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Abstract

The heattransfer of a 50% scale model F1 wheel assembly has been analysed experimentally with hot films,
using a brakecoolingtestrig for internal analyses, and the Durham University wind tunnel for combined
internal and external analyses. Computational analysis using the Exa PowerFlow CFDsoftware was undertaken
as both a correlationexercise, and to complement the experimental results, providing insight into the flow

characteristics within the wheel assembly.

The systematicerror withinthe system was evaluated by determining the level of heat transfer at zero-flow
conditions, whichled to the conclusion that varying flow application method does not affect the disc heat
transfer coefficient. Experimental and computational results were used to derive the Nusselt number
equation, with the wind tunnel discrevealing a Reynolds number exponent of 0.87, a figure closelycorrelating
to literature. Results forthesidewall presented a range of heat transfer values, to whicha combined model fit

was applied.

Investigations into unmatched tyre surface vel ocity and flow velocity determined that 77% of the convective
heattransferexperienced at the sidewall was duesolely to the tyre’s rotation. The level of applied air-flow, did
however, affectthe rate of heattransfer. Internal of the upright, comparison of results fora blocked and open

Inlet scoop found the Inlet scoop to be the predominant source of cooling to the disc.

Wind tunnel heat transfer coefficient results for the tyre sidewall displayed a relationship to radial position,
with HTCincreasing from the central position of the sidewall both towardtheinternal diameter and external
diameter. The capability of the CFD software to extract heat transfer coefficients was assessed using two
rotational simulation methods; Sliding mesh (physical rotation) and moving reference frame (imposed rotation
through the application of rotational fluidforces), neither of whichwas able to reproduce the patterns of heat

transfer outlined in the wind tunnel results.
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1.0. Introduction

1.1. Aim

The aim of this work is to experimentally determine the convective heat transfer coefficient at various
locations on a 50% scale F1 wheel assembly through the use of hot film sensors, and to generate a
computational fluid dynamics simulation using Exa PowerFlow, to evaluate the computational ability of

predicting the convective heat transfer coefficient.

1.2.  Objectives

To identify the effects of rotation on tyre aerodynamics.

The exploration of the effect of rotating components on the convective heat transfer, including the resulting
advancement of flowseparation, and the identification of the internal flow effect of rotation on recirculation

and heat transfer.

The application of heat transfer knowledge to the identification of heat generationand cooling mechanisms
of the wheel assembly, including the creation of a heat transfer diagram.
The outlineand mapping of heat transfer, considering internal and external flow and the interaction between

components, in order to understand system heat transfer.

The generation of upright geometry CAD models.
The geometry to be used in experimental testing is to be modelled using CAD softwarein a formatcompatible
with the PowerFlow CFD software for creation of the computational simulation. Geometry is also required for

the setup of the wind tunnel test, including the design of rig fixtures to support/mount the geometry.

Undertaking of brake cooling test rig experiments in order to determine the internal convective heat
transfer coefficient.

Arollingtyrerigtest will be used to collectinternal heat transfer data using a hot film sensor positioned in a
disc Vane.The collected data will then be used to determine the convective heat transfer coefficient for each

of the given test configurations.

To undertake wind tunnel tests in order to determine the external convective heat transfer coefficient.
The collection of external convective heat transfer coefficient data through the development of a wind tunnel

test, recording internal values alongside external, so as to validate results recorded from the rig test.

The creation of a tyre sidewall heat transfer map for experimental tyre sidewall results.
Visual positional development tool foranalysis of heat transfer levels ona local and global scale. This will aidin

the depth of analysis possible with respect to computational comparison.



The generation of computational fluid dynamics (CFD) simulations; understanding the correlation between
experimental and simulated results including the capabilities of a scaled computational model.

The CFD simulation will utilise the wheel assembly CAD geometry in order to predict the convective heat
transfer coefficient; supported by flow analysis. Various setup parameters will be explored in order to
determine best practice based on experimental comparisons, including the capability of scaled simulations

with respect to heat transfer results.

1.3. Industrial Relevance

As a resultof speed andaerodynamicloading, Formula 1 vehicles experience highvertical loads on their tyres,
increasingheat generation dueto frictional effects with the road, and extreme braking temperatures, making
temperature control an imperative aspect for performance optimisation. Vehicle setup parameters, such as
camber/toe andthe use of aerodynamic components forward of the frontaxle can beusedto redirectairflow

so as to optimise heat transfer.

Before interactions between the wheel assembly and other components can be considered, it remains
importantto understandairflowandheattransferinisolation as they may influence the design of components
upstream of the wheel in order to optimise cooling requirements.

A major aspect of thisinvestigation is to evaluate the correlation and best practice of both experimental and
computational processes for determining convective heat transfer coefficients (HTC). Correlation can be
evaluated solong as setup parameters remain consistent throughout the experimental and computational
procedures. Regardless of whether or not correlation is achieved, changes of setup may show variations in
correlation, however, itis assumed that the most basicof scenarios (the stand-alone configuration) should

provide the best correlation, with increased setup complexity resulting in correlation discrepancies.



2.0. Literature Review

The following sections explore literature relevant to the subject of this thesis, including fundamental
aerodynamic principles of rotating wheels, mechanisms of heat transfer, including their presence within wheel

assemblies, and an outline of hot film anemometry.

2.1. Rotating Wheel Aerodynamics
Though several existing studies compare the aerodynamic parameters of rotating cylinders with their
stationary equivalents, few explore the impact of rotation on heat transfer. The disparity between

aerodynamic characteristics of a stationaryandrotating wheel is fundamental to understanding the resulting

variation between heat transfer capabilities.

