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Abstract

Heavy goods vehicles (HGVs) are extensively used in the UK transport sector, and an-ever
increasing volume of traffic on the roads has led to an increase in total fuel consumption.
Over the years, different strategies have been employed in the design of HGVs including
shape changes or use of addn devices at various positions. More recently, a popular option
has been to change the traditional rectanguldongitudinal sectional shapeof typical HGVs
and to modify the over-body shape with curvature. However, there is no clear guidance on
how to do this effectively and the variety of approaches seen on the roads suggests that
there are no universally accepted design rules. Furthermorejost aerodynamics studies in
the literature focus primarily on minimising drag; far too little attention has been paid to
enhance stability, handling and safety operation due to shape changes, especially due to side
winds or gudts. The purpose of this workis to address these issues using Computational

Fluid Dynamics (CFD) simulationsvith aerodynamic shape optimisation.

A simplified generic HGV, the Ground Transportation System (GTS), is investigated in this
thesis because it closely resembles a typical Eapean HGV and there is an abundance of
high-quality experimental data available. A rigorous verification and validation study using
the commercial CFD package, ANSYS Fluent, found agreementithin 15% between
experiments and the numerical results. Follwing this, an aerodynamic shape optimisation
study was formulated. The shape of the ovdbody profile was parameterised using a 8
order polynomial with three design variables determining the shape of the vehicle, namely,
the height of the base region,hite angle of the trailing edge of the roof and the radius of
curvature of the longitudinal roof edges. Using a 12point Design of Experiments (DoE)
approachh EEECEAT EOU #&% OEI Ol AGETI T O xAOA AAOOEAA
These angks were determined from analysis of a typical Leedsondon-Leeds motorway

journey.

Moving Least Squares (MLS) metamodels were used in conjunction with Genetic Algorithms
(GAs) and gradientbased techniques to identify optimum HGV designs. Results show tlza

minimum-drag design can accomplish drag reduction of around 40% compared to a

I £ v ET AOAAOGET ¢ O ocubPh AO y 8aWAraghAOO
improvement, compared to the baseline anaveathercockOOAAET EOQU EO AAOx AA
xT OOAh &£ O v ~ AT AHowever, thd réBuctioA i lveatbehcOdR dtabifnE O AT U ¢

compared to the baseline design, naturally leads to better direicinal stability and road

holding capability. The height of the base of the vehicle is the dominant design parameter



with small values leading to improved drag but large values inducing greater weathercock

stability due to increased rear side area. From tki design guidelines are proposed.
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1 :Introduction

This chapter introduces the general subject area of heavy goods vehicles with an overview
of their purpose,design characteristics and energy considerations. In addition, the concept
of the curved overbody design is briefly described with related gaps in knowledge in the
literature highlighted. This is the basis of the major research question to be addressed in
the thesis as a whole which forms the aims and objectives. These and the thesis structure

are described before relevant literature is explored in chapters 2 and 3.

1.1 Energy Efficiency, Transport and the Environment

In the past 20 years fuel costs have ineased within the UK sdhe need to improve Heavy

Goods Vehicle (HGV) design to decrease fuel consumption is becoming ever more crucial.
4EA AAOT AUT AT EA DPAOAI Ol ATAA T &£ (680 EO T1TA
vehicle design which should be improved in order to reducéhe amount of fuel consumed

and to realise significant reductions ingreenhousegases. For example, &ractor-trailer

weighing 36 tons and moving at a speed of 105 km/h consumes about 21% of its fuel due

to aerodynamic losses, with 60% attributable to themal efficiency of the enging13% due

to rolling resistance and other lossegepresenting 6% (Choi et al., 2014)

Many research studies have investigated the aerodynamic performance of HGVs with a
focus on the structure of the flow field to eplain the mechanisms whichgenerate the
aerodynamic forces, especially dragChoi et al., 2014) These are very important to allow
substantial reductions in aerodynamic drag, to save energy and decrease faehsumption.

As an illustration, in the example above it is feasible to save about 4% in fuel if aerodynamic
drag can be reduced by 20%Choi et al., 2014) Although such reductions may seem
ambitious, it is clear that design improvements will have a beneficial impact both

economically and environmentally.

In 2018, transport in the UK accounted fo27% of all carbon dioxide emissions which was
equivalent to 121.4 million tonnes (MtXPenistone, 2019) This was greater than the second
largest sector, energy supply (2%). Fig.1.1 shows the breakdown of the major sources of

total UK greenhouse gas emissions in 2017.



Transport
27% Business
17%
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Waste
management
4%
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24%

Fig.1.1. Domestic Road Freight Statistics, Unitedingdom 2017 (Penistone, 2018)

In 2018, UK net emissions of GQvere provisionally estimated to be 364.1 Mt, 2.4% lower
than the 2017 figure of 373.2 Mt. An important point is that Cis the mog abundant
greenhouse gas, accounting for 81% of total UK greenhouse gas emissions. Observing the
trends over a long period, provisional estimates suggest that in 2018, total UK greenhouse
gas emissions were 43.5% lower than in 1990 and 2.5% lower than 201 This shows the
long-term benefits of reducing emissions across all sectors with advances in understanding
and technology. These trends are clearer iRig.1.2 and it is encouraging to see that the rate

of decrease in emissions is greater in the last decade in particular.

2017-2018 1990-2018

1,000 7 % change % change
Total greenhouse

p g 800 - gas emissions 449
o 2 600
_g g 400 - CO, emissions
[T !
oW Decrease in the use of coal for 364 P
6 E 200 1 electricity generation led to reduced MtCO-e Car_ho_n dioxide

] i 2 emissions

0 emissions

1990 1995 ZObO 2605 261 0 20I1 5
Fig.1.2. lllustration of the reduction on energy demand in the UK, since 1990

(Penistone, 2019)

Despite the overall improvement, the actual reduction in transport emissions is
comparatively modest with energy reduction in this sector of only 3.2% in 2018, compared
to 1990. The largest reductions since 1990 are due to efficiency improvements in the
business, public and energy sectors, seeig. 1.3. The vast majority of emissions from
transport are due to road transport; rail contributes comparativelylittle . Nevertheless, the

3.2% decrease in transport C®emissions from 1990 to 2018 ha been achieved by

-2-



improvements in fuel efficiency of modern vehicles and lower traffic growtlas a result of a

dip following the 2008/2009 recession.

2017-2018 1990-2018
% change % change

Energy supply

(including power sector) l 7% lv 59%
Business 0 0% ~.» %
Transport 1 3% l 3%
Public T % B 9%

For the sectors not included here, provisional COz estimates for
2018 cannot be made as they cannot be derived from the energy
statistics. Final 2018 estimates for all sectors will be published in
February 2020, which will include total emissions by sector.

Fig.1.3. Comparison of the change in energgonsumption in five sectors in the UK over
two time periods (Penistone, 2019)

Looking to the future, the UK has domestic targets for reducing greenhouse gas emissions

under the Climate Change Act 2008, which established a lorigrm legally-binding

framework to reduce greenhouse gas emissions, committing the UK to reducing emissions

by at least 80 per cent below 1990 baselines by 2050, with an interim target to reduce
greenhouse gas emigens by at least 34 per cent compared to the 1990 baseline by 2020.
Therefore, in the context of this thesis, identifying design improvements to reduce transport
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1.2 Heavy Goods Vehicles
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sector was approximately 2.6 million in 2018, contributing £12 billion to the UK economy

in 2017 as the Annual Business Survey showdBfT, 2019). Fig.1.4 shows some key figures
resulting from the UK freight sector based on Domestic Road Freighia8stics (DfT, 2019).

It can be seen that in the UK, in 2018, goods lifted, goods moved and vehicle kilometres
OOAOGAT 1 A créaded Hy 1%, 8%and 1%, respectively, compared to 2017. In terms

of raw figures, 1.41 billion tonnes of goods were lifted on journeys coverin§8.7 billion

vehicle kilometres.



Compared to 2017

Goods 1.41 M1

Lifted

billion tonnes of goods

lifted

] B
- @ billion tonne kilometres

of goods moved

18.7

0
billion vehicle kilometres * 1 /0

travelled
Fig.1.4. Domestic R@d Freight Statistics, United Kingdom 2018DfT, 2019).
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difference in the shape of the tractor unit which pulls the trailer behind it; American trucks

have a longer tractor unit with the engine situatd at the front, whereas European semi

trucks have a more compact bluff shape. The main reason for this difference is that HGV
lengths are strictly regulated in Europe, therefore, the cabin is situated above the engine for
European designs. The cabver-engne trucks are easiento handle as well As can be seen
inFig.15h OEA OOAEI AO OTEOO 1T £ %OOI PAAT ('680 EA
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a cabin behind the engine, making the vehicle longer than calyer-engine designs. A major
advantage of a coventional cab design is that the truck can be more comfortable to drive
because of the increase in the size of the cabin. Furthermore, the engine and drivetrain is
easier to service and maintain from better accessibility. However, traditional European

HGM O | 000 AA OOAA ET OEA 5+38

1.3 Size and Weight Limits of UK HGV’s

HGVs in the UK range from a gross vehicle weight of 3.5 tonnes to 44 tonnes, with articulated
vehicles (which tend to be longer, larger, heavier vehicles) carrying more freight. In 2018,
articul ated vehicles carried 889 million tonnes (63%) of freight, whereas rigid vehicles only
carried 517 million tonnes (37%) of freight (Table1.1). Fig.1.6 shows the main differerce
AAOxAAT OEAOA Oxi OAEEAI A OuUbPAO8 )1 OAOI O
length, 2.55m in width andthere is a maximum height of 4.95m. Different classifications

exist for vehicle length, see Table 1.1.

Table1.1.Current UK limits lorry sizes and weightgButcher, 2009).

weight 44 tonnes for lorries with 6 axles
40 tonnes for lorries with 5 axles
length 12 metres for arigid vehicle

16.5 metres for an articulated vehicle
18.75 metres for a road train (a combination of a lorry and a trailer)
width 2.55 metres excluding driving mirrors
height no limit, but wherever possible a maximum of 4.95 metres should b
adhered toin order to make maximum use of the motorway and
trunk road network

Gross vehicle weight: the total
weight of the vehicle plus its

carrying capacity (3.5 to 44t).

'@' '@ ®
*© ®

Fig.1.6. Types of HGVs in the UKDfT, 2019)
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1.4 Purpose of the work

In the last 10 yearsroof curvature has been used extensively in practice for HGVs on the UK

road network. However, the wind tunnel testing of(Holt et al., 2015)E Oh 01 OEA A(
knowledge, the only known example in the literature of a systematic investigation of roof
curvature for bluff road vehicles. Despite the large number of different curved roof shapes

OAAT 11 ('680 ET OEA 5+ ET OAAAT O UAAOOR OE.
offer the best results to a generic HGVA visual survey of HGV road traffic currently

travelling on UK roads does suggest that vast improvements can be realised, especially with

respect to the overbody shape.

Fig.1.8. Examples of curved roof HGM€Eooper, 2004)(De Boer et al., 2016)
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Fig.1.7 shows some examples of typical UK HGVs wiflat roof sections, whereads-ig. 1.8
illustrates some relatively new designs from the past 10 years; the exception is the image of
OEA , AAAOOGS O OO (CAdbdr,i2@Dh)iA e toROdht of Fig.d.8. jo all of these
designs, the objective is to reduce aergehamic drag. In addition to roof curvature,
historically, different strategies have been used to reduce drag on bluff vehicles such as add
on devicesincluding cab roof fairings,(Malviya et al., 2009)and on various positions in the
vehicle (Wong and Mair, 1983, Choi et al., 2014)A thorough review of this literature is
provided later (chapter 3), however, it is worthwhile stating here that addon devices may
lead to greater instability due to greater side area; far too little aention has been paid to
enhance stability, handling and safety operation of HGVs especially, undenallenging
conditions such guss and side winds. Historically, many drag reduction studies focus

mainly on zero yaw conditions(Ortega and Salari, 2004)

1.5 Scope of Research

The main focus of this PhD is to explore HGV roof curvature using aerodynamic shape
optimisation. The purpose will be to minimise aerodynamic drag without negatively
impacting the static stability in yaw. The impact of dynamic stability would require the se

of transient simulations which is beyond the scope of this work, therefore only static
stability will be considered. The overall aim is toproduce design guidance for HGV over
body design which may be useful for legislators and vehicle manufacturers/opators. This

aim will be achieved by addressing the following objectives:

1. Understand the fundamentals of fluid mechanics, blutbody aerodynamics and

stability considerations for HGVs.

2. Determine the range of typical wind angles for a motorway journey from Leeds to

London and backwhich is one ofthe major HGV hauling routsin the UK.

3. Develop a validated CFD simulation approach to accurately determine aerodynamic
parameters including faces and moments so that energy efficiency and stability can

be evaluated.

4. Explore potential design parameters which can positively influence the

aerodynamic behaviour of HGVs

5. Formulate a design optimisation problem, with design objectives of minimising @ég
and maximising stability, to explore the best design directions for HGVs with a

particular focus on curved roof sections.



6. Determine the best design compromises for optimal energy consumption and
stability considerations to produce design guidance whiclinforms manufacturers,

operators and legislators of better potential design characteristics.

1.6 Thesis structure

Chapter 2 reviews basic principles of fluid mechanics and Computational Fluid Dynamics
(CFD) which are relevant to the subject area. In Chapt8& a detailed review of bluff body
aerodynamics is presented with a focus on past drag reduction strategies. This chapter
concludes with a summary of the main gaps in knowledge which will be addressed in
subsequent chapters. Chapter 4 presents a detailedlidation and verification exercise on
relevant HGV shapes to develop a suitable numerical method which can determine
aerodynamic characteristics. In Chapter 5, some analysis of a typical Leddsdon
motorway route is presented to identify the range of ya angles experienced by an HGV on
a typical haulage route, with prevailing wind conditions. Suitable HGV shape parameters are
also evaluated with some preliminary 2D and 3D analyses. Chapter 6 presents a rigorous
design optimisation method which is used tooptimise a typical HGV in various wind
conditions; these results are used to provide design guidance. Finally, the discussemd
conclusions Chapter 7 focus on the key outcomes of this research with suggestions for

future work.



Chapter 2 : Review of Fluid Me chanics, CFD Stability of Heavy
Goods Vehicles and Optimisation

In this chapter the fundamentals of fluid mechanics and Computational Fluid Dynamics
(CFD) relevant to road vehicles are discussed. These concepts form the basis of the work
carried out in later chapters. Road vehicle aerodynamics and stability are also considered
in this chapter as a precursor to a more detailed review of bluff body aerodynamics,

including HGVSs, in chapter 3Design optimisation is also briefly described.

2.1 Reynolds Number and Flow Regimes

The Reynolds number is a dimensionless parameter which is e important in fluid

mechanicsgiven by

YQ —w . (21)
where” ,6and "’ are the fluid density (kg/m 3), velocity (m/s), characteristic length(m)
and the viscosity(kg/m -s) respectively (Fox et al., 2010, Moran et al., 2003)The flow is
classified into laminar or turbulent depending on the Reynolds numbeRe A low value of
Remeans laminarflow, high meansthe flow regime isturbulent and there is a transition
between the two, for example in the case of a flow in a pipe, the flow is laminar when the
Reynolds Number is less than 2100 and it is turbulent when the Reynolds Number is greater
than 4000.In a laminar flow, the paths omoving fluid particles are parallel and they do not
cross each other. However, in a turbulent flow, the particles move in a churned up, chaotic
manner without a clear structure, sed-ig.2.2 (Fox et al., 2010, Moran et al., 2003, Anderson,
2011). The features ofa givenflow structure around a bodyare dependent on and change
dramatically with different Reynolds numbes. In aerodynamic investigationsscale models
can be usednstead offull-scaleobjects, provided that theReynolds numbersare similar
and in the same flow regime e.g. turbulentOften, ncreasing the freestream velocity is
required to fulfil this requirement to ensure the condition of dynamic similarity is met,
especiallywhen using scale models smaller than the origingHucho, 1986). In road vehicle
aerodynamics the Reynolds nurper is usually high enough that the flow field is assumed to

be turbulent.



