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Abstract

The work hereby presented regards a deep investigatonducted
using computational fluid dynamic methods (CFD)thvwthe goal of identifying
the best meshing and modelling setup to resolvefltve around an isolated
tyre.

Commercial software are used, and all the availtdatires are analysed
and used in order to reach a result as close ashp@$o experimental data. The
aim of the first part of the work is to render themputational box mesh
insensitive, while the second part deals with ttHentification of the best
turbulence model, considering the computationabresf In addition, unsteady
simulations are executed and compared with theiquswones.

In the final part, a little digression about theagl of the tyre wake is
illustrated. Conclusions and further recommendatiemd the job.






Riassunto

Nel Motorsport la necessita di descrivere il conigmento del fluido
che investe la ruota anteriore e la conseguengermstilta di vitale importanza
per la progettazione dell'intera vettura monopo€tonsiderando il grande costo
delle prove sperimentali in galleria del vento e@dehissime ore di test su pista
permesse, € opportuno sfruttare la simulazione rioemecome fase
fondamentale di progetto.

L’obiettivo di questo lavoro di tesi e stato quetio trovare, per un
determinato un codice commerciale [29] la giustasae punto delle grandezze
caratteristiche atte ad ottenere simulazioni nucherile piu fedeli alla realta
sperimentale per quanto riguarda una ruota isol@ao stati utilizzati come
dati sperimentali quelli pubblicati da Fackrell ,[Bktimo riferimento anche per
precedenti lavori [8].

Tramite un modello CAD [27] si e descritta la gedmae della
simulazione, la quale é stata discretizzata sugairfiente usando dei triangoli
[28]; successivamente, si € svolta una suddivisione/olumi di tipo non
strutturato, ovvero con elementi molto fitti intornal corpo andando ad
aumentare la loro dimensione via via che ci sirmlnava dal corpo in esame.

Il codice commerciale utilizzato [29] svolge il calo delle Equazioni
mediate di Reynolds, stazionarie e non stazionagelicando la tecnica dei
volumi finiti e presenta svariate soluzioni per @ggsimare il tensore degli
sforzi di Reynolds, altresi note come modelli dbtlenza.

La campagna di simulazioni prevedeva, in una pifiasa, la variazione
di parametri di discretizzazione del dominio in ra@th ottenere un risultato che
diventasse indipendente dalla tipo di suddivisidedio stesso. In particolare,
data la grande difficolta a determinare con esadtdzounto di separazione sulla
ruota, si & deciso di indagare nella porzione wdi immediatamente a ridosso
del battistrada: in altre parole, si € andato agstigare quanto sia necessario
risolvere approfonditamente lo strato limite petepnére una simulazione
accettabile.

Trovato il miglior compromesso tra costo computaaie - siccome
'aumento di celle comporta un tempo maggiore pécatare i dati - e veridicita
dei risultati trovati, ed avendo notato che il purdi separazione non era
perfettamente modellato - trovandosi difatti molmu a valle rispetto
all'evidenza sperimentale - si & provveduto a smaguna simulazione
imponendo una parte di flusso laminare attorno @l porzione di battistrada
(secondo Fackrell [7] possiede questo comportameh® simulazioni non
condussero l'effetto desiderato, anzi in un caseeame una separazione in
corrispondenza del cerchio che portd il coefficgendi resistenza, dato
preliminare principe per i riferimenti, a valori dgran lunga superiori rispetto a



quelli sperimentali, conducendo I'autore di qudsta alla conclusione che detta
separazione non sia effettivamente avvenuta durdenfgove in galleria del
vento.

Successivamente, mantenendo congelati i paramediscretizzazione,
sono stati variati i sopraccitati modelli di turboka e modelli di parete, ovvero
il tipo di calcolo da effettuare all'interno del&trato limite. Sono stati utilizzati
modelli ad una equazione (Spalart-Allmaras), aepeazioni (Ke e K-w SST),

e modelli di approssimazione di tutto il tensor&SfR Reynolds Stress Model).
Per quanto riguarda i modelli di parete si & w#dio un modello denominato
“all y+” ed uno denominato “low y+”: nel primo, #olutore decretava quale tipo
di approssimazione utilizzare a seconda di datsuo possesso, il secondo
risolveva accuratamente tutto lo strato limite. deste prove si € evinto che il
miglior caso, in termini di coefficienti di portamze resistenza si e rivelato
essere quello basato sui modelli éKlow y+”. Menzione particolare va
attribuita al comportamento del modello Spalartadras il quale fornisce un
andamento qualitativo delle grandezze del campoato per nulla inferiori ai
piu accurati modelli a due equazioni, con il vagiagdi una maggiore velocita
di convergenza.

Si e provveduto, infine, a svolgere anche simul@izimn stazionarie;
Sono state impiegate due diverse condizioni irgzialna basata sul miglior
risultato del caso stazionario, I'altra sempliceteeimizializzando il campo di
moto. | risultati forniti presentano miglioramentiaa non di grande entita, solo
nel caso di utilizzo come condizione iniziale ibuitato della simulazione
stazionaria.

Si é voluto altresi indagare la forma della sciavpcata dalla ruota, la
guale risulta essere determinata da due paia ticvoontrorotanti, di cui quello
superiore decade rapidamente, mentre quello iméeradimentato dai contributi
forniti dall'impronta al suolo e dal terreno sembesistere per una distanza
maggiore. In ultima analisi, € stato determinate ahche la forma del cerchione
puo contribuire all’'ampiezza longitudinale di emtitze le coppie di vortici.

In conclusione, la soluzione delle Equazioni mediai Reynolds
presenta notevoli difficoltd in presenza di forigincolazioni: un modo per
diminuire, ma non per eliminare il problema, e tpu€i risolvere accuratamente
lo strato limite che avvolge la ruota stessa. Ledmione del coefficiente di
portanza dipende dal punto di separazione, défid& identificare con questo
tipo simulazione, pertanto questo valore contieme nobaggior scostamento
rispetto al suo valore sperimentale.

Per indagini future, I'autore suggerisce di fa@rso ad un nuovo tipo
di inizializzazione sfruttando, ad esempio, il liato di un codice a potenziale,
oppure, data la non efficienza della legge di gam@iplementata per modelli di
turbolenza differenti dal K; si invita a trovare o definirne altri tipi compabk
con il comportamento dei corpi tozzi. Infine, ddéagrande importanza nel
campo del Motosport per quel che riguarda I'intema& con il suolo, si propone



un tipo di simulazione aerodinamica con lo pneucoatieformato, frutto del
risultato di una simulazione strutturale utilizzangli elementi finiti, al fine di
determinare con maggior precisione i vortici chestsiccano dall'impronta al

suolo.

Il presente lavoro é stato condotto durante uroderdi tirocinio presso
la Scuderia Toro Rosso sita in Faenza, (RA), ltalia
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Chapter

| ntroduction

Aerodynamics is one of the areas in which autoneosisience has most
advanced over the last few years. A multitude ofettgoment goals has arisen
to accompany the primary aim of improved fuel e#icy through drag
reduction. Newer goals include lift control and sg-avind response to improve
high-speed stability, and flow control to reduceagpand soiling in adverse
weather conditions.

Nowhere are the goals clearer than in the worlanoforsport, where
maximizing lift-to-drag ratio is of primary concerithe multi-million dollar
aerodynamic development budgets in the upper eahebthe sport reflect the
huge performance increases that can be realisedugihr aerodynamic
optimization. As time pressures are high in all usidial aerodynamic
development, there exists an opportunity for pakatademic research into the
more fundamental aspects of automotive aerodynamics

This chapter will introduce the current state ofodgnamic research
within the motorsport industry and highlight, tlypé of numerical scheme and
tools used to describe the behaviuor of the floimgithe computer.

From this, the aims and objectives of this study e presented in the
context of extending the available knowledge basestablish the strengths and



Chapter 1

the weaknesses of the numerical method appliedclanifly the structure of the
identified wheel wake. The layout of the whole wonkll conclude this
introductory chapter.

1.1 Motorsport aerodynamic development

1.1%
[}

0.7% 5.9% 31.1% 4

8%

07% - 12%

13.2% S TB%

36.9%

Figure 1.1 Aerodynamic force breakdown of a Formulal car

As the demand for wind-tunnel time, and the scalé eomplexity of
testing has increased, the motorsport industrybleas forced to move from the
rental of aerospace wind-tunnels to the constractdd multi-million dollar
facilities which better serve the needs of autow@#erodynamics. Chief among
these needs is the suppression, or removal, didbadary layer from the wind
tunnel floor in the vicinity of the model. This igccomplished in many
motorsport wind tunnels by a combination of maasdfer and a continuous-
belt rolling road, spanning the tunnel working gatt The boundary layer is
scooped or sucked away before the model and thaimerg freestream flow is
directed onto the road which, being moving at tteeg$tream speed, does not
cause a new ground boundary layer to develop. Whbilser methods are
equally effective at boundary layer control, th#img-road has the added bonus
of being able to provide wheel rotation, anothertted needs of automotive
aerodynamic investigations.

The model is commonly suspended above the ground as overhead
support strut, as the rolling road precludes supmpithe model from below.
The aerodynamic forces acting on the model are unedsusing a balance
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contained within either the car or the support. €&alty, the models are also
instrumented to record the pressure distributiokeip areas such as the wings,
floor and radiators. Many of the model components actively controllable,
allowing the configuration of the car to be changethout stopping the tunnel.
Such changes include ride height, chassis rakdrantdwing flap angle. Other
detailed components to be found on many race catetednclude ventilated
brake discs, blown exhausts and engine-air indactio

Constant improvements in aerodynamic performance aften
attributable to slight improvements in a multituofecomponents, rather than a
massive change in a few. As the testing methodgesto resolve smaller and
smaller differences, the fidelity of those methdoscomes of paramount
importance. The following sections outline two susbBues that have arisen
regarding wheel simulation methods.

The exposed wheels afonoposto (single-seat) racecars, such as
Formula One cars, are tightly regulated to enshia¢ the formulae retain their
distinctive appearance. Figure 1.1 illustratesftinee contributions of the major
components of a modern Formula One car. It clesdrbws that, at around 10 %
of the total vehicle drag each, the exposed wheale a considerable impact on
the overall aerodynamic performance of the car. I8Vhimaintaining the
appearance of the car, the regulations also effdgtremove the opportunity to
reduce this value significantly.

As previously described, the cost and the compfexita wind tunnel
tests are relevant. It is therefore advantageousséoother types of design and
analysis tools, with shorter downtime and lowertgspbetween the possibilities
available, Computational Fluid Dynamic techniquas be used in order to have
a preliminary estimation of the solution.

1.2 An Introduction to Numerical Techniques and the
Automotive Aerodynamics Applications

Computational Fluid Dynamics, or CFD, is the genéerm given to the
range of techniques and procedures involved inimiba a numerical solution
for the flow of a fluid around, or through, the etj of interest. As computer
technology has developed over the past twentyyfears so has the complexity
of simulation techniques.

In terms of increasing computational effort, theseethods can be
summarized as:

* Linear Methods: Vortex Lattice and Panel Codes
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* Non-Linear Methods:
o Inviscid or Euler
o Time Averaged Viscous - Steady State Reynolds Ayezia
Navier-Stokes Equations (RANS)

0 Unsteady Viscous Methods:
= Unsteady RANS (URANS)
» Large Eddy Simulation
= Direct Numerical Simulation

Imposing the condition of irrotational flow and megfing the viscous
terms reduces the steady Navier-Stokes equatiows do the linear Laplace
equation. Both vortex lattice and panel method sode methods that only
involve discretization of the surfaces of inter@stilst these methods can be
coupled with corrections for both boundary layed amake effects, they are
seldom used today in the field of production caiodgnamics. However, they
are still used in racing car development, partidyleor initial design analysis of
wing sections|1].

The addition of non-linear terms in the governiggaions to be solved
dramatically increases the complexity of the nussmmethod. Whilst inviscid,
or Euler, methods only add first order partial eliéfintial terms the complexity of
viscous interactions in the flow fields of interettis simplification is generally
considered irrelevant in vehicle aerodynamics. $atan of viscous flow fields
means solving second order partial differentialadiguns.

Consider a fully turbulent flowfield. The time-demkent dynamics of
the fluid will be governed by the Navier-Stokes aijpns, for which many
derivations exist in print, for example Batchelfi]. The turbulence itself is
characterised by fluctuations in all of the fluidriables around mean values.
These small-scale turbulent components are compudity very intensive to
resolve and hence the classical approach is toageethe instantaneous
equations, in time, over these turbulent fluctuagioThe fluid motion is split
into two components; a mean flow, upon which a sdcfuctuating flow is
superimposed. This leads to the time-dependent dkgyrAveraged Navier-
Stokes (RANS) equations. Averaging over much latipee steps typical of the
mean flow components gives the steady state RANGt@Ems.

Direct Numerical Simulation, DNS, is the term givienthe solution of
the complete unsteady Navier-Stokes equations.nfermediate step between
DNS and RANS is Large Eddy Simulation, LES, whdre targer turbulent
eddy length scales are solved, and the smalleesdde modelled empirically.

Due to the computational demands of the last twmarical methods,
viscous simulation of vehicle aerodynamics gengmathploys RANS methods,
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usually steady state. However, this introduces ulerice modelling. The

simplifications employed in the governing equatiomsans that products of the
fluctuating terms, the so-called Reynolds Stressest, leading to a number of
unknowns greater than the number of equations.€eftwa, closing the set of
RANS equations requires the addition of furtheragmuns, such the turbulence
model, so that the effect of the turbulent motiam the mean flow can be
modelled. This means that the realism of a flowuation with RANS methods

is highly dependent on the turbulence model empgloye

To calculate the solution, the continuum propertedsthe RANS
equations have to be discretized, in terms of blo¢hfluid volume of interest
and the mathematical equations. This discretizatiothe space through which
the fluid passes is known as mesh generation, &gl only this grid that
provides the solver with geometric information.

