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Abstract

This thesis presents the application and assessment of the Sliding Mesh (SM)
method in the computational flow prediction around a Toyota passenger car
with rotating wheels. The wheels motion is commonly modelled using simplistic
approximations of the rotating motion such as the Rotating Wall Boundary
Condition (RWBC) or the Multiple Reference Frame (MRF) method, both
introducing a number of drawbacks. In the contrary, the SM method utilizes a
realistic mesh rotation in real time and is characterized to be highly accurate
in the prediction of the flow regimes around rotating bodies.

Rotating car wheels have a great contribution in the aerodynamic resistance
which is one of the major energy loss factors in passenger vehicles. Accu-
rate prediction of the flow around them, at the lowest possible cost, is highly
demanded for the design of more aerodynamic vehicles. As new emission regu-
lations put stricter demands on modern automotive industry, the aerodynamic

development of cars and wheels is now emerging.

The application of the SM method for rotating wheels was carried out using
snappyHexMesh mesh generator and the Arbitrary Mesh Interface (AMI) tech-
nique for the coupling of the stationary and the rotating mesh regions, as both
implemented in the open source software OpenFOAM®. The AMI coupling
is used for the computation of the fluxes at the non-matching AMI interface.
The quality of the AMI coupling relies heavily upon the meshing and loss of

conservativeness at the interfaces may occur in cases of low mesh quality.



To this end, a preliminary investigation over the parameters of the snappy-
HexMesh and the AMI shape was carried out for a single rotating wheel, in
order to determine a robust meshing technique, capable of delivering both high
mesh quality at the interfaces and relatively low run times. Flow simulations
over a single rotating wheel were conducted using the SM method in order to
evaluate the impact of the AMI quality on the flow as well as the run time. The
latter was found to be highly affected from the AMI face count rather than the

overall mesh size.

The meshing technique obtained by the parametric study was applied in a flow
simulation around a passenger car with rotating wheels. Flow analysis was car-
ried out with the computation of the time-dependent Navier-Stokes equations
using the Spalart-Allmaras DDES turbulence model with wall functions. The
SM method’s results were compared with those of the RWBC method, MRF
model and data from experimental measurements. The SM method proved to
be much more accurate in the prediction of the drag coefficient, at the expense
of higher computations cost though.

Major part of this work was carried out in the premises of Toyota Motor Eu-
rope (TME) in Brussels, Belgium, during a 6 month long internship, with Mr.
Antoine Delacroix as the industrial advisor.
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ITepiindm

H Simhopotin epyaoia auty| anooxonel otnv epoappoyt) g pedodou Oicdaivov-
to¢ II\éyparoc (Sliding Mesh-SM) oty unoloyiotxh npdredn pofic ylpw amd
emPotind oynua Toyota pe teplotpepduevoug tpoyols. O emxpatéotepeg uédodot
HOVTEAOTIOINONG TN TEPLOTEOPNC TWV TEOYWVY Elval amhoxég Tpooeyyioelg g
TEPLOTEOPIXNAS xivnong OTwS 1) ETBOAY| UN-UNOEVIXNG EQPAUTTOUEVIXHC ToyUTNTOG
(rotatingWallVelocity Boundary Condition - RWBC) xat 1 uédodog Iloahamhrv
Yvotnudtev Avagopdc (Multiple Reference Frame - MRF), napoucidlovtog
xar ol 600 oprdud peovextnudtwy.  Avtidétwe, péow tng pédodou tou OMlo-
Yatvovtog ITAEyuatog uhoTolelTaL TEoY HUTIXY| TEPLO TEOYY) TOU TAEYUATXOU Y wpeiou
amoTEAGVTOG Wla amd Tic o axpeiBeic uedodoug TpodAeine powy YUpw amd TEEL-

O TEEPOUEVA COUATOL.

H mepiotpogr| Twv Tpoy®v emded ot oAU ueydho Badud otny acpoduvouxt| av-
tiotaon Twv emBatixdy autoxwvitwy. H oxei3ric tpdreln Tou cuvteleo T agpo-
BLVAULXG AVTIOTAOTS Yol TWY POKY TEBIWY Y0Pw amd TOUg TEOY0US, UTOTEAOVY
Baow) mpounddeon Yo AEOBUVOUIXO GYEDLOUS TV Teoywy. Me tnyv Yéomion
VEEWY QUOTNROTEQMY VOULXGY TAULCIWY OYETXE UE TG EXTOUTEG PUTWY, O UEQO-
OUVAULIXOC GYEBLACUOS UE OTOYO TNV EAXYLOTOTOMNOT) TV ATWAELDY EVEQYELIS TGV

ePaTiX®Y oY NUATWY xoho TéTon TAEOV UmaRUlTNTOS.



[o v egapuoyr Tou Olotatvovtog ITAEyuatog yenowwomoinxe to Aoylouxo
véveone mAéyuatoc snappyHexMesh, xou n teyvixy Aenoaghic Audalpetov Ihey-
udtov (Arbitrary Mesh Interface - AMI) yio v 00leuén Tou otatinol xou tepl-
OTPEPOUEVOL TAEYHATIXOU Ywplou 0TO hoyLowxs avoty ol xHdixe Open FOAM©.
H AMI teyvix) Tpory laTOTOLEITAL Y10l TOV UTOAOYLOHO TWV POWY GT1| UN-CUULORQT
AMI Semgpdvera.  XaunAhc moldTntag TASYUaTonoinoT odnyel oty oYY
o@ahudtev dthenong tomixd otny AMI Siemigdvera.

[o owtd 10 AOY0, TROXATACHEVAGTINE TEALY HATOTIOLAUTXE BLEPEDVNOT TLV TUQUUETOWY
Tou mAeypotononty snappyHexMesh xou tng AMI yewuetploc oe yepovwpévo
TEOY O, PE OTOYO TO OYEDUOUS LG EVPWOTNG TEYVIXNG TAEYUATOTOMONG IXAVAC

Vo amodooet uPnAfc totdtnTag TAéyuo otny AMI Siemipdvela xan yaunid yebdvo
enihuong. Ilpaypatomotfinxe cuyXELTXY] UEAETT AVAUECH O TECOEPLS OLOPOPE-
Tixég Olempdveteg xan allohoyrunxe 1 enidpacn twv AMI Bapdv otn Swopodppuon
TWV POWOVY TEdIWY %ot 6To Ypovo emthuong. O ypodvog eniiuong Peeinxe va
emnpeedleTon and 10 TARUOC TWV ETUPAVELNXMY XEALDY TEVL GTN OLETLPAVELN Tapd
amd T0 CLUYOAO UEYEVOC TOU TAEYHATOC.

H ey v mieyyotonolnong 6tny omolo xatéANEe 1) ToQATEvVe TOUQUUETOIXY| UEAETT,
EQUOUOCTIE GTY) TPOCOUOIWOT) poTic YUPw amd eMBUTING AUEL UE TEQLC TREPOUE-
voug tpoyolc. H mpohedn tou powol medlou mpoyuatonotfinxe ue eniluon twv
edlowoewy Navier-Stokes yio aocuuniesto peuotd oe ypovixd UeTaBoAAOPEVT TUE-
Badn pory. To poviého toePne mou yenowomofinxe eivor to Spalart-Allmaras
DDES pe cuvaptroeig tolyou. Ta unoloyiotixd anotehéopata tng uedésou Olo-
Yatvovtog I éypatoc, cuyxpiinxay ye anotehéouato avdAUcTS UE YeHOoT TNS Opl-
axfic ouvixng Eqartopevixfc Taybtntog, tng uédodou IoAhamiany Yuotnudteny
Avagopdc aAAd o etpopoTixey peteriocwy. H uédodog Ohotaivovtog IThéyua-
T0¢ amodelydnxe mo uxEB3NE 0TOV UTOAOYLIOUS TOU CUVTEAEGTY| avTio TN AhAS
ME TOAU UEYUADTERO YEbOVO eTiAUOTC.

To peyohiTeRO UEPOC TN BIMAWUATIXAC EQYAUCIOC TEAYUATOTOLAUNXE OTIC EYXAUTAC Td-
oeic ¢ Toyota Motor Europe (TME) otic Bpu&éhheg, Bélyto, xotd tn Sidpxeto
6-unvne mpaxTxrc doxnorng, pe Tov x. Antoine Delacroix w¢ emfBémovta and T

uepLd tng Broumnyaviag.
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1. Introduction

1.1 Car Aerodynamics and Efficient Mobility

Over the past two decades, modern industry and research focus more and more
on the development of efficient mobility solutions in a zero-emission perspective. New
stricter legislations over fuel consumption and CO2 emissions for passenger cars have
put a heavy demand on the automotive industries to focus on a more energy efficient
vehicle development. Transport is responsible for almost 30% of the EU’s total CO2
emissions, of which nearly the 70% comes from road transportation. Passenger cars
are responsible for around the 12% of this percentage. Since 2015, the first targets
for mandatory emission reduction from EU legislation apply for new cars. As part of
the efforts to reduce the CO2 emissions, EU has set the target of reducing emissions
from transport by 30% by 2030 and by 60% by 2050 compared to 1990 levels, [1].

In order for car manufacturers to tackle current challenges, excessive focus must
be put on the study of the car aerodynamics as this has a huge impact on the vehi-
cles energy consumption performance. The development of fast and accurate CFD
solutions and their integration to an industrial vehicle design workflow, offers great
potential to the flow prediction over multiple car models in relatively lower time and

cost compared to wind tunnel measurements.

1.2 Aerodynamic Drag of Vehicle

One of the main key performance indicators (KPIs) for the aerodynamic design
of a car is the aerodynamic drag. The aerodynamic drag expresses the resistance the
vehicle has to overcome while it moves into the air with a certain speed and shape.
In this perspective, one of the main objectives of the aerodynamic development of a
car focuses on the accurate prediction of the aerodynamic drag. The capability of the
accurate computation of the drag of a vehicle offers engineers the ability to drive the
vehicle design to the direction of drag reduction. Particularly the automotive sector
is highly involved in this aspect because aerodynamic resistance is connected to the

increase in fuel consumption, CO2 emissions, noise and driving instabilities.

10



Aerodynamic drag can be considered and studied as a result of two different
phenomena that are developed on the surface of the body, due to its shape and the
physical properties of both the fluid and the solid that is moving across the fluid.
One of the sources of the aerodynamic drag is the skin friction between the fluid
molecules and the surface of the body. The friction forces on a surface depend on its
roughness, meaning that a rough surface shows more surface friction than a smooth
one. The magnitude of the surface friction depends on the viscosity of the fluid
and the Reynolds number. The second source of aerodynamic drag is the pressure
distribution exerted normal to the body’s surface. By the integration of both the
friction and pressure distribution over the body’s surface, the resulting force £’ and
moment M are derived. The resulting total force F and moment M are decomposed
into three components each w.r.t. the axes of the coordinated system used. In a
simplified 2D problem, taking into account the freestream velocity (joo, the main
forces of interest are the lift which is the perpendicular to Us, and drag which is in

the parallel direction of Us and in the opposite direction of the vehicle’s motion.

Thus, the aerodynamic drag is one of the forces the car must overcome in order
to move forward through the air. The higher the value of the aerodynamic drag the
more energy the vehicle requires in order to move. In the vehicle development, among
other performance characteristics (noise, design, ergonomy etc.), the aerodynamic
drag coefficient (Cp) is the main target from the aerodynamic point of view. Cp is
the non-dimensional drag force, w.r.t. the basic flow quantities, such as the dynamic
pressure of the flow ¢, and the frontal area of the vehicle S. With ps, being the air
density and Uy, as the free-stream air velocity, the dynamic pressure can be derived

as oo = % psoU2,. The drag coefficient is computed using the following formula:

D
- = 1.1
Cp G0 (1)

Similar non-dimensional coefficients are derived for the rest of the forces acting on
the solid body moving through the air. The commonly used aerodynamic coefficients

are the lift coefficient O, = —L+ and the moment coefficient Cpy =

_M
GooS Qoo S1*

1.2.1 Aerodynamic Impact of Rotating Wheels

A typical passenger vehicle mainly consists of four different areas, the upper-
body, the under-body, the engine-cooling and the wheels. About 50% of the total
aerodynamic drag is generated from the upper body and the engine-cooling, as in
the same time the under-body is responsible for 20% of the total aerodynamic drag.
Wheels and wheel-houses generate up to 30% of the total drag, [2]. Extended focus

has been put especially on the aerodynamic study and optimization of the upper

11



body of the car which is also closely related to the aesthetic result of the automotive
product. Nowadays, research switches to the wheels and the wheel-houses. The
study of the aerodynamics and the improvement of these areas, in a drag reduction
perspective keeping the aesthetic design a constant objective, are gradually becoming

so important.

Underbody

Upper body Shape
and
Engine-cooling

Figure 1.1: Contribution to overall drag of different parts of the vehicle.

The flow around the wheels is very complex due to the intense turbulence de-
veloped by the rotating wheel and the contact patch between the tire and the road,
resulting to a highly unsteady flow regime. The grooves on the tire and the design of
the rim have a huge impact on the aerodynamic drag, thus, wheels must be designed

by balancing commercial design and minimizing drag.

Despite the huge influence of the wheel rotation on the aerodynamic performance
of vehicles, modelling of wheels rotation is still and open issue. CFD simulations, most
common practice makes assumptions and uses simple models to mimic mesh rotation
and approximate the wheel angular motion. These assumptions lead to differences
between the numerical simulations and the wind tunnel measurements. At first, the
rotation of the tire and the rim is commonly approximated using the Rotating Wall
Boundary Condition (RWBC), by which the velocity vector is imposed tangential to
the rotating wheel (the boundary condition of the velocity at the wheel’s points is
a Dirichlet type; velocity should be equal to the linear velocity of the rotation at
this radius). This method shows a low demand in computational resources and easy
implementation but, due to the complexity of the rims, a large portion of the surface
will be modelled erroneously [36]. The RWBC method can be used both in steady

and unsteady flow solvers.
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Another method for the modelling of the rim rotational motion is the Multiple
Frame of Reference (MRF) method, by which the rims are enclosed in a separate
mesh region inside of which the governing flow equations are solved w.r.t. a relative
reference frame and additional source terms are added in the momentum equations
approximating the rotational motion without though moving the mesh. The MRF
method shows low accuracy and low simulations run-time since this is also based on

a steady flow model.