2.2 Mach number, Compressible and Incompressible flow

The Mach number is a dimensionless parameter which is very important in fluid mechanics
(especially in gases such as air) whicts used to distinguish if the flow is compressible or

incompressible. It is given by:

0 (22)

5
Where wand ware the velocity (m/s) and to the local speed of sound, @n/s), in the gas
respectively (Fox et al., 2010, Moran et al., 2003 he flow is casidered incompressible
when the density of the fluid changs byless than 5%,whereas the flow is classified as
compressible whendensity changes ofmore than 5%are observed(Anderson, 2011). When
dealing with incompressible flows, these are easier tomodel numerically whereas
simulations of compressble flow are more challenging due to additional flow physics such
as the appearance ofshock and expansion waves Fortunately, in analysing the
aerodynamics of atypical road vehiclesuch as an HGMhe flow speeds are low enough to
be consideredincompressble because they are faless than the speed of sound;, and
below the threshold of compressibility i.e.0 < 0.3 Therefore, the flow fields analysed in

this thesis will be based on the incompressiblassumption.

2.3 Pressure Coefficient

Animportant propert y of a fluid is the viscosity, which is related to internal friction between
particles ofafluid (Fox et al., 2010, Moran et al., 2003)nviscid flow implies that no energy
is dissipated through viscosity and” AOT T O1 1 EG O AN O Ai®revied! insfyiits
into flow physics, namely:

i gu) Ai 1 OOAT O (23)

where " is the fluid density (kg/m3), ris the static pressure Pa) and wis the velocity

(m/s) . This equation can be applied to a simple example related to vehicle aerodynamics to

provide insight into the relationship between velocity and pressure avarious points along
any given streamline aroundavehicle. Fig.2.1 shows the streamlines of the 2D flow around
the centreline ofa vehicle and theesulting pressure distribution expressedasthe pressure

coefficient, 6 , given by:

-10-
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(24)
where 1 is the free-stream static pressure(pa) and w is the free-stream velocity (m/s) .

From" AOT 1T Ol 1 EtBeQelaBoNsbip@twéeh pressure coefficient and velocity can be

expressed as:

6 p - (2.5)

where Vis the local velocity at any point on the streamline.
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Fig.2.1. Streamlines of the 2D flow around a body of a vehicle including the pressure
distribution (Hucho, 1986).

By following the pressure distribution on the surface of the vehicle, this revealthree
stagnation points. one at the nose region,one in the cover betweenthe bonnet and
windscreenand another AO OEA OOAEI ET ¢ AACA8 | AdtheSAET C
three stagnation points (where the velocity is zergd the pressure coefficient hasits

maximum value 0 p . On the lower surface of the vehicle the local velocity increases

-11-



but is still lower than the free-stream velocity so the pressure is higher thathe free-stream
value and 6 1. On the other hand, in the case of very small ground clearasdavith a
smooth underbody), the velocity canincreasedramatically which reducespressure until it
may reach a levelwhich is evenlower than the free stream pressure whered TT. This

scenario normally only applies to racing car aerodynamics.

Following the upper surfacecontour of the vehicle positive pressure coefficients extend

from the stagnation point all the way to the windscreen, before local acceleration over the

roof leads tolow pressures, where & 1. Moving downstream, at the trailing edge of the

roof the pressure returns to the stagnation value i.e0 p. At this point there ar
considerable differences between the idealised nemiscous representation of a fluid and

real, viscous fluids; in practice stagnation at the rear of the vehicle is impossible due to

viscous drag contributions. For the inviscid case shown iRig.2.1, the net drag force is equal

to zero as with all cases of incompressiblenviscid, two-dimensional flows; this is widely

ETT x1T ET & OEA [ AAEAT E AScibokRylski 984, MicloA108856 O b /
Schuetz, 2015) Also, it is noticeake that the pressure onthe lower side of the vehicle is

higher than the upper side so a lift force is observed.

2.4 Effects of Viscosity

In real engineering applications fluids have viscositywhich is highly influential. Viscosity
leads tofriction and resistive forces inside fluids, both between the fluid particles, and in
the contact areabetween afluid and the surface ofa submergedbody. This causewvelocity
gradients near walls leading toboundary layers. An example of a boundary layer growing

along a flat plate is shown irFig.2.2.

—_— Laminar boundary Transition Turbulent boundary
I >
- layer region layer
—
— . Uz
—_—
. [
" —T— <

— -
— ~ Turbulent

. ) — == ;\‘ — [Py -~ 4 14 .
- [ ~ A A ! N ayer
. — z ~ " ‘\_ vy N | \_,\‘ e

- — y = R A Svea— o B | Buffer layer
— = - Laminar sublayer

x ’ ‘ -
| ‘ Boundary-layer thickness. 6

[ [= |

Fig.2.2. Boundary layer velocity distribution on flat plate (Cengel et al., 1998)

-12 -



The extent of the boundary layer is typically 2 or 3 mm away from the surface of a
moderately sizedexternal body, whereas it can grow to many centimeters on a large aircraft
for example(Anderson, 2011) Theviscous effects are concentratedith in boundary layers
andthey are very influential with decreasing velocities from the freestream until it is zero
at the surface of thébody such as atHGV, for example(Rajput, 2002). The flow within the
boundary layeritself is also classified into laminaror turbulent dependingon the Reynolds
number of the externalflow field. In viscous flow, molecular friction acts as a shear stress

on the surface of the body. This tangential force is called friction dra@® , which is given by:

0 Bt Al.OQi (2.6)

where T is Shear stress at the surfacande is angle between the direction oft and the

horizontal axis, seeFig.2.3.

Fig. 2.3. The relation between friction drag and Shear stress, and pressure drag a
pressure (Hucho, 1986).

In general, friction drag depends strongly on Reynolds number. In cases of bluff bodies it
can benegligible compared to pressuralrag. One of the most important phenomena related
to flow around a bluff body is flow separation. When a boundary layers subjected toa
pressure gradient where pressure increases irthe flow direction, the flow is retarded and

in some casesit can reverse as shown inFig. 2.4. It can be seen thatthe separation
streamline begins at the separation point(where the velocity is zerg and it divides the
boundary layerinto two distinct regions. In the region above theseparation streamline the
flow moves forward in the free-stream direction but below the streamline the flow is
reversedbecausethe boundary layer has lossignificant energy.At this separation point the

velocity gradientis,

-13-



—, T (2.7)

where u is the local flow velocity (m/s), y is the distance away from the wall (m) and the
subscript w denotes the wall condition.Usually,an adversepressure gradient occurs when
the shape of the bodyhanges suddenly, especially the case oblunt bodies. Thiscan lead
to the phenomenaof flow separation and a wake usually forms. Related to this, drag on a
bluff body experiences significant pressure drag which dominatesfriction drag. The
resulting modification to the flow structure around such abody drives the overall pressure
distribution around the body and in turn these effects generate the aerodynamic forces and

moments acting onit.

Boundary
layer

f
S AdE Separation point

Fig.2.4. Boundary layer and velocity dtribution around the external surface ofa curved
body (Genta, 1997)

2.5 Steady and Unsteady Flows

Seady-state flow fields commonly occur in many applications and this applewhen the
fluid properties at a specific locatiors remain constant. Howeverthese flow featuresmay
be changing from point to pointin a given flow field In contrast, the flowis consideredto
be unsteady ortransient when fluid properties changeas a function of time. Generally,
steady-state flow occurs when boundary conditions are constant, but not alwaysFor
example, in the case of external flow pastbluff body, at certainReynolds numbers the flow

may not be steady and vortex skedding can occur, se€ig.2.5 (Griffin, 1995).
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Fig.2.5. Experimental results showing vortex shedding behind aircular cylinder (Griffin,
1995).

In the case of HGVs, real flow fields will typically be unstead¥ooper, 2004) however,
steady-state flow fields are often computed with high accuracy using CHRoy et al., 2006)

This will be discussed in more detail later.

2.6 Aerodynamic Drag and Flow Separation

The pressure drag isfound from the integration of the forces acting over a body which

results from the pressure distribution, namely:

0 nOEBEIQ"Y (2.8)

For bluff bodies the pressure drag isignificantly larger than the friction drag which itself

occurs due tothe shear stresses at the surfacef the body. The total drag can bevritten as:
O O © (2.9)

The total drag force can now belefined by the dimensionlessdrag coefficient namely.

0 —— (2.10)

where —w denotes the freestream dynamic pressure ang in the cae of vehicle

aerodynamics, A is the largest crosssection of the body projected in the freestream
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direction. The behavior of the drag coefficient is dependent on whether the body has sharp
edges or roundedones Fig. 2.6 shows the drag coefficient for a circula cylinder and a flat
plate which is perpendicular to the direction of a flow as a function of Reynolds number. As
can be seen, ithe case of bodies which have sharp edgéise drag coefficientis insensitive
to the Reynolds number and flow separation ocas at the sharp edges of the body. On the
other hand, bodies which have slightly rounded edgeshow behavior in which the drag

coefficient doesdepend on the Reynolds numberespecially for highRe

40 V‘
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Fig.2.6. Drag coefficients of blunt bodies (a circular cylinder and #at plate perpendicular
to the flow) as function of Reynolds numbeHucho, 1986). Points (b) and (c) relate to
Fig.2.7.

The position of where the separation occurs islependent onwhether the flow is laminar or
turbulent which in turn depends on the state of theboundary layer. As can be seen in case
(b) labelled in Fig.2.6 and Fig.2.7., when alaminar boundary layer exists (at low Ré, the
drag coefficient is high because the wake regidmmediately downstream of thecylinder is
broad. The size ofthis wake region isalso a result of the location of the separation points
which coincide with the points of maximum thickness. In contrastfor turbulent boundary
layers the drag coefficient and the size of wake region is lower because the flow remains

attachedfor longer.
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Fig.2.7. pressure distribution and flow structure around a circular cylinder at different

Reynolds numbes: (a) inviscid flow; (b)laminar flow (c) turbulent flow (Hucho and
Sovran, 1993)

Extending this to vehicle aerodynamicsthe state of the boundary layer has an impact on
the size of the wake and thus the overall drag coefficienAlthough flow separation is
responsible for a large proportion of pressure drag, this phenomenon is not yet fully
understood (Choi et al., 2014) There are twogeneraltypes of flow separation which depend
on whether the separation line is perpendicular to the flow direction or not. Thee are
contrasted inFig.2.8. with the separation lineoccurring perpendicular to the flow direction

in the wake of bluff bodieg(Fig.2.8.a) and parallel to the axes ofhe vortex structureswhich
develop downstream of the leading edge of slanted bodi€Eig.2.8.b).

Fig.2.8. lllustration of separation lines which are (a) normal to the direction of flow and
(b) along a slanted surface for which the separation line is not perpendicular to directio
of flow (Hucho and Sovran, 1993, Choi et al., 2014)
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The behavior of these vortices and the flow ithe separatedwake region, is dependat on
Reynolds the numberFor low Reynolds nhumbes, thevortices and the flowstructure in the
wake region behind the bluff body are symmetrical. However, for higReynolds numbers
the phenomena of alternating periodic vortex shedding occurs from the sidef the body.
These vortices, known as a von Karman vortex stre@griffin, 1995), move downstreaminto
the wake and thetime-dependent nature of these mans theflow will be unsteady, see
Fig.2.5. Due to periodic vortex shedding, all flow properties in the wake change periodically
at a frequency, n, which is contained within a dimensionless coefficient the Strouhal
number:

Y S—Q (2.11)

ux

where d is the width of the body (m).This coefficient is a function only of the Reynolds
number. This periodic flow separation and vorex sheddingcauses pressure loss in the wake
region as a result of dissipation of the iketic energy from the large vorticesto frictional

heat by strong turbulent mixing(Choi et al., 2014)

Returning to Fig. 2.8. , when the separation is inclined to the flow direction the axes of
generated vortices are roughly parallel to both the lines of separation and the direction of
the flow. Therefore, the velody component in the direction of the vortex axis cannot be
neglected and steady three dimensional flow separation is present. This type of separated
flow is often seen in road vehicle aerodynamics and it alsmntributes to greater pressure

drag.

2.7 Aerodynamic Forces and Moments

Generally, bluff bodies, such as ground vehicles produce a drag force which is small at the
front of the body, whereasaconsiderable proportion of drag force occurat the rear part of

the body. Flow separation can be mininsied at the front but it is difficult to avoid this in the

base region To quote Hucho (986)OEO EO 11 O O1 Ei i 00AT O O &
the oncoming flow but it is very important to design a rear body surface which brings the
AEOEAAA OOOAAITETAO OilT1 OEI U Ol ppedidi@mes ! 1 O

aerodynamic properties aad they bring streamlines smoothly together to avoid flow

separation, it is not practical for road vehiclesespecially large bluff ones such as HGVs

Aerodynamicflows around agiven bluff body leads to threesets offorces and momentsas

shown in Fig.2.9. For symmetrical oncoming flow | 11, which is the angle between the

-18-



resultant velocity vector and the direction of travel of the HG)the drag force, O, is
accompanied by a lift forceL, and a pitchingmoment, O . When the approaching flow has a
slip angle { 1), an asymmetric flow fieldis producedand this leads to other forces and

moments including the side forceg, a rolling moment,Y, and a yawing moment,0 .

Fig.2.9. Forces and moments acting on a vehiclglucho, 1986).

All of these forces and moments can be expressed as ndimensional aerodynamic

coefficients, namely:

. 0

W — (2.12)
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Where G, G, Gu, G, G, and G are the coefficients of lift, drag, pitching moment, side force,

rolling moment and yawing moment, respectivelyln addition, —ax , Aand| are the free-

stream dynamic pressurethe largest crosssection of the body and the lengtlof the vehicle
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(or sometimesthe wheelbasg, respectively. They are dependent on the angle of yaw, and
Reand they arealso highly sensitive to the shaping of the body of the vehicle. For example,
lift decreases as the ground clearanceeducesdue to a higher velocity on the underside
surface of the vehicleThe vortices generated onslanted surfaces may also influence all

three sets offorces and moments some more so than others.

2.8 Basics of vehicle stability

As already stated, lhe flow around a vehicle produces three different forces and moments
which has aneffect on fuel consumptionas well as a notablenfluence on vehicle stability
and safety. These forces and momentffect the directional stability of road vehiclesin
different ways. For example, the lift force and pitching moment changes the traction gfés
due to changs inthe download acting on the wheels (Scibor-Rylski, 1984, Hucho, 1986,
Schuetz, 2015) In adldition, when a vehicle is subject to a side wind gusthis introduces a
side force a yawing moment and roling action. These cause a change in attitude of the
vehicle impacting its direction and this invariably requires intervention from a driver to
prevent coursedeviation (Scibor-Rylski, 1984, Hucho, 1986, Schuetz, 2015tability is also
important when ground vehicles are travelling in the straight-ahead position, during
cornering andunder braking conditions. In the case of straight driving, the lift force affects
wheel download at high speed. For exampl@ notchback car at high speed loses about 10%
from its rear axle load due to increasd aerodynamic lift at its rear (Scibor-Rylski, 1984,
Hucho, 1986, Schuetz, 2015)n such casesstability can beimpaired becausesteering
response of the vehiclean reduceln general, a vehicle with no big difference in lift between
rear and front axles is more stableHowever, it should be noted that large vehicles such as
HGVs are very unlikely to be susceptible to this issue due to their huge mass and

comparatively low spedl.

In the case of cornering, generally, increasing lift on the front axle makes the vehicle
understeer, while increasing lift force on the rear axle makes it oversteenore. For braking
manoeuvres, the behaviour of vehiclesvhich are movingat high speed(prior to braking) ,

is changed significantly by aerodynamic force§he drag forcecan complementthe braking
system with resistance to motion whereas the lift force typically impairs stability by
changing the download on both the front and rear axles. When a vehicle undergoes a
braking manoeuvre due to front axle brakingthe vehicle is still stable evernthough the
steering ability can belost. On the other hand, when the rear axlerbkes are applied,the

vehicle can become unstable, especially at high speedall of these elements show that
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aerodynamic design plays in important role in controlling the forces and moments to

improve stability.

