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Introduction to Vehicle Aerodynamics

ehicle Attributes Affected by Aerodynamics
ehicle Aerodynamics Characteristics _
eculiarities of Road Vehicle Aerodynamics
ethods for Vehicle Aerodynamic




1.1

Vehicle Attributes Affected by Aerodynamics

Maximum speed & Acceleration
Fuel Economy

Comfort

Safety

Visibility




1.2

Vehicle Aerodynamics Characteristics
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5\ aerodynamic force and moment coefficients

fuel economy, handling stability
flow structure

flow mechanism, aerodynamic noise, rain water, dust
accumulating




1.2

Vehicle Aerodynamics Characteristics

Perfarmance , Stability F.ow Ficld in Detail

Healing , Yentilating

cooling

radiator, engine, brake, and differential cooling
(Bventilation & air-exchange

properly locate openings for air inlets and outlets,

air flow rate, velocity, air flow path, defrosting, etc.




1.2

Vehicle Aerodynamics Characteristics

-~

.

moment

air force
components
air drag

lift
side force
rolling moment
yawing moment
pitching moment

performance

fuel economy, top
speed, acceleration
direction stability
crosswind
crosswind
crosswind
direction stability

~




1.3

Vehicle Aerodynamics peculiarities

many details primarily determined by “other than
aerodynamic” arguments

the objectives of aerodynamics differing widely

difficult to be quantified for weighing the relative importance
complex flow




1.3

Vehicle Aerodynamics peculiarities

** many details primarily determined by “other than
aerodynamic” arguments

With the race car being the onI%/ exception, the shape of a
e

road vehicle is not primarily determined by the need to
generate specific aerodynamic effects--as, for instance, an

airplane is designed to produce lift




1.3

Vehicle Aerodynamics peculiarities

ssdifficult to be quantified for weighing the relative importance

While the process of weighing the relative importance of a set of
needs from various disciplines is generally comparable to that in other
branches of applied fluid mechanics, the Situation in vehicle
aerodynamics is unigue in that an additional category of arguments
has to be taken into account: art, fashion, and taste. In contrast to
technical and economic factors, these additional arguments are

subjective in nature and cannot be quantified.




1.3

Vehicle Aerodynamics peculiarities

the objectives of aerodynamics differing widely

desirable for all road vehicle: low drag
different requirements:
negative lift race cars, high speed cars
ventilation & air cond. cars, buses
crosswind sensitivity cars, vans
low wind noise cars, buses




1.3

Vehicle Aerodynamics peculiarities

complex geometry

external flow and internal flow interaction
heat exchange

ground effect

Viscosity

turbulence

strong 3D effects

unsteady

vortex & flow separation




1.4

Methods for Vehicle Aerodynamics

wind-tunnel testing:
blockage
ground proximity effect
high cost
cost time
difficulties for internal flow
CFD, numerical simulation

developed qwckly
wide g used
new design tool




2

Features of Vehicle Aerodynamics Simulation

Qused in early design stage
@®nearly no limitations
©more information

Olow cost

©saving time
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Features of Vehicle Aerodynamics Simulation

used in early design stage

performance research
during the early design period, it can generate
information before a testable model even exists.
design & optimize
aerodynamic design and performance study may be
studied iterativelly
wide range of design options
CFD simulation is well suited to the analysis of a wide
range of shape options, etc.
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Features of Vehicle Aerodynamics Simulation

Without the limitations of turbulence,wind velocity, pressure,
temperature and Reynolds numbers etc. _ R
numerical methods are not necessarily burdened with the limitations
of the wind tunnel. For example, computational space can be made
large enough to eliminate blockage effects.
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Features of Vehicle Aerodynamics Simulation

much more information available than from a routine experiment
sometimes a CFD simulation permits the investigation of situations that can note

be realistically duplicated in a wind tunnel, such as transient crosswind sensitivity.
the aerodynamics of two vehicles in the passing or overtaking mode, for example,
poses a difficult problem for wind tunnel tests.
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Features of Vehicle Aerodynamics Simulation