Whilst linear methods only require the body surfacbe meshed, all the
other schemes require meshing of both the geomeftrynterest and the
surrounding computational domain. Thus, if a geosimetomponent or flow
region is not resolved adequately with the meshedomes impossible for the
solver to give an adequate solution in this areavéver, no theoretical methods
are available for determining the appropriate simd detail of the mesh other
than numerical experimentation and previous expeéde

Thus, for a successful CFD simulation, both theunw mesh and
numerical scheme have to be appropriate for theagd flow physics of the
solution, otherwise numerical errors tend to don@n&or the complex flows
found around automotive shapes, minimising theuerice of the numerics
requires a lot of effort, and thus much of the miidd information still relates
to numerical effects and not actual conclusionsuabihe aerodynamics
modelled. For example, Hajilost al, [2] and Ramneforet al, [3], have looked
at the effects of mesh refinement on the computedien.

The effectiveness of a turbulence model is not adpendent on the
quality of its mathematical reasoning, but also tbhe computational grid,
especially in terms of its requirements for thegerof permissible first cell
centrey+ values' next to, and cell size growth away fromll waundaries. The
many different versions of the &«-model are still frequent choices for
simulations. Comparisons of different types of made becoming more widely
published; for example Ramnefas al, [3], Axelssonet al, [4], and Perzoret
al, [5]. However, no specific turbulence model shows coestst good results;
the choice still seems to be dependent on the graiion of interest.

Despite these issues, numerical techniques have dgaied to a wide
range of automotive problems. Dhaubhadé], provides a comprehensive
review. As well as external aerodynamics, climatetml, engine cylinder flows
and combustion, engine cooling, exhaust systemginenbay flows, and
rotating systems such as disc brakes have all babject to published CFD
studies.
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1.3 Aims and object

The main object of this work is to determine a ukeét of tools for the
investigation of an isolated tyre using numericaftware. Since the need of
experimental data to correlate the model is cruaaé set of data among the
ones used by Fackrell in his deep investigatiorthef phenomena has been
chosen [7]. This choice is motivated not only by timere necessity of an
experimental feedback, but also to compare theoowts of this project with the
numerical results of studies that use this typetodel [8].

The first phase consists in analysing the resuthefsimulation, varying
mesh characteristics, number of prisms for instawiout varying the type of
simulation performed, in order to find a compromimssween accuracy of the
results and the time necessary to obtain them.

Starting from a suitable set of mesh parameteessétond phase is an
investigation about the different type of turbulenoodel, different equations
and Reynolds stress models and their results im térpressure distribution or
wake form.

The work has been carried out during a period gireqiceship in
Scuderia Toro Rosso, Faenza ltaly.

1.4 Layout of the thesis

This thesis work is comprised of the following stef@hapter 2 contains
a review of previously published work concerning gerodynamic properties of
wheel flows; this will refer to both experimentaidcacomputational data.

Details of modelling of the tyre computational boxeshing parameters
volume and superficial feature, followed by a shaescription of numerical
method and computational model used are presentelgiapter 3, while chapter
4 contains all the obtained results,divided intoshieg and numerical model
sensibility.

Chapter 5, the last one, summarises all the mdsvaet aspects and
suggests recommendations for the further works.
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Literature Review

The following pages present a review of the mospadrtant work
existing in literature concerning the flow aroumnd iaolated tyre, divided into
wind tunnel testing and computational testing.

2.1 Wind tunnel testing

Morelli, in [9] and [10], was the first to publish details of research
specifically related to the flow around a rotatiagtomotive wheel. His work
covered flows over both isolated and shrouded vshdal the 3 m diameter
closed working section wind tunnel of the Universif Turin a flat plate was
mounted parallel to the free stream to represestationary ground plane. The
solitary exposed wheel, a typical 1960s racing tyith a diameter of 0.630 m,
was located into a rectangular recess in the afeméioned plate, without
touching it, in the stated attempt to representdiféection of the wheel on the
ground. Aerodynamic forces and moments were medswéh a six
components balance connected to the faired drivieshthe wheel which could
be yawed, together with the ground plane, up tarajie of twenty degrees.

The measurements on the isolated rotating wheelethca resulting
negative vertical force, i.e. a downforce, contrtoythe accepted direction of
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positive lift. The results relating to wheel dragwed that the use of faired rims
on the centre of the wheel reduced drag by 22%stMvheel drag was doubled
by increasing the yaw angle of the wheel from zertwenty degrees. However,
these must be viewed with caution due to the afergimned wheel lift results.

Stapleford and Carr [11]sed a slender streamlined body fitted with four
unenclosed wheels as a basis to study the efféagsoand plane movement,
wheel rotation and wheel ground clearance on wvehwind tunnel force
measurements. Both the MIRA quarter-scale tunndl tae Imperial College
5'x4"' tunnel were used. The circular cross-secsiender body was fitted, via
simple fixed suspension units, with four wheel9dfb24 m diameter, giving an
approximate Reynolds numbRi, of 2.0-18. Total forces on the vehicle were
measured using an underfloor balance at MIRA, aitd an overhead balance
at Imperial College. Wheel forces were extractemmfrthe overall forces by
subtracting tares for the strut, body, and suspenshits at the corresponding
ride height. Thus, the interference effects betwteerbody and wheels were not
guantified.

The lift generated by the four stationary wheelsaatarge ground
clearance was very small. As this gap was reducggthe lift coefficient of the
wheel, increased rapidly. Wheel drag also increasild decreasing ground
clearance. Rotation of the wheels caused a largmative wheel lift to be
generated when a gap between the wheels and tienaty ground plane was
present. The lift became positive when this gap sesded with strips of paper.
Tuft flow visualization showed that the wheels tmtia draws air through the
gap between the wheel itself and the groundplames treating large local
negative pressures. With zero ground clearancatioat of the wheels reduces
both the overall lift and drag, compared to thdist@ry case under otherwise
identical test conditions.

The effect on the derived wheel forces of usingaving ground plane,
as investigated by Imperial College, was found @osmall. Most coefficients
only changed by a few percent when compared tsdnge configuration with
the belt stationary. The only exception was whenwimeels were rotating at a
close distance from the moving belt. This was, hawsewithout any seal
between the wheels and groundplane. The optimum cazero gap was not
studied due to the contact forces between the wdmeetlthe ground plane not
being able to be isolated from the aerodynamicefarc

Probably, the most well-known work concerning iseta wheel
aerodynamics is that of Fackrell. This is describadfly in [12] and [13] and
in more depth irf7].

Using two wheels of varying profile and tread wickind with a diameter
of 0.415m, surface static pressure measurementgod@dhead wake surveys
were conducted at a Reynolds NumlsgeD,of 5.3-18 . The wheels, machined
from light alloy, were kept in contact with the niiog ground plane by a system
of supports not dissimilar to a racing car suspmnsystem, Figure 2.1A
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pressure transducer, able to measure the cyclieakpre distribution by means
of flush tapping across the semi-span of the whadhce, was mounted inside
mounted inside the wheel hub; its electrical outpas recorded outside the
wheel with the use of slip rings formed of low reslver-graphite bushings.

Figure 2.1: Fackrell Experimental configuration

Pressure distributions on the centreline of theeiaee shown in Figure
2.2 The MIRA results are those of Stapleford and (Jad], measured with an
external static probe. The differences betweentwteshow the effect of tyre
profile when the wheel was rotating. Wheel 2 hasaxe rounded profile than
wheel 1, but is slightly narrower (AR=61.2% comphte AR=65.8%, equating
to a 5% decrease in frontal area). The pressuréspoand behind wheel 2 were
found to be more negative, showing that the edgél@rcan have significant
effects on the wake structure even in the planethef wheel centreline.
Integration of the complete set of pressure prefiteeasured across each wheel
gave a higher lift coefficient and a lower form glraoefficient for wheel 2
compared to wheel 1, as summarised in the uppes odWable 2.1

Table 2.1: The Effect of Wheel Edge Profile on theift and Drag Coefficients of a rotating (top) or dationary
(bottom) Isolated Wheel (Fackrell)

Wheel # Caw Cw
1 0.40 0.63
2 0.5606 0.4183
Wheel # Caw Cw
1 0.5410 0.3010
2 0.5606 0.4183
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Figure 2.2 Surface Static Pressure Distribution on the Centréhe of a Rotating
Wheel (Fackrell)
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Figure 2.3: Surface Static Pressure Distribution orthe Centreline of a Stationary
Wheel (Fackrell)

Figure 2.3 shows the major differences betweercémreline pressure
profiles of a rotating wheel and moving groundplane these for a fixed wheel
and stationary groundplane. A rotating wheel wasébto produce very high

10
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pressures at the front of the contact patch, wiseaestationary wheel showed a
lower base pressure as well as a lower suctiorspreson the top of the wheel
surface, due to the later flow separation (Figud. Zhese differences translate
in the fact that the stationary wheel produced 73&te lift and 33% more form
drag than the rotating wheel under the equivalestt¢onditions, as summarised
in the bottom rows of Table 2.1 at page 9.

lal Whesl Staticmign. ] Wihoal Ratating.

flow direction: right to left wheel rotation: clockwise

Figure 2.4: The Flow over an Isolated Wheel (Fackit§

Using the angular notation shown in Figure, Zackrell postulated that
the boundary layer remained attached over the ostaty wheel until
approximatelyy = 210°. The separation process on the wheel cergrelas said
to be similar to that of a solitary two-dimensioraktular cylinder in the trans-
critical regime i.e. a laminar separation bubllebtlent reattachment, and final
turbulent separation. When the wheel was rotatiwogyever, the attached wheel
boundary layer meant that this type of separatmmcdccnot occur. As the top
part of the rotating wheel moves in the oppositedlion to that of the free
stream, an iso-surface with zero velocity has tstexithin the boundary layer.
Fackrell suggested that the centreline “separatjmmiht for a rotating wheel
occurred on this zero velocity iso-surface, in\ftaable pressure gradient, 70°
further forward than in the case of a stationarg&lh

11
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Figure 2.5: The Wake Behind Rotating and Stationanjsolated Wheels (Fackrell)

Investigations into the characteristics of the waleze made with a total
head survey, in four planes perpendicular to tkee stream, with a Kiel tube
which was stated to be insensitive to yaw up tdedabn angles of £35°. Plots
of 90% total head, intended to represent the edgbeowake, are shown in
Figure 2.5.These support the pressure measurements by shtwanhthe flow
“separated” earlier when the wheel was rotatingsthiving a thicker wake. The
bulges near the ground plane show the presencertiéas shed from the front
of the wheel. For the stationary wheel it was statbat these probably
represented the formation of a horseshoe vortex tduthe wheel causing
upstream ground plane separation (no thicknesdief houndary layer was
stated).

12
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Figure 2.6: The Wake Behind Rotating and Stationarysolated Wheels (Fackrell)

When the wheel was rotating, the surfaces of theelvand ground plane
converged towards the front of the contact patclhatfree stream velocity.
Fackrell postulated, Figure 2.that air was drawn into this region due to the
non-slip conditions, air that was then forced oetween the two attached
layers. In this very small region the viscous fera®minated, and it was this
squeezing of the flow which resulted in pressureffaents greater than unity.
As the wheel was of finite aspect ratio(the ratetween the with and the
diameter), this “jet” of air was then deflectedesichys by the freestream and
then passed down on either sides of the wheel.

Limited investigations were also performed into thigect of wheel
aspect ratio and grooves in the wheel surface Jaino those found on current
Formula 1 cars.

As part of a study in the Pininfarina wind tunndéloat wheelhouse
cavity flows, Cogotti [14]also documented a number of initial experiments
concerning the flow around isolated wheels. Howemermention of the use of
a moving groundplane is made, nor any detail albloeitcharacteristics of the
fixed groundplane boundary layer is given.

To emphasize the importance of sealing the gap dmiwa rotating
wheel and groundplane, pressure measurements darthel floor for a range
of wheel to ground distances were made (Figure Zhg wheel, a Pirelli 145
SR 10 tyre filled with foam and turned on a lath@ilualmost slick, was of
diameter 0.485m and AR=28%. It was driven by ara@atjt faired motor to
give matching circumferential wheel and free streamlocities and
Re, = 1.1-16. It was found that, when the rotating wheel apphea the
ground, the flow in the narrowing gap became ingirgpaccelerated, and hence
more negative groundplane pressures were genelzedath the wheel.

13
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However, when the gap between wheel and groundplea®e sealed, the
pressures at the front of the “contact patch” bexaositive. The magnitude of
this positive pressure was stated to be dependetheoquality of this seal - a
foam rubber insert, fitted under slight pressuegyeen the rotating wheel and
tunnel floor was favoured by Cogotti.

For force measurements, the wheel was mounted adgvad of the
underfloor balance. Evidence was found of a cilitkaynolds number for a
stationary wheel which was independent of anyrgion the central hub of the
wheel. How this was affected by upstream boundaygrl thickness was not
considered. The addition of these fairings decitéise wheel drag coefficient;
the reduction was greater for a rotating wheel ttoara stationary wheel. The
drag coefficient for the stationary wheel in comtatth the fixed groundplane
was slightly greater than for the rotating wheedl,aim both cases, the wheel
produced positive lift. The stationary wheel getetamore lift than the rotating
wheel. Changing the yaw angle of the wheel fromd015° increased the drag
coefficient of the isolated (i.e. without motorasbnary wheel by 10% and its
lift coefficient by 40%.

Ce

Hyy =ano8

Lim)

Figure 2.7: Stationary Groundplane Pressure Distrilutions Beneath an Isolated Rotating Wheel at
Various Ride Heights (Cogotti)

Other experimental studies reporting results raggrdsolated wheel
aerodynamics include Bearmanal, [15], who performed further wake studies
behind one of Fackrell's wheels with a nine holespure probe. Contour plots

14
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of both total pressure and vorticity were presengethller, narrower wake was
found behind the rotating wheel on a moving grouake when compared to
the stationary wheel fixed groundplane cas®eat 5.5-10. Both wakes were

dominated by a vortex on either side of the whealrro the groundplane. The
vortices behind the rotating wheel were found tarheeh weaker, and closer to
the wheel, than those behind the stationary wheel.