2.8.1 Lift and Pitching Moment

The shape of the front and back of ground vehiclesak an important effect on stability. The
front stagnation position and flow separation height at the rear can change the fromo-rear

lift distribution thus influencing the pitching moment. In addition, if the edges of a vehicle
are perpendicular to the fow direction, their shape (e.g. sharp or rounded) and position can
affect lift and pitching moment. Rounded edges on upper surfaces can decrease and even
prevent flow separation so the local velocitywill increase and static pressurawill reduce.
These dereases in static pressure on upper surfaces causes an increaseoirerall lift,
however, because it is concentrated at the front of the vehicle, this usually increases nose
up pitching moments (Hucho, 1986, Schuetz, 2015)

2.8.2 Side Force, Roll and Yaw

Unsurprisingly, the side forceacting on a vehiclancreases when the lateral projection area
increases. However, the yawing moment changenay increaseor decrease dependng on
the side area distribution andwhether it is skewed more to thefront or rear. Accordingly,
the yawing momentwill decrease as rear areancreases and sowill the rear side force
(Hucho, 1986, Schetz, 2015). The yawing momentis affectedby the degree ofrounding of
vehicle edgesand it is dependenton their size and location (front, rear, lateral etc) For
example, he rounding of all rear lateral edgesisually causes areduction of the rear sde
force, resulting in an increaein yawing moment (Hucho, 1986, Schuetz, 2005 Moreover,
although the inclination angle between the side advehicle andthe vertical axishas no effect
on yaw, an increase in this inclination angle can decreadgbe overall side forceas well as
the rolling moment. In addition, the slope angle bthe rear has two conflicting effectson
drag and yawing momenf when the slope angle increasg the dragwill decease untila
certain point (a local minima) and thenit typically increases again (Ahmed et al., 1984)

however, the yawing momentcanincrease slightly(Hucho, 1986)

2.8.3 Directional Stability

The yawing moment and caesponding coefficient, Gy, has an important role indirectional
stability because ithas the tendency to rotate the vehicle around the vertical axi8vVhen a
vehicle is disturbed (e.g. due to a side wind), if the response is to oppose the disturbance

then the vehicle is statically stable and it will yaw against the disturbance. Mathematically
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this stability criterion is given by: — 1. In contrast, if the yawing moment further

exaggerates the disturbance then the vehicle is statically unstable atitk stability criterion

is; —  T1(Hucho, 1986, Schuetz, 2015Fig.2.10 shows three different shapes which have

different sensitivities tothe side wind angle 1. The differerces inpressure distribution on
side area for eachshape gives adifferent responseto side wind as shown in the figure. It
can be seerthat separation behind bluff boxtype vehicles (case bYavourably alters the
pressure distribution which improves stability, compared to rounded (streamlined)
vehicles (case a)ln case ¢ stability increased even furtherbecause of the large tail finits
comparatively large rear sideareaproduces a restorativeside force(Hucho, 1986, Schuetz,
2015).

a) veryinstable

Low Pressure due to
separation flow

c) stable

-

Fig.2.10. Aerodynamic directional stability in sidewinds (Red colour=High pressure
and blue colour=low pressure): (a) Attached flow; (b)Separatedflow at the rear edge,
(c) with large tail fin (Schuetz, 2015)

-22 -



2.8.4 Static Margin and Side Wind Effect

When a vehicle is in motion, ie presence of aside wind impacts the resultant velocity of
the free-stream of airflow over it. The resultant velocity, , is expressed from the

summation of vectors;

® W 0 cwnAiro (2.18)

where: @ and @ are the speeds of thecrosswind and road respectively, seeFig. 2.11.

Furthermore, the angle of the side wind is given by:

N\ 0
Al O ————— (2.19)
W ®
|1
‘%.— s ol s sk s - s - s . —
r /'/ 1
-
‘/‘
P d

Fig.2.11. Velocity vectors for a road vehicle experiencing a side wind whilst in motian

The effecs of side forces and the lateral deviationare dependenton different factors. One
of these is the static margin which determinesow longitudinally stable a vehicle is. To
illustrate this, consider the vehicle shown inFig.2.12. The static margin is found from the
distance between thecentre of gravity (CG)and centre of pressure(CoP)or the neutral

point (Gillespie,1992), seeFig.2.12.
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a+b—

Steer Point

of Gravity

Fig.2.12. lllustration of the static margin (Gillespie, 1992)

Usually the CoPis locatedbehind the CG ofoad vehicles which is known as gpositive static
margin and it means the vehicle is stable. Conversely, if the CoP is ahead of the CG, this
represents an unstable vehicle (longitudinally) and the static margin isegative. The static
margin, SM, is defined as the ratio of the distance between CG and @p&nd the wheelbase
(at+b), seeFig.2.12. Normalroad vehicles are stable andhey operate with a positive SM in
the range of 37% (Gillespie, 1992) In vehicle designit is important to tune the positions of
both CG and CoP to obtain an acceptal# It is known that the magnitude of the static
margin affects yaw response because it determines how strong the reaction to a disturbance
is (Hucho, 1986). Generallyfor yaw angles of p to 20 degrees, the yawing moment
coefficient, Gy, has a linear response as shown ifig.2.13(a). Furthermore, thesmaller the
area at the rear of a vehicle, the greater the yawing momehtit conversely,the side force

coefficient, G, particularly at the rear (G/r reduces,as shown n Fig.2.13 (b) (Hucho, 1986).
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Fig.2.13. | Typical changes in (&) CN and (b) CY in responsestde winds (Hucho,
1986).

The response of vehicle in roll as a result of side winds is shown liig. 2.14. It is similar to
yawi.e.as the side wind and thus yaw angle increases, the rolling moment increagesicho,
1986). This occurs because as the wind approaches from the side of a given vehiititends

to push it over. Clearly, as the side area at the top of the vehicle increases, the rolling
moment coefficient,Gk also increases as shown ifig. 2.14. Again, the response is mostly
linear up to about 20 degrees of yaw. Naturally, the interaction between the different forces
and moments due to side winds is a complex issue due to the interaction between vehicle

design and aerodynamics.

0.20

0.15

0.10

0.05

0 5 10 15 [20]ge25

Fig.2.14. Typical rolling moment coefficient, CR, variation in response to side winds for
different vehicle shapes (Hucho, 1986).
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2.9 Fundamentals of Applied CFD

The following sub-sections describe the most important aspects of Computational Fluid
Dynamics (CFD) which are relevant to the simulations which will be carried out in later

chapters.
2.9.1 CFD Overview

CFD is widely used to model fluid flow systems in many emgeering applications.Fig.2.15
shows the threemain steps used to generate a CFD model. Firstip, the pre-processing
stagethe computational domainincluding geometrical details (e.g. a vehicleqre defined
Then the domainis discretised, typically into millions of cells, to produce a mesh from which
to compute the flow field Pre-processing is complete once suitable boundargonditions
have been assignedrhis step involves selecting appropriate physical models to represent
various flow phenomena such as turbulenceheat transfer and radiation etc. Relevant
solution algorithms and solver settings are also specified based ohed assumptions in the
model set up (e.g. incompressible, steady statetc). In the second (solver) stage the
governing equations relating to the problem of interest are solvedFinally, the third stage
in the CFD process is @st-processingwhich involves data analysis to reveal insights into

the solution using a combination of qualitative and quantitative approaches.

CFD Analysis Framework

Solver
Transport Equations Physical Models

+  Geometry creation . Mass «  Turbulence
Mesh generation Momentum « Combustion

* Assign boundary Energy « Multi-phase
conditions «  Other transport -+ Radiation
Material properties variables - Other processes

Equation of state

Post-processor

. Qualitative: contours, Solver Settings Algorithms
vectors, pathlines, + Initialisation * Pressure-velocity
iso-surfaces, _ « Solution control coupling
animations etc + Convergence criteria + Gradient methods

+ Quantitative: plots, . Solution monitors « Others
histograms etc

Fig.2.15. CFD Analysis FrameworKTu et al., 2018)
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2.9.2 Conservation Laws and the Navier-Stokes Equations

Fluid flow problems can be described mathematically by the three conservation laws,
namely, the conservation of mass, momentum and energyu et al., 2018, Fox et al., 2010)

The conservation of mass is given by:

o ngd@ T (2.20)

where mt and V are the fluid density, timeand the fluid velocity vector defined asB 6 "Q
0 Q0 Qwhereu, vand w are the fluid velocities in the three coordinate directions. The

momentum equations in threedimensions aregiven as:

r>o . . T T Tt

T ng @ Q o T o Td (2.21)

"o Tt T T

T ng o Q To To Ta (2.22)

rro o, SRV B D B B

T ng uh Q o T o T & (2.23)
where , ,T andt represent the viscous stress tensor in thévdirection,, ,T and

T are the viscous stress tensors in thedbdirection andt ,T and, are those in thed

direction. Furthermore, gx, gy and g, are the gravitational components in the x, y and z

directions, respectively. The individual viscous stress tensors are given by the expressions:

I3

I 224
o ® (224)
Tt SRR 2.25
o1 (2.25)
ot LT oTv 2.26
To 1 A (2.26)
g, 10 (2.27)

i r]GﬂchTd)
<. T (2.28)

” n 8BcT(b
q, 10 (2.29)
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where U is the dynamic viscosity ando is the static pressure. Combining equations (2.21)

(2.23) with equations (2.24)-(2.29) produces a different form of the momentum equations:

g g LI L8101 20
T o T w T Ta
- : : ‘ ‘ (2.31)
PP 0 s ey LN, T U T U TWL
To P Y S To TG
10 g [N T 1O T 232)
T o Ta T'w T w Ta

These four equations have four unknown variablesdhOh) A T Biwhich can be solved
numerically without additional approximations, and in simple flow cases they can even be
solved analytically. The conservation laws must be satisfid in commercial CFD codes to
ensure that simulations converge and give physically realistic solutions. When CFD codes
are implemented, it is convenient to use the general set of transport equations, which can
be adapted b represent all relevant equations for the problem being solved. The similarity
between the conservation laws above and the generic form below is clear to see:

T

_() 8@ 8wn Y (2.33)

where . is the fluid property of interest. The physical Interpretation for each term in

Eq(2.33) isas follows:
1-2A0A 1T &£ ETAOAAGA T &£ r 1T £ £ OEA AT AT AT O
2-. A0 OAOGA T &£ A1 x T &£ 1 1T00 T £ £ OEA Al Al Al
3-2A0A 1T &£ ET AOAAGA T £/ r AOA O AEEAOOEIT 8
4-2 AOA 1T £ ET Aoshhefermk £ n AOA Ol

O

Where ®is the velocity vector, wis the diffusion coefficientand Y is the source term
Table 2.1 provides the values ofwand ™Y to generate the continuity, momentum, energy

equationsandit can be extended tmther transport equationssuch as species trargort and

turbulence.
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Table2.1.the values ofwand™Y.

Equation n () Y
conservation of mass 1 0 0
momentum equations inthe wdirection o} ‘ ll—n "Q
@
momentum equationsin the wdirection V] ‘ 1'_2) "Q
momentum equationsin the g direction 0 ‘ :—n ""Q
a
The energy equations Y 0 "n B

For the aerodynamics simulations carried out later in this thesis, the energy equation is not
required because it is an isothermal problem Another assumption will be that the
aerodynamic flows are steady so the time dependent terms disappear from the continuity

and momentum equations described abovemaking them easier to solve numerically.
2.9.3 Discretisation and Pressure-Velocity Schemes

For mostpractical casesn fluid dynamics, finding of an analytical solutiorto the governing
equations is not possible so the PDEBIust be changed to a system of algebraic equations.
This processis known as discretisation. There are different of methods of discretiation

such as Finite Difference, Finite volume and Finite Elemeapproaches

2.9.3.1 Finite difference method

For the Finite Difference approach,lte system of PDEs cahe approximated to a set of

algebraic equations byewrit ing the partial derivativesas differencesusinga4 AUT T 08 O OA (
or by using a piecewise polynomial function(Tu et al., 2018) Whichever methodis used,

the approximation requires the solution domain to be discretisedinto a grid of points

T AT AA O1 1 A Addetedailiessf Eh&EshIttion exist. This method was used in early

CFD codes but is rarely implemented nowadays.

2.9.3.2 Finite element method

In this method of discretisation the domainis alsodivided into small discrete elements. The

main feature of this method isthe representation of the dependent variable (such as
pressure, temperature, velocity throughout the flow domain by using a piecewise
polynomial function (Hirsch, 2007, Patankar, 1980)This polynomial is used to interpolate

and represent the value ofthe dependent variable at any point in the domain aa function

of the distance from this pointto OEA A1 Al AT Osulsstituting &id Padynorhidl

AOT AOET 1 anflgebraics#tdf @duations can be obtainedfor just the value of the
variable at thesenodes.With OEEO | AOET Ah OEA ADPDBOI GEI AGET 1
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replacing the dependent variable (solution) bya polynomial function rather than replacing

the partial derivatives as finite differences.

2.9.3.3 Finite volume Method

In the finite volume method (FVM), the flow domain is dividedinto small elements named
control volumes. Next, thegoverning PDES @re integrated over each control volume to
cancel the derivative sothat the algebraic setof equations can be derived interms of
independent variables (Patankar, 1980) This method is basedon integration over each
control volume, therefore it ensures the local conservation of allgoverning equations such
as mas, momenum and energy. This local conservation ensusgylobal conservationfor the
whole flow domain for any meshstructure. FVM is the basis for the commercial CFD code,
ANSYS Fluent which will be used in this thesis.

2.9.3.4 Pressure-velocity coupling schemes

OnceFVMbaseddiscretisation is applied to a computational domainit is important to link
the pressure and velocity fields using a pressurgelocity coupling scheme. To do thigynce
the system of algebraic equations represering the governingd $ % &obtaired)in terms of
independent variables such astemperature, pressure and velocity there are two general
approaches coupled and segregatedA coupled solver will solve the algebraic equations for
velocity and pressuresimultaneously. This approach isoften used for compressible flow
cases. Alternatively, segregated solves employ asequentialapproach to solve momentum
equations, followed by the continuity equation (pressure correction) for eackteration. This
approach istypically used for incompressibleflow cases such as the ones considered in later

chapters.

For incompressible flows, he Semilmplicit Method for Pressure Linked Equatiors
(SIMPLE) method isthe most popular exampleof a pressurevelocity coupling algorithm
which uses theguessand-correct technique (Patankar and Spalding, 1983)The pressure
field is guessed and denoted byj". This isthen used in themomentum equation to solve for
velocities, namely: ¢°, 0" and 0 *. As these velocities are based on a guess, tbentinuity
equation is then usedto calculate new and more accurate valigeof pressure,fj i.e. a
pressure correction. Thenewly corrected pressurevalues now ensure that the velocity field
agrees more closely to the continuity equation(Anderson John, 1995) The SIMPLE
technique is prone to divergence aswith any other iterative technique so the under

relaxation factor, |, is involved inthe pressurecorrection equation:
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0 n" 1N (2.34)

where 1T | p. When the solver experiencs divergence lowering the value for| is
recommended to decrease the change pressure per iterative step so the probability of
divergence decreass. For the specific valuef| p, the method reducsto a conventional

method.

2.10 Meshing and Boundary Conditions

The following sub-sections describe the important aspects of meshing methods (i.e. the

application of discretisation) and boundary conditions.

2.10.1 Mesh methods

The purpose of nesh generation isto discretise the solution domain to break it into small
elements or control volumes. The size and type of the grid elementsan impactthe quality
of CFD results. In simple caseof flow through pipes, for example high-quality Cartesian
meshescaneasily be produced. In contrast, for more complex 3D problens, achieving high
quality meshesneeds more effort and time. There arenany different strategies to deal with

complex geometies butthree commonones are

1. Body-fitted
Block-structured

3. Unstructured

In body-fitted strategiesthe flow domain is converted onto a simple shape and thesimple
matrices areapplied to produce the mesh structureFig.2.16 illustrates a body-fitted mesh
and a corresponding computational domain. The bodyfitted approach has a major
drawback which is, ina highly complex domain,it can producedegeneratecells inthe grid
often leading tounstable behaviour.Therefore, it is only suitable for moderately complex

geometries.

(a) (b)

Fig.2.16. (a) a bodyitted grid and (b) the corresponding computational grid.
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Alternatively, block-structured meshes rely on the @dmain being decomposed and divided
into different sub-blocks with each onemeshedseparately. This method allows the mesh
density to be controlled so that it is finer around areas of interest (e.g. in the wake of a bluff

body). An example of this approach is shown iRig.2.17.

Fig.2.17. Schematic ofa block-structured grid including cell refinement (Gilkeson,
2009).