In the contrary, the SM method performs a real mesh rotation implementing a
simulation of the rotating motion which is very close to the real-life scenario. Com-
pared with the RWBC and the MRF methods, the SM method delivers more accurate
results for the rotating rims simulation [29],[36]. Thus, the SM is considered to be
the state of the art in the simulation of the rotating motion of the car wheels. The
integration of the SM method to a vehicle development workflow is an important tool
offering the potential for a far better understanding of the flow phenomena generated
around the car’s wheels and lead to the design of more aerodynamic wheels and cars

in cost of higher run times, since an unsteady CFD code must be used.

1.3 CFD applications and Numerical Mesh Generation

CFD aerodynamic analysis have already established their solid ground among
the industrial vehicle development procedures, as a valuable tool to further gain
insight in the fluid phenomena related to the vehicle’s aerodynamic performance.
Also CFD analysis can be used in order to perform aerodynamic shape optimization
(e.g. by using the adjoint method), leading to aerodynamically improved designs.
CFD also offers the benefit to the industrial vehicle development to avoid costly,
time consuming and polluting wind tunnel testings. In this way, based on a relatively
fast and accurate CFD code, more car designs can be reliably evaluated accelerating

the vehicle development workflow.

Every CFD analysis begins with the generation of the computational mesh, which
nowadays stands as an individual area of study among the CAE technologies. The
accuracy and speed of the flow analysis is vastly depended on the quality of the
generated numerical mesh. Among the huge variety of open source and commercial
mesh generation software, in this work, the snappyHexMesh mesh generator is used
which is available in the main distribution of Open FOAM®.

The SM method operation itself is heavily dependent on the quality of the mesh,
the generation of which is a vital part of this work. The rotating region must be
identified in the mesh generation stage, and the mesh quality on the interfaces that
couple the rotating and the stationary mesh regions are of high importance for accu-

racy of the SM method. Mesh generation must first ensure a high quality geometry
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representation of the interface in the coupling area and, then, proceed to the flow

analysis.

1.4 Scope and Structure of the Thesis

The scope of this thesis is to assess the SM method for its accuracy benefits on
the car wheels rotation using the snappyHexMesh for the CFD mesh generation. The
AMI technique for the coupling of the rotating and stationary mesh regions will be
used. A preliminary investigation over the snappyHexMesh parameters and the AMI
interface’s shape is being carried out in a single rotating wheel, for a robust meshing
technique delivering well resolved AMIs to be obtained. The outcome of the latter
parametric investigation will be used in the application of the SM method for the flow
simulation over a passenger car with rotating wheels. The results will be compared

with the standard aero workflow results and the experimental data.

The thesis outline is introduced below:

e Chapter 2: The RANS equations solved to predict the turbulent flow field
around the rotating wheel and the car are being presented. Also, the turbulence

modelling and the wall treatment is analyzed.

e Chapter 3: The main concept of the wheel aerodynamics is given and the

different modelling approaches of the wheel rotation are introduced.

e Chapter 4: The snappyHexMesh mesh generator is analyzed and the bottle-

necks and the optimal meshing solutions are introduced.

e Chapter 5: At first, the snappyHexMesh parameter investigation is presented
in a standalone wheel, targeting the development of a robust meshing pro-
cess for high quality mesh at the AMI interfaces. After that, four differently
weighted AMI interfaces are used for the simulation of the wheel’s rotation
and their impact on the flow characteristics and results are discussed. Finally,
the SM method is applied to simulate the air flow around a car with rotating
wheels. These results are compared with the corresponding RWBC, MRF and

experimental results.

e Chapter 6: Conclusions are made along with proposal for future work as well

as some further improvements.
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2. CFD Analysis

2.1 Flow Modelling

The differential equations used to describe the motion of viscous fluid flows are
the Navier-Stokes (N-S) equations. The generic form of these equations for incom-
pressible flows with constant molecular viscosity are presented in equations 2.1 and

2.2 expressing the conservation of mass and conservation of momentum respectively.
V-u=0 (2.1)

V

where u is the velocity component, p is the pressure, p is the fluid density and p the

viscosity coefficient which is assumed constant.

This work focuses on the external flow around a moving vehicle and its rotating
wheels which is characterized as highly turbulent. This means that all the flow
variables are governed by intensively unsteady fluctuations in their distribution in the
fluid domain, and chaotic changes occur in the pressure and velocity flow variables.
This fluctuations occur in very small time scales and caused at a point by convection
of eddies of many size and time scales. As these eddies move through the flow the
velocity field changes arbitrarily at a fixed point in the domain. In turbulent flows,
the vortices of different sizes interact with each other and result in an important
increase in friction drag and thus, the energy needed by a body to pass through a

turbulent flow field is increased.
2.2 Turbulence Modelling

For the simulation of turbulent flows and the resolution of the extremely small
scale fluctuations of the flow quantities many different methods have been developed.
Very small discretization of the turbulent flow domain in time and space is needed in
order to resolve the time and spacial scales. This is the so-called Direct Numerical
Simulations (DNS), [3], which has an unbearably large computational cost. So, in

industrial applications turbulence must be modelled.
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2.2.1 Reynolds Averaged Navier Stokes Equations (RANS)

One of the main ideas around the turbulence modelling comes from the Reynolds
or time-averaging of the instantaneous N-S equations. This leads to the RANS equa-

tions which is one of the simplest and reliable available approach.

The idea behind the equations is the Reynolds decomposition, which can be sum-
marized in the formula u(z,y, z) = u(zx,y, z) + v/ (x,y, z) , whereby an instantaneous
quantity is decomposed into its time-averaged and fluctuating component. By ap-
plying the Reynolds decomposition to all the flow variables, the time-averaged N-S

equations in Einstein notation and in Cartesian coordinates can be written as follows:

O
_Ou;  — Op 0 ou;  Ouj\  ——
pu] a$]’ a sz 8%1 + 87% |:M<8xj + 8@) puiuj (2.4)

‘98“? is added in the momentum equations (2.4),

In the above relation, the term p
to formulate the Unsteady Reynolds-Averaged Navier Stokes Equations (URANS).
The non-linear term ( — pm) is an apparent stress term, owing to the fluctuating
velocity field. This term stands for the so-called Reynolds stresses. At this point,
the Boussinesq hypothesis is made in order to model the Reynolds stresses resulting
to an additional unknown field and the derivation of a new quantity known as the

turbulent viscosity v;. The Boussinesq hypothesis is presented below:

— ou; Ou; 2
/ !,/ ? J .
Tij puzu] pyt(axj + 8.58,) 3 iJ ( )
where k = %u;u; and the T{j denotes Reynolds stress term.

In order for the v to be computed, additional equations are needed for the closure
of the system of equations. The issue of the 'problem closure’, is tackled by the use

of turbulence models.
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Figure 2.1: Simplified representation of the mean ¢ quantity value(continuous line) and the
instantaneous fluctuating ¢' quantity value [/]

2.2.2 The Spalart-Allmaras (S-A) Turbulence Model

In this work, the S-A [5] turbulence model is used which is a one equation mixing-
length turbulence model for incompressible flows. It was designed for aerospace ap-
plications involving wall-bounded flows and has been shown to give good results for
boundary layers subjected to adverse pressure gradients. The S-A model solves a
modelled transport equation (2.9) for the model variable v so it is not necessary
to compute a length scale related to the local shear layer thickness. In its original
form, the model is effectively a low-Reynolds number model (y+ ~ 1)!, requiring the

viscosity-affected region of the boundary layer to be properly resolved.

The turbulent (eddy) viscosity is given by

vy = gfvl (26)
X3
= 2.7
v
X=- (2.8)

1, .+

y" stands for the non-dimensional distanse from the wall, defined as y+ = Yo¥

=24,y is the dis-
tance from the wall boundary, v is the kinematic viscosity and v, = % being the friction veloc-

ity where 7, is wall shear stress. Here, T corresponds to the distance of the first cell center from
the wall, and determines the resolution of the mesh near to the wall boundaries of the computa-
tional domain.
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The main model PDE of the S-A model follows:

O(u;) ~_1[8 N ov v Ci 7\ ?
z; = Cbl(l—fw)SV"‘g L:] <(V+V):Ej> +Cb23xi axi] - {Cwlfw—KthQ} <d>
(2.9)

The model’s constants are 0 = 2/3, Cpy = 0.1355, Cpo = 0.622,k = 0.41. Cy1 =
3.239, Cy1 = 7.1. The variable d is the distance of each field point from the nearest

wall and S ,Jt2,fw are derived using:

~ v
Q= /20, W (2.11)
1 aul (‘)uj
Wij =3 <axj a 8@-) (2.12)
X
=1—— 2.1
1+ 3,140
fu=49 [w?’ ] (2.14)
9%+ cus
g =7+ cua(r® —6) (2.15)
, v
r=min [§2d2, 10} (2.16)
K
fir = czecs X (2.17)

In this work, the S-A turbulence model is used along with the RANS equations, in
simulations in order to obtain a fully converged field to be used as the initial solution
guess for the unsteady simulations in OpenFOAM® v2006.
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2.2.3 Wall Treatment

The near wall-region is characterized of steep velocity gradients and intense tur-
bulence. The proper computation of the velocity profile and the turbulent variables
in this area, is crucial for the accuracy of the numerical solution. A very fine mesh has
to be employed placing the first cell center to a small distance of the wall (y* ~ 1),
the so-called Low-Reynolds number modelling. In industrial applications, the use of
such fine meshes exceed the available computational resources and such a technique

is not considered.

In this work, the so-called High-Reynolds number modelling is used along with
the Spalart-Allmaras model. The High-Reynolds number modelling is an alternative
methodology to deal with the near-wall regions avoiding the dense meshing in this
area. This method utilizes a coarser grid in the boundary layer and the so-called
wall functions. The wall-functions are empirical equations employed to model the
physics of the flow in the near-wall region. The wall-functions try to connect the
region close to the wall with the fully developed flow region. In the High-Reynolds
number modelling approach, the first cell center from the boundary surface should
be in the logarithmic region of the boundary layer at approximately y™ = 40 — 100.
This approach is more applicable in industrial applications since the viscous sublayer
is not numerically resolved, and thus, a much smaller cell size can be used in this

area.

-

viscous sublayer

bufer layer
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Figure 2.2: Representation of the velocity profile in the characteristic regions of the turbu-

lent boundary layer [0].
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In the S-A model, wall functions are used to approximate the value of 4 at the

cell closest to the wall. The kinematic eddy viscosity is computed according to

u2

T
ou
on

vy = —v (2.18)

where n is the normal to the wall vector and v is kinematic viscosity of fluid near to the
wall. As u, is computed based on the yT value, the formulation for the computation
of y* in OpenFOAM®, is the so-called Spalding Law [18]. As the latter suggests, the
inner sublayer region and the logarithmic region of the boundary layer are modelled
with a single equation (eq. 2.19). The Spalding Law computes a continuous v4 profile
and is imposed as a boundary condition (nutUSpaldingWallFunction) providing a

wall constraint on 14 based on velocity.

1
yt=ut e B [e““+ —1—rut —0.5(ku™)? — é(mﬁ')g} (2.19)

where x is the von-Karman constant equal to 0.41 and B =~ 5.5.

2.2.4 Delayed Detached Eddy Simulation (DDES)

The DDES [24] is a hybrid RANS-LES model which combines the speed of the
RANS and accuracy of the LES. In the DDES formulation based on the S-A model,
the last term of equation 2.9, which represents the destruction of 7 depending on the

wall distance d, is replaced by

d=d— f; max(0,d — CA) (2.20)

where the ry parameter, taken from the S-A model and modified accordingly

fa=1—tanh[(8ry)*] (2.21)

vy +v v

rqg = (2.22)

or
u; 22
2d2 (aTu]->2 K2d?S
where d is the DDES model length scale, C' is a calibration constant equal to 0.65
, d is the distance from the wall, A is the characteristic mesh size, chosen as A =

max(Azx, Ay, Az) and & is the von-Karman constant.

By the formulation of the dissipation length scale d (eq. 2.20), the model reduces
to RANS in the attached boundary layers and to LES in the detached flow regions.
In this way, early transition from RANS to LES is avoided close to the wall if the

mesh is not proper. In [25], was demonstrated that in a flow simulation over an
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airfoil, early RANS-LES switch led to premature flow separation when setting the
cell edge length inside the wall boundary layer below a critical value. In DDES, early
RANS-LES transition is avoided by the introduction of f;, which acts as a shielding
function designed to be 0 in the boundary layers (d = d) and 1 in the LES regions
(rq < 1). This way, the DDES length scale d detects the boundary layer and delays
the switch to LES taking into account both the grid resolution and the eddy viscosity

V¢.

In this work, the DDES S-A model with wall functions is used in the transient sim-
ulations in order to obtain the flow field around the car, provided by OpenFOAM®©
v2006.
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3. Rotating Wheel Modelling

In this chapter, CFD methods capable of modelling the rotation of solid bodies
are discussed. Regardless the fast paced developments in the field, CFD simulations
of rotating bodies mostly rely on assumptions and approximations of the real case
scenario. In the case of car’s wheels, the design can be that delicate combining
aesthetic design, aerodynamic and structural efficiency. These co-existing goals on
the wheel design can lead to a shape that requires special computational treatment

in order to obtain an accurate prediction of the flow field around a rotating wheel.

In this chapter, the basics around the wheel aerodynamics will be presented and
the CFD methods used in this thesis for the modelling of the rotating motion will be

analysed.

3.1 Modelling Considerations

Wheel aerodynamics have become an essential aspect of the automotive industry
vehicle development because they can significantly impact the overall vehicle road
performance, the driving noise, the comfort, safety and most important the aesthetic

result of the design.