Both Hilhorst and Giachi [16]and Schieferet al [17], have reported
results for isolated wheels both on their own amcam open wheel race-car
configuration. It was found that a wheel placed ibéhanother is strongly
influenced by the wake flow for separation distaned up to ten wheel
diameters. The drag of the rear wheel, in particuas significantly reduced
compared to the value determined in an isolatedfigination. However, for the
race-car configurations, interactions between tieek flows and the nearby
bodywork surfaces were found to be considerabld,thas the results are not
generally applicable to studies of totally isolataukels.

2.2 Computational model

Basara, Beader and Pzulj [18] joined Axon [8] ark@&5[19] in being
the first to publish the results of CFD studieswieel flows, doing so in the late
1990s. Each study used a different commercialtefimolume code based upon
the use of structured grids and Reynolds AveragediddStokes (RANS)
equations. The effects of turbulence models andesalumerics were assessed
in each case, although no consensus was reached.

Axon [8] used Fackrell’'s surface pressure and walta [7] as
validation criteria for his isolated wheel simutais. Both of these showed
reasonable correlation, notwithstanding the faat ixon greatly simplified the
wheel geometry. In particular, Axon’s model appdat@ capture correctly the
upstream contact patch jet. The work of Basaragd8eand Pzulj [18] took a
similar approach to Axon, although more limited ils scope as it was
essentially a promotional exercise by the suppfethe CFD code. Skea [19]
used a simplified wheel model: a finite aspectoratguare edged three-
dimensional cylinder in ground effect. Both his esmental and computational
work used centreline pressures of Fackrell wih, = 6.9-1G instead of
Re = 5.3-16 and the different edge as computational validation

Whilst the isolated wheel data produced by thesdie$ did not add
further information respect Fackrell's work, it dslow that CFD could be used
to provide qualitative information about this typeflow-field. One particular

15
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cause for concern was the poor prediction of fl@pasation by all turbulence
models and discretisation scherhes

It is unsurprising that some issues remain, as RA&S turbulence
models currently used are essentially those usedxmn, Skea and Basara,
Beader and Pzulj in those first studies.

Current studies serve to illustrate the improvemen€FD simulation
which has been brought along by increased compugdtpower and enhanced
meshing and solution strategies. However, the wafrRVaschle et al. [20]
showed that improved predictions of both the floglef and lift force were
possible with a code based not upon RANS, but upenLattice-Boltzmann
method.

Knowles continued the study started with its PhBsth [21], together
with Saddington [22], with the goal of investigaiwith experimental tests the
main structures existing in the near wake of amated Formula One wheel
rotating in ground contact. A 50 percent-scale ataml wheel assembly,
geometrically similar to the configuration mounted a Formula One racing
car, was tested in a closed-return three-quarten-ggt wind tunnel. Using laser
Doppler anemometry, three velocity components weeasured with a total of
1966 data points distributed across four spanwiemes and within one
diameter downstream of the wheel axis. He prop@seedvised model of the
trailing vortex system induced in the wake of saaliheel, which tries to clarify
the contradictory ones published in the literatordate.

Also Axerio and laccarino [23] studied experimelytahe flow field
around a 60% scale stationary Formula 1 tyre irtamirwith the ground in a
closed wind tunnel, in order to validate the accyraf different turbulence
modelling techniques. The results of steady RAN® laarge Eddy Simulation
(LES) are compared with data from Particle Imagelodienetry (PIV),
performed within the same project. The locationshef vortex cores, extracted
from the LES and PIV data as well as computed udiffigrent RANS models,
show that the LES predictions are closet to the WRikex cores. All turbulence
models are able to accurately predict the regiostaing downward velocity
between the vortex cores in the centerplane otythes but discrepancies arise
when velocity profiles are compared close to thmard and outboard edges of
the tyre, due to the sensitivity of the solutiorthie tyre shoulder modelling. In
the near wake region directly behind the contatthpaf the tyre, contour plots
of in plane-velocity are compared for all threeadats. The LES simulation
again matches well with the PIV data.

As regard as the URANS, the Unsteady Reynols AeeNayier Stokes
equation, the first was performed by Basara et[24] as improvement of the

!t is important to mention that the RANS equati@s problems when the flow presents
recirculation.
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previous work: unfortunately, disparate wheel gemie® and limited results
make these studies of limited use in assessingdteracy of the computational
methods when applied to the wheel flow.

MacManus and Zhang [25] present a URANS computatiotine flow
around the exact wheel geometry studied by Fackrell Harvey [12], and to
compare this to their experimental results. Thenawledge that the highly
separated three dimensional flow around the wisekdriremoved from the thin
shear layers used for RANS turbulence model cdldoraHowever, RANS is
the method of choice for vehicle aerodynamic sitmates and this situation will
most probably not change for the foreseeable fubeuse of the prohibitive
computational expense of alternative approaches.the authors, the RANS
method is capable of capturing the mean flow stmest with good accuracy and
to gain an understanding of the mean flow, its tturent structures and their
mechanisms of formation. The study also clariffes understanding of the flow
and resolves some of the uncertainties arising fpomious studies, providing a
new model of the tyre wake.

Table 2.2 tries to summarize in a quick glance wiast been described
in these few pages.
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Table 2.1: Summary of Literature Review
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Modelling

The current section illustrates the modelling ofe thyre, its
computational box, its meshing parameters as volante superficial feature,
followed by a short description of numerical methaydl computational model
used.

3.1 Tyre modelling

The work hereby presented has followed the patrerakien by Axon
[8], therefore using the B2 Fackrell wheel as thsedomodel for the analyses,
and investigating if the change of turbulence madel lead to improvement of
his results. Although he used a very simple shap#lg, a cylinder of constant
diameter, without modelling details such as theaimnthe tyre tread, he achieved
a discreet accuracy with his mesh and his CFD cdtie. author hopes to
achieve similar corresponding results by using aehavhich better fits the
reality of the experimental simulation, and by gsian unstructured mesh,
widely used in industrial flow computation.

Figure 3.1 illustrates the tyre modelled by a CAd@itware [27]; by
whom it is also modelled all the computational bakich dimensions are 5D,
where D stands for the wheel nominal diameter epstr and 15D direction
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downstream, 10D in spanwise direction and 5D imledirection, as it can be
seen in Figure 3.2.

Figure 3.1: Fackrell’s B2 wheel

5D

stheta

"

19D

Figure 3.2: Computational domain

Next Figures 3.3 and 3.4 presents quoted viewkefackrell's tyre in
order to show all the dimensions needed to theeread
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p413:415.00

Figure 3.3: Fackrell's wheel. Front view
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Figure 3.4: Fackrell's wheel. Front view 2
Regarding the contact patch, i.e. the interadbetween the ground and

the tyre, the author has used the same procedilosvéal by Axon: a solid
element represents the connection between theatylethe ground plane; the
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size of this part is such to intersect with theetgt a height of 3 mm above the
ground (model depicted in Figure 3.5).

Once the geometry is described by means of a CAtWware, the next
step has been to mesh the boundaries: the suréaeedivided into triangle
through another commercial software, in contraswvibat Axon did (he used a
structured hexahedral mesh). Before beginning Wighmeshing operation, the
surface of the tyre tread is divided into two difiet zones: a slice with an
amplitude of 120°, symmetrical with respect to twntact patch, is meshed
separately from all the rest of the surface in ptdeobtain a better resolution;
Figure 3.6 shows the split of the tyre tread ugiifferent colour for better
understanding.

Dimensionally speaking, the main common charadtesi®f the surface
mesh are the growth rate, i.e. the geometric grdectkor, set to 1.1, and the
feature angle, i.e. the maximum allowed angle betw&ormals of two
consecutive edges, set to 10°. The length of tamehts has a common lower
limit of 0.8 mmin the areas representing the tyre tread; thig becomes lower
reaching0.4 mmin the contact patch zone, and higher — up tom— in the rim
zone. The maximum distance between two nodes asdifferent depending on
the part of the wheel: the bottom part has a lovedwe of4 mm while the upper
one has a limit o5 mm Regarding the contact patch, it is meshed wighséime
length,0.4 mm The rim, instead, presents a higher length loh& mm in order
to keep the skewness factor, a quality meshingnpetex, under the value of
0.35.

An overview of the whole meshed tyre is represeitteldigure 3.7; the
mesh is comprised of 238'784 triangles.
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Figure 3.5: Detail of the contact patch

T

Figure 3.6: Split of tyre tread
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Figure 3.7: Wheel meshed

With regards to the volume mesh, the computatiboal is divided into
different boxes with different limit dimensions ander to control the growing
meshes and avoid high residuals. The volume meshsislready mentioned,
unstructured, and characterized by a thin laygrizins on the tyre, the contact
patch and the ground under an unstructured polghetiesh. The use of
unstructured mesh is motivated by its widespreaal insthe industrial flow
computation.

The computational domain can be considered as sendrle of nested
boxes: the contact patch, the whole tyre, a boxrmtneam to describe with a
high level of detail the wake region and two othexes whose aim is to smooth
the transition between refinement boxes. Beforeri@ag the dimensions of
the refinement boxes, it's important to illustréibe coordinate system used for
the mesh dimensions, which isn’'t the same thablkas used for the calculation
of the pressure coefficient and the imposition leg ingular velocity, seen in
Figure 3.2. Figure 3.8 tries to remedy of this maenience.
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Figure 3.8: Coordinate system used for the refinenm boxes

The dimensions of these boxes are:

for the box namedontact patchFigure 3.9, x=+1.2D, y=+0.7D,
z=0.25D, with a cell size .005m

for the box namedyre, Figure 3.10, x=+2.82D, y=+ 4D, z=1.2D
with a cell size 00.008m

for the box namedownstreamFigure 3.11, x=3.31D, y=+1.5D,
z = 1.2D with a cell size d3.01m

for the box namedC AR Figure 3.12, x=2.5D (upstream) 5.5D
(downstream), y=+4.3D, z=2.2D with a cell sizeddd2m

for the box namedCAR Big Figure 3.13, x=3.5D (upstream)
10.5D (downstream), y=+4.5D, z=2.5D with a cellesaf 0.04m

Other parameters of the mesh are, concerning thdgural part, its

growth ratio, set to 1.3; for the prism layer, teetch factor is set to 1.2,
and the thickness of this mesh part is set to O.@hennumber of prism
elements is the parameter the author decided tpimasrder to resolve

the viscous sub-layer and to use two different wakltments.
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Figure 3.9: Refinement box: Contact Patch

Figure 3.10: Refinement box: Tyre

Figure 3.11: Refinement box: Downstream
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Figure 3.12: Refinement box: CAR
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Figure 3.13: Refinement box: CAR Big
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To conclude the section, Figure 3.14 and 3.15 sheweamwise view
of the mesh and a detailed view of the contactipatc

Figure 3.14: Streamwise mesh view
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Figure 3.15: Detail of the prism layer on ground, ontact patch and tyre.

3.2 Boundary condition and initial value

In order to reproduce faithfully the environmertahdition of Fackrell’s
experiment, at the inflow boundary an uniform x-evigelocity was set, with a
value of18.6m/s This speed corresponds to a Reynolds Numberdbase¢he
wheel nominal diameter, of 5.3°10 Additionally, an imposed level of free
turbulence is set to 0.01, very low with a valugwbulent viscosity ratio, i.e.
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the ratio between the turbulent viscosity and thgsgal viscosity, of 10. The
outflow boundary was set as a 1l-atm pressure ouktletground is a moving
smooth wall with the same speed of the flow asithet, while the ceiling and
the lateral boundaries are set as smooth wall wsfifh condition. Also the
contact patch has the same set of the previous daoes; finally, the
boundaries describing the wheel are set as movirapth wall with an angular
velocity equal tB9.63855rad/s

Concerning the flow approximation, common featuree: athree
dimensional, gas (air), segregated, constant densitbulent and moving
reference frame. Since the other settings are blarirom simulation to
simulation, in the following pages they are widdgscribed.

With regards to the steady simulations, the nunobbéieration has been
set to 10000 unities, using the last 3000, to ohtta¢ mean value: the choice of
such high value is dictated by the will to capttine details of the difficult
domain, and by the necessity to obtain a solutsstable as possible, in order
to get reliable mean value.

On the other hand, concerning the unsteady sinoulathe values used
require a brief explanation, due the complexitytlé choice of the settings.
Total duration of simulation is of 0.56 s, corresgimg to exactly 8 tyre
rotations; this value has been chosen in ordeetadully developed flow: the
simulation time should be more than a couple ofatroh of the tyre.
Additionally, it's important to consider the periad vortex release, described
by the Strouhal number, which for the case in exarmof 0.2. This number,
together with the diameter of the wheel and theaigl of the flow, leads to a
period of 0.1115s, almost two times of revolutioaripd. Using the last
consideration, the choice of 8 tyre rotation carséen as 4 times the period of
vortex release.

The physical time illustrated above has a time steg@001s: in this way
the time is divided into 560 intervals, and for leactervals 20 inner iteration
are performed. The averaging process starts as,0e28ctly at the middle of the
physical time, using the 2and last value found for each time step.

3.3 Governing equation

This section describes the two type of governingagiqn. Since in the
previous section the turbulence settings have bmentioned, the equation
governing the fluid dynamics is, obviously, the danmgressible Reynolds
Average Navier Stokes one, also known as RANS.h& gresent work the
governing equations are presented using the nuahevay, in order to make the
reader more confident with the results presentatiemext chapter. The aim is
to describe the governing equation in the same agathey are implemented in
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the commercial code, avoiding the theoretical patiich is supposed to be
known to the reader (described in [26]).

Considering the subdivision obtained by the mesh,seen in the
previous section, finite volume discretisation aggpfor each cell, called control
volume, a discrete formulation of the integral gomeg equation, i.e. continuity
X,¥,Z-momentum. The discrete continuity equatiocosputed as

S, =3 (m, +m, )=0 (3.1)

f

where m, is the computed mass flow through the interfacevéen the

consecutive cell-0 and cell-1, derived from the reatnm equation, andh,  is

the correction, in order not to violate the massseovation.
The v-momentum is discretised in the following way

%(pw)“zf:‘—’p&“-’g)@:Z(pL@)f +Zl@ (3.2)

where p is the fluid density,v is the velocity vectory is the volume of the
cell-0, v, is grid velocity,a is the face area vectop is the pressure value in

the flow field, | is the identity matrix and is the viscous stress tensor

Equation 3.2 contains, from the left to the rigthte following terms:
transient, convective, diffusive and volumetric ®m@u In the following
paragraphs, each term of this equation is illusttatind the numerical scheme
applied during the simulation will be described.