Another common meshing technique is the unstructured method whichhas flexibility
especially for complex geometies. Cell sizes are able to change very easily to deal with
complicated shapes with large and small feature$sig. 2.18 shows a typical unstructured
mesh with refinement around a 2D cylinder. his method generally requiresless effort and

time to implement, compared with the other methods already outlined above
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Fig.2.18. lllustration of an unstructured triangular mesh(Gilkeson, 2009)

2.10.2 Mesh Quality

For CFD solutiors to convergeproperly, the quality of the meshin each cell in thesolution
domainis crucial; the better the quality, the more likely a solution is to converge. Generally,

there are anumber of different cell quality criteria which are used in commercial CFD codes
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such as ASYSMesh and ICEM (which will be used later in this study). Typical quality

criteria are:

9 Aspectratio - ratio of the maximum and minimum edge lengthper cell.
1 Equiangle skewz a measure of cell distortion based on internal angles
1 Equisize skewz assessent of distortion from cell edge lengths

I Volume - compares cell volumes

High levesT £ OOEAx1T AOOO6 inlafmesbiadia skdnddffdel o6 Eccuracy and
solution stability, so the measurment of skewness is crucialCell kewnessis defined ashe
difference between the shape adiny given celland the shape of an ideal equilateral cellhe

Equiangle skew criteria isa commonmeasure of skewness$evel and itis given by:

a oo h
pPYm— —

(2.35)

Where — and — are the maximum and minimum internal angles of a given cell

respectively, and— is the angle which corresponds to a perfect cell which has no distortion
i.e.— = 60° for triangular and tetrahedral elements and— = 90° for quadrilateral and
hexahedral elements.Generally, the maximum and average value of skewnessa mesh
should not exceed 0.95 and 0.33, respectivelfANSYS) When the maximum skewness
reaches0.95 or greater, the solutioncan experience difficultiesin convergence Sometimes
these difficulties can be alleviated bghanging the solver controls, such as reducing under
relaxation factors, however, often the mesh quality must be improwk Table 2.2 shows the

different classifications of cell quality based on the skewness criterion.

Table 2.2. Classification of cell qualityANSYS, 2017)
Quality Classification
0 =0.00 Perfect
0.00<0 <0.25| Excellent
0.25<0 <0.50 Good
050<0 <0.75 Fair
0.75<0 <0.90 Poor
0.90<0 <1.00| VeryPoor
0 =1.00 Degenerate

Another important quality criter ion is the cellaspectratio which is ameasureof the level of
stretching of mesh cells. Generally inside boundary layess, the aspect ratios of
quadrilateral/hexahedral/wedge cells should not exceed 10:1. Omhe other hand, away
from walls where flow gradients are generally lower the aspect ratios should not exceed
5:1.
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2.10.3 Boundary Conditions

Boundary conditions are very important because they determine the flow conditions in a
solution domain and they are an esential part of the CFD calculation procedure. Thaain
types of boundary conditionsavailable in commercial CFD solvers such as ANSYS Fluent

are:

1 Walls

1 Symmetry
1 Inlets

1 Outlets

Walls are one of the most common boundary typeszachwall in a solution doman can be
assigned a neslip condition, or full-slip and can bedefined asstationary or moving. Inthe
case of stationary neslip walls, the cellsat the wall surface are assigned a velocity of zero.
On the other hand, in the case of fulllip, zero-shearconditions areapplied on a surface, so
the development of the boundary layer will be preventedThis is equivalent to a symmetry
condition which prevents fluid crossing the boundary surfaceSymmetry or full-slip wall
conditions are useful in applying to side walls and the ceiling of the domairfor external
aerodynamics because it ensures thamrealistic boundary layersdo not form at the domain
extremities. In the case of moving wal, the velocity of cellsattached tothe surfacehave a
non-zero value The moving walltype is neededfor simulations of real vehicles which have

a movingroad (translation) and rotating wheels (rotation).

Both inlet and outlet boundaries areneeded to specify thefree-stream velocity, mass flow
rate or pressure. For simulations of road vehicle aerodynamics the velocityinlet and
pressure-outlet types are used As their names suggest, velocity inlets require the velocity
of the free-stream to be prescribed and for pressure outlets, the static pressure (usually
atmospheric pressure) is setln cases of wind tunnekimulations or free-air simulations, the
position of inlet and outlet boundaties is significant. Usually, theinlet must be placed
sufficiently upstream of the object (e.g. a vehiclejo allow the flow to be fully developed.
Similarly, the outlet must belocated far enoughdownstream of it to allow turbulent wakes
to be fully developed, especially in the case of bluff body aerodynami¢&ilkeson, 2009)
found that inlets placed 3 upstream of a bluff vehicle of lengthL and outlets located 2@

downstream of the vehicle were sufficient to capture the flow field accurately.
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2.11 Turbulence Modelling

In laminar flow regimes, the NaviegStokes equations can completely describe flow
behaviour. In such cases, these equations can be solved numericallighout additional
approximations, and they even be solved analytically in some cases. On the other hand, in
turbulent flow regimes, due to fluctuations in flow variables (e.g. velocity, pressure etc),
additional approximations and assumptions are requiredto solve the NavierzStokes
equations and to describe the flow characteristic§Versteeg and Malalasekera, 2007)in
order to deal with the random nature of turbulent flow, fluid properties are defined as the
summation of two components, namely: (i) the mean valueso( [0 and ) and (i) the

fluctuations (63030%and "§ They are mathematically described as:

6 0 03 (2.36)
O O 03 (2.37)
0 0 03 (2.38)
n narn3 (2.39)
P T T (2.40)

where u,vandw are the fluid velocity in thex,y andz directions, pis the static pressure and

+Pis the fluid velocity vector. Furthermore, the definition of the mean of a property can be

time-averaged if the temporal variations 0, is known:

Yy
« 000 (2.41)

Sio

Fig.2.19shows a typical time history the velocity of a fluid measured at one point for both
laminar and turbulent flow. Note that in a real fluid, turbulent fluctuations vary in all

directions.

V=ui

v Laminar
X P .. Y
V=(i+ul 0] +wk

M./MW"U\’WW/\J‘U Turbulent

Fig.2.19. Particle pathlines in 1D laminar and 3D turbulent flows
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In turbulent flow problems, the structure experiences rotational flow (turbulent eddies)
which is caused by mixing. The range of size of these turbulent eddies is very wide, from
large eddies as large as metres in size down to microscopic eddies. The Iatgeddies can
extract energy from the main flow by interaction with it. Large eddies stretch and produce
smaller eddies which in turn produce even smaller eddies. The transfer of kinetic energy
from large to smaller and smaller eddies is a process known # energy cascade which is
visualised inFig.2.20. The kinetic energy of the smallest turbulent eddies dissipate and this
is converted into thermalinternal energy. Considering the energy cascade as a whole the
kinetic energy of the largest eddies cascades down through to the smallest sizes. This

dissipation results in energy losses.

Structures Structures

Injection

Dissipation
of energy of energy
O ® -

Large-scale eddies g orenagy > Dissipating eddies

Fig.2.20. Viswalisation of aturbulent eddies.

Generally, there are two ways to solve the NavieBtokes equations. They can be solved
directly by taking account of the full spectrum of turbulent eddy sizes from large to micro
scales as well as the full spectrum dfme scales, or they can be modelled using a RANS
approach which accounts for the mean flow field and gives a steadyate picture of the flow
physics. With RANS only the largest turbulent scales are resolved which makes it a
computationally cheaper metha compared to Large Eddy Simulation (LES) or Direct
Numerical Simulation (DNS). With RANS, wall functions are often used (for certain
turbulence models) to enable modelling of neawall turbulence. Although DNS is
considered to be a powerful research tooilvhich can provide a deep understanding of
fundamental flow problems (Hirsch, 2007), the drawback of this method is that the mesh
density must be much smaller than the smallest eddies and the temporal resolution must
be sufficiently small to capture all eddy timescales. The sheer computational demand
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required to complete DNS simulation®f the external aerodynamics of a road vehicle means

that this approach is completely out of reach and it will be for decadegsSpalart, 2000).

Similarly, LES has a high computational demand but has great as DNS. There are studies

of LES around bluff bodies + OAET T OE¢ AT A $AOEAOiwhidhregemimu h #

insights into the aerodynamics (more on this in Chapter 3).

2.11.1 Reynolds averaged Navier-Stokes equations

The sheer computational demand required for the direct solution of the tim&ependent
governing NavierStokes equations(2.20) and (2.30)-(2.32) in turbulent flow problems
means that this approach is completely out of reach. Therefore, tirsveraging the
properties of the flow, for example mean velocities, mean pressure etc, avoids the
requirement to model the lifetime of each and every eddy. For engineering applications,
understanding the mean flow properties is sufficient without the need to capture turbulent
fluctuations (Versteeg and Malalasekera, 2007). The Reynolds Averaged Navitokes
eguations, area form of the NavierStokes equations which take advantage of the averaging
process without the need to consider turbulent fluctuations. Therefore, the RANS equations

and very important because they allow solutions of flow fields to be obtained more eagil

To derive the RANS equations, it is necessary to substitute the generic form of the flow
property variable from equation (2.41) into the time-dependent continuity and momentum
eguations(2.20) and (2.30)-(2.32). Therefore:
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Equations(2.43)-(2.44) are the turbulent, compressible form of the RANS equations which
are widely used in commercial CFD packages such as ANSYS Fluent (as will be used in later
chapters). These equations includeis extra unknowns which are named the Reynolds

stresses which are given by:

t t " 0§35 (2.46)
t 1 " 083 (2.47)
Tt " 083 (2.48)
) " 6% (2.49)
) "0 (2.50)
, "03% (251)

It is important to be able to deal with these Reynolds stress terms and turbulence models
have been designed to do this. Critically, turbulence models have been developed to predict
the Reynolds stresses terms in order to close the RANS equations sholwy equations
(2.42)-(2.51); this is known as turbulence closure and it is essential to be able to obtain
meaningful CFD solutions (Versteeg and Malalasekera, 2007). Different approaches to

closure are described in the next section.

2.11.2 Eddy viscosity

The RANS method itself computes the mean, tiraverage of flow variables avoiding the
details of the fluctuations by solving the continuity and the Reynolds equations. Turbulence
models take account of turbulence effects on the mean flow by calculating tiReynolds
stresses in equationg2.46)-(2.51). There are different turbulence models including: mixing
length models, the SpalarAllmaras model k-Rmodels, k-5 variants and the Reynolds Stress
Model (Storms et al., Tu et al., 2013)T'he main differences between these models is how to
calculate the Reynolds stresses. They are based omplacing the Reynolds stress terms by
viscous stresses of the mean flow, and critically, these substitutions are expressed in terms
of mean values and not instantaneous ones. Boussinesq proposed in 1877 that the Reynolds
stress is proportional to the mainrates of deformation as described mathematically in the

equations below:

0
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T ) (253)
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” 5 :_ow (2.55)

) g I_Uw (2.56)

) 03 T_Ua (2.57)

where* is turbulent or eddy viscosity.

The Mixing length (zero equation) model, represents a solution to thelosure problem. It

introduces an eddy viscosity which describes momentum transfer within a fluid by
turbulent Reynolds stresses. The effects of convection and diffusion of turbulent properties
in the flow are neglected so the influences of turbulence on@an flow can be expressed in
simple algebraic formulae for eddy viscosity , asa function of position. However

experimental observations show that turbulence usually adjusts itself to local conditions.
Therefore, in other models, such as th&-r model, this takes into account the effects of
convection and diffusion in some other turbulent quantities such as the turbulent kinetic
energy or the dissipation rate. This is achieved by solving additional transport equations for

those quantities (Versteeg and Malalasekera, 2007)

2.11.3 RANS models

Practically, there are twomajor problems when RANS is used. Firstly, the RANS result can
be strongly dependent on choice of turbulence model. Secondly, by its very nature, RANS
cannot be used to characterise unsteady flow phenomena such as when massive separation
flow occurs, forexample. Therefore, RANS simulations should ideally be validated with a
wind tunnel test or another means of validation(Tsubokura et al., 2009)o give confidence

in the results.

CFD has become an increasingly important investigah tool for practical aerodynamic

AT AT UGEO 1T &£ Al O0&& AT AEAO OOAEhoikebal., (2016, BuctdET A A
and Sovran, 1993) Some of the earliest commercial CFD software commonly used the RANS
approach as a mdtod for analysing vehicle aerodynamicgTsubokura et al., 2009) This
represented the stateof-the-art at the time and it was only feasible because of the

computational resources available; more advanced methods were generally unlale.
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Today, the RANS approach is still popular in research and industry although the models

used have improved significantly.

The simulation of flow structures around HGVs using steadstate RANS is generally good,
however, accuracy cannot be assured the base region behind such vehicles because RANS
cannot simulate full details of the neaiwake structure. Despite this, in the case of bluthody
aerodynamics, the overall drag has been shown to be generally in good agreement with
experiments due accurée computation of the total pressure in the base regiofRoy et al.,
2006a). In this study, experimental analysis showed that the time averaged flow structure
in the wake included a pair of countefrotating vortices and a recirculation bibble; RANS
simulations are capable of giving good qualitative agreement with these flow structures
(Roy et al.,, 2006a) These important characteristics coupled with the relatively good
computational efficiency are the rationale for using the RANS approach in this thesis.
Because this work concerns external flow, the following three turbulence models, which are
all suitable for this type of application, are presented. Other models do exist, but they are

beyond the scope of this work.

2.11.4 k-£s model

The k-rmodel isone of the RANS types which invokes two extra transport equations. The
standard two-equation k-Rmodel (SKE) is oe of the oldest turbulence models, and so it has
been extensively validated through its long history. The sophistication of the SKE is based
on taking into account the effects of convection and diffusion of two turbulent properties,
namely:the turbulence energy,k, and the dissipation rate of turbulenceg, of the mean flow.

These are given by:

k= 635 03 03 (2.58)
- c;'QDi)DZ (259)
gDz QDz QDz QDz ¢QDz ¢QDz ¢QDz (2.60)
oz
‘QDz T— (2.61)
T w
. 1 0Dz
QDz —, (2.62)
T W

-40 -



Dz
‘QDz T—Ud (263)

. p T aDzt UDz
oDzt uD

‘QDz g :—dZTT—U(bZ (2.65)
, \D

QDz g ;—”EZTT—UQZ (2.66)

The SKE solves transport equations fothe turbulent energy, k, and the dissipation rate of
turbulence, r, (Launder and Spalding, 1983) These transport equations(Versteeg and

Malalasekera, 2007)are given by:

T Q . CL
TT s 8" f w—1Q ¢ 08 - (2.67)
— ng8”- — -8 —c 5 " — 2.68
5 8"-T o) - 0 i ¢ 08 0 i ( )
Coag 2 (2.69)

where:

0 0.09;,, 1.0;, 130 1.44:0 1.92

The SKE is used across a wide range of industries. It exhibits good performance in internal
flows because SKE has high accuracy in predicting boundary layers, thin layers and duct
flows (Tu et al., 2018) On the other hand, the SKE is unsuitable when flow separation
occurs. The SKE was maodified to use in higher Reynolds number applications thrbuipe
creation of a new model called the realizablk-rRmodel (RKE). This modification is made by
redefining the model constants for ther equation (Versteeg and Malalasekera, 2007)
namely:

Q
‘ ” 6 "Q_ (270)

Where "Qis wall-damping function which is given by:
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Y'Q 3 (2.72)
YQ Q wr (2.73)

Where’ is kinematic viscosity. hese changes make the RKE suitable for a wider range of
cases including the backwarefacing step and rotating homogeneous shear flomShih et

al., 1994) The RKE had success in the design the JCB Dieselmax which set a land speed
record in 2006 (Lock, 2007).

2.11.5 k-w Model

The k-5 (KO) model isanother of the RANS types which invokes two extra transport
eguations, anequation for the turbulent kinetic energy,k, and another for the specific rate

of dissipation,d (Wilcox, 1998) where:

1 0 (2.74)
The two transport equations for the KO model is shown below:
r"Q ng”
i ®
. Doy Gl Y (2.75)
n —n 2
8 - Q ¢ Y8y 5 %‘]
P
[
rl ”
ro oIT
o by o Ty (2.76)
n —n R R
8 - d o ¢"Ysgy 1T(b‘]
[
and where the eddy viscosity:
2 (2.77)

and
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Following the development of the KO model, a modified one was proposed by combining

AT OE +/h AT A 3+% i1 AAI O O1 & Ofi O1 AGA A 1 Ax
Transport k-3 (SSTKO) turbulence mode{Menter, 1994). The STKO takes advantage of

both the KO and SKE models by using the KO in ne@all regions where adverse pressure
gradients commonly occur and the SKE model in the fre#ream (Versteeg and
Malalasekera, 2007). Roy et al.2006) compared the SSTKO with experimental data for the

flow past a HGV shape and found good agreement between the predicted drag and the

results of wind tunnel experiments; this will be discussed in later chapters.