At first, the extremely complex flow regime around a fast rotating car wheel
should be approached from an aerodynamics point of view in order to understand
the governing flow mechanisms. The problem of the wheel rotation modelling its not
just laying on the computation of the velocity and pressure distribution on the tire
and the rim of the wheel, but, in practice complexity is introduced due to additional
modelling obstacles that arise, as the tires’s contact patch, the static deformation,

the breaking system components position behind the rim etc.
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Tire
Rotating spokes

Breaking sytem

Figure 8.1: Left: Illustration of a typical car wheel. Right: Wheel cross-section.

3.1.1 Tire Contact Patch

Contact patch is the portion of a car’s tire that is in contact with the road and
is flat and parallel to it. It is commonly used in the cases of pneumatic tires, where
the term is used strictly to describe the portion of the tire’s thread that touches the
road surface. The contact patch is the only connection between the road and the
vehicle. The size and shape of the contact patch as well as the pressure distribution
within the contact patch, are important qualities to be considered. Due to elasticity of
common rubber tires the shape of the contact patch depends on the load of the vehicle
body. Also, the tire shape is different from a moving tire (dynamic deformation)
to a stationary one (static deformation). In most of relevant studies around wheel
dynamics due to the difficulty of making observations or even determining the contact
of a moving tire, the contact patch will be obtained considering the tire as stationary.
But even in the scenario of a stationary car’s contact patch, 3D scanner devices and

3D laser scanners are deployed in order to capture the deformed tire configuration.

Obtaining a proper representation of the wheel’s contact patch is not the only
thing to take into account. The contact patch ruins the axisymmetry of the tire,
meaning that proper modelling has to be considered in order to model the deformed

tire in this area.

Figure 3.2: Wheel contact patch modelling in two wheels. Left: Slick tire Left: Grooved tire.
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3.1.2 Dynamic and Static Deformation of Tire

The problem of the contact patch modelling brings with it the consideration
regarding the static and the dynamic deformation of the tire. As said before, the tire
can not be treated separately and should be modelled as part of the vehicle. Thus, the
load from the car’s body weight deform the tire in a stationary state, transforming it
into a non-axisymmetric and non-circular-like solid body, Figure 3.3. In a dynamic
state, the axial and radial deformation of the tire are also changing relatively to the
rotating velocity of the wheel as the latter increases the rotational forces on the tire
[30]. The contact patch cannot be obtained together with the dynamic deformation
and can only be estimated. In this work, only the static deformation of the tire is

taken into account.

Deformation

Figure 3.3: Illustration of the tire static deformation under the load of the vehicle.

3.1.3 Wheel Aerodynamics

The wheel rotation results in complex flow patterns, due to its shape, the rough-
ness of the rubber tire, the rim shape, the grooves on the tire and the high angular
velocity of a realistic automotive application. A large region of flow separation is
generated behind the rotating wheel and a huge pressure drop in this area directly
results in drag increase on the tire. The wheel wake is purely turbulent with strong
trailing vortices governing the flow wake. The flow regime can be better understood
considering the flow around a stationary and a rotating wheel, because the flow
around a stationary wheel is a quite typical flow example around a body and the flow

configurations are well known.

At first, for a stationary wheel, similarly to the corresponding flow around a 2D
stationary cylinder, the main point of the flow de-attachment is at the top point of
the wheel or cylinder, Figure 3.4. This results to the classic turbulent wake regions
behind the wheel and a low pressure bubble there. In the case of the rotating wheel,
this separation ’start’ point is located earlier in the horizontal direction due to two

factors. The first factor is the angular velocity of the wheel which gives the highest
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point of the wheel a velocity vector opposite to direction of the flow. Additionally, the
material roughness of the tire puts extra resistance on the flow on the tire’s surface,
resulting in earlier flow separation enhancing the turbulent region in the back of
the wheel. This consequently results to an increase in the aerodynamic drag. With
the presence of threads on the tires surface or even considering the wheel partially
encapsulated inside the wheelhouse, the flow tends to be much more chaotic and

turbulent than the fairly simplistic example given.

Also, the high pressure region at the front of the tire, where the streamlines firstly
contact the tire, is placed in a lower point than the middle of the tire which would be
in the case of a non-rotating wheel. The high pressure area with the presence of the
rough road in a close distance create a very complex area for aerodynamic overview.
The flow separation comes much earlier than in the case of the stationary wheel, and
thus, vortices surround the wheel in all directions. These phenomena are enhanced
even more by the rotation of the rim, which acts like a mixer in the flow making the

flow regime at the vicinity of wheel even more chaotic.

Separation
Point

Turbulent Wake

Turbulent Wake
Figure 3.4: Schematic illustration of the flow separation bubbles around a spinning wheel

and the separation point on its upper surface. Above: Stationary wheel. Down: Rotating
wheel
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3.2 Rotation Modelling Methods

In this section the main rotational motion modelling methods will be presented
and analyzed. The methods are the Rotating Wall Boundary Condition (RWBC),
the Multiple Reference Frame (MRF) and the Sliding Mesh (SM) as implemented in
OpenFOAM®, which is used for the simulations carried out in this thesis. Studies
have been conducted comparing the MRF and the SM methodologies especially in the
areas of turbomachinery and wind turbines. Comparisons between the RWBC, with
the MRF and the SM method [29],[36], showed the superiority of the SM method in
terms of the accurate prediction of the flow field around the wheel’s rim at the cost

of a steep increase in computational time.

This work, focuses on the modelling of the rotation of the wheel’s rim. Each
rotation modelling method will be applied to account for the rim rotation. As for the

tire and rest of the wheel components, these are modelled using the RWBC only.

3.2.1 Rotating Wall Boundary Condition (RWBC)

The RWBC is the most simple way to simulate the rotating motion of a body
and can be used with both steady and unsteady flow solvers. This solution does
not require great effort in the implementation and the case setup neither in the
meshing stage of mesh generation. RWBC is imposed, by introducing a velocity
vector tangent to the wall surfaces and with magnitude equal to Q x 7, where O
is the angular velocity vector and 7 is the position vector with magnitude equal to
the distance of the surface face centroid from the axis of rotation. To preserve the
conservation of mass, the velocity vector cannot have a perpendicular component to
the cell surface as this would physically introduce flow through the solid body surface
violating the continuity principal. Thus, surfaces that are not parallel to the rotation
will be modelled incorrectly and a wrong velocity vector will be imposed on the faces
centroid, as can be seen in Figures 3.5, 3.6. The more complex the rim is the more

erroneous the modelling will be.

The RWBC is useful in order to model the purely axisymmetric rotating solid parts
of the wheel as long as they do not include surfaces perpendicular to the rotation.
RWBC can be applied on the tire, tackling the problem of the loss of axisymmetry
due to the contact patch as long as the tire is a slick one. In the contrary, complex
grooved tires introduce surfaces perpendicular to the rotation direction causing these
areas to be modelled erroneously with the RWBC.
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Figure 3.5: Comparison between the TV and the correct velocity distribution on the wheel
spokes. Left: TV simulation. Right: correct distribution

Figure 3.6: Comparison between the TV and the correct velocity vectors distribution on the
wheel spokes. Left: TV simulation. Right: correct distribution

3.2.2 Multiple Frame of Reference (MRF)

The MRF method is able to overcome issues related to the use of the RWBC.
The MRF simulates the rotational motion of the body with a non-rotating mesh and
steady state flow solvers, by considering a separate region in the fluid domain and
setting a relative rotating frame of reference w.r.t. the global reference frame. The

computational domain needs to be split in two or more regions.

In the rotating region frame the steady state N-S equations are solved w.r.t. the
relative reference frame and additional source terms are introduced in the momentum

equations simulating the rotating motion with a non-rotating mesh.

The velocity vector expressed w.r.t. the relative reference frame is

ip=1iia— Q%7 (3.1)
where 'A’ stands for ’absolute’ and "R’ states for 'rotating’ reference frame, respec-
tively. To derive the MRF equations that are used to compute the flow field inside the
relative frame, the incompressible steady state N-S equations in the inertial reference

frame must be taken into account, as seen in (3.2).
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{ ia-Viia ==V (p/p) + vV - V(iia) (3.2)

V-iy=0

In equations (3.2), equation (3.1) will be used as the #; velocity term. This is

going to generate extra terms involving §2 and r.

{ﬂR-VﬁRz—V(p/p)+vV-V(ﬁR)—2§xﬁR—QxﬁxF (3:3)

V- iR
Now the unknown is the relative velocity, @r, and the pressure. The re-formulation
of the governing equations in terms of the relative velocity leads to the generation

of two extra source terms in the right hand side in equations (3.3). 20 X g is the

Coriolis term and € x § x 7 is the centrifugal term.

By using equation (3.1), the velocity @4 can be obtained. By computing the
i inside the MRF domain, the global final solution for the velocity field can be
obtained. Using equation (3.1) we can obtain the MRF relations expressed with

terms of absolute velocity as,

{ g Via+Q xda=—V(p/p) +vV - V(i) (3.4

V -ty

The rotating body must be enclosed inside a rotating region which must be an
axisymmetric volume w.r.t. the axis of rotation of the body, this interface is created in
the mesh generation process. The information exchange between the stationary and
the rotating region is done through the interface. As described in [31], MRF may give
misleading results in the case where the inlet flow velocity direction is perpendicular
to the rotating axis. This derives from the mathematics in (3.4), as it can easily
be noticed that the term Q x @ 4 is not zero when the vector of O and 4 are in a
random and non-zero angle. This will produce a remaining extra pressure gradient
term Vp = p(ﬁ X 1 4) which is a non-physical effect at a rotating object case. Also,
test attempts rotating an empty MRF region showed that this erroneous pressure
gradient term is also generated without even the presence of a solid inside the MRF

domalin.

In this thesis, the MRF method will be used for the rim rotation modelling and
in order to provided a converged flow field for the initialization of the SM unsteady

simulation.
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3.2.3 Sliding Mesh (SM)

This thesis mainly focuses on the SM method, due to its accuracy a car simu-
lation with rotating wheels can benefit from. The SM method has shown to be the
most accurate and most suitable method to model the rotating rims of the wheel,
as the actual mesh rotation is applied, bringing the simulation closer to the real-life
scenario. The main drawbacks of the SM method application is at the first, the re-
quirement for a high quality mesh generation, as well as, the large computational
cost that demonstrates. The latter is related to the face count participating in the
AMI interpolation coupling, rather than the overall mesh size. Ways to tackle the

run time issue are essential for the integration of the SM in an industrial workflow.

In the SM method, the computational domain should split into two regions, the
stationary and the rotating one. The rotating regions are defined in the meshing
pre-processing stage of the simulation, using axisymmetric volumes to encapsulate
the solid that is rotating. The boundaries of these volumes act as interfaces between
the rotating and the stationary meshes. The interface has to be duplicated in two
individual entities in order to be able to apply relative motion between them. On
the construction and after the mesh interface rotation, a non-matching mesh region is
formed locally at the interface, Figure 3.7. Data exchange must be performed through
these non-matching interfaces and the quality of this information communication is
what characterizes the SM method as physically reliable or not. This reliability is
related to the way the flow data is transported from the one mesh region to another via
the interfaces, in order for the flow data to be shared and the fluxes at the interface
to be conserved. Loss of conservation on the interface is capable of leading the
simulation to loss of accuracy, experience stability issues or even divergence. These
issues lie mostly on the mesh generation procedure and arise in cases of discontinuities

especially close to the interface.

The conservation of the flow quantities by the coupling between the stationary
and the rotating mesh regions has been an extensive subject of study within the
computational physics community. Methods to remove the interfaces and perform
de-attachment and re-attachment [13],[15],[16] of the mesh along the interfaces have
been implemented with a high increase in computational cost and are limited in appli-
cations using only structured meshes. As re-meshing is computationally demanding
and as the interfaces cannot be neglected from being part of the SM method, exces-
sive effort is invested on the improvement and optimization of the numerical coupling
though the SM interfaces.

As long as more and more practical applications desire to benefit from the SM

accuracy potential, the SM method is applied to complex problems where the time for
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preparing a fully suitable mesh is not available. Thus, issues due to the inadequate
meshing quality arise, such as the lack of a conformal mesh at the interface between
the stationary and rotating mesh regions, especially in unstructured meshes, Figure
3.7. The problem of achieving conservation via the SM interfaces was first studied in
[10], in 2D meshes and many similar methods followed. Non-conservative methods
gained ground due to the implementation simplicity of the interpolation schemes
applied to utilize the data exchange via the interfaces. A lot of work has been done
in the implementation of conservatory interpolation mechanisms on the interface, such
as the well know General Grid Interface (GGI) introduced in [I1] using overllaping-

areas weights to interpolate field values at the interface.

In this thesis, the Arbitrary Mesh Interface (AMI) method will be used, imple-
mented in the main code of the Open FOAM®©.

Non-conformal Interface
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Figure 8.7: 2D representation of the non-conformal interface.

3.2.4 Arbitrary Mesh Interface (AMI)

As presented in [9], the AMI is based on the concept of a supermesh using the
approach of local supermeshing to compute the fluxes at the non-conformal mesh at
the interfaces and handle dissimilar meshes in 3D overlapping domains. The AMI,
compared with the rest of methods, regarding fluxes conservation at the non-matching
interfaces, is a highly applicable and efficient method but may introduce lack of
conservativity. In order to minimize accuracy losses due to the lack of conservativity,
excessive care must be taken during the mesh generation process. The more conformal

the interfaces are, the lower the accuracy losses will be.
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The AMI is based on the projection of the stationary and the dynamic interfaces
onto an intermediate mesh, the computation of fluxes contribution from the over-
lapping faces and the so-called AMI interpolation to compute the fluxes at the cells
surfaces. In the AMI terminology, the interfaces are called target interface (sta-
tionary) and source or donor interface (moving). For the FVM to be applied, the
fluxes at the non-matching mesh must be computed. Every cell centroid is receiving
contributions from two or more cells due to the overlapping faces at the interface.
Consistent interpolation of a field, from the source to the target mesh, is not an op-
tion in the AMI, resulting in loss of conservativity, minimum and maximum values

and issues that arise when handling discontinuous fields.