Transient term This term appears only in the unsteady simulation
(URANS), and in this work a second order differatiin scheme is used.
Considering the equation 3.2, the first time-degerhderms are calculated in the
following way.

9 (o), = Povo) ™ —Aonwo) +(owo)”,

dt At 0

the transient term is therefore a weighted sunmhefvalues picked from three
different time steps. This method is not applicalole the first time step, for
which the first order derivative described herassd:

d ( Y )o - (po\_/o )n+]_ - (po\_’o )n v,

dt At
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Convective term With regards to the convective term, the finite
volume discretisation transforms the terms in

> volv-v,)m=(mv), =(m,v,) (3.3)
f
the second order upwind scheme has been used:

. _|myveme >0
mV; )=

m, v, m; <0

where the face value of the velocity vectgy, andv,, are linearly interpolated
from cell values from either side of the face aglaxed hereby

Vio=Vo TS [(D\_/)r,o

\_/f1=\_/1+§l[ﬂ|]\_/)r,1
(D\_/)r,0 and (D\_/)r'l are the limited reconstruction gradients in cela@d 1
respectively. while

So =X ~Xo
S =X ™%
and x;,X,,%, are the face and the cell centroids.

As said before, this type of scheme is second cadeurate; however,
the use of limited reconstruction gradient helpgdduce local extremes and
thus introduce more dissipation with respect teeatm@l differencing scheme.
The downside is, since this is always a secondraadeurate scheme, that the
reduced numerical dissipation might be result,ames conditions, in a poorer
convergence compared to a first order scheme.

The reconstruction velocity gradier(ﬂ\_/)r,o_1 is limited because the

value of reconstruction face velocity,,, shouldn’t exceed neither the

maximum nor the minimum of the cell centroid valugluding cell-0 value.
The parameterr is a scale factor expressing the ratio betweeririeed and
the unlimited value
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The value Of(D\_/)ur,O, Is computed using the Gauss’ divergence theorem,
which in discrete form becomes

u 1
Ov)ro=— > v.a
( _) 0 Vozf:_f_f

and the velocity vector on the face is calculatedh& arithmetical mean of the
two adjacent vectors

Regardinga , for each cell-0 the following quantities are defi

max _

V o= max(\,/o’\_/neighbors)
mn  _ H

V o=min VO’\_/neighbor

where Vv, ...mors Fepresent the velocity vector of each cell tha a@ommon face
with cell-0. Manipulating the previous definitiomeyds
A o - \_/maxo _\_/0

mi

_ . ,min
Amin =V 0_\_/0

For each facéof the cell-0 the following quantity is defined
A¢=Vi5—VY =§0(D\_/)ur,0

and
A
ifA, >0
rf — Arnax
LifA, <0
Amin
For each facegq, is
g = 2r, +1
Ty (or, +1)+1
finally, for each cella is
a= min(crf )
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Diffusive term

scheme, which secures a second order accuracygureR3.16 a scheme useful
to understand the numerical scheme in equatiors3lidistrated

[ R

Figure 3.16: Diffusive term.

. |(p. - po)ar @+ Opa-([Tp sl )

(3.4)
with

—

alds
ds=X, — X,
D_p - (Dpo ; Dpl)

The second and the third term in the equation &gresent the

secondary, or cross-diffusion, contribution. These of vital importance for
unstructured meshes as the ones used in this work.

Viscous flux In turbulent flows, the stress tensor is divideth two
parts: the laminar one and the turbulent one.

T=T+T
where

T = u[D\_H ov' —%(D@)I }

and T, is called Reynolds stress tensor. Unless Reyrsiléss models
(RSM) are used, Boussinesq approximation is applied

T= ﬂeﬁ[D\_H Ov' —%(D@)l }
and
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luef'f = ,U + luvisc

The determination of the eddy viscosity, or turbtilgiscosity is the
subject of the following section.

To evaluate the stress tensbrin the interior cells, the velocity tensor
gradient at the face should be written in termedf eelocity:

Ov; = [(vl—vo)D E/+D_\/f—(D_\/f ms)D E/]

and Ov, :M, where Ov,, are explicitly computed velocity gradient
tensor in the cell.

Concerning boundary faces, it depends if they afened as slip or no
slip walls. If a slip condition is set, the viscalgear force is simply set to zero.

For no-slip walls, it is assumed that only the comgnt of the velocity
parallel to the wall is of interest. A linear retatship between the wall shear
force and the wall-parallel component of the velodifference between the
wall and the cell is assumed.

(T @), =-pv -vt)

Using the definition of wall shear stress magnituge= pu> and the

reference velocity™ = ‘vp‘/u* , v, the coefficient of proportionality is

the reference velocityy™, is computed according to the specific turbulence
model. The value ofi* is obtained, as function of*, from the wall law used.

3.4 Walll treatment

In this section, the two type of wall law used described. A wall law is
the way the CFD code uses to determine some gesnas mean velocity,
pressure and so on in turbulent boundary layerréfaee many regions where it
IS necessary to resolve the viscous-affected regspecially the region which
surrounds the wheel. The laminar and turbulentilerced blended smoothly in a
buffer layer and this type of behaviour isn’t catigd by the user, but the way
the turbulent boundary layer is resolved dependserclusively, on the quality
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of the mesh, and how fine it is in the closest mdrthe wall (i.e. the prism
layer).

The two type of wall treatments used are dle/+ and theow y+ wall
treatment. The first methoall y+, provide itself to determine if the wall y+
value, namely the value of the first mesh cell athe wall boundary in wall
unit, and determines in which zone of the boundaygr the cell are situated
and calculates the velocity value therefore. @hg+ wall treatment is peculiar

in the determination of the reference velocity and its first derivatives: the

calculation is done not by using the proper debnitu’ = T%O, but a

computed formulation depending frors U%/ :

The latterJow y+, makes no modelling assumption, so the wall yteal
must be less than 1, in order to have reliableltesu

3.5 Turbulence suppression

Using this type of tool, the CFD code calculates titansition distance
and tries to mimic the effect of the transitiondnppressing the turbulence in a
pre-defined region.

The turbulence suppression can be achieved inreiffevays, such as
setting to zero either the turbulence viscositye fReynolds stressed or the
production terms in the turbulence transport eguatanother kind of way
might be to avoid using the wall function to congptite wall shear stress, but
using the laminar method instead.

The region in the flow field in which the turbulenés suppressed is
defined as any point in the field where the traosiboundary distance, i.e. the
distance between the field point and the nearast pothe transition boundary,
is less than the wall distance, defined as theadlcst between the same field
point and a wall which isn’t a transition boundary.

3.6 Convergence criteria

The way to get acceptable results requires thetungdaf the solution.
The solution of a general transported scalar inctiep ¢, at the next iteration

should be updated as

ap(d’;ﬂ_'_ Zan#<+l:b

neighbour
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where b is explicit, i.e. evaluated with the result of rfrothe iterationk,
contribution to the discretised equation, agdare the same scalar transported

function calculated in the neighbour cells, amda, are obtained directly from

the discretised term. This type of upgrading madléo a diverging solution;
due to the complex flow structures that are beirgfigted in literature, it is
necessary to introduce another type of solutioratgodJnder-Relaxation factor
are employed in order to make the updating mordugia especially in the first
iterations

Zgte Y ad=b+2gl-a)

neighbour w

therefore in the right-hand side a source valugrissent, evaluated at the
previous iteration. Regarding , the relaxation factor, its value depends on the
transport equation discretized; its value is sdt.4ofor the momentum equation,
while for the pressure it is set to 0.2. For theeottransport equations that close
the budget unknowns-equations, the relaxation fastdescribed in the section
regarding the turbulence model.

To monitor the convergence of the solution, forneaansport equation
and at each iteration the residual is computeds Malue is defined as the
degree to which the discretized equation is notpietaly satisfied in each cell;
in a perfectly converged solution, the residualeach cell would be equal to the
machine round-off.

For each iteration and for each transport equatiom residual value is
determined as

2.1

Neells

n

cells

where the value is computed as, recalling the previous equation,

r:b_ap(dgﬂ_ Zan#(ﬂ

neighbour

It is worth to note that this value is weightedngsthe residual value of
the first iteration, obviously higher than the néxhe simulation goes towards
convergence. Given the complexity of the simulatiand the low capacity of
dissipation of the commercial code, residual valaesind 10 are considered
as acceptable.
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3.7 Turbulence model

The aim of this section is to describe the keyueaof all the turbulence
models investigated in this work. For each turbodemodel, the wall function
scheme used is illustrated. The turbulence modedd are the most common in
an industrial environment.

3.7.1 Ke

A K-¢ turbulence model is a two-equation model in whicdmsport
equations are solved for the turbulent kinetic gné¢ and its dissipation rate
Various forms of the Ke model have been in use for several decades, dad it
become the most widely used model for industrigbliaptions. Since the
inception of the K€ model, there have been countless attempts to irepto

In this work, two types of Ke models are used: the realizable two-layer
and the Standard Low Reynolds Number. The firsthis one widely used
because of its extreme flexibility; transport equag are

d
S P_If - %r__xr - =
deﬂd +J.pﬁ.{1 V) da
v A
( M, | G &
J“ “*’G—;JW"‘”r“+J‘|Gk+Gg,—p“?_gﬂ]”rTMHS:;MV
A V

ﬁ; 7 ¥ T . =
Ejpsdl +leetv.—\g} da

V A

{ ’.l 3 - ) g ) | _h
I L+ G—“I‘Ve - da +J‘[( £10€ +§*{ Ce1C,;GpCeap(e—2p)) +5EJ5V

L1

A ' 4

where & and $ are user specified source afds the ambient turbulence value
in source terms that counteracts turbulence dethg. production term (Gis
determined as with the standarddmodel:

2 2
Gy =4S~ AO N -2 4 (D)
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where [ [V is the velocity divergence and is the modulushefrmean strain rate
tensor:

and
S:%(D\_/+ Dﬂ)

and the relation of the turbulent viscosity is catgal as
_ k’
/'[t - [ﬁ/j ?

where the coefficient Os not constant, as with the standard Kiodel, but is
instead given by:

where

where

37



Chapter 3

Finally,
C., =19, o, =10, o,=12

The two-layer model blends a one-equation model¢chviolves for K
but prescribes algebraicaltywith distance from the wall, with the two-equation
K- ¢ model. The two-layer model is parameterized asngth scale function,

l, = f(y, Rey) and turbulent viscosity ratio functioﬁ’%l: f(Rey) where

_+ky

Re, == The dissipation rate computed from the two+d&yenulation is

&
€=|—

£

using the following blending function

Re - Re,
:1 1+ tan _ Yy Y
2 A

where Réy defines the limit of applicability of two-layer fimulation, which in

the present work is set to 60. The constAntletermines the width of the
blending function. By defining a width such thae thalue ofdA will be within
1% of its far-field value for a given variation @Re, , the following relation

betweemA andA Re, can be obtained

_ ARe,|

tant 0.98
where A Re, is set to 60.

The turbulent viscosity is blended with the twodayormulation in this

U,
e = A, +(1-A /J(—tj
t t|k ‘ ( ) 'u two—layer

way
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Since cell values of may be specified by setting the coefficients @f th
solution matrix to satisfy

n+l

n
)
spec p

the discretized transport equation formay be combined with this to obtain:

—E:\.E +Za AAe, =
i

N n
"" E?_ﬂ_.!:'t'_ﬂ_ E nEn

Regarding the standard &model, the transport equations are
d - r —_—
E'[pkdp% J-pkh—ig,'l da=

V A

=1 n
- t}?]

f
+{l l}apntp

Naver

f Y

L

ﬂ” - éJVk. da + I]Gﬁ,+ Gb—pue—eﬂ} + 1) + 8. ]dV
7

df .. S _
d—J‘pde_F Ipeiw—ig} - da =
1
J‘lu—khl'ﬂ: da +

1 ; G
J.?[CEI{GA'JF G, 1+ G +C3Gy) - Chfrple—gy) + p]}. +5.] dV
-
where g and S are user specified source afpds the ambient turbulence value

in source terms that counteracts turbulence deégaig. an additional production
term, calculated as

G'= Df (G 2 jexp( 0.00375R€)

where f, is defined as
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f, =1- 03exgRe?)

2
with Re, - Vky andRe; ::—
% %

In the original model, the value of D is given by= C% =13.
£l

However, DNS data for low-Reynolds number chanlosV Suggests that better
results are obtained with = 1; for this reason, it is set as default value.
Regarding the turbulent production, this is comguws illustrated above
for the realizable scheme, and for this reasasnit repeated anymore.
The turbulent viscosity is calculated as

/'It = ld:p f,ukT
whereT is the turbulent timescale computes as follows

T= ma{E,Ct\/EJ
£ £

while f, is a damping function computed as
f, =1-exg-(Cyo/Re, +C, Re, +Cy, RE
and the values of the coefficient &g, = 0. 0€], =0.0042 C,, =0.00011

It is important to note that, although the equatised for the blending
function isn’t the same used in the original scheitseasymptotical behaviour
for Re, — O remains the same.

3.7.2 Ko SST

The K- ® model is a two-equation model alternative to thes Knodel.
The transport equations solved are for the turtiukemetic energy K and a
quantity calledwn, which is defined as the specific dissipation rdbat is, the
dissipation rate per unit turbulent kinetic energy~ &/K. Wilcox [30], its
creator widely explains the superiority of thetransport equation, for instance
its improved performance for boundary layers uratbrerse pressure gradients.
Perhaps the most significant advantage, howevethas it may be applied
throughout the boundary layer, including the vissdominated region, without
further modification.

The biggest disadvantage of the &-model, in its original form, is that
boundary layer computations are very sensitivento alues ot in the free

40



Modelling

stream. This can be translated into extreme seitgitto inlet boundary
conditions for internal flows, a problem that does exist for the K& models.