2.11.6 Spalart Allmaras model

The Spalart Allmaas (SA) model(Spalart and Allmaras, 1992)invokes only one extra

transport equation for the kinematic eddy viscosity parameter (Versteeg and

Malalasekera, 2007), which is given by:

0 8t
"3“8‘ B TT—QH%Q 6 "'m (2.78)
° " qp
where:
0
mom g (2.79)

Where™Q and"Q are wall damping functions and the model constants are given:

. 20 TeBX T®oWD T 6 O

The SA model was created specifically for aerospace applications to simulate attached
external flows because of its ability to predict adverse pressure gradients in boundary
layers. However, its applicability § widening and it has shown good performance in
aerodynamic studies of bluff road vehicle§Gilkeson et al., 2006, Maddox et al.0@4).
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2.12 Error and Uncertainty

When running CFD simulations, it is crucial to follow the correct quality control procedures

Oi AT OOOA i AgEi Oi AAAOOAAU8 30AE | AAOGOOAO xA
industry (Mehta, 1998) before industry-standard guidelines were published(Babuska and

Oden, 2004) This led to widely recognised Verification and Validation (V&Vprocedures
published by the European Research Community on Flow, Turbulence and Combustion
(Casey and Wintergerste, 200Q)the American Institute for Aeronautics and Astronautics
(Aeronautics and Astronautics, 1998, Oberkampf and Trucano, 2002nd the American

Society of Mechanical Engineer¢Engineers, 2009) The key aspecti all of these worksof

V&V are that errors are recognisable deficiencies in simulations which are not due to lack

of knowledge, whereas uncertainties are potential deficiencies caused through lack of
knowledge. Furthermore, OAT EAAOET 1T AAT AA AAOAOEAAA AO
ANOAOGEI T 66 AT A OAOEEAEAAOQEI T AO(RGCEE I1DHThe OEA
quality of V&V and thus CFD simulations depends strongly ahe control of errors and

uncertainties. These will be outlined below.

There are three main groups of errorsassociated with CF(Versteeg and Malalasekera
2007):

1. Coding errors.
User errors
3. Numerical errors, which include roundoff error, convergence error and

discretisation error

Human mistakes cause coding errors and user error€oding errors inevitably occurduring
code developnent and so there is emphasis orvalidation to approve a given code (e.qg.
ANSYS Fluent}o minimise these issuesCommercial code vendors invest a great deal of
time to minimise coding errors. On the other handuser errors occur due to human mistakes
when actually using the CFD codethemselves for example, when éfining the dimension
of the problem and details of the solution domain or when defimg turbulence models and

boundaries conditions, these errors can be reduced with practice.

Numerical errors are much better defined and easier to controlCasey and Wintergerste,
2000, Oberkampf and Trucano, 2002, Aeronautics and Astronautics, 1998, Engineers,
2009). The first type of numerical error isround-off error and this depends on how many
significant figuresare used by the CFD solver. Typically, users of commercial software have
a choice between single-precision (8 significant figures) and double precision (16

significant figures). If more significant figures are used during CFD calculatiorthe round-
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off error reduces.® OT AET ¢ 1T £&8 bDOI Al Al 06 AOEOA xEAI]
large number.Tu et al.,(2008) give the following exampleto illustrate the impactof round-

off error when using singleprecision:
A = 88888887 8888887 + 0.3333341
A=1+0.3333341

A = 1.333334 (correct result).

B = 8888888 + 0.3333341; 8888887
B = 88888887 8888887
B = 1.000000 (incorrect by 25%).

The reason why AE B is because of theound-off error, specifically, when adding a very
large number to a smaller one in the first part of the calculation of B, this is rounded to the
nearest integer, giving the wrong resultRound-off error can grow rapidly and swamp the
solution iterative ly, especially whena given CFD solution contaiis millions of cells.
Therefore, choosing to use doublgrecision solvers is an easy way to drastically minimise

the effect of round-off error.

Another common numerical error is ©nvergenceerror. Thisoccurs whenflow solutions
are not run for enoughiterations and they are stopped before the solution is properly
converged (convergence point).The convergence point can be reached by increag the
number of iteration s until there is no tangible difference in the solutionfrom one iteration
to the next Usually, CFD solutiomareconsideredto be converged when the residual levels
drop by three to five orders of magnitude(Versteeg and Malalasekera 2007), however, it is
very important to asses this on a caseby-case basis which requires careful judgement by
the CFD userTo illustrate the problem of convergence error,Fig. 2.21 shows how the
solution of the flow over a backwardfacing step is changed dramatically withncreasingly

fine converge leveltolerance (Gilkeson, 2009)
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Fig.2.21.lllustration of a converging flow solution for thebackward-facing step(Gilkeson,
2009)

Of all the numerical error sources, discretisation error is one of the most challenging ones
to define and minimise.The process of disretising the continuousgoverning equations of
fluid flow inevitably leads to discresitation error. This type of error is impacted by the
iterative processes employed by numerical solver methods and other factors such as
numerical diffusion which dependson cell shapeThe only way to minimise discretgation
error is to conduct rigorous mesh independence studies and select a mesh which gives
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sufficient accuracy for the given application.In order to establish a uniform method for
verifying CFD results, th Grid Convergence Index (GCWas proposed andis widely used
by Roacle (1994) (Vinchurkar and Longest, 2008, Hefny and Ooka, 209 It isgiven by:

"06 O ‘—;i (2.80)
| Y
where "Ois the factor of safety (this is set to 1.25 for rigorous studies or 3.00 for
conservative ones)gis the error computedbetween solutions which is given by:
Q Q0 (2.81)
“Q -
where "Qand "Qare calculated solutionson the fine and coarse gridgmeshes)respectively,

andr is the grid refinement ratio, given by:

i 2 (2.82)
Q

where h; and h; are the fine and coarse gridHyams et al.)spacing sizes (or number of
elements).Also, p is the order of discretization which is 1 for first order simulations and 2
for second order onesTo apply thismethod in practice, the same value afshould be used
between each successive mesh refinement for consistency. The solution valugsafd f2)
can be anything in a given set of solutions, for example, drag coefficients or the position of
a separation pont; it is up to the user to decideon which are the most appropriate solutions

to use. This method has been used successfully in vehicle aerodynamics simulations

(Gilkeson et al., 2013)

2.13 Design Optimisation

In this section, ashort review of designoptimisation is presented, this is not an exhaustive
review but it covers the methods and algorithms used in Chapter 6 of this thesis.
Optimi sation is a way offinding the optimum design or operation of a system under certain
constraints (Thévenin and Janiga, 2008Mathematically, itis often defined as finding the
minimum of asolution (e.g. minimum aerodynamic drag)g "Q&Qw , wherexis an input to
the system or adetermined design variable(e.g. dimension ofa car body) and™Qw is an
objective function such aghe cost of a projectforce acting ona car, weight of an object et.

In the context of design optimsgation, the problem can be summarised by the djective

function:

& "QEQM (2.83)
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where the designspaceis governed by:
W W W (2.84)
where, ® and w represent the lower and the upper limit for each ofthe design

variables. It is also possible to have inequality constraintsQw , which effectively reduce

the size of the design space, however this is not used in the curremork.

2.13.1 Design of experiments

After deciding whichinput parametersare of interest,i.e.the design variables, the objective
function will be derived as functions d these design variables.The number of these

variablesis equalto the number of degrees of freedomin the design spaceHaving too many

AAGECT OAOEAAI AO 1 AAAOG O1 OEA OAOOOGA 1T &£ AEI A
so large that it is very difficult to accurately sample i{Forrester et al., 2008) The number

of designs evaluagd for a given problem are determined by design of experiments (D&).

A DoEis effectively a distribution of points in a design space, with each point having a

unique combination of design variables i.e. an individual desigrrig. 2.22 shows typical

classical approaches to Do @eldhuis et al., 2016)

Full factorial Fractional factorial | I Central composite
. d @ & o s
. & ® ’ IéF
= .
. L
] D-optimal design ‘ l Taguchi design [
Fig.222.) 1 1 OOOOAOEI T OET xEI ¢ AE AAkONis dal.22018)(

The different classical DoEmethods include denselypopulated ones such asuill factorial
and central composite designs and less populated ones includirtige fractional factorial
(Veldhuis et al, 2016). Other types of DoE exist such as thatin Hypercube (LH) and
Optimal Latin Hypercube (OLH)(Narayanan et al., 2007)One of the issues with the OLH is

that the point distribution does not extend to the corners or the edges of thdesign space
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which is a problem in physically constrained problems (Gilkeson et al., 2013). Due to the
size restrictions of HGVs, the design optimisation problem in this thesis will be constrained
(especially in height and width), therefore, he full factorial approach is used later in this
work; such amethod givesa uniform distribution of points including the edges and corners
of the design spaceand it can be more easily implemented than other methods. After
choosing the number and distributon of DoEpoints in the designspace the values of the
objective function of the system(e.g. aerodynamiarag) should be found by experimental

or by numerical means; in the present study, CFD is used

2.13.2 Metamodels

Once the values of the design variables (inputgind their corresponding objective function
values (outputs) are known, a mathematical relationship between them, a metamodel, can
be obtained to describe the behaviour of the system as a whole. The accuracy of a given
metamodel in describing the response foa system depends on the number and distribution

of DoE points, as well as the number of dimensiorfQueipo et al., 2005)Fig.2.23 shows a
typical metamodel illustrating how the aerodynamic drag coefficient of a bluff road vehicle

varies as a function of three design variables (Gilkeson et al., 2013).

@  x,=00 B =05 (c) x5=1.0

0.502 £ \ 0.502 \ 0.502 ‘

0.498 0.498 0.498
Co 049 Cp 0404 Cp 0494
0.490 3 v 0490 i 0.490
0.486

Y 0.486 0.486 ;
0.0 v 0.0 0.0
0.0 v 0.0 0.0

0.5 0.5 Y 05 0.5 x 0.5 0.5
X; 1.0 1.0 e X; 1.0 1.0 Tk Xy 1.0 1.0

C, MEENETEST T

0.486 0.490 0.494 0.498 0.502

Fig.2.23. lllustration a four dimensional metamodel with three design variables and one
objective function, G (Gilkeson et al, 2013).

After a metamodel has been createaptimisation methods are required to find the global
minimum of the objective function on the metamodel surface The benefit of buildinga
metamodel using aDoE approachis that if the metamodel is accurate (i.e. it has sufficient
data points) itis possibleto avoid doing moreCFDsimulations (Forrester et al., 2008, Viana

and Haftka, 2008) There arevarious mathematical and statistical techniques and methods
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usedto build metamodels.In particular, there aretwo distinct types: interpolation -based
and approximation-based methods (Forrester et al., 2008) The main difference between
these is that interpolation-based method require the metamodelto passdirectly through
objective function data points. Examples dhterpolation -based metamodels are kriging and
radial basis functions (Queipo et al., 2005, Forrester et al., 2008)in contrast, in
approximation-basedapproaches the metamodelA | A O1 & Opadsdirdctly théplgh the
data points (analogous to a line of fit to a cloud of data)Jhis feature gives approximation
based methods more flexibility todeal with noisy data points which is a common problem
in CFD(Gilkeson et al., 2014)A more thorough review of metamodels is beyond the scope
of this thesis, however, for the reasons outlined above, a commapproximation-based
method, the Moving Least Squaresnethod (MLS)is usedlater in this work (Toropov et al.,
2005). In MLS an approximation function,”Qw , basedon N DoE points (inputs) and the

values ofthe objective function (outputs), Q are given by

Q6 00 (2.85)

where 0 is a weight assigned to each point which is represented by a Gaussian weight decay

function, namely:

0 Agbpt (2.86)

were r; is the Euclidean distance from the metamodel approximation and the objective

function valuei.e.i S wsand g is the closeness of fit parameter

2.13.3 Optimisation Techniques

The next step in the optimgation process isto search the metamodel for the global
minimum. There are several different methods of optimization.There can be classified in
two type global and local search methodsThe Sequential Quadratic programming (SQP)
method is example of local research type. Irequired an initial good guess of the soltion.

On the other hand, Genetic Algorithms (GASs) is global research methods witch is does
required started point to research. The Both global and local search methods are used to

fulfil this step.

-50-



2.13.3.1 Genetic Algorithm

GAs are commonly used because thegrceffectively scan the whole of a typical design space
to find suitable candidate(s) for the global minimum. The three stages in implementing the

GA can be summarised as:

1. Initialization
2. Creating the Next Generation (selection, crossover and mutation)

3. Termination

The initialisation stage involves generating a seed by randomly choosing the numbef
potential candidates of the position of the minimum value of an objective function; these are
called chromosomes. For example, in the case of a three desigriable optimisation
problem, each chromosome represents the value of every design varialidg D, and Ds. The
chromosomes stores the solution which it represents in different ways depending on the
nature of the problem, such as: binary, real numbenector of a real number etc Each
chromosome consists of a unique combination of geneiig. 2.24 and Fig. 2.25 show how

chromosomes are made up of genes for binary and vectbased systems, respectively.

- -

Chromosomez 1 __0__ 0 __Q__0Q0__

Chromosome % 1 1 1 0 1 \
= ]
Chromosome 4 () 1 1 0 1

Chromosome
Chromosome & 1 1 0 0 1

Fig.2.24. Exampleof a binary chromosome representation.
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. / Gene

Chromosome 1

|
- - _l
Chromosome z -1 10 45
Chromosome: 3.4 -2 -1.3  Chromosome
T T T T T | —

Chromosome t 0.5 2 31

Chromosome £ 10 -1 0

Fig.2.25. Exampleof a vector of real number type chromosome representation.

The group of initial chromosomes are together called the initial population. All subsequent
processes depend on these chromosomes including the next generatigiolland, 1992). An

overview of the entire GA process is shown iRig.2.26.
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Fig.2.26. lllustration the steps involved in the genetic algorithm.
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In step (2), creating the next generation, the GA uses the current population to create a hew

Oi 1 OO0EiTTh 1 AAA ODb £EOT i OAEEI A3 nel @endraticd] | AOh
Before this is done, firstly a fithess calculation is made on the initial population to identify
AAT AEAAOA OPAOAT 686 AEOI T T O1T i1 AGs "AAAOOA 1T &£ O

assesses the entire initial populatior(from step (1)) to find the best solutions from them to
select a suitable group of individuals, callegarents, who contribute their genes to children.
The fithess function is related to the value of an objective function and typically, as the
fitness function increases, the objective function decreases. The algorithm usually selects
individuals that have better fithess values as parents (Holland, 1992). It is important to
appreciate that the size of chromosome populations always remains unchanged from one

generation tonext.
There are three different subprocesses to step (2) in order to identify the next generation:

a) Selection process: selecting the elite chromosomes in the current generation which
have the best fitness values too form the next generation.

b) Crossoverprocess: creating new child chromosomes by combining a pair of elite
parent chromosomes, se&ig.2.27.

¢) Mutation process: introducing small andom changes, or mutations, to a single gene,
seeFig.2.28.

Crossover Ling =iy I

Chromosome n

F Chromosome fl_ 1,00 0

: 1 0 1 1 \ child

_________________ I Chromosome

Parents
Chromosome

Fig.2.27. Example of thecrossover process on binary chromosomes.
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r - .
Chromosome 1 3 5 L _0 _ Mutation
r—=—=n process
New Chromosome 3 5 L35_1
after

Fig.2.28. Example of the mutation process on a gene in chromosomes represented b
real number vectors

The crossover and mutation processes are not always performed when generating a hew
population; these processes are dependent on crossover and mutation probabilities.
Typically, the crossover probability is high at about 80% whereas the mutation probabiljt

is very low about at 3%. The mutation process is important because it prevents the search
falling into a local optimum and it thereby extends the search space. Higher mutation
probabilities can cause the search to degrade to a random one which undermgéhe
purpose of the GAHolland, 1992).

The last step, step (3)js termination. There exist different criteria to stop searching. A
searchis stopped when a maximum number of generations or a maximum time limit is
reached. However, typically, the GA detects if there is no change in the best fithess value for
a given time in seconds (stall time limit), or for a specified number of generations (stall

generation limit). A candidate is then put forward for the global optimum.

Despite the strength of the GA method, it is only suitable for finding the approximate
location ofthe global minimum and not necessarily the absolute optimum value. Therefore,

any design proposed by a GA needs to be confirmed by using local gradibased search

i ACET AG8 , 1T AAl 1 POEIi EOAOEIT OAAOAE 1 AOET AO
so the GA result is used as a starting location. At this point, the local (and hopefully global)
optimum will have been found. The design variables (inputs) for this candidate can then be
assessed using the simulation method, such as CFD, to see if thal fresult matches the
metamodel prediction. A new metamodel will need to be built from the extra data point(s)

and only when the CFD and metamodel predictions are very close, will the optimum result
have been found. Many different local optimisation methds and the GA are embedded

within the MATLAB Optimisation Toolbox, which is used later in this study.
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Chapter 3 : Review of Aerodynamics and Stability of Heavy Goods
Vehicles

Following the review of fluid mechanics principles and the key aspects of CFD aaesign
optimisation in the previous chapter, the following chapter reviews bluff body
aerodynamics including a summary of strategies for reducing the aerodynamic drag force

on HGVs. It is widely known that the main flow features surround such vehicles atteree
dimensional and unsteady in nature# ET E AO Al 8h ¢nmptqQq8 4EA A&l1
features because of two reasons. Firstly, HGVs are bluff bodies which produce extensive

flow separation from many parts of their surfaces. Secondly, the flostructure is further
complicated by the ground, in turn affecting the aerodynamic forces and flow featuré€hoi

et al., 2014) In order to appreciate these aspects, it is important to clarify understanding of

the complex flow structures around HGVs and similar vehicles; this is the purpose of this

chapter.