AMlI source
Interpolation scheme @, = @pga + (1 — a)pp
AMI target 51
L XX . Centroid distance o — <2 *P.
weight Xg — Xp
| —
P Pe G |
—t—=-4--0
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| T
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° AMIweights a; = T
Supermesh

Figure 3.8: 2D representation of the AMI supermesh functionality, from [38].

In [9], a Galerkin projection method is used, in order to achieve reliable conserva-
tion between non-conformal interfaces. The Galerkin projection is a function which
minimizes the Lo norm of the interpolation error. For the Galerkin projection to
work, an intermediate mesh (supermesh) between the two AMI interfaces is consid-
ered, Figure 3.8. The supermesh approach combined with the Galerkin projection
is an efficient way to interpolate fields between spaces of discontinuous functions.
The construction of the supermesh is carried out by an intersection-by-intersection
strategy, meaning that all the intersection pairs of the elements T of the source
interface mesh and T of the target interface mesh must be identified and stored.
For every new position of the mesh, every element in the source and target interfaces
is projected onto the intermediate supermesh. For every Tg element of the source
interface, a search algorithm is employed to identify all the elements T of the tar-
get interface mesh that intersect with the Ts elements. Briefly, an element in Ty is
chosen and the first element from the 77 mesh which intersects with the Tg element

is the so-called seed element. An advancing front-like algorithm is used in order to
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sequentially identify all the neighbouring elements of the seed element that intersect

with the Tg element.

The mechanism of the element intersection is explained in Figure 3.9. The target
interface mesh is the Cartesian grid in black, while a randomly selected source ele-
ment is shown in red. At first, a seed element is detected which intersects with the red
element. Next, all the neighbouring elements of the seed element are checked for in-
tersections with the red element of the source mesh. The advancing front-like process

continues by keeping all neighbouring elements intersecting with the red element.

e e

L[ L] [ [ 1]

Figure 3.9: Illustration of source and target element intersection via an advancing front
method. From [0]

When, at a local intersection area, all the intersecting elements are identified, a
clipping algorithm is used for the intersections to be meshed, Figure 3.10. In other
words the overlapping faces of the Ts and Tr interface meshes are identified. These
overlapping faces give rise to an essential feature of the AMI functionality, the AMI

weights.

~

Figure 3.10: The supermesh triangulation via vertices clipping. From [J]
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AMI weights

In non-conformal coupled interfaces, each face accepts contributions from partially
overlapping faces from the neighbouring interface surface faces. The AMI weights
define the contribution on the flux computation of each face as a fraction of the
face areas of the overlapping faces. As described previously, the intersection-by-
intersection algorithm is used to define the shared areas of the overlapping faces. For
each face the sum of the AMI weights is normalized and should equal to 1 defining a
perfect face conforming. Not well matched target and source mesh geometries result
in localized conservation errors and the sum of AMI weights diverges from 1. Low
meshing quality can result in the absence of a face from the target or the source
interface. In this case, the sum of AMI weights of this particular face will be zero

driving the method fail due to high conservation errors that are introduced.
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4. CFD Mesh Generation

The process of the mesh generation is an individual science in the area of CFD
and a large variety of different meshing software are available. Mesh generation is
the practice of splitting the computational domain into discrete geometrical entities,
known as cells of certain types depending of the mesher. In this way, a spatial
discretization is provided for the domain where the PDEs can be discretized using

FVM and to be solved using iterative algorithms.

Through the mesh generation stage, essential components of the CFD analysis

are determined.

e The shape and the size of the computational domain are specified, defining the

region where the equations are solved.

e The physical domain is discretized using geometrical elements. This is very
important as different CFD solvers may require particular cell shapes and sizes

to optimize their performance.

e The domain boundaries are identified and their type is specified. For an external
aerodynamics analysis, it is essential to define certain parts of the domain as

the inlet, the outlet the road and the rest of the surrounding walls.

4.1 SnappyHexMesh Mesh Generator

SnappyHexMesh is provided in the main Open FOAM® distributions and is used
for the meshing of 3D complex geometries. SnappyHexMesh is a Cartesian-prismatic
unstructured mesh generation tool. The experience of its developers has shown that
snappyHexMesh is not recommended for low y meshes and the region between the
prismatic (layering) and the Cartesian mesh is often subject to non-orthogonality
issues and large cell size gaps. It generates meshes dominated by hexahedral and
polyhedra cells, which is generally a good practice because of the relatively decreased

cell count resulted in comparison with other techniques.

Basic requirement is to provide the mesher the surface data (triangulated surfaces)

and the background mesh which is used for application of an octree-based algorithm
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to divide the computational domain. SnappyHexMesh mainly splits the reference
background initial mesh wrapping around the surface meshing both the bodies and

the intermediate space.

4.1.1 Background Mesh

The first step of the snappyHexMesh mesh generation process, is the generation
of a background mesh with hexahedral elements. This background mesh is generated
by the blockMesh utility and encloses the surfaces in a box-shaped domain. For an
optimal performance of the mesher, the aspect ratio of the vertices length of the
background mesh must be 1. The desired cell size in which the surface is going to be

discretized depends on the background mesh cell size.

4.1.2 Castellation

The second stage is the castellation of the background mesh, on which the octree-
division is applied. The level of the base cell split is defined by the refinement level
option in an octree-based logic as can be seen in the Figure 4.1. In this stage, surface
mesh refinement is applied as also refinement regions are created in the turbulent
wakes of the bodies. The most important options in the castellation stage are the

features, refinementSurfaces and refinementRegions.

O = R =

- | - §

+

Figure 4.1: Illustration of the octree-like split of the computational domain in three stages
starting from the background mesh. FEach stage corresponds to a different refinement level
applied.

Cell Zone - faceType

In the castellation section, the faceZone and a cellZone is assigned at the AMI
region, defining an individual mesh sub-region in the domain. Later, the mesh can
be split w.r.t. the AMI cellZone in order for the SM to perform mesh rotation. In
this stage, in order for the snappyHexMesh to determine the cellZone and faceZone
assigned to the volume of the AMI STL file, a faceType must be assigned to the
internal faces of the faceZone. SnappyHexMesh can conform internal faces to an
internal surface geometry such as the AMI, by the identification of the faceType
parameter. In this way, the faces of the geometry turn into faceZone with a specific

functionality for the mesher. This is more often met in multiphase simulation where
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a faceZone is used to define the intersection of the fluid and solid region, e.g. in a

conjugate heat transfer simulation, or in cases boundary faces need to be set.

In the SM method, the faceZone defined topologically by the AMI, needs to be
processed according to the faceType keyword. The different faceType parameters
have a huge impact on the meshing result and the AMI weights. The faceType

options available are the following:

e internal: This option maintains the faceZone as internal faces, both for the
AM Isource and the AM Iiqpger patches.

e baffle: The faceType baffle option creates co-located pairs of faces from the
faceZone. The baffle faceType, creates co-located pair of faces from the face-
Zone that share the same topological characteristics, representing the zero-
thickness boundary in the mesh. This option offers the capability of creating
the AM Isource and the AM Ii4,ge¢ Patches sharing the same number of faces.

e boundary: Similar to baffle type but creates non-co-located pairs of faces from
the faceZone, representing a baffle with non-matching faces. The boundary face-
Type creates the two faceZones of the interface separately. Two non-identical
interfaces are created, thus, in most of cases the AMI face count may be different
on the AMI interfaces.

e no faceType: No faceType assigned.

RefinementSurfaces

The refinementSurfaces is the section where the refinement level applied on the
surfaces is defined for the surfaces discretization. The software offers the capability of
applying different refinement levels on the surface and the edges of the each surface
patch, Figure 4.2. This is done by defining a min and a max refinement level for the

surface.

In order to properly capture geometry’s edges, snappyHexMesh needs to refine
the mesh in these areas. In this way a larger number of cells are used in order to

describe the edged shape.

The first way snappyHexMesh distinguishes the edges from the planar part of the
surface is done based on the resolveFeature Angle keyword which contains an angle
value. The refinement is applied to the cells than can see intersections that form an
angle in excess of the specified resolveFeatureAngle value. resolveFeatureAngle is a

global parameter and cannot be assigned to individual patches.
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Features

The second way that snappyHexMesh can identify the edges, is by means of the
features utility. This utility uses the .eMesh files that contain data related to the
defined edges of selected surface patches, where the identification of the desired edges

is through the resolve Angle parameter.

The difference between features and the refinementSurfaces is that, features offers
greater control, as the resolveAngle parameter is a local parameter. In this case, the
user can identify certain edges on individual patches using a different resolveFeature-

Angle value for each one of them.
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Figure 4.2: Illustration of the Castellation stage in a simplified 2D geometry. Left: The
geometry placed in the background mesh. Right: The surface mesh refinement by the back-
ground mesh split.

L

1

Cell Removal

Once the mesh has been split on the features (or edges) and the surfaces of the
solids, the process of cell removal begins. For the cell removal process to be successful,
a point identifying the mesh domain is needed. For aerodynamic cases, this point lies

in the area between the car body and the background mesh boundaries.

Refinement Regions

The last option of the castellation section is the definition of the refinement regions
in the mesh, where we want to obtain a more descriptive perspective of the flow
phenomena. In most cases in external aerodynamic cases, refinement regions are set
at the turbulent wakes of the bodies.

T
_

_

+=hl.«.\..

Figure 4.3: Left: 2D illustration of the cell removal stage. Right: The refinement region
addition.
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4.1.3 Snapping

In order for the jagged castellated surface to be removed from the mesh, in the
snapping process the cell vertices are moved and adjusted onto the surfaces. In
this way, the mesher captures the initial triangulated geometry and the process is

controlled by specific parameter values, Figure 4.4.

In this thesis, an extensive investigation over the capability of the snapping pa-
rameters to resolve patches intersections and edges in order to capture the AMI
interfaces is carried out. As long as, adequate mesh quality can be obtained at the
AMI interfaces using a specific value-set of the snapping parameters, refining can
be avoided reducing the mesh density on the AMI interfaces and lead to decreased

simulation time.

The process is as follows:

e Displace the vertices of the jagged-castellated mesh on the boundaries onto the

initial triangulated surfaces.

e Solve for relaxation of the internal mesh with the latest displaced boundary

vertices.
e Identify the vertices that lead to mesh quality parameters violation.

e Reduce the displacement of those vertices and repeat the procedure from step

2, until the fulfilment of mesh quality criteria.

The snapping parameters are the following:

i) nSmoothPatch, is the number of patch pre-smoothing iterations before finding
correspondence to surface. The recommended value for this parameter is 3-5.
In this work wide range of the parameter’s value will be evaluated for its impact

on the AMI interfaces geometry resolution.

ii) tolerance, is the ratio of the distance of points to be attracted by surface feature
edges or points to the maximum edge length. Setting a low tolerance value, the
distance for points to be attracted by edges will be reduced resulting to well
snapped mesh in thin gaps and narrow areas of the geometry. In this study,
the possibility of high quality meshing at patches intersections will be examined

which are considered as narrow areas.

iii) nSolvelter, is the number of the overall mesh displacement iterations. Higher

values lead to better snapping result.
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iv)

vi)

vii)

nRelazlter, is the maximum number of snapping relaxation iterations for the
invalid cells to be fixed or removed. This parameter is recommended to be
set in low values(100-150) for large scale meshes, because it increases the total

meshing time.

nFeatureSnaplter, defines number of feature edge snapping algorithm iterations.
This parameter is related to the capturing of the feature edges which have been
defined by the features utility. In this work, the resolution of the AMI interface
edges, which will be assigned as feature edges, is of high interest, thus, the

impact of this parameter will be examined.

implicitFeatureSnap, this parameter offers the user the automated feature iden-
tification of certain edges not requesting from the user to manually 'feed’ the
mesher with the desired angle (featureAngle) in order for a higher refinement
level to be applied on specific geometry features. The implicit FeatureSnap spec-
ifies the edges automatically based on the resolveFeatureAngle value acting as a
global parameter. Snapping is not performed directly to the geometry features,
but the mesh is being snapped to a representation of the surface calculated from

local surface topology.

explicitFeatureSnap, this parameter is used to snap the mesh based on the
.eMesh files data where created by the surfaceFeatureEztract utility. This
method attracts points of the mesh to the nearest supplied feature edge and

has a local application.
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Figure 4.4: Left: The jagged castellated mesh. Right: The snapping result.

4.1.4 Viscous Layer Addition

At this point of the meshing process, the insertion of viscous layers is performed.

The boundary mesh is mostly needed in the CFD analysis to capture the steep gradi-

ents close to the solid surface boundaries. The snappyHexMesh uses a mesh shrinking

algorithm in order to perform layer growth on the boundary surface. The mesh close

to the boundary is pushed outwards the surface based on the surface cell normal

vector inserting additional prismatic cells layers. The process ensures the minimum

height of the first layer, defined by the parameter minThickness. Mesh shrinking,

may, in many areas, lead to a violation of the mesh criteria due to the bad mesh

39



quality close to the surface and result in a increased meshing time. To avoid such

behaviour, a well snapped smooth surface should be provided by the snapping stage.

4.1.5 Mesh Quality Criteria

Due to the iterative process in which every snappyHexMesh stage is based, the
quality of the mesh in every step is tested in order to fulfil specific quality criteria.
These quality criteria are set w.r.t. the solvers point of view ensuring numerical stabil-
ity and minimized errors during the PDEs calculation process. Upon termination of
every step, the user can be informed about the mesh quality outputting certain qual-
ity criteria violation if existing. More specifically, skewness and non-orthogonality

are criteria of high interest.
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5. Applications

5.1 The challenge

For the SM method application, the mesher must preliminarily create an axisym-
metric closed volume (cellZone) enclosing the rotating parts of the wheel, Figures
5.3, 5.4, in order to set this region as rotating based on the corresponding dynam-
icMeshDict file of OpenFOAM®. The boundaries of this axisymmetric closed volume
determine the so-called AMI interface on which the AMI interpolation will be carried

out and the coupling between the rotating and stationary mesh will take place.