The problem of sensitivity to free-stream/inlet diilons was addressed
by Menter [31], who recognized the transport equafrom the standard K-
model could be transformed into @ transport equation by a variable
substitution. The transformed equation looks vergilar to the one in the
standard K- model, but adds an additional non-conservativesssthffusion
term containing the dot producik [(Je . Inclusion of this term in the transport
equation will potentially make the Ks model give identical results to the K-
model. Menter suggested using a blending functidridh includes functions of
wall distance) that would include the cross-difusterm far from walls, but not
near the wall. This approach effectively blends-& Kodel in the far-field with
a K-o model near the wall. Purists may object that thending function
crossover location is arbitrary, and could obsaome critical feature of the
turbulence. Nevertheless, the fact remains that dpproach cures the biggest
drawback to applying the Ks model to practical flow simulations.

In addition, Menter also introduced a modificatiaa the linear
constitutive equation and dubbed the model contgirthis modification the
SST (shear-stress transport)aKmodel. The SST model has seen fairly wide
application in the aerospace industry, where viscthows are typically well
resolved and turbulence models are generally appieoughout the boundary
layer.

The two transport equations are

d _
- e 7 (v v . =
(hJ‘pde +J‘p£(\ \g} da

V A

I{ W+ 0 )V - da+ J‘{"-“'eﬁ‘Gk -Yp B:E:fﬁt wk — wyky) + S)dV
4 v

d 7 v ) - =
EJ‘|:)(son"1 +jp0){\—\g} da

v 4
J‘m + Gm“;"“‘-" ~da + J‘( Gy~ prB{'m‘ — 0)6} +D +S,)dV

4 V

where § and § are the user-specified source termsahkdwmo are the ambient
turbulence values in source terms that counterablutence decayyes is the
effective intermittency that in this case is set tand:
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v o= minl11131}{(“,’{?}(jﬁ 0.1),1]

The production @is evaluated as with the standardd<model

2 2
G, = uS" ~Z A0V -2 (O

where [ [V is the velocity divergence and is the modulushefrnean
strain rate tensor:

S=|g=y2s:5" = [25:S

and
S= % (D\_/ + Dﬂ)

The production ob G, is evaluated as

(2 2 Y2
G, = p*g'[ll_‘ S —g{? V) —=mV - r}

andy is a blended coefficient of the model.
The term D, is a cross-derivative term, defined as

Dy = 2(1-F))pog, < Vi Vo

And the turbulent viscosity is computed as

W, = pkT
where the time scale is computed using Durbin’szahility constraint [32] as:

. | .
T = min| _l 0.6 |

‘max(m/ o (SFy)/aq) «/5 S/

and is the modulus of the mean strain rate tenstinetl above. Note that in
Menter’s original model, the modulus of the votictensor was used in the
definition of the turbulent viscosity for the SSThis slight modification
extends the applicability of the model beyond agnaghic applications.
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Furthermore, Durbin’s realizability constraint ised instead of Menter's
proposal that turbulent production be limited tongomultiple of the dissipation.
The function F is given by

3

F, = tanh(arg,")

where

arg max( — Ji_ 500 V)
dlg~ = l 3
=2 L0.090y ym /

and a is set to 0.31.
3.7.3 Spalart Allmaras

This turbulence model [33] is the only one-equatinndel used and
presented in this work, and the reason has to sed¢ke less computational
efforts in order to get an acceptable accuracyef@works investigating tyre
wake behaviour used this model, for instance [&5]this reason, the author das
decided to include in the investigation.

Operatively, Spalart-Allmaras turbulence moslelves a single transport
equation that determines the turbulent viscosityisTs in contrast to many of
the early one-equation models that solve an equdio the transport of
turbulent kinetic energy and required an algebpagscription of a lengthscale.

In its own standard form, the Spalart-Allmaras masl@ low-Reynolds
number model, meaning it is designed to be apph@tbout wall functions.
According to the model’s formulation, the entirebwlent boundary layer,
including the viscous sublayer, ought to be acelyatesolved so it can be
applied on fine meshes, i.e. small values of y+.

The wall law used is the low y+, which implemerite imodel and boundary
conditions in low-Reynolds number form as suggebte&palart and Allmaras.
Damping functions are used for the source termshe transport equation,
which is solved without modification all the way ttee wall cell. Wall laws are
not used to evaluate shear stress. Spalart andardbrdevised the model such
u*=v/kd that would remain constant throughout the viscsayer as well as
in the log region.
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The transport equation for the Spalart-Allmaras ehasl

%J‘p\;rﬂﬁr-.‘p;(v—vg} cda =
V A

1 v vV 4+ G — Y+ S-1 47
EJ‘(LHp\-)‘ﬁ da+J‘|CE}2p(V\- Tx}+trv—]v+5v] db

x_l‘
4 7

Where § is the user specified source term and the tratepporariable is a
modified eddy viscosity. The terms on the rightdhande represent diffusion,
production and dissipation.

The first term inside the last integral of the ada@quation is a non-
conservative diffusion term that can lead to cogeace problems if it is
discretised as an explicit source term. Therefor®llowing the

recommendations of Spalart and Allmaras, it is riéer and combined with the
conservative diffusion term as follows

ézpp44ﬂhv6.ma+jféﬂnv;_v;]dpx
"

A 14
J‘m +pVv)Vv - da — J‘{ W+ pv)Vv dV
v J
y v

The production term is modelled as:

Gy = (1=fp) Gy pSV
where G IS a constant.

The function & is given by

f :]__Z_
2 Ty
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while the deformation parameter is

wherek is Von Karman constant, d is the distance to tharest wall,
and a damping function is

fvz = J___Zr_
L+%f

and the other one is set to 1. The additional daghfinction §; is calculated
as:

3
£ X

3 3
Y+ Cﬂ

andy=v/v. In the determination of the scalar deformatioacles-Marianiet al.
[34] suggestion is used, which combines the strate and vorticity tensor
magnitudes as follows:

S = [W[+C__ min [0, [S|-[W][]

pro

where

S| = \/2.‘5:.‘31r = J28:8
S = ,—{{'FH?YI}

and the coefficient o4 = 2. The dissipation term is modelled as
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]
,1 A'A
1{} - Cu'lﬂ-ﬂrl\ ;'
where
{ 1 + Cﬁ b ]r’zﬁ
f =g w3
w= 876 6 |
& + ('11'3:'

6
:f+(_.u.2{f —F)

g

'll_l

-~ 3.-..,2
Sk d

F=

So the turbulent viscosity is computed as
H, = PVA,,

3.7.4 RSM: Reynolds stress model

Reynolds stress transport (RST) models, also knasveecond-moment
closure models, are the most complex turbulenceetso®y solving transport
equations for all components of the specific Regaddtress tensof,, these
models naturally account for effects such as aropgtdue to strong swirling
motion, streamline curvature, rapid changes inrstite and secondary flows in
ducts. The RST model carries significant computatiooverhead. Seven
additional equations must be solved in three dino@iss(as opposed to the two
equations of a k-model). Apart from the additional memory and cotagional
time required for these equations to be solvedetlsealso likely to be a penalty
in the total number of iterations required to obtaiconverged solution due to
the numerical stiffness of the RST equations. Tdasons that the RST model
requires the solution of seven equations in thieeedsions are as follows. The
Reynolds stress tensor is symmetric, so that arlgfsthe nine components are
unique. In addition to the six RST equations, a ehedjuation is also needed for
the isotropic turbulent dissipation. This is thensaequation as the one used in
the Standard Ke model.
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The starting point for the development of RST msedslgenerally the
exact differential transport equation for the Rdgscstresses, which is derived
by multiplying the instantaneous Navier-Stokes ¢qua by a fluctuating
property and Reynolds-averaging the product. Inrdsailting equations, only
the transient, convective and molecular diffusiemis require no modelling.
The terms remaining to be modelled are the diffuseom, the dissipation term
and, perhaps the greatest challenge, the pressaie-serm. Appropriate
models for these terms have received much atterdimmg the past few
decades. The type of Reynolds stress model ustnisinvork is linear pressure
strain Two-layer.

The advantage of the linear pressure-strain madelat it lends itself to
being incorporated into a two-layer formulation efhcan be used to resolve the
viscous sublayer for low-Reynolds number type aapions. In this model’s
approach, suggested by Rodi [35], the computasiahvided into two layers. In
the layer adjacent to the wall, the turbulent ghaBon rate and the turbulent
viscosityy; are specified as functions of wall distance. Thki@s ofe specified
in the near-wall layer are blended smoothly witle tralues computed from
solving the transport equation far from the wall.

The transport equation for the specific ReynoldsssttensoiR=v'v’ is

{'? 7 LR T T =
= pRdT +J‘pRU—\g} da
v A
-
ID - da +J‘[P + G—‘f;pl{e + Y+ @+ SR}W
A v

where the terms on the right-hand side are diffusiturbulent
production, buoyancy production, turbulent dissgrat dilatation dissipation,
pressure strain and user-specified source.

A simple isotropic form of the turbulent diffusi@adopted, such that:

( i,
D= p+—|VR
\ Gk/'l

where the turbulent Schmidt numbersis= 0.82 and the turbulent viscosity is
computed as:
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M, = PCy .
and the turbulent kinetic energy is computed as#iktrace of the tens®. As
concern the turbulence production, it is obtainetheut recourse to model as
follows:

P=-pR- ‘FvT+ Vv - RT} = p(R- ‘er+ Vv-R)

The isotropic turbulent dissipation rate is obtdinfieom a transport
equation analogous to thekmodel (and with identical boundary conditions):

dt
14 A

i ps.dV+J‘pE{v—vE} ~da =

I ,.l 1Y e-E ) - - - ' 1.
J“ L+ G—r ‘VE - da +H i’l Coq(r(P) + Cstr(G)) — Cp, pe] pev
. g/ L J

A v

where G; and G, are specified coefficients ands;UGs determined as in
the Standard K-model. The coefficient & has the value 1.44. The coefficient
C.2 has the value 1.92 when the linear pressure-steain is used, and has the
value 1.83 when the quadratic pressure-strain teumsed.

A two-layer formulation, which solves for but prabes algebraically
with distance from the wall, is available for uséhathe linear pressure-strain
model.

The linear model for the pressure-strain term cageprfour terms; these
are the rapid part, the slow part, and their retspeevall-reflection terms:

9 = ?1 +92+9]w+93u'

The first term in the right hand side, the slowsstee strain term, is
modelled as

L ef 2.0

'@1 - —'C. lpﬁ_{'R — §}1I/J|
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While the second one, the rapid pressure stram i®r

®, = - [P+G+F_11n(P+G)]
and the slow wall-reflection term is

£ . 3 . _
(1)]11-' = pCln-‘I,[(R:)“) I- E(R‘h + N ‘R)}ﬂv

where
3; 2 1nax’
= min I
y 5 l cealv )
114X
=14
d is the wall distance and N is defined as
N=n®n

where n is the “wall-normal unit vector” defined e negative of the wall
direction.

and, in the end, the rapid wall reflection term deiéed as
(P'}.’w = ('211-'[{?2'?‘} I- 5(92 N+ N MCEZ' }:|fu-'

If the two-layer model is used, the first four doménts are expressed in
terms of the turbulent Reynolds number and anipgttensor.

C; = 14258 a a,!/*{1 —exp[(—0.0067Re,)?]}

C, = 0.75.a
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Clw = — gCI + 1.67
'4(.‘2—] 3
CEW = max 6C. ’0,
AE
R{? =
I ev

The parameteat and the tensor invariangs andag are defined as
9
a=1-=(a,—-ay)
g 2 3
a, = A:A

Where the anisotropy tensAris defined as

A °1
Tk 3
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Results

In this chapter results and post processing ofstheilations produced
are shown, divided into mesh and turbulence m&ldbsequently, the results of
the unsteady simulations are presented; finalggaion describing the shape of
the tyre wake together with the profile of streasmvivelocity in centreline at
different downstream stations closes the section.

All the post processing has been developed with STEM+ software
[29], as the images collected in this chapter. Asminder for the next results,
in Table 4.1 are set the experimental results fooypdrackrell [7] in term of
drag and lift coefficienfs

Table 4.1: Experimental values found by Fackrell

Cd Cl
0.58 0.44

2 As reference surface the tyre frontal area is used
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4.1 The influence of the meshing parameters

The first aim of the present work is to make the@btem “mesh
insensitive”, in other words the solution hasn’t dependent by the meshing
parameters used, in order to provide a commongsethere investigate how the
various turbulence models behave in the same ngsbimdition.

It is decided to vary the number of prism in thésmpr layer: this parameter
provides how well viscous sublayer is resolved,pkeg constant the thickness
of the prism boundary.

In the Table 4.2 are collected the number of raa,rtumber of prisms in
the layer divided between number put on ground @mdyre. Also the total
number of cells together with the result in ternfdifd coefficient and drag
coefficient, as mean value on the last 3000 itensti with their error from
experimental data in terms of percentage are tihtesd.

One of the most important fact to note is the ewgraifficulty to reach
an acceptable value of lift coefficient, @espite raising the number of prism
layer, and, regarding the drag coefficient @ good compromise is achieved
using a ratio prism ground — prism tyre 1:2.

Another type of considerations are necessary todtamvn for the
simulation that uses the ratio prism ground — fiy® the number 014. It, in fact,
presents several problems of convergence: the yaluboth coefficients suffer
of wide oscillation probably due to something hapmkduring the simulation.