3.1 Flow around simplified three-dimensional vehicles.

Aerodynamic flows around vehicles in general, such as aeroplanes, ships and road vehicles
are broadly similar, however, in the case of road vehicles they are usually bluff bodies and
so the resulting flow field is dominated by massive flow separation leading to significant
drag forces (Choi, et al., 2014). In the field of road vehicle aerodynamics two modelsigéh
are widely used to study the aerodynamic performance of real HGVs are: (i) the Ahmed and
(ii) the GM model (Choi, et al., 2014, Hucho, &6). The only difference between the two is
that the Ahmed model has a slanted end edge, s€ig.3.1.

Flow

Fig.3.1. a) Ahmed model and b) the GM model (Choi et al, 2014).
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The flow around the Ahmed model contains three common featuréscluding:

1. A separation bubble on the slanted surface;
2. A pair of counterrotating longitudinal vortices;

3. Another recirculation bubble behind the vertical base.

These flow features, shown irFig.3.2, are the main reason for relatively large drag forces
(e.g. compared to an aeroplane) and the drag force strongly depends on the slant angle,
(Hucho, 1988§.

Separation

bubbles %\/
Longitudinal ;

vortex

Separation bubble
on slanted surface

Longitudinal
vortex
Flow 040

0.378 4

=
fw
o

Drag coefficient C;
g

0.25%=

|
Recirculation 0 5 10 15 20 25 30 35
bubbles behind Slant angle a (°)

vertical base
0 N\
Main

point

Longitudinal
vortex

Fig.3.2. Aerodynamics of the Ahmed modeh) the flow structure b) the drag coefficient
(Choi, et al., 2014).

In a time-averaged sense, when the slant angle is in the rangg | p @, the drag
coefficient decreases, from 0.25 to approximately 0.23 and flow separation appears only at
the end of the edgeshowing in Fig.3.2 (Choi, et al., 2014). However, when the slant angle is
large and in the range op @&’ | o 1 the drag coefficient increases by approximately
65% from 0.230 to 0.378. This drag rise is partlydue to flow separation occuring
immediately downstream of the front edge of the sloped area. In addition, small
recirculation bubbles are created in the same area and the size of these bubbles increases

with the slant angle. Moreover, a pair of counterotating longitudinal vortices appear
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around the two side edges of the slope area, and their strength increases as the angle of the

slope area increases. When
regime where the longitudinal vortices have maximum strength and the extent of flow
separation reaches the maximum. Secondly, the ledrag regime, where the longitudinal

vortices and recirculation bubble can disappear and the flow separates completely from the

slant area so the drag decreaseframatically (Hucho and Sovran, 1993)

It is important to appreciate that there can be a strong relationship between unsteady flow
features and drag generation mechanismérhacker et al., 2010) The recirculation bubbles
behind the vertical base region are intermittently shed and the separation region on the
slanted surface is highly unsteady; it can instantaneously fully separate, even at ¢ o
Thacker et al. (D10) also reported a slight drag coefficient change with change of Reynolds

number (Fig.3.3), which relates to the change in flow structure.

The GM model is another important model used in aerodynamic studies. The only difference

S
0.4 :
0,595
0.34;

0,385

o

Fig. 3.3. Drag coefficient of the Ahmed model versus Reynolds number (Thacket al.

2010).

2 25
2 A

o Tithere are two possible regimes. Firstly, a higllrag

between the Ahmed model and the GM model is the sloped surface at the back end of the

et al., 2014) As we can see fronfrig. 3.4 and Fig. 3.5 the CFD results computed using Large

0T AAI
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around Ahmed's model with a large recirculation bubble appearing behind the bag€hoi,
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Eddy Simulation (LES), the neawake experiences a high level of unsteadiness and it
contains a large number of smalscale vortices. The shear layer region continuously
generates strong smabscale vortices, giving high turbulence intensitiegLee and Choi,
2009).

05

1 1 1 1

0 ! L
0 0s 10 1.0

x/H

1.0 20

Fig. 3.4. Side view of the flow structure in the near wake behind the GM model on tt
vertical plane of symmetry: a) timeaveraged streamlines and b) contours of the
instantaneous spanwise vorticity (Choi, et al., 2014.ee & Choi 2009).

i

(a)

2

(b)

Fig.3.5. Instantaneous vorticity contours around GM model: a) spanwise vorticity in the
symmetrical plane and b) transverse vorticity in the horizontal plane (Lee & Choi 2009)
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3.2 Flow features around real ground vehicles
3.2.1 Flow around a bus

We can use the GM model to analyse the flow around buses. It is clear that there is a
noticeable similarity between the geometric shape of such vehicles and of the GM model.
Aerodynamically, theflow separates at the front lateral and roof edges and then reattaches
so the separation bubble appears. There are two parameters which are used to explain the
behaviour of the aerodynamic performance for buses: the Reynolagaimber andthe front-

edge roundhess, given as
i
Roundness = e (3.1)

where thei is the radius of the front edge and the A is the area of the cross section of the

bus. As the Reynolds number increases, the drag force decreasamificantly before the

drag force stays constant and the separation bubble disappegrs# ET E A0 Al 8h c¢mp
and Davidson, 2005) As a result, the value of the fronedge roundness of buses should

reach more than 0.125 to avoid high drag due to flow separation.

Krajnovic and Davidson (20®) investigated the flow structure around a bus shaped model
vehicle at the Reynolds numbeof & p p 1Tin zero yaw conditions and they discovered a
new smaller-scale flow structure which was revealed by using LES. In their study, it is clear
that the difference between the instantaneous flow field and the timaveraged one is
significant. Fig.3.6 and Fig. 3.7 show the features of flow sparation at the front lateral and
roof edges. As can be seen, the hairpin vortices are formed in these separation regions and
these vortices are aligned so that their axes are parallel with the separation lines. The two
ends of hairpin vortices are attachd to the surface. These vortices are broken down soon
after they are generated. In a timeaveraged visualisation, the vortices are formed on each

side and on the roof, revealing the separation lines, sédég. 3.7.
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Fig.3.6. Instantaneous visualisation of the isosurface of instantaneous second invaria
of the velocity gradient around the GM modglKrajnovic and Davidson 2003.

Fig. 3.7. View of the front face of the GM model showing tirmaveraged trace lines on the
surface of the body showing the roof vortex(R) the lateral vortex (L) and the stagnation
point (). (Krajnovic and Davidson 2005.

-60-



Fig.3.8 shows the time-averaged flow structure around the rear part of the body. As can be

seen in the upper right hand corner, two trailing vorticesTYf]and "¥ and one very thin

separation bubbled are visible. Fig. 3.9 shows a transverse slice through these vortices
which are parallel to the surface of the body in the longitudinal axis. Similg, a strong
trailing vortex (denoted by T inFig.3.8) extends from the lower edges. As this flow structure
is analysed it can be seen that the vorteixicreases in size and then reduces again, moving
downstream, Fig. 3.10. All of these flow features show how complex the flow field can be

around bodies such as these.

Fig.3.8. Schematic representation athe time-averaged wake around a bus shaped vehicl
(Krajnovic and Davidson 2005).
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Fig. 3.9. Transverse view looking from behind the GM body showing timaveraged
streamlines, sliced through the upperfright trailing vortices. Note that the rotation of
vortices Uy, and Us are counter clockwise and clockwise, respectivelyKrajnovic and
Davidson 205).

Fig.3.10. Time-averaged streamlines projected onto planes: a) x3.36H,b) x=-2.88H,¢)
x=-1.68H, d) x=-0.48H, e) x=0, andf) x=0.32H. Note that the direction of the rotation of
this vortex, T, is counter clockwise. View from behind of the loweright edge of the body
(Krajnovic and Davidson 2005.

3.2.2 Flow around tractor-trailer vehicles

The main features of the flow structure around a tractottrailer include: the stagnation
region at the front of the tractor, flow separation at the rear edge of the tractor, two counter
rotating vortices in the separation gap between the tractor and the &iler and a long wake
behind the trailer unit. Some or all of these flow features can be replicated using numerous

simplified models to study the flow around tractortrailer type vehicles. The simplified
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models are the ground transportation system (GTS) ahthe generic conventional model
(GCM), seeFig. 3.11. Note that the standard GTS model has no gap, no wheels and no
undercarriage, whereas the standard GCM model is more complex and includes these
features. Both models have more developed versis to add realism which leads to the
modified ground transportation system model (MGTS) and the modified generic

conventional model (MGCM).

ol

Ground transportation system (GTS) Modified GTS (M-GTS)

(d)

o

~ 7z

Generic conventional model (GCM) Modified GCM (M-GCM)

Fig.3.11. Simplified tractor-trailer models: a) GTS, b) MGTS, ¢) GCM ard) M-GCM (Choi,
et al., 2014).

Lo and Kontis (2017) conducted an experimental study tinvestigate the flow structure
around a Europeantype tractor-trailer vehicle at a Reynolds number ofgp p 1 in zero
yaw conditions using a 1:20 scale model. This is designed based on some common UK HGVs

with articulated lorries, seeFig.3.12.
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Fig.3.12. A 1:20 scale articulated HGV model viewed from a) side and b) t¢ho and
Kontis, 2017).

Experimental results from this study are presented irFig. 3.13a which shows the overall

flow structure over the HGV. Of particular interest is the stagnation region (ST) at the front

of the model and massive flow separation at the rear end (SP) which proces an upper

shear layer (Sk) (Lo and Kontis, 2017) The authors of this study also carried out some CFD
analysis,Fig.3.14, and there areclear similarities with the flow features already mentioned

from the experimental work, Fig.3.13. Another observation was a clear acceleration region
overtheAOOOAA OI T £ 1T £ OEA AAA OT EO AAEI OA EEOOEI]
a secondary stagnation region (&) which in turn induces separated flow and a
OAAEOAOI AGET ¢ AOAAT A j3"q 11T OEA EOITQ§ bioC
Fig.3.13c shows a large recirculation bubble (VC) behind the vertical base, in addition to

two shear layers(SLy) and (SL)) coming from the upper and lower sections of the trailer,

respectively.

As with Krajnovic and Davidson (20%), Lo and Kontis (2017) found that there is a
significant difference between the instantaneous flow field and the timaveraged one,
especially in the recirculation region behind the vertical base.In a time-averaged
visualisation, one vortex was found in the recirculation regiorrig.3.13 and Fig.3.14. On the

other hand,Lo and Kontis (2017) found two vortices in the same region.
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Fig. 3.13. Experimental flow structure over an HGV showing a) Overall flow pattern, b
front region and c) base regior(Lo and Kontis, 2017)

i
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Fig.3.14. CFD visualised velocity contours over the front and rear part of the HE\M and
Kontis, 2017).

Moving on from the overall flow field, the airflow through the gap between tractor and
trailer units has beenshown to have an important effect on the net drag forcéChoi et al.,
2014, Hyams et al., 2011)The configuration is effectively represented by two buses, one

following the other. The effect depends on the gap size and yaw angle. For exanipig.3.15

showsthat when the gap clearance is between 0.1 “OVE 0.5, whereGis the gap distance
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and Ais the frontal area of the vehicle, experimentally, the drag will be relatively low. The
flow structure inside the gap consists of two counterotating vortices as can be seen in
Fig.3.15b (Choi, et al., 2014).

0.9 T T T T T T
a Total

08 -

071 -
06 Trailer GNA=0.28
05 .
04 .
= Tractor |
02 1

Drag coefficient C;,

0 1 Il Il 1 1 |
0 0.2 0.4 0.6 0.8 1.0 1.2 14

Gap clearance G/VA

Fig.3.15 a) The drag coefficients as a function of gap clearance, b) top view of the tir
averaged flow structure in the gap between tractor and traile(Choi, et al., 2014)

4EA AAEAOET O 1T £ @latdd toQhk How Attududeln tie @dpCas Hhi® gap
increases. When the gap clearance is between O.lnomg 0.5the drag is low because the

flow inside the gap consists of two steady symmetric countermtating vortices so a low

pressure region at the front face of the tiler exists and the trailer experiences

comparatively low drag. Moreover, when the gap increases 't‘ng 0.5, the two vortices

break down and the flow becomes unsteady with extensive flow separation at the rear edge
of the tractor and an increase in the pressure at front face of trailer occurs, thereby
increasing drag. At low yaw angles, the relationship beteen gap clearance and the drag is
strong. In contrast, at high yaw angles, this relationship becomes weak because the flow
passes through the side of the gap, dominating the flow structure there which increases the

pressure on the front face of the traile so its drag rises (Choi, et al., 2014).

Moving further downstream, the flow structure of a typical tractortrailer has a significant
and elongated wake zone behind the trailer. The wake structure, from timaveraged
analysis, consists of two large recinglation bubbles, similar to the wake structure of the GTS
model, (Ortega et al.2004; Roy etal., 2006) (Fig.3.16). Ortega (2004) found using unsteady
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CFD analysis that separation shear layers extend from the rear edges of the trailer, which
roll up into vortex rings before they mix with the wake in the base regior{Ortega et al.,
2004).

(h)

Y Axis

Fig.3.16. Time-averaged velocity fields in vertical symmetric planeQrtega et al., 2004

The flow structure around a tractortrailer can also be influenced by a crosswind, causing a
flow separation region & the front lateral edge of the tractor (Apillar vortex) and a
separation bubble, as revealed from &ached Eddy Simulation (DES) seeFig. 3.17 and
Fig.3.18 (Maddox et al., 2004) In addition, the aforementioned crosswind effect of flow in
the gap increasing the pressure on the front face of the trailehoi, et al., 20143also occurs,
contributing to a drag rise (Maddox et al. 2004). Moreover, the crosswind causes flow
separation at the leeward side edge of the trailer so the side force on thiehicle increases

significantly, influencing the stability of the vehicle.

Fig. 3.17 Streamline and velocity vectors from DES prediction of the flow at a $@aw
angle. GTS surface coloured tpressure in the left frame, velocity vectors coloured by the
eddy viscosity ratio in the right frame (Maddox et al., 2004).
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1500

Fig. 3.18 Instantaneous vorticity isosurfces coloured by pressure from DES results at
10°yaw angle (Maddox et al. 2004).

Ground effect is anotherimportant aspect of the aerodynamic performance and flow
structure of tractor-trailer units/HGVs. Many studies explain that increasing ground
proximity affects the flow structure leading to a rise in the aerodynamic drag force (see e.g.
Choi, et al., 2014 Sorms et al. 2004). However, ground proximity is largely a fixed
parameter for HGVs and the focus of this #sis is the contouring of the upper region of such

vehicles. Therefore, ground effect is not explored in any further detail here.

3.3 Review of flow control and drag-reduction devices for heavy vehicles

In this section, various types of drageduction devicesused with HGVs or similar vehicles
will be considered. These devices are generally classified in relation to their location,
typically on the forebody, base, and underbody. More recently, owdody drag reduction
has been used so a short review of the lited literature in this area is also described.
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3.3.1 Forebody drag reduction devices

Forebody drag reduction devices are widely used with tractetrailer vehicles to enhance
their aerodynamic performance. Typically, these are located immediately in front of tctior
units and in the gap between the tractor and trailer. These devices are very important
because about 45% of the total drag force is generated in the front part of tracttrailer,
including 25% at the nose of the tractor and 20% in the gap, séég.3.19 (Wood, 2006). It
has keen shown that by making the all corners/edges of the front face of the tractor
smoother and by using a small fairing on the roof of the tractor unit itself, fuel savings of

roughly 20% can be realised for tractottrailers (Choi et al., 2014).

- Aerodynamic Drag © Target Area

20%

30%

Fig.3.19. Aerodynamic drag distribution for a tractortrailer (Wood, 2006).