The initial attempts in the SM application using snappyHexMesh, used an AMI
volume from a commercial CAD software. The latter is a high quality STL file, but it
is not generated based on the snappyHexMesh surface capturing requirements. The
initial AMI interface properly encloses the rotating rim of the wheel, maintaining a
predefined distance from patches of the tire, the rim and the breaking system com-
ponents, Figure 5.4. The use of the latter interface along with the default meshing
settings of the snappyHexMesh resulted in distorted mesh on the sharp edges of the
AMI and the patches intersections, generating dissimilar target and source AMIs.
When these overlap drive the sum of AMI weights to diverge from one, Figure 5.1.
Thus, an investigation of the proper meshing technique must be carried out. In this
thesis, a meshing technique is investigated in order for the SM method to be appli-
cable, balancing adequate meshing quality on the AMI interface and low simulation

time.
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Figure 5.1: Mesh on the edge of the AMI interface and the computed sum of AMI weights
in the AMI faces. Left: Sum of AMI weights for the target AMI interface. Right: Sum of
AMI weights for the source AMI interface.
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The areas of investigations regarding the meshing technique include:

e snappyHexMesh parameters: Every parameter is evaluated based on its
impact on the resolution of the AMI interface’s edges. The evaluation and the
choice of every individual parameter will lead to a final set up of the mesher.
A proper set of the parameters can lead to well resolved edges at the interface
without the need of extra refinement in order to capture them keeping in the

same time the AMI face count low as possible.

e AMI shape and position: Because of its shape based on the maintenance
of a constant distance from the patches, the initial AMI interface, resulted in
many intense edges and steep angles between the AMI interface surface and the
other wheel components intersections. Mesh quality at these intersections and
the edge capturing must be ensured in order to lead to an adequate geometry
resolution of the AMI interface. As the AMI encloses the rotating part, it
intersects other parts of the wheel, Figure 5.4. The meshing quality of this
intersection proved to be an extremely challenging area and showed important

impact on the average sum of AMI weights performance.

e AMI face density: The AMI face count effects in a great level the simulation
time, as 30-50% of the total time of the unsteady solution is consumed by the
rotating mesh operation. To tackle this, the total faces on the AMI must remain
low in number as possible. A dense AMI interface can drive full car simulations

to infeasible run times for an industrial environment.

5.2 Stand-Alone Wheel

A single wheel will be used in order to investigate the different options the snap-
pyHexMesh parameters offers, as also the variety of potential shapes and geometries
of the AMI interface. Every change on the parameters and the geometry is being
monitored computing the average sum of AMI weights as an characteristic KPI to
rate the mesh quality on the interface. The average sum of AMI weights is calculated
by the averaging of all the sums of AMI weights of all faces on the interface. The
objective of the investigation is to determine a robust meshing technique in order to

achieve average sum of weights close to 1.

The meshing technique was applied to six different tire and rim designs in order
to test its applicability and its robustness to be ensured. In order for the AMI
interface to be applied to a realistic car model, all the essential breaking system
components are placed behind the spokes, Figure 5.4. The position of the breaking
system components is not standard in every full model CAD assembly, thus, a generic

strategy for the AMI shape and position is required.
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Figure 5.2: Wheel CAD model. Figure 5.3: The AMI interface(red)
Green: tire patch. Gray: rim patch. enclosing the rim.

AMI

Tire

Rim

Breaking System

Figure 5.4: Cross section of the wheel and the AMI.

5.2.1 Meshing Parameters Investigation

In order to evaluate each different parameter’s impact on the average sum of
AMI weights performance, an AMI interface was generated using the default snappy-
HexMesh parameters with a zero-experience approach to the meshers functionality.
The AMI shape is at first simplified introducing only the essential edges in order for
it to be adjusted and the AMI geometry was kept constant during the parameters
value investigation. Also, extra refinement is being applied at the sharp edges of the
AMI in order to properly resolve them. The wheel was placed in a background mesh,
Figure 5.5, that was generated by the blockMesh OpenFOAM utility. The size and
the position of the background mesh are used in the CFD analysis of the rotating

standalone wheel that will follow.
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Figure 5.5: The dimensions of the background mesh used for the standalone rotating wheel
simulation.
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Figure 5.6: Computational mesh for the standalone rotating wheel simulation. Up: domain
cross-section on the ZX plane. Down: domain cross-section on the YX plane.

The investigation is carried out by comparing each parameter individually and
advancing to the next by keeping the best parameter from the previous investigation.
The way to present the impact of each parameter is to compute and plot the aver-
age sum of AMI weights in each time step for time equal to the duration of a full
wheel revolution. These kind of graphs offer enough information about the quality of
the AMI interface, but visual inspection of the meshed interface is also mandatory.
Fluctuations of the average sum of AMI weights from their average value mean that

the interfaces are not adequately meshed. If the cell size and shape across the AMI
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surface is uniform then, when the AM I;4ge; is sliding on the AM I oyrce patch, we

expect to have a stable performance of the AMI weights along an interface revolution.

faceType Parameter

The impact of the faceType can be seen from the Figure 5.7. The co-located
or non-co-located faceZones produce different result effecting the coupling of the
interfaces in terms of the average sum of AMI weights. Each different faceType,
create different cell size and distribution on the interface causing losses in the AMI
face matching. Not all the faceType options are present in the graph due to their
inability to produce an AMI interface.
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Figure 5.7: Comparative graph of the average
sum of AMI weights for a full wheel revolu-
tion for two faceType parameter options.

Figure 5.8: Comparative graph of the average
sum of AMI weights for different value of the
tolerance parameter value.

tolerance Parameter

In Figure 5.8, the impact of the tolerance parameter on the average sum of AMI
weights is presented. The tolerance parameter value was set as low as possible, in
order to determine a small distance between the AMI surface and the mesh vertices
that were about to be attracted by the AMI patch. In this way, the intersections
are the most benefited areas makes this parameter. Low tolerance values in narrow
areas makes snapping avoid attracting mesh vertices that are in a relatively bigger

distance, which may result in a distorted mesh at the AMI.

nSolvelter Parameter

In Figure 5.9, the impact of the nSolvelter parameter is introduced. The nSolvelter
parameter does not show great impact in the AMI weighting in all the four different
values applied. These values have noticeable differences in terms of average sum of

AMI weights. It was found that high values of this parameter do not lead to better
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snapping on the AMI and increase the overall meshing time. Thus, relatively low

values were set to obtain the same snapping at a smaller cost.
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Figure 5.9: Comparative graph of the average Figure 5.10: Comparative graph of the aver-
sum of AMI weights for different value of the age sum of AMI weights for different value of
nSolvelter parameter value. the nSmoothPatch parameter value.

nSmoothPatch Parameter

The nSmoothPatch parameter defines the number of smoothing iterations along
the surface, and has proven to be extremely effective, Figure 5.10. It was found that,
low values of this parameter lead to better AMI resolution. As it can be seen, the a
parameter shows increased AMI weighting with a more stable average sum of AMI

weights performance along a full revolution.

nRelaxIter Parameter

This is one of the main parameters that increase the overall meshing time. The
value of the nRelaxlter parameter has small impact on the improvement on the aver-
age sum of AMI weights, Figure 5.11. Thus, a relatively low value of the parameter

was applied.

nFeatureSnaplter Parameter

The nFeatureSnaplter shows to have adequate impact on the average sum of AMI
weights, as it preserves the defined features edges of the AMI, Figure 5.12. The range
of values of the nFeatureSnaplter parameter applied did not show large improvement
over the average sum of AMI weights, and low values of the parameter was used in

order to avoid higher meshing times.

Feature snap Method

The choice of the method from which the mesher will determine the edges of the

surface patches is of great important as it has a huge impact on the performance of
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the average sum of AMI weights and the meshing quality on the interface, Figure
5.13.
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Figure 5.11: Comparative graph of the aver- Figure 5.12: Comparative graph of the aver-
age sum of AMI weights for different value of age sum of AMI weights for different value of
the nRelaxlter parameter value. the nFeatureSnaplter parameter value.
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Figure 5.13: Comparative graph of the aver-
age sum of AMI weights for different feature
snap methods.

In Figure 5.14, the overall impact of the snappyHexMesh parameters is plotted in
terms of the average sum of AMI weighting. In Figures 5.15a, 5.15b, 5.15¢, a visual
inspection of the impact of the meshing parameters on characteristic AMI-patches

intersections between the initial meshing parameters and the final set.
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Figure 5.14: Total improvement over the average sum of AMI weighting by the application
of the final set of the snappyHexMesh parameters.

(a)

(b)

(c)

Figure 5.15: Three main intersections of the AMI interface(with gray) with wheel compo-
nents. Left: Initial set of meshing parameters. Right: Optimal set up.

48



5.2.2 Patches Intersection Treatment

The full CAD model of the wheel along with the breaking system components,
introduce mainly three patch intersections between the AMI interface and the other
components. For the mesher, the intersection between patches define a complex

problem of performing high quality snapping on surfaces which share edges.

The AMI interface must intersect the patches in a way to preserve the intersection
meshing quality. For such meshing conditions, the snappyHexMesh offers integrated
tools or the option of refining the narrow regions to capture the intersections. In order
to keep the face density of the AMI interface as low as possible, another meshing

technique is needed.

In this work, the snappyHexMesh background mesh is generated aligned w.r.t.
the global coordinate system, Figure 5.16. During the castellation stage the back-
ground mesh is being split into hexahedral elements with equal edge length, be-
fore the generation of more complex cell types when meeting the boundary surfaces.
SnappyHexMesh shows difficulty fitting cells in narrow gaps like the AMI-patches
intersections and sharp edges resulting in bad snapping on them. In order for the
patches intersections to be resolved, the quality of the hexahedral elements must be
preserved. Thus, the orientation of the surfaces at the intersections and the edges
must be as aligned as possible with the global coordinates system to assist the mesher

to preserve the hexahedral element quality.

The geometrical modification that accompanied the meshing parameters inves-
tigation, in order to optimally capture the patches intersections are presented as

follows:

i) Initial: The Initial is the AMI design exported by the CAD software. The way
the CAD software chose how the AMI patch would intersect the other wheel
components wasn’t based on a average sum of AMI weights preservation, but in
the maintenance of a constant distance of the AMI from the rest of the patches,
resulting to an arbitrary angle between the patches surfaces. In Figure 5.17,
the average sum of AMI weights along a full wheel rotation can be seen. In this
case, fluctuating values of the average sum of AMI weights is the result of the

low meshing quality on the edges of the AMI.

ii) One Inclined: The One Inclined intersection shows the geometrical relation
of the patches that intersect. One of the patch surface at the intersection was
modified such that the generated hexahedral elements were mostly aligned with
the global coordinates system, resulting in a better resolved intersection and

edges. In this way, the improvement in the average sum of AMI weights was
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iii)

iv)

critical, bringing these close to one, Figure 5.17. Still the average sum of AMI
weights experience a fluctuating behaviour showing the low mesh quality on the

intersection and how the intersection still impacts the AMI weights.

None inclined: The None inclined intersection type, introduces no steep or
large angles between the patches. The patches surface orientation at the in-
tersection is mostly aligned with the global coordinates system as possible. In
this way, the hexahedral elements are assisted to perfectly fit at the intersection
resulting to a high quality mesh. This results in a less fluctuating behaviour
of the average sum of AMI weights than the One Inclined intersection type,
Figure 5.17.

None inclined - No extra refinement: The None inclined - No extra refine-
ment intersection type, is a combination of the previous None inclined inter-
section with no extra refinement on the sharp AMI edges. The preservation of
the hexahedral elements at the intersection allowed to resolve the intersection
without higher refinement applied at the area. This resulted in better AMI
weighting, Figure 5.17, due to the uniform cell size distribution at the AMI,
so, AMI interpolation was performed between faces with the same area leading
to improved matching. In previous intersection types, refinement was applied
to capture the AMI-patches intersections and thus, AMI interpolation was per-

formed between faces with dissimilar areas leading to losses in face matching.

Stand-alone
wheel

Global Coordinate
System

Figure 5.16: The CFED mesh cross-section of the standalone wheel case.
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Figure 5.17: The average sum of AMI weights for the four intersection types.

5.2.3 Stand-Alone Wheel simulations

In this section, single rotating wheel simulations are carried out using different
AMI interfaces. The objective is to demonstrate and evaluate the impact of each
different AMI on the Cp * A value, the simulation time and the computed flow field
around the wheel. The best meshing practice found during the previous investigation
was applied for a fair comparison. The quality of the AMI interface from a weight-
wise point of view, can cause an impact on the flow field and the aerodynamic drag
coefficient. The quantification of this impact is useful to understand if the meshing
effort invested on the determination of the ’high quality’ AMI interface is useful
and applicable in full vehicle simulations. As there are no experimental data from
measurements of flow around single rotating wheel, the comparison was conducted

sideways.

The wheel geometry consists mainly from the tire, the spokes, the breaking system
components and the AMI interface enclosing the rotating parts, Figure 5.4. Four
different CFD analysis are carried out with four different AMI interfaces. The CFD

results with be presented in two planes around the wheel.

The wheel radius is B = 0.3358m, the inlet velocity is U = 27.78"F and the
Reynolds number is equal to 12.44 - 10°
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wwheel =0.239m

Rwheel =0.3358m

Figure 5.18: Wheel geometry

The AMI interface variants

From the meshing process, four AMI interfaces were created and a comparison

was made:

i) Initial: The Initial AMI was generated without using the geometry and mesh-
ing parameters proposed by the parametric investigation. The default meshing
parameters are applied with no geometry modification in the initial AMI CAD

data generation.

ii) Coarse; : This interface was generated applying the meshing parameters and
AMI geometry that were proposed by the investigation, but a lower refinement

level was applied on the AMI surface in order to reduce the AMI face count.

iii) Coarses - best practice: The Coarses is the result of the best meshing prac-

tice application identified by the latter parametric investigation, Figure 5.17.

iv) Fine: The Fine AMI interface was generated applying the meshing parameters
and the AMI geometry that were proposed, but extra refinement was used at

the AMI intersection and sharp edges resulting to a dense AMI.
The AMI face count for each one of the AMI interfaces can be seen in Figure 5.20.