70’s 90’s
100h ™) 1800h

100

low cost
saving time

CFD is becoming markedly more
economical as time goes due to the
revolutionary advances in computer
technology




on

lat

imu

S

ICS

f Vehicle Aerodynam

ies o

It

ICU

=
>
O
=
©
c
je
)
©
S
Q
c
b)
(@)
o
S
(@]
=
=
Q
S
@)
)
(@]
X
Q
Q.
S
@)
o

Iff

D




3

Difficulties of Vehicle Aerodynamics Simulation

full developed turbulent flow
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Difficulties of Vehicle Aerodynamics Simulation

strong three-dimensional effects,2D solution is not suitable




3

Difficulties of Vehicle Aerodynamics Simulation

vortex flow, closed or open regions of separated flow
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Difficulties of Vehicle Aerodynamics Simulation

ground proximity effect, a|rcraft industry
methods are not always directly a pllcable
or suitable to treat problems of vehicle

aerodynamics.
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Difficulties of Vehicle Aerodynamics Simulation

flow field coupling temperature field, engine cooling, etc.
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Difficulties of Vehicle Aerodynamics Simulation

'g\ternal acpd eofderna flow fields are closely related. Both flow fields must
e considered together
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Difficulties of Vehicle Aerodynamics Simulation

flow is unsteady, however, the
aerodynamic design system is a steady
one.
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Vehicle Aerodynamics Simulation System (VASS)

background

technical blue print
system introduction
simulation environment
technical level

main features




4.1

Background of VASS Development

background

overseas: CFD is a development tool
domestic: no CFD system for vehicle aerodynamics simulation




4.1

Background of VASS Development

vehicle aerodynamics simulation system (VASS) development is one of the
main research subjects at Tsinghua University




4.2

Technical Blue Print for VASS

/
N S RANS
FVM

The capability of an unstructured hybrid grid method to compute the Navier-Stokes
equations is discussed for complex flows around automobile configurations. The
unstructured hybrid grid, which'is composed of a structured or a semistructured grid
for the near-wall viscous region, a prismatic grid for the exterior regular computational
domain, and an unstructured grid for the remainder of the computational domain, is
used to treat such viscous flows. The Navier-Stokes equations are solved on the
hybrid grid by a cell-vertex, upwind finite volume method.




4.3

VASS Introduction

main modules _
unstructured grid generation
prismatic grid generation

theoretical model selection
initial condition determination
boundary condition determination

calculation control determination

numerical computation
aerodynamic force and moment cal.




4.3

VASS Introduction

system windows
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4.3

VASS Introduction

system windows

Fie  Haxrw

0 Aursdy el estLire
FU | leetnial Oj1mie
0 TimttAndIE

N TimtiMnperly
A0 Tha=niiilBripnr

AhadAbudd hand hhnd

3D0ulime All

FL Inlat

B Fressure

NudANadA hadd hand bR

4 Buminwdary 2l

5% Hun | e
53 Halumeth

45 NUiputoantanl

AANadAhadAbhadd b

SogEly ey Conlood

Comrect

Check

R

NadAhad Al AhaAd b

il e
Lanple
rANAlI IR

matrm

AhhadAhadiAhadAbadd

LExuiu b

Marthnn Hame g
i




4.4

Hardware, software & Operating System

>256MB

Windows NT  UNIX

ICEM-CFD 4.0 STAR-CD 3.1

simulation environment

hardware memory >256MB hard disk >3G
operating system  Windows NT or UNIX

software ICEM-CFD 4.0 STAR-CD 3.1




4.5

VASS Evaluation

specialized in vehicle aerodynamics simulation, automatic adaptive grid
system generation, suitable to extensive situations,easy to operate




4.5

VASS Evaluation

ICEM CFD STAR CD

Ahmed
0.184, 0.181, 1.63%

The numerical accuracy of VASS has been discussed by comparing with
the experimental data for the same configurations. It demonstrates that the
VASS (the main parts are ICEM-CFD and STAR-CD) is efficient and
accurate enough to predict the complex flow fields around automobiles.