Generally, there are various strategies for minimising forebody drag. Careful control of the
flow around the front face of the tractor, making it more streamlined, can be effective.
Fig.3.20 shows an array of devices located on the tractor, including a vertical fen¢allan,
1981, Choi et al., 2014)a cab deflector (Malviya et al. 2009; Choi et al., 2014), moving
surface boundarylayer control (Malviya et al. 2009; Choi et al., 2014), and a front spoiler
(Hyams et al., 2011; Choi et al., 2014). The front spoiler reducesd by decreasing the flow
velocity in the underbody region, whereas the other devices mentioned above enable better

airflow over the tractor, minimising stagnation on the front of the trailer unit.

Another key strategy is to control the airflow in the gaetween typical tractor-trailer units.
There are many devices which use this strategy, including gap enclosure (Allan 19&hoi
et al., 2014), cab side extenderEStorms et al., 2004, Hyams et al., 2011, Choi et al., 20,14)
trailer splitter plates (Hyams et al. 2011; MohameeKassim & Filippone, 2010; Choi et al.,
2014), crossflow vortex trap devices, tractor splitter plates, and base bleedin{Ortega et
al., 2009, Choi et al., 2014¥eeFig.3.20.
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Vertical fence Cab deflector Moving surface Front spoiler
(or roof fairing) boundary-layer control
‘b ‘ ‘ ‘
Gap enclosure Cab side extender Trailer splitter plate Cross-flow trap device

Tractor splitter plate Tractor base bleeding

Fig.3.20. Typical forebody dragreduction devices: a) forebody flow control, b) Gap flow
control. (Choi, et al., 2014).

Using side extender devices to control the gap flow is also very common. These devices
reduce the drag force by delaying flow separation. In contrast, base bleedilevices are
less popular because they cost more money tmplement and operate, however, they have

a significant effect on drag with drag reduction of up t&¥/6 TP T rgalised (Ortega et al.,
2009; Choi et al., 2014).

All these devices are strongly affected by crosswinds, so their aerodynamic performance
depends on the angle between the direction of the vehicle and the oncoming wird,also
known as the yaw angle. As can be seenhig.3.21, the drag reduction of cab deflector and
tractor splitter plate devices decreases with the yaw angle whereas the drag reduction of
the gap enclosure improves. It is clear that promising solution is to use side extenders
which can reduce the drag by between ~28% and 42%, depending on the yaw angle. It
should be noted that the benefit of side extenders depends on their length; interestingly, the

details of the drag reduction mechaisms are still not clear(Choi et al., 2014
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Fig.3.21. The drag reduction of various devices as function of the yaw angle (Choi, et ¢
2014).

3.3.2 Base drag reduction devices

Another broad category of drag reduction devices relates to those influencing the base
region. It is widely acknowledged that the drag generated in the base of most HGVs is large
because the end edges are typically sharp with an abrupt end of the traileniti(Hucho and
Sovran, 1993). For example, Wood (2006) found that around 25% of the drag is due to
energy losses in the base region. More recently, there have been many research studies
focusing on the understanding of unsteady vorticaflow structures in the wake behind HGY
type vehicles with an aim being to help to design new passive or active drag reduction
devices. Choi et al., (2014) concluded that a good understanding of these unsteady flow

phenomena are needed to come up with effective design solatis (Choi et al., 2014).

In general, there are two broad bluff body shapes representing the tail end of road vehicles,
namely: fastback and squareback types. Base drag reduction devices for faback vehicles
are associated with the Ahmed body moddlAhmed et al., 1984)and Fig. 3.22(a) shows a
selection of these. As mentioned before, the separation bubble and a pair of vortices are the
dominant features within the flow structure for the Ahmed model and they are largely
responsible for the pressure drag. Therefore, there are two primary strategies used to
reduce the drag force on such vehicles. One strategy is to exclude and prevent the separation

bubble by making the flow fully attached on the slanted surface. There ararious methods
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suitable for achieving this. One of these is to install a group of small objects (such as vortex
generators) on the top of the slanted area, or slightly upstream of the slant. This serves to
generate coherent strearwise vortices that promote high-momentum flow near the wall,
thereby preventing the separation bubble(Pujals et al., 2010) Another method used is to
make the edge between the roof aththe slanted surface more rounded so the flow on the

slant area remains fully attached for longerChoi, et al., 2014)

||

Roundness

Flaps Vortex generators Arrays of circular cylinders Rounded edge
b
Blowing at the base Vertical splitter plate Base cavity Boat tail

Fig.3.22. Base region drag reduction devices: a) Faback.b) Squareback (Choi, et al.,
2014).

An alternative strategy is to reduce the strength of the longitudinal vortices (Choi, et al.,
2014) by inducing fully separated flow from the transverse edge at the point where the roof
and slanted surfaces meet; the resultingd field is similar to that of the low-drag regime
at the critical slant angle] E  drexcall section 3.1). An example of a device which uses this
strategy are flaps as shown irFig. 3.22(a). These flaps interrupt the flow reattachment to
the slanted surface which would normally occur due to the trailing vortices; by making the
flow fully separate, the formation of these longitudinal vortices is prevente@Beaudoin and
Aider, 2008). Another method is to insert vortex generators on the slanted surface at the

main separation point. If they are carefully positioned, these vortex generators can instigate
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early separation and a very lage recirculation bubble which dominates the flow field and
prevents the longitudinal vortices from forming, which can lead to an overall drag decrease
(Aider et al., 2010)

Base drag reduction devices for squarback vehicles are associated with the GM model and
Fig.3.22(b) shows typical soluions which are suitable for these vehicles (such as HGVs). As
previously mentioned, attributes of the flow field of the GM model are dominated by large
recirculation bubbles and flow separation at the base, leading to high pressure drag.
Therefore, typicalstrategies for reducing the drag force in this case is to reduce the size of
the recirculation bubbles and/or by shifting them away from the base (Choi, et al., 2014
Hucho, 1986. Numerically,(Littlewood and Passmore, 2012)nvestigated a blowing system

at the base, finding that the drag can be reduced by up to 50% compared with the baseline.
Although active blowing at the base has a significant beneficial effect on reducing
aerodynamic drag, they are not widely used becauske installation and operating costs are
prohibitive (Englar, 2001). Vertical splitter plates are also effective but they are totally
impractical because of their size, se€ig. 3.22(b). Related to this,(Gilliéron and Kourta,
2010) investigated by experiments the concept ofertical splitter plates, finding that the
drag can be reduced by up to 45% compared with the baseline; again, this is not a very

practical design.

In practice, base cavities and boat tails are the most promising design solutions. Both rely
on delaying base flow separation and pushing the recirculation bubble away from the
vehicle and/or reducing its size(Khalighi et al., 2001) seeFig.3.23. Fig.3.23 illustrates this
effect by showing the change in the structure of the wake ¢he base of a typical bluff body,
before and after installation of cavities (middle row of images) and boat tails (bottom row
of images). Clearly, the size of the recirculation bubble is reducing, and, in the case of the
cavity, these recirculation regims are being pushed downstream from the vehicle. The size
of the separated flow region for the boat tail design is noticeably smaller because the cross

section at the base has reduced.
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Fig.3.23. Side illustrations showing streamlines on the symmetry plane at the base of a
bluff vehicle, (left) CFD simulation results, (right) PIV measurementgtop) square-back,
(middle) cavity device and (bottom) boattail device(Khalighi et al., 2001)

Khalighi et al.(2001) found that the drag can be reduced by about 18% and 30% by using
the cavity and the boattail, respectively. Interestingly, a bat tail with a cavity has more
drag reduction than a solid boat tail which(Balkanyi et al., 2002)verified experimentally,
observing a reduction of about 50%. The effectiveness of a boat tail design is a function of
its length and slant angle| (Wong and Mair,1983, Yi et al., 2007) For example, Yét al.,
(2007) investigated the effectiveness of a boat tail experimentally as a function ¢f &s
shown in Fig. 3.25, he highlighted under what conditions the flow is fully attached,
separated, where it is reattaches and where the separation bubble can ocdeig.3.24 shows
this relationship which is characterized by four different regions. In the first region (0
| 5°) the flow is fully attached to the slant surface. As the slant angle increases furthi{ép

| p 50), flow separation initiates from the front edge of the sloped area and a
corresponding small separation bubble is created in the same area. This separation bubble
increases in size with the slant angle, however, massive separation is delayeddtsong

near-wall momentum so the drag continues to decrease significantly until it reaches a
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i ETEI OI AO p uvedion (6o | Op A, bésiel&@ Beparation bubble, a pair of
counter-rotating longitudinal vortices appear and their strength increaes as the angle of
the slope area rises which leads to a dramatic increase in overall drag. In the fordgion

( ¢ 7, the drag reaches the maximum which is equal to the drag of the base vehicle
without the boat tail i.e. the flow has fully separatedrbm the leading edge of the boat tail
(Choi et al., 2014, Yi et al., 2007¥eeFig. 3.24 and Fig. 3.25. Note that some of these flow
features can be determined from the ossurface oil flow images from the wind tunnel

experiments shown inFig.3.25; the relationship betweenFig.3.24 and Fig.3.25 is clear to

see.
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Fig.3.24. Drag coefficient of the GM model using the boat tail as function of the slant an¢
] .Labels a), b), c) and d) relate t&ig.3.25 (Choi et al., 2014, Yi et al., 2007)
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Fig.3.25. Oitlow visualisation on the upper plate of a boat tail attached to the GM mod:
atRe=1.75 105:a)JEuvidpuv o h A qdm y@hoitktalh POA4, Yi et al., 2007)

3.3.3 Underbody drag reduction devices

The third general class of drag reduction device is the underbody type. According\éood

(2006), a significant drag source is from the underbody region, which generates about 30%
of the total drag.Fig.3.26 shows a small selection of devices suitable for underbody drag
reduction. These include undercarriage straight skirts, belly boxes, and undercarriage
wedge shrts. The purpose of these is to decrease the drag by shielding flow from entering
under the body of typical HGVs through the side of the trailer unit. As underbody devices

are not the focus of this research, this will not be explored any further.

A summay for the three types of drag-reduction devices used inheavy vehicles

aforementioned above is presented imable 3.1.
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Undercarriage straight skirt Belly box

Undercarriage wedge skirt

Fig.3.26. A selection of typical underbody devices (Choi, et al., 2014).
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Table 3.1 Summary of the literature review for the three types of drageduction devicesused inheavy vehicles.

Reference Baseline Device CsBaseline G Drag Reduction
1 (Malviya et al., 2009) Tractor-trailer Cap roof fairing 0.9 (Exp) 0.78 (CFD) 13.33%
2 (Malviya et al., 2009) Tractor-trailer Moving Surface Boundary Layer Control (MSBC) 0.9 (Exp) 0.79 (CFD) 12.22%
system
3 (Malviya et al., 2009) Tractor-trailer Both (Cap roof fairing + MSBC) 0.9 (Exp) 0.70 (CFD) 22.22%
4 (Littlewood & Passmore, Square Back (SB) steady blowing / / (3%-12%) (Exp)
2012)
5 (Gillieron & Kourta, 2009) Ahmed Model (0) vertical splitter plates 0.305 (Exp) / (-1%-12%) (Exp)
6 (Gillieron & Kourta, 2009) Ahmed Model (25) vertical splitter plates 0.448 (Exp) / (-8%-45%) (Exp)
7 (Beaudoin & Aider, 2008) Ahmed Model (30) flaps fixed on edges (0.365-0.355-0.351) / To 25% (Exp)
(Exp)
8 (Krishnani & Zhou, 2009) Sport utility vehicle Upper And Lower Flat Tail Plates 0.29829 (CFD) 0.27151 8.98% (CFD)
(SUV) (CFD)
9 (Khalighi. et al., 2001) Square Back (SB) Cavity 0.300 (Exp) 0.240 (Exp) 20% (Exp)
10 (Verzicco et al., 2002) Square Back (SB) Cavity 0.300 (Exp) 0.279 (CFD) 7%
11 (Verzicco et al., 2002) Square Back (SB) boat-tail 0.300 (Exp) 0.23 (Exp) 23.33% (Exp)
12 (Wahba et al., 2012) Square Back (SB) Lateral guide vanes 0.995 (Expl) / Up to 18% (CFD)
13 (Wahba et al., 2012) Suv Lateral guide vanes 0.57 (Exp) / Up to 18% (CFD)
14 (Mosaddeghi et al, 201% Tractor-trailer Cabvane +deflector+ base flap / / 41% (CFD)
15 (Ortega & Salari, 2004) Tractor-trailer Wedgeshaped skirt+ curved base flaps / / 20%
16 (Aider & Beaudoin, 2010) modified Ahmed model Vortex generators / / 12%
17 (Pujals et al. 2010)) Ahmed Model (25) Coherent streamwise streaks / / 10%
18 (Holt J. et al., 2015) LGV Roof Curvature Up t012.5%

(Experimental)
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3.3.4 Effect of roof curvature

As already briefly described in Chapter 1, roof curvature or ovelbody design is aelatively
new passive flow control method and is often used with other drag reducing devices to
improve the aerodynamics of HGVs. The practical use of roof curvature on fleets of HGVs
has been shown to produce significant reduction in fuel consumptio(Holt et al., 2015)
Indeed there is a wide vaety of over-body solutions on HGVs operating throughout the UK
transport industry and various solutions have been used for about the past 10 yearsee
Fig.3.27.

$AOPEOA OEAEO DOAOAI AT AAn O publdy AvailaieCED ® 05 E|

wind tunnel data to quantify performance benefits or to offer design guidance (e.g. the

amount of curvature required, position of maximum camber etc.) (Holt et al., 2015). This

EO 110 A TAx EAAA AAAAOOA OEA , AAAOOBEO OOOAA
of this streamlining concept in 1947 as detailed in the review by Cooper (2004). This vehicle

is shown in the upper right of Fig. 3.27 and the similarities between it andpresent day

solutions is clear.

The only notable academic study for quantifying the effect of roof curvature on bluff vehicle
aerodynamics is the study by Holt et al., (2015) who used a 1Y8cale model of a light goods
vehicle (LGV), based on the Mercedes Sprinter, seig.3.28.
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Wheelbase 540 mm Track 215 mm
Overall length 785 mm Overall width 249 mm
Roof length (c) 548 mm Fixed base height 260 mm

(a)

roof length (c) = 548 mm i
L]

i maximum roof curvature profile depth (t)

Ww 09z
Wwesz

location of maximum roof
curvature profile depth (Xqa)

- Y

I |
785 mm .

(b)

Fig.3.28. View of a) baseline LGV wind tunnel model based on the Mercedes Sprinter
and b) schematic arrangement of the modular vehicle configuration highlighting key
roof profile parameters (Holt et al., 2015).

They carried out a series of measurements of drag force at different yaw anglesp J |

p o for six different curved roof profiles. Moreover, they investigated the effect of changing
two parameters of roof curvature, namely the magnitude and position ohe maximum roof
profile depth, in crosswind conditions. A summary of their main findings, including images

of the configurations tested are shown irfFig.3.29.
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R Location of
o;flf Max roof  roof max Surface
Profite  curvature roof inclination
(NACA  profile  curvature angle at
4-and  depth(i/c)  profile roof
S-digtt (%) depth Reference  wailing
series and Jorwardof  area edge
No. notation)  {mm) base (x/c) A (m°) (deg)
8.3%
1 2413 65.8% 0.0761 11
45.6 mm
5.9%
2 2408 64.9% 0.0728 8
324 mm
4.0%
3 2404 63.5% 0.0701 5
21.7 mm
5.9%
-+ 4705 74.8% 0.0728 7
325 mm
6.0%
22009
5 88% 0.0729 7
329 mm
4 digit 5.9%
Series Ao ” 3
6 Camber 47.4% 0.0728 12
line 322 mm

Fig.3.29. Summary of wind tunnel model configurations and key performance data for

the LGV (Holt et al., 2015).
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They found that roof curvature is seen to reduce the drag coefficient in every case and this

was repeated for all yaw angles tested, sdég.3.30 and Fig.3.31.

0.55
0.3
0.5
g
5 04
T ot
5 A ﬁli:.:" —— t/c=4% Baseline
a v oA ad
5 A Yi"""f"d t/c=5.9% Baseline | |
& - — =
E;. ,_t‘“:‘,« o— t/c=5. aseline
= 0.3 —=— 1/c=8.3% Baseline [ |
= =4 = tfc=4%
0.25 - -=-m-== {fc=5.9%
- -+ - tfc=8.3%
0.2
-10 -3 0 5 10 15 20

yaw angle, B (deq)

Fig.3.30. Variation of the drag coefficient as function of yaw angle for differembof
depths (for a constant longitudinal position). Dashed lines show curved roof designs;
solid lines show baseline configurations (flat roof) with equivalent depths (Holt et al.,
2015).