CFD Mesh

The computational domain generated by the snappyHexMesh, Figure 5.6, is rect-
angular with 13.5m upstream length, 4.5m high and 6m inlet and outlet width, Figure
5.5. The wheel’s contact patch is created by the intersections of the 'road’ patch of
the computational domain with the tire, Figure 3.2. Four refinement volumes have
been created surrounding the wheel in order to accurately predict the flow field while

keeping the number of the cells low, avoiding the refinement of the whole domain.
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The meshes for the four different AMI cases consisted of 7.5 - 106 cells, with 12 - 103
surface cells. Approximately 7 - 10% of them were hexahedral elements, 3 - 10° poly-
hedral, 3.5 - 10* prisms, and less than 100 are tetrahedra. The mesh included prism

layer mesh of 3 layers on all surfaces.

CFD Boundary Conditions

The boundary conditions for the pressure and the velocity are presented in the
table 5.1.

Boundary Conditions

Boundary Patch Velocity Pressure
Inlet Dirichlet U =({27.78 0 0) m/s zero Gradient
Crutlat inletOutlet zero Dirichlet
Sides symmetry Symmetry
Road movingWallVelocity (28.78 0 0) zero Gradien
Top symmetry Symmetry
Tire rotating WallVelocity zero Gradient
Spokes maovingWallVelocity zero Gradient
AMI patches cyclicAMI cvclicAMI

Table 5.1: Boundary Condition for the stand alone wheel CFD analysis

5.2.4 CFD Results

The CFD simulation consisted of two parts.

1. Steady state MRF simulation (solution initialization)

At first, a steady state MRF simulation (non-rotating mesh) utilizing the S-A
high-Re turbulence model was carried out in order to supply the unsteady simulation
with a fully converged flow field as the solution initialization. To achieve convergence
of the flow variables 7000 solver iterations of the SIMPLE algorithm [39], were
necessary. A second-order linear upwind scheme was used for the discretization of
the convection terms and a linear limited scheme for the Laplacian terms. A linear
interpolation scheme was used for the transform cell-centre flow quantities to face
centres and the Green—Gauss theorem was applied for the discretization of the spatial

quantities.
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2. Unsteady SM simulation

The SM method was applied for the mesh rotation. A DDES S-A simulation
was carried out with a time step of dt = 1.4 - 107 sec, and was conducted for 1
sec of physical time. The unsteady flow data were obtained using the PIMPLE
solver with mesh motion, [10]. For the time derivative discretization, a second-order
backward scheme was appplied. A second-order linear upwind scheme was used for the
discretization of the convection terms, a linear scheme for the quantities interpolation

and a linear limited scheme for the Laplacian terms.

The mesh rotation was performed before the PIMPLE loop. Before the solution
of the momentum equations, the mesh is rotated and its addressing is updated for
time t = ¢t + At. At each mesh update, the AMI weighting was recomputed as the
AMI target and source patches have an updated relative positioning. At this point,
before solving the governing equations on the updated mesh, one must ensure that
the values obtained in the previous iteration for u and p still satisfy continuity when
remapped on the current mesh. A modified form of Poisson equation is solved for
the pressure corrector field pcorr, which gradient is used to update the velocity
for the updated mesh, [35]. In rotational meshes, the computational cost increases,
compared to unsteady simulations with stationary mesh, caused by the computation
of the pcorr field and in the case of the AMI application, the computation of the

AMI weights in every mesh position.

Averaging of the transient solution for the velocity and pressure variables was
performed starting at the 0.5 sec of simulation until the end of the iterative solution
(0.5 sec — 1 sec). The wheel’s radius was 0.3358m, its angular velocity was 82.7

rad/s, a total of approximately 13 full revolutions of the wheel simulated.

The flow around the rotating wheel was computed with the same case set up
for the four different AMI interfaces used. The average sum of AMI weights, the
Cp x A value, the simulation time, and the flow fields in the vicinity of the wheel were

compared.
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Figure 5.19: The average sum of AMI weights for the AMI interfaces along the last 0.5s of
the simulation.
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The aerodynamic analysis results for the four cases are presented in two planes
of specific dimensions in the flow field around the wheel. In Figures 5.23, 5.24, the

dimensions and positions of these planes are introduced.

64cm

30.5¢cm

100.5¢cm Figure 5.24: X plane orientation.

Figure 5.23: Z plane orientation.

Summary of the Single Wheel Simulation Results

At first, in Figure 5.20, the Coarses interface shows the average sum of AMI
weights being closer to 1 due to the uniform face area distribution on the interface
as no higher mesh refinement was applied on the AMI edges. The Fine and Coarse;
interfaces show worse weighting compared to the Coarses due to the non-uniform

face area distribution on the AMI as explained in section 5.2.2.

In Figures 5.20 and 5.21, the impact of the number of the AMI face count on the
simulation time can be seen. In the case of Fine AMI, the increase in run time due to
the AMI face count, is about 25% higher from the run time obtained by the Coarses
AMI which has 50% less faces. Thus, preserving the average sum of AMI weights at
a level close to 1 and keeping the AMI faces as low as possible is the desired strategy.
In Figure 5.21, the relatively higher simulation time of the Initial AMI compared
to the small AMI faces, is explained by the low mesh quality at the AMI-patches
intersection for this AMI, resulting in invalid cells slowing down the solution. It is
clear that, in full car simulation with four AMI regions, the run time increase may
be huge compared with the standard aero methodologies. Thus, the number of the

AMI faces is one of the most important KPIs to consider.

From Figure 5.22, it can be seen that the Initial AMI computes a different Cp x A
value compared to the others. This can directly be related to the AMI weights impact
on the results, as can be seen in Figure 5.19. Cp x A values for Coarse; and Coarses,
have a smaller relative delta that is aligned with the almost same levels of the average
sum of AMI weights that they share.
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From the flow field data presented in Figures 5.25 - 5.32, the impact on the flow
field for the different AMI interfaces for the two different planes is presented. In Figure
5.25, the almost identical distribution of the pressure coefficient for the C'oarses and
Fine interfaces can be seen, the same is repeated in Figure 5.29 distribution of the
pressure coefficient for the Z plane. Similarities in the Z velocity component for the
Coarses and Fine AMIs is noticed also in Figure 5.28. Coarses and Fine interfaces
share the same flow patterns for all the flow variables that are plotted. In the contrary,

Initial and Coarse; interfaces compute dissimilar fields for all the variables.

In conclusion, the meshing practice proposed and applied with the Coarses AMI
interface shows better average sum of AMI weights among the others, 50% less AMI
faces and 25% reduction in simulation time from the Fine AMI. No great differences
are noticed in Cp * A. Thus, the meshing practice obtained by the parametric inves-
tigation can be applied with the best-found level of average sum of AMI weights and
with a relatively faster analysis time.
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Figure 5.25: Total pressure coefficient (Cp rotar) distribution on the X plane.
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Figure 5.26: LIC of the streamlines of the flow field on X plane.
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Figure 5.27: Distribution of the mean Y velocity component on the X plane.
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Figure 5.29: Total pressure coefficient (Cp rotar) distribution on the Z plane.
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Figure 5.82: Distribution of the mean Z velocity component on the Z plane.
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5.3 Application to a Production Car

In this chapter, the SM method is applied for the simulation of the flow around
a production car with rotating wheels. The SM method results are compared with
results obtained from simulations using the RWBC and the MRF methods for the
wheel rotation modelling as well as with experimental data. The car model used is
the same, except from the SM and MRF cases, where four additional STL files will be
added in order to define the rotating mesh regions and operate as the AMI interfaces.

The solution field for a variety of flow variables is visualized on two planes close
to the front wheels and will be compared and the corresponding experimental data.
The ACp values for the three different models will be obtained based on the Cp

value measured in the experiment.

5.3.1 Experimental Set up

Wind tunnel measurements were conducted on the semi-anechoic S2A GIE wind
tunnel in France, Paris [37]. Rolling belts under the wheels and the car were used
in order to mimic the moving road, 5.33. A six-component balance was used to
measure all the aerodynamic forces acting on the car body. For the pressure and
velocity measurements in areas in the vicinity of the rotating wheels where there are
3D flow patterns, omnidirectional L-shaped 18hole probes are placed mounted in a
3D traversing system. Measurements of the aerodynamic quantities took place in
planes shown in Figures 5.41, 5.42. Both of the planes were placed 5cm from the

wheel and 8cm from the ground in order for the data collection system to be placed.

Rolling belts under
wheels

Support pillars
Rolling belts '
under car

Figure 5.33: Wind tunnel rolling belts system, from [37].
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5.3.2 CFD Mesh

The numerical mesh included the full car model without considering model sym-
metry on the flow domain. The size of the computational domain is presented in
Figure 5.34. Mesh refined regions are generated in order to capture the turbulent
wakes around the mirrors, the wheels, and the rear wake area of the car. The mesh
consists of 100 - 10 cells, 90 - 10° hexahedral, 14 - 10® prismatic and about 8 - 108
polyhedral cells. Three viscous layers are generated on all patches in order for the
boundary layer to be resolved with y* ~ 30 — 100. The tire and rim patches are

meshed with 375 - 103 surface cells approximately.

/ﬂ//

42m

Car

Figure 5.84: Size of the computational domain for the full car flow simulations.

5.3.3 Boundary Conditions

The boundary conditions imposed on the patches of the CFD mesh are presented
in Table 5.2 for the RWBC, MRF and SM simulations. Five moving belt patches have
been placed in order to simulate the moving road. Four belts under the wheels and a
long one under the car body are placed, as done in the aerodynamic measurements,

Figure 5.33. The rest of the road patch is modelled using slip boundary condition.
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Boundary Conditions
Boundary Patch Velocity Pressure
Inlet Dirichlet U =(38.88 0 0) m/s zero Gradient
Outlet inletOutlet zero Dirichlet
Sides svinmetry Symmetry
Road slip zero Gradient
Belts movingWallVelocity zero Gradient
Top symmetry Symmetry
Tire rotatingWallVelocity zero Gradient
Spokes (for RWBC) rotatingWallVelocity zero Gradient
Spokes (for AMI and movingWallVelocity zero Gradient
MRF)
AMI patches (for AMI cvclicAMI cvclicAMI
and MRF)

Table 5.2: Boundary Condition for the car CFD analysis, for the RWBC, MRF and SM

cases.

5.3.4 CFD Results

The unsteady RWBC simulation

The RWBC method was applied with an unsteady flow solver and the DDES S-A
turbulence model with wall functions. The simulation was run for 3 sec of physical
time with a constant time step of At = 107% sec of the PIMPLE solver. Averaging
of the unsteady field was performed for the last 2 sec of the simulations at the time
window 1 sec — 3 sec, obtaining the mean values of the pressure and velocity fields.
For the solution initialization, a fully converged flow field was computed by a RANS
S-A simulation using the SIMPLE algorithm [39], running for 7000 solver iterations

in total.

The MRF simulation

The MRF model steady simulation was carried out until reaching convergence of
the flow variables residuals and 7000 solver iterations of the SIMPLE algorithm were
necessary. The AMI interfaces used for the SM simulation were used also for the
MRF simulation, so the relative reference frame to be distinguished from the global

one. For turbulence modelling, a RANS S-A set up with wall functions was used.
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The numerical schemes used for the discretization and solution of equations were the

same as the RANS S-A standalone wheel simulations.

The SM simulation

The SM unsteady simulation with mesh rotation, was conducted using four AMI
interfaces for the wheels of the car, identifying four separate rotating mesh regions.
The rest of the wheel parts, namely the tire and the breaking system components,
are modelled by imposing the RWBC on the boundary patches. The solution of the
unsteady SM simulation was initialized using the fully converged solution provided by
the latter MRF steady state analysis. The SM simulation was run for 3 sec of physical
time with a constant time step of At = 107 sec of the PIMPLE solver. Simillary
to the RWBC simulation, averaging of the unsteady field was performed for the time
window 1 sec — 3 sec. The AMI interfaces were generated using the None-inclined
intersection type and with Fine meshing set up for the snappyHexMesh parameters,
counting 95 - 103 AMI surface cells.

The numerical schemes for the discretization of the equations in time and space
and the iterative solution of the equations system in the unsteady DDES S-A simula-
tions were the same as the ones used for the standalone wheel simulations, see section
5.2.4. The Reynolds number is equal to 4.6 - 10°.

In Figures 5.35, 5.36 and 5.37, the history of the normalized C'p value is presented.
The Cp value for the SM simulation, is shown to have a less oscillatory behaviour
around its mean value and a more stable performance compared with the RWBC
unsteady simulation. For the latter, the Cp value its shown to have more peaks

during its convergence with a less stable behaviour.

In Figures 5.38, 5.39 and 5.40 the convergence of the velocity components, the
pressure and the v is presented for the RWBC, MRF and SM simulation respectively.
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Figure 5.35: Time history of the unsteady normalized Cp value for the RWBC unsteady

stmulation.
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Figure 5.36: Time history of the steady normalized C'p value for the MRF model steady
state simulation.
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Figure 5.837: Time history of the unsteady normalized Cp value for the SM unsteady simu-
lation.
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Correlation with Experimental Measurements

For the comparison of the computed flow fields, two planes were used for the data
visualization in the vicinity of one of the rotating wheels of the car. In Figures 5.41,
5.42, positions of the two planes and size are presented w.r.t the car model size and

position.

105.5cm

Wheel Middle

Figure 5.42: The size and position of the X plane relatively to the car.
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Experimental MRE

Figure 5.44: Distribution of the mean velocity Y component on the X plane.
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Figure 5.46: Distribution of the total pressure coefficient (Cp rotai) on the Z plane.
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Figure 5.48: Distribution of the mean vorticity magnitude on the Z plane.
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Experimental

Figure 5.49: Distribution of the mean velocity Z component on the Z plane.