4.6

Main Advantages of VASS

“*domain into several subareas

“*hybrid grid system

“*semistructured grid near-wall
grid adaptive

“*parameter setup reusable

“*ground proximity effect model

“*specialized in vehicle

(1
@
&
@
®
6/
7,
8

aerodynamics simulation
“*practical
<sautomatic in some extent




4.6

Main Advantages of VASS

unstructured grid methods could not attain superiority over structured grid
methods until recently, particularly for high Reynolds humber viscous flows
around automobiles.” This was mainly because of the painful inefficienc
and memory overhead for the unstructured grid methods as compared wit
the available structured grid methods. Because of the unstructured
distributions of grid points, simple explicit schemes had been generally
etm loyed for integrating the Euler and Navier-Stokes equations to steady
state.




4.6

Main Advantages of VASS

/

In addition, many three-dimensional unstructured schemes require the excessive
memory overheads, which severely limit the size of the meshes, and hence, the
class of problems to which they aré applied. These problems become much worse
for flow computations of high Reynolds number viscous flows around automobiles.
More precisely, accurate resolution of the thin boundary layers developed along the
wall surface réquires very fine grid that causes a stiffness problem of the flow solver.
Moreover, the generation of such a fine and stretched grid near wall is another
challenging issue of the unstructured grid methods. Several important
advancements were made in the tetrahedral grid method to overcome these
problems for solving viscous flows.




4.6

Main Advantages of VASS

In Tsinghua, in contrast to the fully tetrahedral grid method, a hybrid grid that is
composed of a structured or a semistructured grid for the near-wall viscous region, a

rismatic grid for the exterior regular computational domain, and an unstructured grid
or the remainder of the computational domain.




4.6

Main Advantages of VASS

When compared to the conditions without the ground, the flowfield and resulting
aerodynamic forces can change as the ground plane is approached. This is
important for vehicles moving in close proximity to the ground. Unfortunately, the

ground effect is very to simulate in a windtunnel. VASS system has advantages
to simulate the ground effect




4.6

Main Advantages of VASS

specialized in vehicle aerodynamics simulation, automatic adaptive grid
system generation, suitable to extensive situations,easy to operate




4.6

Main Advantages of VASS

automatic in some extent
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VASS Applications

5.1 hybrid grid system

5.2 AHMED model

5.3 ground effects

5.4 rotating/non-rotating interaction




5.1 /

Hybrid Grid System

A new efficient, robust and automatic method for hybrid grid generation for
complex vehicle geometries.




5.1 /

Hybrid Grid System

Inner domain: unstructured grids
outside domain: structure grids

) s




5.1 /

Hybrid Grid System

outside domain: structure grids and boundary conditions reusable




semistructured grid for the
near-wall viscous region
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semistructured grid for the near-wall viscous region

0.1
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Hybrid Grid System

semistructured grid for the near-wall viscous region




Hybrid Grid System

velocity vectors
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Hybrid Grid System

Vortex structure




5.1 /

Hybrid Grid System

Complex flow structure




5.1 /

Hybrid Grid System

Pressure distribution




5.1 /

Hybrid Grid System

Complex geometry
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5.2

Flowfield of AHMED Wake

AHMED, a basic ground vehicle type of bluff body, the wake structure is

analyzed. The results agree with the experimental.




5.2

Flowfield of AHMED Wake
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5.2

Flowfield of AHMED Wake
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Base slant angle =12.5, velocity vectors




5.2

Flowfield of AHMED Wake

Base slant angle =12.5, velocity vectors of model rear




5.2

Flowfield of AHMED Wake

Base slant angle =12.5, pressure distribution




5.2

Flowfield of AHMED Wake

Base slant angle =12.5, pressure distribution




Flowfield of AHMED Wake

Base slant angle =12.5, pressure distribution




5.2

Flowfield of AHMED Wake

5.00 0.184 0.181 1.63%

12.5 0.175 0.17/3 1.14%

Aerodynamic drag values: experimental results,
calculation results and the errors




Ground Effects

Papenfuss and

Kronast

Using a two dimensional model car, the effect of the ground on the body

pressure distribution and aerodynamic drag has been investigated.