Table 4.2: Number of simulation, number of prism lger on ground and on the tyre, drag and lift coefftient with
their error from the experimental data

Prisms number

RUN  Ground Tyre Cells oF %err C %err

012 4 4 6063671 0.5410 -6.7241 0.3100 -29.544%5
014 4 12 7037311 0.6630 14.3103 0.3260 -25.9091
0l4a 12 12 7652519 0.5460 -5.8621 0.3010 -31.5909
015 4 8 6550491 0.5440 -6.2069 0.2990 -32.0455
018 12 22 8267727 0.5590 -3.6207 0.3100 -29.5455
022 22 22 14447634 0.5410 -6.7241 0.3010 -31.5909

The aim of this kind of simulations is to reducee thmesiduals
convergence criteria explained in sect 3.6, in ortte get an acceptable
simulation. In the following Figure 1.1 are shovne tresiduals of the equation
just for the coarsest mesh and the finest onerderonot to make the chapter
heavy.
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Figure 4.1: Residuals. Top run 012, bottom run 022

As it can be seen, the fluctuations are drasticatiuced introducing a
finer meshing, although the result and the behavabihe values of coefficient
of lift and drag get a smoother solution nearlyhiea same time as the Figure 4.2
shows.
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Figure 4.2 Drag coefficient value vs iteration. To12, bottom run 022

Obviously, the coarsest mesh has more fluctuatrmhhas behaviour is
less smooth than the finest one. The next FiguBg,ilustrates contour of mean
positive streamwise velocity in the frontal sectioollocated at x = 0.75D,
where D stands for the tyre nominal diameter; af thfferent simulations. The
first using 4 prism layer on ground and tyre, while second using 4 prisms on
ground and 8 on the tyre. Using an higher numbgrisms lets to resolve better
the viscous sublayer and this is visible in a sineowelocity profile, in other
words the thickness of the contour is bigger;iitiportant to note that the upper
vortex of the tyre remain more squeezed using dngesnumber of prism on the
ground and on the tyre, for the same reason iusk more, as highlighted by
the same figure.

As regard the centreline pressure coefficient, vheation of meshing
condition hasn’t lead to sensible variation, smider not to make the section
redundant, it was only reported the best meshirge as first plot in the
turbulence model plots Figure 4.12. To announcessult in advance, the
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separation point is shifted downstream to what ipted by Fackrell, it happens
at 1.5 radians respect to the experimental thédésstt 1.74 radians, considering
the rotation used for the calculation and explaimeigure 4.11

Mean of Velocity (0) (m/s)
.728

Ii Y 0.0000 4.2428 8.4856 12. 16.971 21.214

LZ( G Mean of Velocity(i) (m/s)
e 0.0000 4.2457 8.4914 12.737 16,983 21.228

Figure 4.3 Contour mean streamwise velocity. Top: grism on ground 4 on tyre; bottom: 4 prisms on grand 8
on tyre

Since the number of prisms that makes the lessrdiite between the
experimental value of drag coefficient and the waled one is for 12 it has
been investigated the combination of 12 prisms wumgd and 12 prisms on
tyre, 12 on the ground and 22 on the tyre and 2thermground and tyre and it is
found the mesh insensitive sought, as witnessedrigyre 4.4 in which is
presented the same type of value at the same d@ansstation as Figure 4.3.

It has been chosen the last value, corresponditftgetoombination of 22
prism on ground and 22 on tyre, because the wilhtestigate a wall treatment
in which no approximation in the very first part tife velocity field near
boundaries is used, requires a wall y+ value, nathel value in wall unit which
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corresponds to the first superficial element onwad boundary, less than 1.

Although the ratio 1:2 seems to be the one whiclviges best results.

£

Mean of Velocity(i) (m/s)
0.0000 4.2478 8.4956 12.743 16.991 21.239

Mean of Velocity(i) (m/s)
4 0.0000 4.2682 8.5364 12.805 17.073 21.341

Mean of Velocity(i) (m/s)
Y 0.0000 4.2343 8.4686 12.703

16.937 21.171

Figure 4.4 Contour mean streamwise velocity. Top:2Lprism on ground 12 on tyre; middle: 12 prism on gound
22 on tyre bottom: 22 prisms on ground 22 on tyre
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4.2 The introduction of turbulent suppression

According to what written by Fackrell
“... Smoke visualization experiments show that sdparaoccurs on the
rotating wheel at about 280° .J[in other words, flow on rotating wheel
separates at 80 ° downstream from the stagnation] po

... the layer becomes turbulent far forward on th&tiag wheel, within about
20° of the stagnation point. There is no suddenditzon to turbulence, but its
intensity gradually grows until separation is reach ...”

Keeping in mind what just reported, other two siatioins are planned,
in which the turbulence is suppressed for 20° fthmstagnation point and the
second for 80° starting from the same beginning.

The result in form of mean lift and drag coeffidiane tabulated in Table
4.3; the value is oscillating with variation largean 5% for both coefficients.

Table 4.3: Number of simulation turbulence suppredsn portion, drag and lift coefficient with their error from
the experimental data

RUN Cd %err Cl %err
030 TBL suppr. st~20° 0.6582 13.4828 0.3188 -27/6545
031 TBL suppr. st~80°  0.5479 -5.5345 0.3445 -21.7045

It's important to note that the simulation whete tturbulence is
suppressed for the first 20° presents an overesivalue of drag coefficient
and a consequent raise of the value of lift coeffit on the other hand, the
values provided by the second simulation seemeindtiwith what seen in the
previous pages. The cause of the results of th& 8mulation will be
investigate in this section.

57



58

Chapter 4

Turbulent Viscosity Ratio
LA ¢ 0.0000 800.00 1600.0 2400.0 3200.0 4000.0

/ =
Y [ <= 200
v m——

» Turbulent Viscosity Ratio
{V X 0.0000 800.00 1600.0 2400.0 3200.0 4000.0

Figure 4.5: Contour turbulent viscosity ratio. Top: turbulent suppression from stagnation point to 20. Bottom:
turbulence suppression from stagnation to 80

Concerning how the turbulence suppression affdotstyre wake, in
Figure 4.5 and 4.6 are illustrated the contour uwbulent viscosity ratio in
centreline, the ratio between the turbulent visggosnd the cinematic viscosity,
using a same range scale for both the simulatindsaacontour of mean positive
streamwise velocity in centreline, in order to explhow turbulent viscosity
distribution is reflected in the behaviour of theocity field.

As said in the previous chapter the turbulent \8ggdhas its weight in
the part of shear velocity profile. It's clear tote that if the turbulence is
suppressed for the first 20rom the stagnation point the height and the flow
shear leaving the tyre are higher than the secord while the high value of
viscosity ratio in the middle zone leads to a highertical dimension of the
lower vortex.
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Figure 4.6: Contour mean positive streamwise velagi Top: turbulent suppression from stagnation pointto 20°.
Bottom: turbulence suppression from stagnation to 8°

Figure 4.7 and 4.8 show the contour of mean pe@siBreamwise
velocity at different station of streamwise positio frontal view: 0.5D, 0.75D
and 1D, where D stands for the nominal diametee. [dlwer vortex for the case
with turbulent suppression for the first 20° frohe tstagnation point has got a
very different shape respect to all the other ia tthapter and this is caused by
the presence of separation occurs in the edgeeofith as it shown in Figure
4.9. This separation causes the particular shapleeovortex to be narrow, his
diffusion downstream is little and the Fackrelk$ting phenomena isn’t present.
Also the upper vortex is affected by this separabhecoming more squeeze than
the other already seen and it will be illustratedhie following results.

To link to what described at the beginning of teet®n, the separation
is the cause of the rise of drag coefficient ansl fglads to the consideration that
separation on the rim doesn’t occur in the reakFaks facility.
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Mean of Velocity(i) (m/s)
8.5881 12.882 17.176 21.470

I Mean of Velocity(i) (m/s)
0.0000 4.2700 8.5400 12.810 17.080 21.350

I Mean of Velocity(i) (m/s)
0.0000 4.2377 8.4755 12.713 16.951 21.189

Figure 4.7: Contour mean positive streamwise velagi for turbulent suppression from stagnation pointto 20°.
From top to bottom: x = 0.5D, x = 0.75D, x = 1D



Results

Mean of Velocity (i) (m/s)
8.6232 12.935

I Mean of Velocity(i) (m/s)
. 755

0.0000 4.2517 8.5033 12.7. 17.007 21.258

Mean of Velocity (i) (m/s)
0.0000 4.2279 8.4557 12.684 16.911 21.139

Figure 4.8: Contour mean positive streamwise veldyi for turbulent suppression from stagnation pointto 80°
From top to bottom: x = 0.5D, x = 0.75D, x = 1D
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L o MeanofVelooim/s)_.
o 0.0000 4.3565 87109 ____13-866_— N 422 21777

Figure 4.9: Contour mean positive streamwise veldyi at z = 0.25 D turbulence suppression from stagtian to
20°

From the other hand, the jetting phenomena isrlgledserved
from the contour of Figure 4.8 in the top figur@sdst to the tyre. As it is
predicted by the contour of the Figure 4.7 thedotpart of the upper vortex is
shifted up, while its shear dives downstream, aslipted by the contour of
turbulent viscosity ratio (Figure 4.5).

As far as the upper vortex, it's important to nthat the presence of
zone of turbulent suppression causes the rapidydefcthe vortex itself, since
the turbulent kinetic energy produced is less thaat produced if there isn’t
turbulent suppression. As prove of that, in Figlu@is illustrated the contour of
mean turbulent kinetic energy in centreline for theo simulations in
comparison with the same, from mesh characteriptast of view, without any
turbulent suppression. Suppressing the turbulencéhé first 20° from the
stagnation point seems to have similar behaviespect to the one without
suppression, but the turbulent kinetic energy deaapre rapidly, and more
rapidly decays for the 80° suppression, for thes@aahat the amount produced
is less as it can be seen by the upper limit obtade.

As regard as the tyre wake, Figure 4.10 suppodsstatement that the
more turbulent kinetic energy is produced, the mihie tyre wake rises up
downstream; this could be seen from a numericahtpoi view because the
turbulent viscosity is directly proportional to tleguare of turbulent kinetic
energy, so its contribution makes the fluid mocous.



Results

&
@)STAR-CCIVH

) Mean of Turbulent Kinet
3.6920 7.3840

&
D4 STAR-CCM+

&
D4 STAR-CCM+

Mean of Turbulent Kinefic En:
3.8334 7.6669 11.500

Figure 4.10: Contour mean turbulent kinetic energy.From top to the bottom turbulence suppression from
stagnation to 20, turbulence suppression from stagnation to 8Q no turbulent suppression
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4.3 The influence of the turbulence model

In order to get easier the fruition of the resutighe following Table 4.3
are summarized the case investigated by the autfeuseful remember that
the meshing parameters remain the same and thaeytoethe last configuration
seen in the previous section. The number of rungldped is 5 and the
turbulence model chosen are the most common anadseused in commercial
CFD code, as previous mentioned. Together withtahieulence model, Table
4.3 shows the result of the lift and the drag dogfit, as mean value on the last
3000 iteration, and their difference in term ofqeartage from the experimental
value found by Fackrell. It's important to note tttedl the turbulence models
underestimate the experimental data: as regardsogféicient of drag, the Ko
SST model provides less difference, while the lw y+ is the model with the
less difference from the experimental lift coef#fici; since the differences in
drag coefficient error is similar in all the turbakce model the last still remains
the best turbulence model which fits both the goeft.

Table 4.4: Number of simulation, Turbulence modeldrag and lift coefficient with their error from the
experimental data

RUN TBL MOD Cq %err C %err

022 K-¢ all y+ 0.5410 -6.7241 0.3010 -31.5909
034 K€ low y+ 0.5606 -3.3448 0.4183 -4,9318§
035 K- SST 0.5319 -8.2931 0.3142 -28.5909
036 Spalart-Allmaras 0.5622 -3.0690 0.3092 -29.7273
043 RSM 0.5100 -12.0690 0.3430 -22.0455

In order to complete the comparison with experirmeand numerical
data in Figure 4.12 in the following page are iitated the values of pressure
coefficient; in each image is plotted also the expental data and the sequence
of the images follows the line of the Table 4.4.

In order not to create misunderstanding in the eedlde convention of
the direction theta is illustrated in the figurddve, Figure 4.11.

_— 275

ical 1 (m)

5.0232

3.7688

25145

1.2602

0.0058532

b

Figure 4.11: Direction tangential coordinate
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Figure 4.12: Pressure Coefficient in centreline Fna top to bottom: K-¢ all y+, K-¢ low y+, K-o SST, Spalart-
Allmaras, Reynolds stress model

The first plot, the K¢ all y + is what anticipated in the previous settio
the author has decided to put it in, in order &dréhe plot from the turbulence
model side, since the grid sensitivity is almostngparent. The difference
between the changing of wall treatment is visilviethe first part of the plot
where a non constant trend in captured; this triestmilar qualitatively, but not
guantitatively with the one described by experirmémtata. By contrast, the
inferior peak of the pressure coefficient is lowespect of the other, maybe
caused by the fully resolution of viscous sublayer.

The K-w SST has the closest value of the mentioned pedladall the
turbulence model investigated, his location is kgash respect of the real
location.

Although Spalart-Allmaras is the only one equatimaodel investigated,
and it isn't recommended for this kind of simulatiohis behaviour is
comparable with the other two equation model, d@afigdor the K- ¢ all y+,
with the advantage of less computational efforts.
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Also Reynolds stress model seems, from this plot,pnovide the right
behaviour where the other model can’t, while whitre trend is captured it
provide a better solution.

In conclusion, no turbulence model can catch tleadrseen in the
inferior part of the wheel downstream, in other egthe trend in the last part of
the plot results almost constant for all the pleteninvestigated.

In Figure 4.13 is illustrated the turbulent visd¢gsiatio, i.e. the ratio
between the turbulent viscosity and the dynamicosgy: each figure has the
same range scale in order to get easier to therd¢hd comparison between the
turbulence models. This parameter well explain tiosvturbulent model affects
the solution in the flow: the turbulent viscositg the link between the
momentum continuity and the one or two equatioas$ tlescribe the Reynolds
stress tensor; for the Reynolds stress model, thbulent viscosity is
determined using the half trace of the tensorfitsi?dided with the dissipation
rate.

The most macroscopic difference regard the secgodef, K€ low y+,
respect the other: its thickness decade rapidlyndtneam, and the high values
of turbulent viscosity is concentrate in the loyert. The Ke model, both wall
treatment, are the models with the highest valueirdiulent viscosity, while the
K-o SST, has comparable gradient near the wall withnBles Stress model
and far downstream in the upper part is companaiile K-¢ one; this confirms
how the scheme was built: a&kmodel away from the wall and a k- model
near the wall.

Spalart-Allmaras has smoother gradient near thettgrad, especially in
the zone near contact patch. The distribution diulent viscosity in the upper
part is more similar to the K-all y+ and it increases moving downstream,
witnessed the high diffusivity of the one equatszheme.