From the comparison of the experimental with the MRF, RWBC and SM simula-
tions, it is clear that a steady state analysis using the MRF model is not adequate to
describe the turbulent complex wakes around the car rotating wheels. An unsteady
simulation must be carried out in order to predict in a higher accuracy the turbulent
wake of the close-to-wheel area. In this area, the MRF model predicted a totally

different wake flow structure both close to and far from the rotating wheel.

Results from the RWBC and the SM unsteady simulations show a good agreement.
Both show inability to predict the flow field in full agreement with the wind tunnel
measurements especially in the area far for the wheel as it can be seen in Figures
5.44, 5.45, 5.47 and 5.49. In Figures 5.47 and 5.44, the RWBC and SM simulations
computed a very thin region of high values of the Y velocity component in the near
to the wheel area which is closer to the experimental data. In Figure 5.49, the RWBC
and SM simulations successfully computed a bubble-shaped region of high value of
the Y velocity component close to the wheel, as the experimental data suggests. Both
RWBC and SM models, show relatively well predicted flow fields for the total pressure
coefficient, Figures 5.43, 5.46.

The SM method differentiates from the RWBC, delivering more accurate results
in the case of the total pressure coeflicient, as seen in Figures 5.43, 5.29, and also in
the prediction of the mean vorticity magnitude field in the Z plane delivering very

good correlation with the experimental results, Figure 5.48.
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Figure 5.50: The Delta Cp value for the Figure 5.51: The simulation time for the
MRF, RWBC and SM simulations. MRF, RWBC and SM simulations.

In Figure 5.50, the Delta values of the C'p coefficient between the experimental and
the computational data is presented. As it can be seen, the SM method introduces a
smaller Delta value, in comparison with the MRF and the RWBC simulations. This
difference between the Delta Cp values for the SM and RWBC model, stands for a

noticeable improvement for the drag coefficient prediction for the SM model.

The importance of graph 5.50 is very high because it shows the potential of the
SM method to deliver a much more accurate prediction of the drag coefficient as
well as the strong impact that wheel rotation can have on the overall aerodynamic
performance of the car. Choosing less accurate models than the SM, the CFD analysis
neglects a large portion of the rim rotation effect on the flow, predicting different
aerodynamic KPIs. The time demanded for the comparison between the experimental
and the computational results is not always feasible in a highly paced industrial
workflows. Thus, the aerodynamic development may be based on the evaluation of
car aerodynamic performance mainly according to the Cp value predicted by CFD.
An industrial workflow can be highly benefited from the SM method that delivers

accurate results for a different number of rim designs.

Finally, the SM method needed almost four times the simulation time of the
RWBC simulation, Figure 5.51. This introduces the demand for the AMI source

code optimization in order for the SM to operate faster.
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6. Summary and Conclusions

6.1 Summary

In this work, the SM method’s potential for the accurate prediction of aero-
dynamic performance of a passenger car was evaluated using the snappyHexMesh
mesh generation software. Preliminarily, an investigation over the AMI shape and
the snappyHexMesh parameters was conducted in order to come up with a meshing
technique capable of delivering high quality AMI mesh with low face count at the
interfaces. The impact of the AMI weighting on the flow fields, the aerodynamic
drag and the simulation time was studied with the comparison of four different AMI
interfaces on a single rotating wheel SM simulation. The SM method was applied
for the wheel rotation modelling in a full car CFD simulation using the meshing
technique obtained by the aforementioned parametric investigation. The numerical
flow analysis over the car was conducted using the DDES S-A turbulence with wall
functions. The SM aerodynamic results were presented on two planes close to the
wheel in order to capture the turbulent wheel wake produced by the rotating rim.
The SM results were compared with the RWBC, the MRF and experimental data.
Finally, the Delta Cp values, w.r.t. the wind-tunnel measurements, for the RWBC,

MRF and SM simulations were compared.

6.2 Conclusions

The snappyHexMesh shows a potential for the AMI interfaces geometry resolution
with a low number of AMI faces. For this to be done, a parametric investigation of
the mesher’s parameters and the AMI shape was necessary. Applying this meshing
technique, AMI interfaces with average sum of AMI weights during a full rotation of
the interface close to 1 were generated. Additionally, extra refinement on the AMI
edges was not applied, leading to 50% reduction in AMI faces from the refined one,

demonstrating 25% decrease in simulation time.

In the full car simulations, the SM method, was superior to the MRF and the
RWBC models w.r.t. its prediction accuracy regarding the aerodynamic vehicle be-

haviour. The SM method proved its accuracy potential on the computation of the
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Delta C'p value delivering a way smaller value equal to 0.005 and good agreement
with the experimental data. The SM method is showed to be highly time consuming
with the time increase depending on the AMI face count rather than the overall mesh
cell size. The flow prediction over the car needed four times the run time of the
RWBC simulation. The latter arises as the main drawback of the SM method that

needs to resolved.

6.3 Proposals for Future Work

This work shows areas of high interest to be further investigated as the following;:

e The SM method must be similarly evaluated and applied in a variety of rim
designs for the method’s ability to accurately predict the car’s aerodynamic

behaviour after minor design modifications.

e The impact of lower AMI weightings (less than 1) on the prediction of the car
aerodynamic behaviour should be evaluated. Whenever high quality meshing
is not achieved the possibility of the use of less well meshed AMIs should be
studied.

e Improvements on the AMI code must be followed and supported regarding the

code speed up and optimization.
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7. Extevng llepihndn ota eAAnvixd

Ewcaywyn

H cuvelopopd TwV TEPLO TREPOUEVHV TEOY WY GTNY GUVOAXT] 0EpOBLVIULIXY| aVTIOTAOT
avépyetan oto 30%, 0 ewtepnd oYU TOU OYAUATOS GUUTERLAOUBOVOUEVOL GUC THUO-
t0¢ POEnc ouvelopéper xatd 50% oty acpoduvouxf avtioToot, evéd To xdTw Wépog
xatd 20%. Ta teleutada ypdvia, To evBlapépov UeTotonileton oTNY UEAETN TV POIXWY

QoVOUEVLY Y0pw Amd TOUS TROY0US XL TOV AELOBUVIUIXO CYEBLICUO TOUG.

Yxomog tne epyacioc autig eivan 1) epapuoyr) xou agloAdynor Yeryopng xou oxp 300
peB6B0L TEOAEENS TWV AELOBUVOUXAY YORUXTNELO TV ETBATIXWY OYNUATWY UE TEPL-
o TEEPOUEVOLS TpoyoLs. Xenowonotfinxe 1 uédodog tou OMotatvovtog ITAéypatog pe
xerion tou mheyuatorointy snappyHexMesh xou tng teyvinic AMI yio ) 60leuén twv
OTATIXOV X0l TEPLOTEEPOUEVOL Ywplou. T'ar Tn Slacpdiion axplBeloc xan ToydTNTAS TNG
olleuéng, n wédodog amoutel TN yéveon LYNANG TOLOTNTAG TAEYUATOSC OTH SLETLPAVELX
ohicUnong.

Movtelonoinor Povc

o v avdhuon tne tupPudoug poric epapuolovtal dVo mpoceyyioee. H mpwtn
mpoaéyyton elivon auth) Twv RANS eliowoewy pall ye to poviého twyv Spalart-Allmaras.
H 8eltepn mpocéyyion otn woviehomoinot TupBmoous un-uovipou medtou yiveton Ue T
yerion tou povtéhouv DDES, clugpwva ye to omolo emibovta ol e€lowoeic RANS xovtd
oTa oTeped Totyuata xan ot LES poxeid and autd. Ko otic 600 mpooeyyioewg, ypnol-
HOTIOLOUVTOL CUVIPTACELS TOLYOL YLl TOV UTOAOYIOUO ToV TURBwOMY PETUBANTOV oTN
TEELOY Y| XOVTE OTA OTEPEN TOLYWHATO Ywele TN ¥eNon ToAD Tuxvo) TAEYUNTOS OTIC €V

AOYW TEQLOYECS.

Mé9dobow Movielonoinong Ilepiotpogpixnic Kivnong

Médodog un-undevixns E@antopevixng Taybtntag: Xougponva ye ) uédodo
auTH, Btdvuoua TayOTNTAS EPUEUOLETOL EQPATTOUEVIXE GTNY EMLPAVELN TOU TEPLO TREPOUE-

vou oouotog. [ v egapuoyn tne apyfc dtathenong walog, n emBorr dlaviouatog
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Tary OTNTAC XAVETOU OTNY EMLPAVELX TOU COUATOS Yol UTOONAWVE 0T DLUUEGOU TOU TOLY K-
uatog mapaPdlovtag Tomxd TNy apy ) avth. Lo autd To AoOYO, Empdveles xdleteg ot
popd eploTEoPNC povielonotolvtar Aaviacuéva. H uédodoc epapudleton pe emadteg
HOVIUNG YOl UN-UOVIUNG POTC.

Médodog IToANanAwy Xuotnudtey Avagopds: Enibovton ol eglodoeic uov-
NS POTC O OYETXO GUOTNUN WS TROS TO OAXO GVOTNUA avapopds. Me autd Tov TpdTo
emmpdodeTol 6poL TNYNE TEOXUTTOLY 0TS e€loWOELS SlaTheNoNe opunc TeooeyYlovTag
TNV TEPLO TEOPIXT XIVNOT YWRlS TNV TEPLOTROPY| TAEYUITOC.

Médobog OAwcYaivovtog ITAéypatog: Méow Sloywplopod Tou TAEYUATOC O
0L0 yerTovxd xou ave&dpTnTa yweld, VAoTOLEToL TEPLOoTEOPT| Tou TAéyuatoc. Kotd tnv
YEVEON OAAG XL TNV TEPLOTEOPY| Tou Ywplou, TpoxdnTtel un-clupoppo (non-matching)
TAEYUO TOTUXE OTY| DLETLPAVELL OTATIXOU-TEQLOTEEPOUEVOLU Ywpetou. Amapaltntn elvar 1)
dlacpdiion e oOleVing Twv ywelwv, Yo TNV 660 To duvatdv axplBéotepn TEOAEEN
Tou medlov porg, N omola mpaypatonoleltal Yéow Tng TexVixAc Alenagrc Auvdaipetwy
[Deypdtov (AMI).

Teyvixh Atenaphc Avdaipetwy ITAeyudtowyv (AMI)

Méow tne AMI, yiveton 0 UTOAOYIOUOC TWV POWY TAVE GTY) UN-CUUUORPT| SLETLPAVELX
u€ow mapeUPolrc ue yeromn Bopny, yia TRV aviahhayr TAneogoplag poNg aviueca oTa
exatépwiey yertovxd xehd. Méow tne npofolfic Twv YeITovx®Y Ywpeiny (source-target)
Tévew oe evdidueco eninedo (supermesh), Xyruo 3.8, yivetar vnohoyioude twv AMI
Bapdv wec 0 Aoyog Tou eyPadol empavelog IAANAOXINUTTOUEVLY EBpWY, exppdlovtag
Vv towwtnta Tng AMI o0leuéng. H Ty adpoiotind tov Popwy ot xdie €dpa xupéhng

Yo mp€mel va toolTon Pe 1, SNAGVOVTAS AmOAUTH CUVORUOYT TWYV YELTOVIXWY YWlwY.

AMlI source
Interpolation scheme ¢, =g@ga + (1 — a)pp
AMI target 51
L e dp . Centroid distance , — Xe ~p
weight Xg — Xp
H —
P Pe [
B e
A . — Ay Flux contribution ¥6 = ZGMPE[-
.| i
Xo | Xp 02
[ ]
. Ai
° AMIweights a; = 1
Supermesh

Figure 7.1: 2D avanapdotaon tov AMI vrnepndéyuaros katd tny AMI napepfoln, and [38].
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ITAeypatonowntric snappyHexMesh

INo tn yéveon Tou uTOAOYIGTXO) TAEYUATOS YENOWOTOLELTAL TO AOYLOUIXO Snappy-
HexMesh, o omnolo Bacileton otn dapépion mAéypatog Bdong o e€dedpa o TNV mixv-
won TAéypatoc oto ywelo (castellation). T'ivetan mpooapuoyy tou TAéyuatog téve oTic
ETLPAVELES OXONOUTVOVTOG TN YEWUETPIY Xou TEAOG TEYUATOTOLE(TON TEOGVY XY OPLIXY
oToBddwY xovTd ot oTEPEd Totywpata (viscous layer addition). Ye xdle otddo tne
TAEYUATOTOMNONG, TEAYUATOTOLELTAL EAEY YOG TOLOTNTAS TOU TAEYUAUTOS BACEL XAUTIAATAWY

xpLTneloy.
Eg@oppoyég
Mepovwpévog Tpoyog

Or apyixée mpoomdieieg eqapuoyhc tne puedodou Ohodaivovtog [T éypatog oe Tpo-
YOUC OYMUATWY UE TN YEHoT Teo-xadoplouévewy Tapauétewy tou snappyHexMesh xou
apywnc AMI yewuetplog, 0dynoav oe atéheleg 6T0 TAEYU OTIC BUOXOAES X EVTOVEG
yovieg e AMI Siemgpdvelac. Me autd tov TpoéTO TROoXUTTOUV avopola ywelo AMI
source xou AMI target xou xatd tnv ahhnhoxdiudn toug unoroyilovta apdpoiouota

AMI Bopdv mou amoxhivouy amd T povada, Ly fua 7.2.

AMI target AMI source
1.2
1
= 0.8
— 0.6

0.4
[ 0.2

0
Figure 7.2: Avépoia AMI source ka1 AMI target ywpla, Aéyw atelewdy tov mAéyuatos otn
axpn tms AMI yewuetpiag, xar to dipoioua twv AMI Bdpwy mov vrodoyilovzar.

