier Transformation (IFFT) operation, the frequency domain can be converted to time domain to show the body vibration as shown in figure 


The Conclusion

(1) The transient effects of fluid structure interaction of a freely
vibrating Ahmed body has been discussed in the presentation.

(2) The scenario applied involves two cars are overtaking each other
in the same wind tunnel.

(3) CFD and FEA have been used to test the aerodynamic loadings
and their influence on the vehicle vibration.

(4) It was revealed that the fluid dynamics has a significant
contribution to both the stationary and the moving cars.

(5) The transient phenomena is very important in terms of structural
dynamics.

(6) This study has proved that designers should consider the
aerodynamic effects and make useful improvements to mitigate
their effects.
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Any questions ?
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