Finally, Reynolds Stress model presents similaotK-¢ low y+ in the
very first upper part, while in centreline the sheasmoother as k. The
presence of the ground is higher felt by the Wodels.
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L Turbulent Viscosity Ratio
Y X 0.0000 800.00 1600.0 2400.0 3200.0 4000.0

L Turbulent Viscosity Ratio
Y X 0.0000 800.00 1600.0 2400.0 3200.0 4000.0

Figure 4.13: Contour turbulent viscosity ratio. From top to bottom: K-¢ all y+, K-¢ low y+, K- SST, Spalart-
Allmaras, Reynolds stress model

Turbulent viscosity ratio is determined by two mantributions: the
turbulent kinetic energy and the turbulent dissgratate. Next figures show for
each turbulence model, with the only exceptionhaf $palart Allmaras model,
the turbulent kinetic energy first and turbulengsipation then, using for each
models the same range scale, in order to get tmepaason clearly. By
investigating this type of values, the aim of timhar is to identify which of the
two values has more weight respect to the otheaah part of the flow field.
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I Turbulent Dissipation Rate (mA2/sN3)
Y 1.0000 1000.8 2000.6 3000.4 4000.2 5000.0

Figure 4.14: Contour turbulent kinetic energy (top)and turbulent dissipation rate (bottom) for the K< all y+.

Figure 4.14 illustrate the K-all y+ turbulence model. A very important
part of dissipation spreads throughout the cemietif the flow field: also an
elevated value of turbulent kinetic energy is di@red and this holds the value
of turbulent viscosity almost constant in the vergt part leaving the upper of
the tyre. When moving downstream the value of datson fades, while the
shear of the kinetic energy stands almost conssauut,this leads to an increase
of the turbulent viscosity, (the reader should rervber the turbulent viscosity is
the ratio between the square of turbulent kinetiergy to the turbulent
dissipation rate), especially in the part closesthe edge of the shear. This is
one of the reasons why the upper wake, using ¥pis of turbulence model,
diffuses more downstream.
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0.0000 4.0000

Mean of Turbulent Kinetic Energy (J/kg)
12.000 20.000

f Turbulent Dissipation Rate (mA2/sA3)
ki 1.0000 1000.8 2000.6 3000.4

4000.2 5000.0

Figure 4.15: Contour turbulent kinetic energy (top)and turbulent dissipation rate (bottom) for the K- low y+.

Changing only, and the author desires to streissitiportant aspect,
wall treatment, Figure 4.15 illustrates the samatmar for the Ke low y+
turbulence model. One of the first observations tdmenes up is the density of
the contour of the turbulent kinetic energy, whishans the extremely variation
moving downstream of the one of the leading actorthe prediction of the
velocity itself. A core of high value of turbulekinetic energy is placed near of
the ground in a position, as next figures showwmmch the lower tyre wake
seems to affect the flow no more. As concerns thgeu spot presents in the
Figure 4.14 and, to announce a result in advancend in all the next
turbulence model here there isn't no evidence ,afatit can be argue that this
type of feature could be cause by the wall treatnteslf. The rapid decay of
both values obliges the wake not to diffuse moamttine other value.

Continuing the investigation of the rapid decaytled upper tyre wake,
Figure 4.16 sets in comparison the turbulent d&gp rate on the tyre tread for
this two cases, using a top view a the same racaje.s
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Turbulent Dissipation Rate (mA2/sA3)
1.0000e+05 2.0000e+05 3.0000e+05 4.0000e+05 5.0000e+05

N

Turbulent Dissipation Rate (mA2/sA3)
X 1.0000 1.0000e+05 2.0000e+05 3.0000e+05 4.0000e+05 5.0000e+05

Figure 4.16: Top view of turbulent dissipation ratefor the K-¢ all y+ (top) and K-¢ low y+ (bottom).

Moving in streamwise direction, it is clear to @@ zone with elevated
turbulent dissipation rate in the K-all y+ just before the separation while in the
K-¢ low y+ doesn’'t appear. This widely distribution wélues on the tread,
brings to a uniform value close to the unity. Hoe bther wall treatment, the
values hasn't this type of distribution and, itdueais more far than the unity.
Considering the fact turbulent dissipation ratenigersely proportional to the
turbulent viscosity, this means that for the sanadue of turbulent kinetic
energy, the turbulent viscosity for the all y+ waltatment will be higher than
the one for the low y+ wall treatment. As concdra zone with high turbulent
dissipation rate, the author argues it can be addreby the calculation of the
normal to the tread.

Another important result to highlight is the thiges of the turbulent
dissipation rate presents in the right side oftyine, side that corresponds to the
first values of the pressure coefficients plotsthated in the previous pages,
where a not constant trend is found. Unlike all dbiger turbulence models, the
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imposing to resolve all the viscous sublayer, woetave the choice of the wall
treatment to the CFD code, provides a differentugabf the turbulent
dissipation, moving from the 0, always using thevamtion of Figure 4.11, to
almost n/2 near the separation point. Since the turbulessightion rate
influences the value of the velocity found, thehaatargues this might be the
cause of the different value of pressure coefficranving on the centreline of
the tyre track.

b Turbulent Dissipation Rate 3 (mA2/sA3) —
b2 1.0000 1000.8 2000.6 3000.4 4000.2 5000.0
Figure 4.17: Contour turbulent kinetic energy (top)and turbulent dissipation rate (bottom) for the K- SST

Figure 4.17 represents the contour of the samentigies illustrated
above for the Ko SST turbulence model. As said before, this turedemodel
isn’t the original Keo, but an hybrid model between &away the wall and Ks
near the wall and this is reflected in the simiias with Figure 4.14 especially
in the core of high turbulent viscosity in the uppart of the wake and in the
middle as also the high turbulent viscosity difusdownstream.

In the region between the ground and the tyre,véidae of turbulent
kinetic energy has a smoother shear respect tokatmodel: this is the reason
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why turbulent viscosity plot illustrated in the preus pages presents for the
K-o SST model a smoother shear in the same zone.

" Mean of Turbulent Kinetic Energy (J/kg)
12.000 16.

4.0000 8.0000 20.000

Mean of Turbulent Dissipation Rate ( (ﬁ?%/\?)
8 2000.6 3000.4 4000.2

1.0000 1000.

D
Figure 4.18: Contour turbulent kinetic energy (top)and turbulent dissipation rate (bottom) for Reynolls stress
model

Finally figure 4.18 refers to the Reynolds Stressdel. One important
aspect is the turbulent kinetic energy, computethasalf trace of the Reynolds
stress tensor provides a lower value than usingaation that models this
important property of a turbulent flow; in additiathe turbulent dissipation rate
spreads out less than the other models, althowggkdhation is almost the same
from numerical point of view, but the values thahtibute to calculate it come
from different approximations.

As concern the behaviour of the turbulent dissgmatrate, this
turbulence model seems to find a better agreeméhtkvew SST one, with the
exception of the big shear describing the separatiaghe upper part of the tyre
that results more smooth and with a more rapidyleca
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In conclusion, the most macroscopic differences eaused by the
changing in the wall treatment; the choice of fiegture may influence all the
turbulent viscosity, so it influences heavily thedocity field.

Mean of Velocity (i) (m/s)
0.0000 4.5851 9.1701 13.755 18.340 22.925

Mean of Velocity (i (m/s)
9.8720 14.808

©

Mean of Velocify(l) (m/s)
9.2427 18.485 23.107

[ "D D

46214
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f = Mean of Velocity() (m/s)
\4 0.0000 4.6190 9.2379 13.857 18.476 23.095

(o,
f Mean of Velocity (i) (m/s)
4 0.0000 4.7319 9.4638 14.196

Figure 4.19: Contour mean positive streamwise vel@g. From top to bottom: K-¢ all y+, K-g low y+, K- SST,
Spalart-Allmaras, Reynolds stress model

18.928 23.659

As mentioned before, in order to understand howdlszalar quantities
affect the values of velocity, the Figure 4.19 twe contour of the mean positive
streamwise velocity for each turbulence model.

The distribution of turbulent viscosity is immedahbt related with the
distribution of the mean streamwise velocity. Thg 8iffusion and the high
variation of turbulent viscosity in the middle letxcreate two separated vortex
for the K¢ all y+, instead of a unique reversed flow zonealbthe other models
provide. The presence of elevatgchear wall for both Ke models causes the
lower reversed zone to be wider.

It's important to observe that different choicetafbulence model, with
different result ofv; provide different length and height of the wakethaut
using any kind of approximation in the near walgiom the wake become
smaller downstream as the region of turbulent \@ggodbecome smaller; the
opposite is seen for the other type of turbulenceleh Since the K-low y+ is
the only one with an error to the lift coefficidass than 5%, instead of an error



Results

for the other models of about 30%, the author sspgdhat the reason could be
searched in this type of difference.

It's also worth to note how the upper shear of &pahlimaras and Ke
all y+ are comparable.

In order to describe better the structure of the teuple of contra-
rotating vortex which leave the tread the figunesf 4.20 to 4.24 describe the
contour of the mean positive streamwise velocityfiontal view at three
different station streamwise: 0.5, 0.75 and 1 diemeAs other author
discovered, the K-model is a very robust turbulence model: in faacdesn’t
affect the asymmetry of the refinement box, while other does. The difference
in spanwise direction of the refinement box is mevéent at x = 0.75D in
direction streamwise; it is important to note thia@ external contour remain
almost the same. The increasing in spanwise ofdfisement box makes an
increasing in the shear, as it can be evident edpeéor the Reynolds stress
model and Ke» SST.

To link with what illustrated before, the low valoéturbulent viscosity,
viewing the flow frontwise, is transformed in atlét diameter of the upper
vortex, as the K low y+ shows; this is comparable with what foursing
Reynolds stress model.

The two vortex generated by the contact patch, weible in the first of
each image, are well highlighted by theeskSST and the Spalart-Allmaras with
a bigger height respect to &and Reynolds stress model. Its interaction with th
lower vortex of the wheel contributes to make ts ider.
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L Mean of Velocity (i) (m/s)
Y 12.892

0.0000 4.2972 8.5944 17.189 21.486

Mean of Velocity(i) (m/s)

0.0000 4.2343 8.4686 12.703 16.937 21.171

Mean of Velocity(i) (m/s)
0.0000 4.2004 8.4008 12.601 16.802 21.002

Figure 4.20: Contour mean positive streamwise veldy for K- g all y+. From top to bottom: x = 0.5D, x = 0.75D,
x=1D
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Mean of Velocity(i) (m/s)

8.6792

Mean of Velocity(i) (m/s)
Y 0.0000 4.2290 8.4579 12.687 16.916 21.145

Mean of Velocity(i) (m/s)
0.0000 4.1576 8.3151 12.473 16.630 20.788

Figure 4.21: Contour mean positive streamwise veldy for K- £ low y+. From top to bottom: x = 0.5D, x = 0.75D,
x=1D
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Mean of Velocity(i) (m/s)

8.5850 12.877

I Mean of Velocity (i) (m/s)
4 0.0000 4.2568 8.5136 12.770 17.027 21.284

Mean of Velocity(i) (m/s)
0.0000 4.2171 8.4342 12651 16.868 21.085

Figure 4.22: Contour mean positive streamwise veldy for K- @ SST. From top to bottom: x = 0.5D , x = 0.75D,
x=1D
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Mean of Velocity(i) (m/s)
4.3239 8.6478 12.972

Mean of Velocity(i) (m/s)
8.4789 12.718

Mean of Velocity(i) (m/s)
0.0000 4.1766 8.3532 12.530 16.706 20.883

Figure 4.23: Contour mean positive streamwise veldy for Spalart-Allmaras. From top to bottom: x = 0.5D,
Xx=0.75D, x=1D
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Mean of Velocity(i) (m/s)
0.0000 4.2545 8.5090 12.764

17.018 21.273

12.598

o Mean of Velocity (i) (m/s)
0.0000 4.1618 8.3235 12.485 16.647 20.809

Figure 4.24: Contour mean positive streamwise veldy for Reynolds stress model. From top to bottomx = 0.5D,
x=0.75D, x = 1D
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4.4 Unsteady simulation

Finally, in this section is illustrated the two &pf simulation in which
the implicit unsteady (URANS) was applied, for seme mesh. The first is a
result starting from a steady solution, and it $edi the one at this moment
provides the best value in term on lift coefficiemd drag coefficient. In other
words it was used the result of the simulation nent84, using low y+. The
latter is a solution using only the initializatiohthe flow field.

As it can be highlight by Table 4.5, the valuesicfg and lift coefficient
are substantially similar, with slightly improventeas regard the steady restart,
as the one found in steady solution; basing onti Wiis data, it could be useful
once got a reliable solution in steady conditianske a refinement simulation
in unsteady conditions, in order to make the soiutiolser to the experimental
evidence.

Table 4.5: Number of simulation, drag and lift coeficient with their error from the experimental data

RUN Cd Y%err Cl Y%err
038 steady restart 0.5614 -3.3214 0.4201 -4.5227
039 no steady restart  0.5585  -3.7068 0.4178 -5.0454

In order to follow the same path developed in there chapter, Figure
4.25 in next page illustrates the pressure coefiicin centreline as a function of
tangential coordinate theta for both the simulation

It is important to underline that the trend captufeom the steady
simulation is preserved using it as steady regpaittjts peak values in the very
first part of the plot have a less amplitude, wiile behaviour corresponding to
the lower part downstream of the tread isn't alsis time well captured. As
regard the unsteady simulation with an only init@ion of the fluid the
pressure coefficient plot is very similar to theeagty one without any
improvement as concern the force coefficient.
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In Figure 4.26 is illustrated the values of tudmil viscosity ratio: the
simulation with steady restart decays slower resgecother one, which is very
similar respect the steady simulation, confirmingttier what found in the
pressure coefficient plot.

In Figure 4.27 the contour of turbulent kineticesgy is described; as
anticipated from the previous images, there igghy increasing of the values
in the simulation with steady restart which it eéflected in a finer gradient of
the values, especially in the upper part of theevdlhe computational adding
efforts seems not to provide a sensible improvagpecially from the fact that
only the simulation with steady restart allows ttasult.