0.55
0.5
0.45
%
0.4 —— Baseline
—0— ¥/c=47.4%
--=t=== X/Cc=64.9%
0.35 - -c- = ¥/c=74.8%
—o— X/Cc=88%
0.3 '
-10 5 0 5 10 = 20
Yaw Angle, p (deg)

Fig.3.31. Variation of the drag coefficient as function byaw angle for different
longitudinal locations of maximum roof depth (for constant depth). Dashed lines show
curved roof designs; solid lines show baseline configurations (flat roof) with equivalent
depths (Holt et al., 2015).
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They investigated the difference in dragyd , between the curved roof models and the
equivalent baseline model (flat roof) with the same overall height, as a function of yaw
angle, sed-ig.3.32 and Fig.3.33.

0
001 ——t =A%
—O0—t/c=5.9%
-0.02
—o—t/r=8.3%
o "0.03
L]
=
-0.04
-0.05
-0.06 -
\[____..nﬂ'""_c
-0.07

-10 -3 0 5 10 15 20
Yaw Angle, B (deq)

Fig.3.32. The effect of roof curvature {/ ¢) on the change in drag coefficient, relative to
the flat roof baseline, as a function of yaw angle (Holt et al., 2015).

D T
001 i - === x[c=47.4%
—— xfc=64,9%

-0.02 —— %/c=74.8%

-0.03 —— x/c=88%
g
=

-0.04

-0.05

-0.06

-0.07

-10 -5 0 ] 10 15 20
Yaw Angle, B (deq)

Fig.3.33. The effect of changing thexial location (x/ ¢) of the maximum roof curvature

profile depth on the change in drag coefficient, relative to the flat roof baseline, as a
function of yaw angle (Holt et al., 2015).
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Two trends in Y6 were identified, one occurring for small yawangles and one at large

angles, for all configurations. At low angles of yawp dS@edh OEA OOOAT COE
longitudinal vortex develops on the windward upper surface of the roof and it weakens as

it moves downstream over the model. At high angles of ya(fl ¢ ® qh OEA OOOAT C
longitudinal vortex is stronger, seeFig. 3.34 . In experiments, it was observed that that

vortex formed close to the maimum height of the vehicle (indicated by the solicarrows in

Fig.3.34b) before it left the roof surface (indicated by dashed lines).

(a) trajectory of relatively weak
van roof leading edge longitudinal vortex, decreasing in
strength with distance downstream

(b) trajectory of longitudinal vortex, which
forms close to maximum roof thickness

Fig.3.34. General flow structure details on the top surface of an LGV(a) smallangles
of yaw,-@ 0 S C @rid (b) at larger angles f1 ¢ &HaJt et al.,2015).

The authors could not identify how differences in the flow structure on the roof can account
for the significant changes in the behavior ¥ because the investigation of flow structure
required advanced measurement techniques and/or high accuracy numerical simulations,
which were beyond the scope of their study. Therefore, there is scope for simulating
modified curved roof LGV designs usingumerical methods, which could give important
insights and account for the significant difference in the behavior 8f6 , as seen by Holt et
al., (2015).

However, their work does show that overbody curvature can reduce the drag coefficient of
a (small) bluff vehicle by up to 12.5% and that the best longitudinal location of the maximum
roof curvature (i.e. maximum vehicle height) is 65% of the roof length (measured from the

base of the van in the upstream direction). One caveat is that the optimal size tbe
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maximum depth cannot be ascertained from such a limited dataset. Therefore, aerodynamic
shape optimisation requires more experimental investigation and/or numerical

simulations, to develop design solutions for HGVs, which is the purpose of this study.

3.4 GapsIn knowledge and the goals of the research

As already described, in recent years, roof curvature or ovdrody shape has been used
extensively in practice for HGVs on the UK road network. However, the wind tunnel testing
AU (1106 AO Al 8h jkaowledgethe®itknodr exatnfdirthd lfeéte 08 O
of a systematic investigation of roof curvature for bluff road vehicles. Despite the large
number of different curved roof shapes seen on HGVs in the UK in recent years, there is no

clear indication of which design may offer the best resudtfor a generic HGV.

Therefore, the main focus of this PhD is to explore HGV roof curvature using aerodynamic
shape optimisation. The purpose will be to minimise aerodynamic drag without negatively
impacting the static stability of a generic HGV in both yaand roll. The impact of dynamic
stability would require the use of transient simulations which is beyond the scope of this

work, therefore only static stability will be considered.

The goals of this research, which are closely related to the main ebtives in Section 1.5,

are:

1- Develop an accurate and reliable simulation approach to evaluate the aerodynamic
forces and moments of HGVs. This will involve validation using a generic test case,
the GTS model, to compare numerical results generated by ANSH8ent with
known experimental data.

2- Explore potential design parameters which can positively influence the
aerodynamic behaviour of HGVs.

3- Formulate a design optimisation problem with design objectives of minimising drag
and maximising stability.

4- To use he optimisation results to propose design guidance for UK HGVSs.

These goals are satisfied in the proceeding Chapters of this thesis.
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Chapter 4 Computational Method: Verification and Validation
Since the aim of this research is to investigat&tA AAOT AUT AT EA AEAOAAOQA(
is necessary to conduct CFD simulations of relevant vehicle shapes. The vehicle used in this
chapter is the ground transportation system (GTS) model which was described in the
literature review. This vehicle sha is representative of a generic HGV and it is similar to
those used in the UK. Previously published experimental data also make it suitable for
validating the CFD method used in later chapters, following a detailed verification study.

This chapter shows he development of the computational method employed.

4.1 Ground Transportation System (GTS)

CFDsimulations are used to simulate the aerodynamic flow structure around the GTS
model. The GTS is the name for a simplified tractdrailer model where the tractor and
trailer are combined into one continuous shape, without a towing gap between them. The
geometry is based on a 1:8 scale wind tunnel model of the vehicle, which was mounted on
four posts, 0.0778m above a ground boar(Roy et al., 2006a. The dimensions of the model

are shown inFig.4.1.
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&, 24 49
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Fig.4.1. Main dimensions of the Groundl'ransportation System (GTS) Model.

4.2 Solution domain and boundary conditions

A CAD model of the GTS model was produced using Solidworks (2015) before being
imported to ANSYS Design Modeler (Version 19.1) to generate the solution domditig.4.2

shows where the GTS model is located within the computational domain which is 3.05m
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wide, 2.13m high(Storms et al., 2001)and the length is 52.48m. The inlet of the domain is
located 8. upstream of the model whereL is the length of the GTS model and the outlet is
located 13- downstream of it to allow full development of the flow, including the turbulent

wake.

inlet
symmetry

outlet ~ road

@)

GTS model
15L

(b)

Fig.4.2. View of (a) the entire computational domain and (b) closaip of the GTS model.

The free-stream velocity within the working section of the wind tunnel is 90 m/s leading to
a high Reynolds number of two millionTherefore,a uniform velocity inlet to the domain is
used with a velocity of 90 m/s. The inlet turbulence parameters used are the turbulence
intensity, 1 = 0.3% (Roy et al., 2006a) and the turbulent length scalel.r = 0.173 m, where
Lt= 0.0 (ANSYS User Guide, 2019nd L is the length of GTS modelOn all the wall
surfaces (ground plane and the GTS model) the slip condition is imposed. The outlet

boundary condition is a pressure outlet with a constant atmospheric pressure of 0 Pa.

4.3 Turbulence models

The choice of turbulence model depends on the application and the expected flow features.
In this study the Reynolds number is high with massive separation expected behind this
bluff shape. Consequently, it is suitable to use the S&b model (Menter, 1994) which was
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described in Chapter 3. However, two additional turbulence models are also considered,
namely: the SpalartAllmaras (SA) model (Spalart and Allmaras, 1992) and the standakd

R model (SKE) (Launder and Spalding, B3) with enhanced wall treatment. These three
models are used to show the differences in results from solutions generated on different
meshes. The same mesh structure can be used for the three turbulence models as they have
the same mesh resolution requirements gosrned by the condition®w  p, wherew is the
dimensionless distance from wall and is used to guide the first cell height in the mesh.
Therefore, this essential condition has an impact on the mesh structure, which follows in
section 4.4. More details othe turbulence models, their mesh requirements and transport

equations were provided in the previous chapter.

4.4 Mesh generation

Two types of mesh structure, a hybrid one and a fully structured approach were developed
and tested. The hybrid mesh, a combinatioof structured and unstructured elements, was
used because the unstructured cells are more compatible with curved surfaces such as those
on the GTS model. Secondly, a structured mesh was developed using ICEM (version 19.1) to
allow a comparison between tkese two mesh philosophies. As mentioned in chapter 3,
structured meshes often need more time and effort to implement in addition to greater
computer resource requirements. However, they can enhance simulation stability, reduce
the overall number of elemens in the grid and numerical diffusion is reduced because the

cell faces are generally aligned with the flow which is impossible for an unstructured mesh.

This section explains the key aspects of the mesh structure and how it was developed for
use in all laer chapters. This allowed five different meshes to be produced with varying
levels of refinement, for each mesh type. Eventually, one of these meshes is selected to

conduct the simulations for the current investigation, in all later chapters.

4.4,1 Hybrid mesh design

The ANSYS Mesh tool in the ANSYS Workbench (version 17.2) platform was used to carry
out hybrid discretisation of the solution domain around the GTS vehicle. The hybrid
meshing strategy was used to explicitly control the mesh density in the domawith suitable
refinements around the GTS body. Firstly, as can be seerfig. 4.3 there is a box created
around the body of the vehicle (Car Box) sdat structured hexahedral cells can be placed
outside this box and unstructured tetrahedral cells can be used inside it. The unstructured
cells are essential because of the curved surface of body of GTS model as well as the legs

which connect it to the floor.

-88-



Car box

Fig.4.3. Mesh structure around the GTS model, showing the Car Box region (red lines

One volume and two face size controls were used to control the size of the elements inside
the Car Box. The local grid spacing on the GTS body model was defined by using two face
size controls, one on the legs of the model and another on the rest of thefages of the GTS
model. These were essential because the size of the legs is very small as compared to the
rest of the body. Next, inflation layers were used to capture the velocity gradients near the
surface of the GTS model and the road (r&lip walls). More details on the inflation layer
settings are provided in the next section. Furthermore, the hexahedral mesh used outside
the Car Box was structured to have fine cells near the Car Box which gradually stretches to
have coarse cells at the domain boundges as can be seen iRig.4.4(a). A wake refinement

region was also implemented, se€ig.4.4(b) and (d).

Table4.1. Key aspects of the mesh structure dflybrid mesh.

Inside car boxcontrols Outside car boxcontrols edges umber of divisions)
E |5
N “(7; ~~ ~~
) 28 o E = In X-direction In Y-direction | In Z-direction
o Q@ @ E E
|5 e |8 g
= “ L g @
o o QS o - | 3] .3 e | 3 S| =
S | 8 |w3] 5|52 fa% s 25 g 2§
o o g2 S Il 8|z al|ld| 8|38
8 % = > [ (@] Y @® ) aa] O >I- N O !
X J X X ' 0 1 N
ks NN X = > | > N
Extra fine 1.2 6 6 56 | 435 | 289 | 67 | 15 | 107 | 34 | 33 | 67 | 33
Finer 1.6 7.7 7.7 54 | 339 | 218 | 65 | 15| 83 |32 |31 |52 | 31
Fine 2 10 10 51 | 261 | 168 | 65 | 15| 65 | 50 | 51 | 35 | 51
Normal 2.6 13 13 48 | 201 | 129 | 59 | 15| 49 |26 | 25 | 31 | 25
Coarse 3.38 16.9 169 |45 | 154 | 99 |56 | 15| 38 |24 | 23 | 24 | 23
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This was facilitated by splitting the whole domain into subvolumes and the edges meshed
with various biases to control the mesh outside the Car Box. The edge sizing appliedll

edges of the domain are presented ifiable 4.1.

GTS model body

o

(b)
©
s s '
(d)
l = ir:a

Fig.4.4. Mesh structure around the GTS model from (a,b) the side, (c) the front and (i
the top.
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4.4.1.1 Inflation layers

In addition to the overall mesh structure, adequately capturing the airflow gradients in the
boundary layer required having sufficient cells nar walls. This is achieved using stacked
layers of prismatic cells which form an inflation layer. The number of cells in the inflation
layer must be determined to ensure that the wall treatment is valid. Following a sensitivity
study, an appropriate firstcell height of 0.01mm was found in conjunction with 37 layers of
cells and a cell height growth factor of 1.2. These details are shownTiable4.2 and Fig.4.5

shows a closeup view of the inflation layer near the GTS.

Table4.2: Properties of the inflation layers used in the simulations

Property Selection
1 | Inflation Option | First Layer Thickness
2 | First Layer Height 0.01 mm
3 | Maximum Layers 37
4 Growth Rate 1.2

Preliminary airflow simulations using the SSTk-5 turbulence model are shown inFig.4.6.
Here, a 10 mm face size was used on the GTS surfaces andstme size was used in the
refinement Car Box around the GTS model (fine mestyig. 4.6 shows that the averagey*
value measured at the surface of the adel which was found to be 1.99 with the exception
of the base and lower face of the vehicle (where flow separation occurs apds irrelevant).
These values are in the correct range for the turbulence model used in the simulations and

they are representaive for all three turbulence models tested.

As can be seen irFig. 4.7 the inflation layer mesh is deep enough to capture the entire
boundary layer, even at the rear of the vehicle where the boundary layer has grown to its
maximum height. The velocity contours sbwn in the top cells in the inflation layer match
the free-stream velocity (red colours). It can clearly be seen that the inflation layer captures

the entire boundary layer, all the way to the base of the vehicle.
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(b) view

(c) view

Inflation layers on the road

(©)

Inflation layers on the GTS >
surface

Fig.4.5. Inflation layers around the GTS model from the side with three different
levels of zoom: (a) overview (b) and (cyery close up views of the inflation layer
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Fig.4.6. Wall y+ distribution on the GTS surfaces.
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R19.1
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base of GTS/v

(@) roof of GTS  Inflation layers on the GTS
surface
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roof of GTS Inflation layers on the GTS
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base of GTS/'
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Fig.4.7. Inflation layer mesh (grey lines) and velocity distribution on the symmetry plane
when viewed from the side of the GTS at the rear for (a) 10mm and (b) 6mm surfa
meshes.
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4.4.2 Structured mesh design

As an alternative to the hybrid approach, ANSYS ICEM (versil9.1) was used to design a
structured and fully hexahedral mesh to discretise the solution domain. To obtain sufficient
control over the mesh, the domain was split into 507 blocks as shown Fig.4.8. It can be
seen that the solution domain is decomposed into various volumes with the edges used to
control the mesh everywhere. The number of nodes for each of the major edges of the
domain, for four different mesh densities, is showrin Table4.3; a typical mesh structure is

shown inFig.4.9.

(b)

Fig.4.8. View of the stencil lines in the block structured mesh (a) throughout the domait
and (b) a closeup view near the GTS model.
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Table4.3: Key aspects of the mesh structure of structurmesh.

Outside car boxcontrols edges umber of
divisions)

o g e In Z-

g o £ In X-direction In Y-direction direc

g o g tion

S © o

= 2| E | E|8a| S| 5| 2| « £

@ 5 S L | Zx | @ 2 ; :" 4
Finer (7.7) 1523 | 7.7 31 | 224 | 66 | 19 | 34 32 32
Fine (10.0) 8.68 10 29 | 173 | 63 | 19 | 31 29 29
Normal (13.0) 5.39 13 26 | 132 | 60 | 19 | 29 27 27
Coarse (16.9) 398 | 169 | 24 | 102 | 58 | 19 | 26 24 24

To control the mesh near the surface of the GTS model arQ@id strategy was used to
explicitly control the inflation layer around the GTS body as well as the legs, which is
necessary due to these rounded surfaces. The first cell height is set to 0.01mndahe
number of layers is equal to 37 with a cell height growth factor of 1.2 (these were retained
from the previous sensitivity study carried out for the unstructured mesh, Section 4.4.1.1).
As can be seen inkig. 4.10-Fig. 4.13, the inflation layer around the body of the vehicle
expands away from the surface of the GTS model and some of the mesh lines continue to the

outer boundaries of the domain.
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(@)

(b

I

Fig.4.9. Typical mesh structure around the GTS model from (a) isometric perspective, (
the top, (c) the side and (d) the front.

-96 -



Wakeregion

(@
GTS model Z
(b) Front of GTS model
ear o mode akeregion
(©) R f GTS del Wak i

Fig.4.10. Side views of a typical mesh structure around the GTS model) overview, (b)
and (c) close-up views of the inflation layer
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