Sum of AMI
weights

AMI

Tire

Rim

Breaking System

Figure 7.8: Tour wns yewuetpiag tov tpoxot kar tng AMI Siemgdveag.
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Aiepebvnon IHopapétpwy ITAeyuatonoinong

It Ty avTETOTON TOV ATEAEWDY TAEYUaToToinoNe oTig évioveg axpéc tne AMI
YeWPETPlOG, TEAYHATOTOLRUNXE OLEPELYNOT TWV TWMOY TWV TUPUUETEMOY TAEYUATOTONONG
xan e Yewuetplac AMI oe pepovouévo tpoyd autoxvitou. T'ivetoa aglohdynom tng eni-
0PUONG TWV TUPUUETEWY TAEYUATOTOMONG UE TOV UTOAOYIOUO TOU pécou aipolouatog
v AMI Bopdv yio xdie emipaveiond xehl o xdie yedvix oTlyur| xotd Yo TAHET TepL-
otpogh tng AMI diemipdvelag. Q¢ otdyoc édnxe 1 eniteuén péoou adpoicyatog AMI
Bapdv 660 T0 duVATOY To XoVTd 01N povdada. Atatneeitar otadepry AMI yewuetpla xatd
TNV EVOAAAYT] TV TOUEUUETEWY XAl YENOWOTOETaL ETTEOCUETN TOXVWOT OTIC EVIOVES
yovieg e AMI yeouetplog xou otic topée g AMI pe dhAeg empdveieg Tou Tpoy 00,
Yyfua 7.3. To ywelo Bdong mou yenowonolelton xatd T dlepedvnor golveTtal 6To My Aua
7.4.

4.5m

WHeeI

Figure 7.4: Awotdoeg ywpiov Bdons yia to pepovwpévo tpoxo.

Y10 Uyfua 7.5, TopouctdleTon 1) GUVOAXY| ETORUCT TWV TUPUUUETEWY TAEYUATOTOMONG
oto péco dipolopa twv AMI Bapdv cuyxertixd pe to apyixd ot mopauéteny. H
Behtiwon g moLOTNTAC TAEYUNTOS QUUIVETAL XAl WE TEOS TNV EXOVA TOU TAEYUATOC,
axohoudvtoag Ye xohltepo teomo Ty AMI yewuetpla, otic évtoveg ywvieg tnge AMI

XL OTNV TOUY| TNG UE GAAEG ETULPAVELES.

Aiepedvnon TOrouv Topwv Entgpaveiony

INo Ty tepontépw BeEATIWOTN TV ATEAELDY TAEYUATOTOMONS OTT BUGKOAT| TEQLOY Y| TWV
Touwv e AMI Siempdvetag ye tig emgdveieg Tou tpoyol (ehaotind, LavTa, CUVIGTMOES
ovoThuatoc Tédnong), Lyfua 7.3, mpaypatonotiinxe Siepedivnon tne poppoloyiac tne
TOUAC aUTAC. LTOYO0C elvon 1 Slothipnor TG ToLOTNTIC TeV eCaEdpmY, TOU TOEdYOVTIL
xatd TNy Slopéplon Tou TAéypatog Bdong, otn mepoyy| Twv Topwy AMI-patches. YXtnv

epyaoio auTH, 0 TEOCAVATOMOUOS TWV EEUEDEIXDY XEADY Eiva (BLOg UE AUTOY TOU OAXOU
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Figure 7.5: Xuvohikr) Bektivon tng AMI noiétntag vné tny enidpaon touv tekikol oet
rapapétpwy tAeyuatonoinons. Apiotepd: IHoootikny a&ioddynon uéow tng PeAtinons tov
emmédov tov uéoov alpoiouatos AMI Bapdyv. Aekid: Onnikn a&ioAdynon tng enidpaons tov
TeAikoU o€t Tapapétpwy oTiS ywvies kail otig tpes topés tng AMI Siempdveias pe dAia
patches.

oboTnuo CLVTETAYPEVWY, Dy 7.6, Aoyw tng ¥€ong tou mAéypatog Bdong. O timol
touric AMI-patches mou ypnowonowdnxav etvar ot TopoxdTe:

Apywxn: Hpoxintel and tny eqopuoyh) AMI SIETPAVELNS XATACKEVACUEVNC UE XELTTPLO
Vv Swthienon otadepric amdoTaone and Ta patches tpoyol xou {dvtag xou ywel TV
EQUPUOPT| TWV TUPUUETEWY TOU TEOTAINXAY.

"Eva xexAtwévo: Aopdppnaon Tou ELVOEL TNV BlaThENoY TNE TOLOTNTIS TwV ECAEBEWY
TNV TOUT|, HE TNV YEWUETEIXY Tpomonolinon Wlag ex TV ETMPAVELWY 0T Topn. ‘Eyive
EQPAPUOYT) TWV TEOTEWVOUEVWV TUPAUUETEMY TAEYHATOTOMOTC.

Kavéva KexAhipévo: Awudppwon tourc ywels évtoves N peydheg ywvieg, yior Tnv
TEOGOPUOYT ECAEBPIXMY XEADY UE TNV LUPNAOTERN BUVITY| TOLOTNTO OTN TEPLOYH TNG
TOUNG, UE EQUOUOYT| TV TURUUETEWY TAEYUATOTOINGNE TOU TEOTAUTXAY.

Kavéva KexAwpévo - xoppia emniéov nhxvworn: Xpron tou tOnou toung
Kavéva Kexhjévo, ahhd ywpic TV mepautépw TOXVWOT TOU TAEYHATOS OTIC EVIOVES
oxpéc e AMI yewpetplag. Iivetan yéveon mhéypatoc otnv AMI Siempdveia ue ouold-
HOPYN XATAVOUT| UEYEVOUC ETLPAVELUXOY XEADY, divovToag tor xohltepa eminedor AMI

Bopov mou evpéinoay ahhd xou pewuévo mhdog AMI empovelaxmy xeMwy.

O tinog touric Kavéva Kexhiuévo - kaupia emmAéor mUkvworn GE GUVOLIGUO UE
TO TPOTEWOUEVO CET TWOV TOQUUETPWY TAEYMATOTOMONG ANMOTEAEL TN TEYVIXY TAEY-
poatonoinong mou mpotetvetan. H gupwotion tng teyvinrg authg emxupddnxe oe €€ O

APOPETIXOUE TOTIOU TROY V.
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Figure 7.6: Tour tov CFD mAéynatog ya tn diepedvnon ndvw UEUOVOUEVO TPoxO.

1.001

1.0008

1.0008 " T L il owed ila .l 1 A - L W o
1,000 STl Al AN g P AN S MG i TN
1.0002

0.9g988
0.999¢&
0.9994
0.9992

0.999
0.5988

0.5986
0.9924
0.9932

0.958
0 0.01 0.02 0.03 0.04 0.05 0.0&

Xpovog (s)

Méco dbpocpa AMI Bapiw

Apyio Kaveva kEKMUEVD
Eva kexkhpgvo e Kaveva kekhpevo

- koppia sTothEov mOKvwaon

Figure 7.7: H andédoon tov péoov alpoioparos AMI Bapdv ya tig diagopetixol timou
Toués, katd pia mArpn nepiotpopny tng AMI Siempdveag.

Avdivon Porc T'bpw and Mepovwpévo Ilepiotpepodpevo Tpoyd

Eqgapudcinxe n uetddoc Ohodaivovtog IThéyuatog oe yepovmuévo tpoy o, Ue yenon
tecodpnv AMI Siemgavel®dy pe dlapopeTixd eninedo TV péowv adpotoudtwy AMI
Baphv, Lyfua 7.8, yio T HEAETH eTBpAONC AUTWY GTO YEOVO ETAUCTC Xt OTN) TEOAEEN
AEPOBLVAULIXWY YopuxTnetoTixwy. H olyxpion avdueoa ot aroteAéopata e Yehom Twy
otapopeTixwy AMI elvan mopdmieuven xaddg dev uheyay Sl€oUeS TELRUUATIXES TIES.
Ouv AMI diemipdveleg mou yenotonoiinxay elvon ol mopoxdte:

Apywxn: Katoxeudotnxe ywplc ) yenon twv TapopéTeny TASYUATOTONoNG o TG
AMI yewpetplog mou mpotdinxe.
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Apa 1: Kataoxeudotnxe PE EQUpUOPY) TS TEYVIXNC TAEYUATOTONONG TOU TEOs-
dtoploTnxe, OANS UE YpMOT AEOLMOTEPOL TAEYUNTOS TNV SLETLPAVELD.

Apaf 2: Kotaoxeudotnxe Ye eQapuogn TwV THMV TUpUUETROY TAEYUATOTOMONG XaL
YEWUETlOC TOL TEOTAUMXAY.

ITuxvy): Kataoxeudotnxe Ue eQapro@n Tng TEYVIXAC TAEYUATOTOINoNE ToU Teocdloplo ThxE,

OAAGL UE YPNOT TUXVWTEEOL TAEYUATOS OTIC YWVIES TN OLETLPAVELIC.
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Figure 7.8: To péoo dOpoioua AMI Bapdy yia tg téooepic AMI biempdveies katd tn
oudprea 0.5 sec emilvong.
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Figure 7.9: IIAf0og AMI kehichv Figure 7.10: Xpovog enidlvong yia  Figure 7.11: Tiués CpA ya g
0TS TéoTEPIS Dlempdveles. s téooepis AMI Semgdrees. téooepisc AMI hemgdreies.

Egappoyn o Auvtoxivnto IMopaywync

‘Eywve egopuoyr) tng pedodou Olodaivovtog [TAéyuatoc yior tnv mpodAien mediou
UNFULoviung poric YVpw omd emPBatind Oyrnuo UE TEPLOTREPOUEVOUC TEOY0US OE UOVTEAD
ohoxhnpou opolot (full car), Xyfuo 7.12, ye povtého DDES Spalart-Allmaras pe
ouvapthoelc Tolyou. Ilpaypatomoufinxe xoataoxeur) tecodowy AMI Siempaveidy, ue
EQOPUORPT TNS TEYVIXNE TAeypoTononong mou mpotddnxe, mpocdlopiloviag to mEpL-
oTpEpduEve ywpela Yo Toug Tpoyolc pe 95 - 108 AMI emgovetond xehd. H pédodoc
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Ohodaivovtog IThéypatog epopudotnxe povo ot {EvTeg ToU auTOXWVATOU, xodidg oL
UTOAOLTIES ETULPAVELES JovTEAOTOW UMY pE emPBOAA Tng cuviixng un-undevixhc Egan-
Topevixic Toaybtntog. Ipaypatonowdnxe cbyxpeion tng uedosou Ohodaivovtog mAEy-
HOTOC ¢ TEOSC TNV TEOAEET AELOBUVAUUXOY YOROXTNPLO TIXWY YE TN UEVOBO Un-undevixnc
Egantouevixic Taybtnrtog, egapuoloyevn oe avdhuomn un-uoviung eorg ue povtého DDES,
xan TNe Pedodou IHoahamhadv Xuotnudtwy Avagopds eqopuoloUevn o avahuon LOVIUNG
eofc pe tnv enthvon RANS eglodhoemy ahNd xou tetpopatixmy yetpriocwy. To utohoyio-
TG XaL TIELOUATIXG dEdOUEVa omTixoTotovToL oTa entinedo X xou Z mou napouctdlovial

670 Xyfuo 7.13.

: Car

Figure 7.12: Awotdoes ywpiov fdons ya tn mpooopoiwon porjs ylpwy ané empatiké av-
TokivnTO.

Sonata . ™

Figure 7.13: ©éon ka1 haotdoes tov emmnédov X ka1 tov emnédov Z.
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Figure 7.14: Iledio tov ovvtekeotri ohiknig nicons (Cp rotat) 0TOV 01106ppov TOU TPOXOU.
Apotepd: X eninedo. Ae&id: Z eninedo.

Figure 7.15: Apiotepd: Iledlo tng Y ovrviotdoas tng péons tayvtnas oto X enimedo.
Ae&id: Iledio uétpov péoov arpofirionol oto Z eninedo.
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Figure 7.16: Tiwués Aéxta Cp ya g Figure 7.17: O xpévos emidlvong ge pépeg,
MRF,RWBC ka1 SM avaddoe. yie igc MRF,RWBC ka1 SM avadioe.

YOvodm

Ye auth Ty epyaoio, epapuoécinxe xan emxuvpwinxe n axpifelo Tng pedodov OMo-
Yatvovtog ITAEYUaTog 0Tny TEOAELT AECOBUVOXDY YORUXTNRLOTIXWY OE oY YOp® amd
emPBoTind aUTOXIVNTO UE TEPLO TREPOUEVOLCS Tpoyolc. Tlpayuatomoiinxe, TooxataupxTixy
OLEPELYNOT) TWV TUPAUETEWY Tou TAeypatornointy) snappyHexMesh xou tng yewuetplog
e AMI Siempdvelag, xou mpocdloploTnxe edpO TN TEYVIXY TASYUOTOTOMONS Yol TNV
yéveon VPNAAC ToLOTNTAG TAEYHOTOC OTLC Slemipdveles. 'Eyive eqpueth n xotaoxeu AMI
oiemipavelwy pe péoo ddpolopa AMI Bopdv xovtd otn povdda. Aev eqopudodnxe
emnpooletn TONvwon 6TIC oxpés TNS dEmpdvetas, odnywvtoc ot 50% pelwon twv AMI
ETULPAVELXWY XENLWY TO OTtolo elye ooy anoTéAeopa T Pelwan Tou yedvou emthuong xatd
25% . H pédodoc Ohodaivovtog IINéyuatoc €deile peydhn oxpifeo otnv npdhedn Tou
oepoduvauxol ouvteleot pe Aéhta tpr (ACp) fon pe 0.005 oe obyxplon ye 0.017
e uevodou un-undevixric Egantopevinrc Taydtntac. O ypdvog enthuong ye tn uédodo
Ohodatvovtog ITAéyuatog nopoucidletar T€ooepls PopE UPNAGTEROS amd TOV YEOVO TNG

uedodou un-undevinric Egantopevixrc Taydtnrac.
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