Figure 4.25: Pressure Coefficient in centreline uisady simulation with steady restart (Top); unsteagt simulation
without steady restart (Bottom)
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In conclusion, the unsteady simulation can proadeetter solution only when it
is used after being obtained a steady solutiontl@dmprovements don’t worth
the computational efforts.

. Se— PR———
&2‘ 0.0000 800.00 1600.0 2400.0 3200.0 4000.0

Figure 4.26: Contour of Turbulent viscosity ratio uinsteady simulation with steady restart (Top); unstady
simulation without steady restart (Bottom)
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Y X

Figure 4.27: Contour of Turbulent kinetic energy ursteady simulation with steady restart (Top); unstedy
simulation without steady restart (Bottom)
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4.5 Flow features

The aim of this section is to illustrate the shapé¢he wake in order to
provide a contribution to understand better thigaathat, although it is
investigated by several authors for several timd, gresents difficulty and
obscure sides. The case used for this kind of deriion is the best case in
terms of error to the aerodynamic coefficient.

In Figure 4.28 shows the isosurface of the lambdaitrion; this kind
of parameter delimits the surface of vorticity drest illustrates the shape of the
vortex.

—e

S — e T
Figure 4.28: Isosurface of lambda 2 criterion for teady simulation for K-g low y+

As concern the upper separation region the profikbe separated flows
forms a couple of vortices, as anticipated of tbateur of mean streamwise
velocity of Figure 4.20 to 4.24; as also anticiplaby the same figure, the upper
vortex decays more rapidly than the lower vortexastream; this supported
the Saddigton [22] theory of the two couple of cantotating vortices, for a
length of 1 diameter in streamwise direction, thetomes only the lower couple
moving downstream.

As concern the lower separation, the two coupléngitudinal contra
rotating vortex spreading widely downstream. Infing part of the streamwise
direction is possible to see that this kind of ggrhas a bigger diameter, also
easy to verify in the contour of mean streamwideaity; the author argues that
this increase of the diameter is due by the coumtiobh given by the contact
patch seen in the Figure 4.29; its contributionagscrapidly and the lower
vortex changes abruptly the diameter.
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It is also important to note that the shape of tme may give a
contribute to the upper vortex; in the latest twguife two vortices leaving the
rim seem to provide another couple of vortex setrdto the upper separation.
The rim vortex is seen in every front mean velogiigualization as the lower
lobe presented in the upper contour. The simulatith flow separation on the
rim, i.e. turbulent suppression for the first 288rh the stagnation point, is the
only without this kind of lobe in the upper vortex.

Streamwise velocity profile

In this subsection the profile of streamwise velos plotted as function
of the coordinate z; these plot has the aim toalize the reversed flow zone
caused by the tyre. For each streamwise statienyeéfocity profile of all the
turbulence models and also the unsteady simulatwasplotted, in order to
illustrate how the wake behaves changing turbulenodel or switching from
steady to unsteady simulation.
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osition[z] (m)

Mean of Velocityfil (m/s)

OVi@x=03D

Figure 4.30: Mean positive streamwise velocity asifiction of z at x=0.35D. From top to bottom: Ke all y+, K-¢
low y+, K-o SST, Spalart-Allmaras, Reynolds stress model unstdy with steady restart, unsteady without steady
restart

The first Figure, 4.30, are the profiles takeneémtceline at a streamwise
location of 0.35D; the sequence of the plot refideithfully the order used to
present the results in this chapter, as also alh#xt figures.

Common features of every plot in this figure are tep in the upper
part of the profile, approximately at 1D in heiglppsition where the shear
velocity profile is affected also by the rotatiohtlee tyre, and the reversed flow
occurs in the contact patch. The step are smodtindf-¢ low y+ and Spalart
Allmaras, while is sharp for the others.
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Vi@x=0.5D

"%

Position(Z] (m)
LS

s 4 3 2 -1 o 1 2 3 4 H 3 7 3 9 10 11 12 13 14 15 1 17 18  1s 20 21 22
Mean of Velociylil (m/s)

Qv @x=05D

Figure 4.31: Mean positive streamwise velocity asifiction of z at x=0.5D . From top to bottom: Ke all y+, K-¢
low y+, K-o SST, Spalart-Allmaras, Reynolds stress model, uresidy with steady restart, unsteady without steady
restart

Figure 4.31, are the profiles taken in centreliha atreamwise location
of 0.5D. It is important to emphasize that the upeeirculation has two lobes;
K-¢ low y+ is the only one that presents a positivefilg for the smaller one
and more close to the center. His peak negativgevial down respect the other
and this led to a shorter wake respect the other.

As regard the lower recirculation, Klow y+ presents the most constant
profile, while the others present a sharp adveradignt near ground.

As previous, unsteady simulation doesn’t providesgge improvement.
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Vi@x=075D
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Figure 4.32: Mean positive streamwise velocity asifiction of z at x=0.75D . From top to bottom: Ke all y+, K-¢
low y+, K-o SST, Spalart-Allmaras, Reynolds stress model, uresidy with steady restart, unsteady without

unsteady restart

Figure, 4.32, are the profiles taken in centreih@a streamwise location
of 0.75D. The shape are very similar, apart frora e low y+ and the
unsteady simulations; all the plot presents an atrpeak negative value.

By the contrary, the upper vortex is different ofiag turbulence model,
sharp or rounded, changing turbulence model.
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Figure 4.33: Mean positive streamwise velocity asifiction of z at x=1D. From top to bottom: K all y+, K-¢ low
y+, K-o SST, Spalart-Allmaras, Reynolds stress model, uresidy with steady restart, unsteady without unsteady
restart

Figure, 4.33, are the profiles taken in centreih@ streamwise location
of 1D. It can be seen as some profile have shaeprsis Ke all y+, Spalart-
Allmaras, or rounded for K-low y+ and Reynolds Stress Model.

The lower part is different for every type of moddbice, but although

the tyre is relatively away, it can be seen parteversed flow, witnessed the
fact that the wake isn’t vanished yet.
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Conclusions

The present work deals with an investigation of tleev around an
isolated tyre using CFD commercial code and anrucired mesh to describe
the domain. In order to compare the numerical teswith experimental data,
the B2 Fackrell's wheel has been used, due to theuat of reliable data
available for it. The first part of the job wasaohieve a meshing setup as most
insensitive as possible, with the lowest numberaiis. The second part was the
identification of the best turbulence model, walinétion or turbulent
suppression, which matches the experimental dajaecally regarding the
centerline pressure distribution. The unsteady Etimn — with and without a
steady restart — has been executed in order t@\wselsiome improvements. In
the end, a new model for the tyre wake was prederttegether with the
streamwise velocity distribution in some downstresiations.

5.1 Meshing conclusions

The problem of estimating the lift coefficient withh good level of
accuracy is exacerbated by the wrong identificatbdnthe separation point
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position: the CFD code predicts the separation douo earlier than in the

reality. The calculation of the drag coefficientumed acceptable values when
using a different ratio of elements on the ground an the tyre (respectively

1:2); raising this ratio, in order to resolve prdpehe viscous sublayer on the
tyre, led to problems of wide fluctuations and lsadvergence.

Concerning the convergence, the residuals plot ghatthe finest mesh
has drastically reduced fluctuations, led to mareeatable results in term of
force coefficient and allowed a quicker convergetoeeards a constant value.

The use of double the number of prisms on the Witk respect to the
discretisation of the ground allows to better reedhe part of the flow closely
surrounding the tyre, and led to a smoother velqmibfile; the upper vortex —
detaching from the tyre — results more squeezedjube same number of prism
on the ground and it diffuses more in the flowdiel

The pressure distribution on the centerline isfi&c by the variation of
meshing parameters in a sensible way, and it fieeshilownstream with respect
to the experimental data.

5.2 Turbulence models conclusions

Before investigating the most famous turbulence etotehavior, two
simulations using turbulence suppression have b&enuted, according to the
observations made by Fackrell in his job: the fgishulation, uses turbulence
suppression for the first 20°, while the second/@nés separation for occurring
in the first 80°, measured from the stagnation pole results of the first
analysis present different values of lift and dragefficient, due to the
separation occurring in the wheel rim; the secantiation presents the same
trend of the aforementioned results. Regardingulecity profile, the shear
leaving the tyre tread in the first simulation igtter than in the second case,
and the value of turbulent viscosity ratio has akpehis in turn led to a higher
vertical dimension in the lower vortex. In the &iorentioned simulation, due to
the separation occurring on the rim, the shapehefvielocity shear becomes
different from all the other simulations; this isckoned by the author a non-
physical result, since the Fackrell's jetting ph@ema isn’t present, in contrast
with what occurs in the other simulations, not omlythis work, but also in the
literature.

The use of turbulence suppression involves a remuat the production
of turbulent kinetic energy, which in turn caushke tapid decay of the vortex
and the less diffusivity in the flow field, as wéssed by the contour of stream
velocity profile.

Additional simulations are executed, by keepingrtteshing parameters
frozen and changing turbulence models. From thelteest is evident how all
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the turbulence models used, representative oftdrelard used in the industrial
environment, underestimate the main coefficienttaste, lift and drag. The
model which produces results closest to the exparial data is Ke low y +,
with an error respect lift coefficient of the saoreler of magnitude as the drag
coefficient.

An analysis of the pressure coefficient in the caimte shows evidently
how fully resolving the viscous sublayer allows feecondary trend to be
captured, but the separation point occurs alwayendtseam and the K- SST
presents the closest value with respect to therewpatal data. Surprisingly, the
Spalart-Allmaras model produces results comparableterms of force
coefficient and pressure distribution to those afwa-equations model, with
remarkable savings in terms of computational effariother important result is
that no turbulence model, from the easy one-equédipalart-Allmaras to the
complete Reynolds Stress Model, is able to desaupeectly the behaviour of
the pressure in the bottom part of the tread lacdtavnstream.

Investigating how the turbulence model affects tlosv field allows
drawing some considerations. The difference innthk treatment is reflected in
the smaller thickness of the turbulent viscous dayéhich leads to an upper
vortex less diffused on the flow. The &Kmodel, with both wall treatment,
presents the highest value of turbulent viscosityje the K& SST model has
gradients near the wall comparable to those oldai¢éh the Reynolds Stress
model; far downstream, in the upper part, the tesare is comparable with -
one. This confirms how the model was built: & Kiodel away from the wall
and a Keo model near the wall. Spalart-Allmaras method masather gradient
near the tyre tread, especially in the zone neatact patch. The distribution of
turbulent viscosity in the upper part is more sanilo the Ke all y+, and the
thickness of the turbulent region increases modognstream, witnessing the
high diffusivity of the single-equation scheme. tlme end, Reynolds Stress
model presents similarity to K{iow y+ in the very first upper part, while close
to the centreline the shear is smoother as wittKthemethod. The presence of
the ground is better captured by the Krodels.

Inquiring deeply, therefore studying the main astof the modelling
equations, turbulent kinetic energy and turbulessigation rate, it is found that
the high level of both values holds the turbulgstesity almost constant in the
very first part of the upper flow stream, for iretbase of the K-all y+ model.
Moving downstream, the dissipation value fades,levtiie shear of the kinetic
energy remains almost constant, and this leads tm@ease of the turbulent
viscosity, as seen before. Changing only the walhttment translates in a
relevant variation of the turbulent kinetic energfile the core seen in the K-
all y+ model in the upper region can be attributedthe particular wall
treatment used. The reason of the rapid decayeofipper tyre wake is found in
the values of turbulent dissipation rate on theettread, smooth in the low y+,
and sharp in all y+. Ke SST model foresees, in the region between thengrou
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and the tyre, a smoother shear of turbulent kirextergy with respect to both K-
¢ models, leading to turbulent viscosity a smootbleear in the same zone.
Regarding the Reynolds Stress model, the turbulisstpation rate spreads out
less than the other models due to the way it isutatled; its behaviour is similar
to the K& SST one, with the exception of the big shear dasg the
separation in the upper part of the tyre, whicm@e smooth and with a more
rapid decay.

Considering all the observations drawn, the usilbf resolved viscous
sub-layer is the most sensitive and upgrading oldmaf this work identifies.

From the contour of streamline velocity at the edinte, it is evident
how the big diffusion and the high variation ofldulent viscosity in the middle
created two separated vortex for thes Kl y+, instead of a unique reversed
flow zone, as all the other models provide; higluga ofv; near wall for both
K-¢ models cause the lower reversed zone to be widbrrespect to the other
models. The lower wake becomes smaller downstresatinearegion of turbulent
viscosity shrinks when no wall law is applied.dtsignificant to note how upper
shears calculated with Spalart-Allmaras and &} y+ methods are comparable.

From the flow visualization in spanwise directittrgan be seen that K-
models are very robust and insensitive to the asstmynin spanwise direction;
the others presents a smoother shear, withoutngtkie form of the wake.

The vortices generated by the contact patch arehighlighted by the
K-o SST and the Spalart-Allmaras method, with a bidgeght with respect to
K-¢ and Reynolds Stress Model and the interaction thi¢hlower vortex of the
wheel contributes to make the latter wider.

The contribution given by the unsteady simulatisrimited if a steady
solution is used as initial condition, and becomearly non-existent in the case
of flow initialization.

Investigation of the tyre wake describes two pafscontra-rotating
vortices: the upper, affected only by the strearawiglocity, decays more
rapidly than the lower, also due to the presencehef ground plane that
energizes the vortex, and to the interaction witd tontact patch. Also the
shape of the rim can influence the width of thedowair of vortices.

53 Further recommendations

For the next investigations, the author suggestssw another type of
initialization: it could be useful to start a simtibn using the results of a
potential code, analysing the flow on the body andhe ground.

Since the best achievements in obtaining closewltreto the
experimental evidence are due to the changing lhtreatment, it is interesting
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to change the wall treatment in the simulationdvitrbulence model different
from the K€ one.

In the end, a more in-depth study of the shapé@tcontact patch could
be executed, by modifying it in order to make ibsdr to the reality. A
possibility is — for instance — to use the resafta FE structural analysis of the
contact between the tyre and the ground planedardo make the simulation as
close as possible to the reality.
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