Ground Effects

Velocity vectors




Ground Effects

Pressure distribution




Ground Effects

velocity vectors at model forepart




Ground Effects
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Ground Effects

Aerodynamic force vs clearance




Ground Effects

Ground effects: Experimental results
a pneumatic high speed launch system for the study of automobile aerodynamics

was built at the Ruhr-University Bochum. The drag is increased when the clearance
is larger.




Ground Effects

Ground effect model simulates the effect effectively




Ground Effects

Upper side X -Lower side

— h/L=0.05 - h/L=0.62 ——h/L=0.05 —=— h/L=0.62

0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9
x/L

h/L=0.05 h/L=0.62

Pressure distribution on the surface of the model
simulation results




Ground Effects

LUpper side

Lower side

Pressure distribution on the surface of the model
experimental results




2.4

rotating/non-rotating interaction

Cooling fans, blowers, torque converters, oil pumps, disk brake
cooling are some of the areas involving rotating machinery.

Rotating effects, grid-adaptive




2.4

rotating/non-rotating interaction

s bdomain 2

Calculation domain of centrifugal blower




2.4

rotating/non-rotating interaction

Solution-Adaptive Mesh




2.4

rotating/non-rotating interaction

(P1n=200pa, n=261r/m.iIn)

L e |
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~11055.14

Static pressure distribution of whole in blade-to-diffuser

domain(Pin=200pa, n=261r/m.in)
Most of the pressure rise occurs within the part far
from the outlet duct, clearly revealing the effect of

volute wall in achieving the pressure rise in centrifugal
blowers.




2.4

rotating/non-rotating interaction

Part magnification of area A

The minimum section is usually designed
to follow the streamline at that location.
The static pressure increases along the
blade from the leading edge to trailing
edge. But the static pressure is decreasing
P et along the blade passage in the maximum
s g Bt cross-sectional area because of strong
: fiee iy i A secondary flow effects. However, the
stagnation pressure is still increasing.




2.4

rotating/non-rotating interaction

Because of the anuulus-wall boundary layer
blockage, the relative velocity in the blade
passages of the small casing tip clearance
area is low, and a high-velocity jet comes out
radially at the exit of the rotor, and it is then
diffused in the vaneless diffuser. The result is
achieved at considerable loss in stagnation
pressure.

The flow in the volute is complex, and
viscous effects dominate the flow .The major
effect in a diffuser is the adverse pressure
gradient that controls the boundary layer
growth and separation.

Velocity distribution of whole in blade-to-diffuser domain




2.4

rotating/non-rotating interaction

Velocity distribution of area B

There exists a vortex structure flow in the

ot T : ‘ leading edge. And a wake type of profile
: (flow separation) existing in this region near
the trailing edge results in the observed
complex velocity profiles

-LLUEE

Velocity distribution of area B




2.4

rotating/non-rotating interaction

(P1n200pa, n=0r/min)

Static pressure distribution (Pin200pa, n=0r/min)
Without the blade rotation effect, it reveals it clearly
that the non-symmetrical configuration leads to the
non-symmetrical pressure distribution.




2.4

rotating/non-rotating interaction

(Pin200pa, n=1000r/min)

Static pressure distribution (Pin200pa, n=1000r/min)
the blade rotation will cause more serious unsymmetry flow
structure and large pressure gradient




2.4

rotating/non-rotating interaction

In the region, this complex, perturbed, and
nonuniform flow field is influenced by viscous and
turbulence mixing effects. The boundary layer is
no longer of the conventional type, and the
terminnology “annulus-wall boundary layer” is
misleading.

And when the rotating speed increase, the vortex
structure will disappear because of the periodic
perturbations and the scraping caused by the
rotor blade. The rotation effects make the trailing
surface boundary stable.

Velocity distribution in throat area
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Conclusions and Open features

STAR CD

ICEM CFD

VASS system
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Conclusions and Open features

4

specialized in vehicle aerodynamics simulation, automatic adaptive grid
system generation, suitable to extensive situations,easy to operate

VASS system
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Conclusions and Open features

(1)
(2]
©
(4]
(5]
(6]
(7]
(8

VASS system
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Conclusions and Open features

Applications in industry
pre-processing

vortex flow and separated flow
unsteady flow

CFD code validation
aeroacoustics