2.1.1. Boundary Layer

Principles of fluid flow dictate that a boundary layer will occur over a body due to the no-slip condition,
whereby the fluid incurs a zero-vel ocity relative to the body upon contact, the formation of which, Browne and
Wickliffe (1980)foundto cause a lower |level of heat transfertoward the rear of a cylinderthanthe front given

its increasing thickness.

2.1.2.  Flow Structures

Cylindrical rotation is foundto advance separation (Knowles, 2005), and supress rearward vortex shedding in
the turbulent wake (Stojkovic, etal., 2002). Theintroduction of a ground plane in contact with the cylinder
(rather than the study of a free-floating cylinder), results in the blockage of flow, however, for a rotating 3-
Dimensional (3D) tyre of finite span, partial circulation due to the presence of interstices and the no-slip
conditionof theground, where zero-flow velocity remains on the surface of the tyreas it circulates through its
rotation, may cause jetting effects. Mears (2004) used particle image velocimetry (PIV) to describe the
downwash of air over/past a rotating tyre, with majority of separated flow, the portion of fluid flow detached
fromthetyre’s surface after reaching a point of zero-velocity, followingthetread, whilesidewallsexperienced
a predominantly free-stream flow. Conversely, the stationary tyre displayed majority of air-flow directed
around the sidewalls. The effect of ground contact brings tyre simulation and experimentation a level above
generic cylindricalflowinvestigations, with ground contact eliminating vortex shedding for both low and high

aspectratios as a result of supressing the separation of the boundary layer (Lei, et al., 1999).

Fackrell (1974) determinedthe separation point of a stationary wheel to occur at 210deg counter clockwise
(CCW) fromthe stagnation point (SP). Furthermore, both Fackrell and Mears found that the separation point
for rotating wheels was approximately280deg CCW from the SP. This was confirmed though the studies of
Nemati etal.(2011), who concluded that the rotation of 3D cylinders of finite span advances the point of flow
separation. Similarly, for a rotatingtyre, Hinson (1999) experienced experimental separationat 270deg, while
computational separation occurred at 295deg CCW from the SP. Mears found a similar trend between

computational and experimental res ults, with separation of his rotating wheel using CFD occurring at 245deg.



Further research into the wake structures of stationary and rotating wheels by Bearman et al. (1988) showed
thatata distance of 2.5D downstream, the wake for a stationary tyre was dominated by a contra-rotating
vortex pairneartheground, while that of the rotating wheel was centred approximately 0.25D above the
ground and of a much lower intensity; tyrerotation resulting in the aforementioned suppression of vortex

development.

2.2 Heat Transfer Mechanisms

Heattransferisthe determination of the rate of heat travel; energy that is transferred from a high to low
temperature by means of one/more of three transfer processes; convection, conduction and/or radiation. The
fundamentals of convectionand the effect of fluid-flow over a surface uponconvectionaredecribed in detail
in many texts (Cengel et al., 2008; Massey, 1989), from which the following section summarises the flow
features thatareof directrelevance to the flow about a rotating wheel, andthose thatinfluence the capacity

of convective heat transfer in the wheel assembly.

2.2.1. Convection
Convective heattransfer is the study of heat transport processes affected by fluid flow (Bejan, 2013), and is
governed by Newton’s Law of cooling [1], which outlines that therate of heat transfer is proportional to the

temperature differential between the surface of an object and ambient conditions.

daqQ
at = hA(Ts - Tamb) (1]

Convective heat transfer is a cumulative result of two maincharacteristicphenomena; molecular motion and
macroscopic motion (Bergman & Lavine, 2011). The molecular motion is the basis of the effect, with particles
colliding in arandom manner within the flow, causinga constant heat exchange, influenced and carried by the
macroscopic motion of the fluid. Convective heat transfer is characterised by one of two flow types; natural or
forced. Theworkin this thesis will focus on forced convection rather than convection due to natural buoyancy-

driven flow.

When a free-stream flow undergoes contact with a solid surface, a boundary layer is generated, throughout
which there exists a varying velocity; resulting in a velocity distribution in the y-direction.

Flat plate theory can be used to describe the two variations of boundary layer; velocity and thermal.
Avelocityboundary layer occurs due to the retardation of flow upon contact with a solid (Figure 1). The
boundary layer causes a chain of fluid particleretardation in consecutively adjoined fluid layers due to the
shear stress parallel to the fluid velocity, until, at distance y = 6, the effect becomes negligible, reaching the

free-stream value.
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Figure 1: Representation of a boundary layer velocity distribution (Image source: Cengel et al., 2008).

Athermal boundary layer develops when the free-stream flow and surface temperature differ. Figure 2 shows
the flow over anisothermal plate beginning with a uniform temperature gradient at x = 0. When the fluid
comes into contact with the surface, fluid particles achieve thermal equilibrium, resulting in a n energy
exchange between consecutively adjoined fluid layers; introducing a thermal boundary layer. In the case of a
rolling tyre, there exists both a velocity and thermal boundarylayer; thermal boundary layers existin either

fluid-solid contact or solid-solid contact.
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Figure 2: Representation of a thermal boundary layer’s temperature distribution (Image source: Cengel et al., 2008).

The characteristiccurve of a vel ocity boundary layer is dependent on the flow type, whichcan be categorised
as either laminar or turbulent, and affects the degree of convective heat transfer. Flat plate theory
demonstrates that both flow conditions can occur, with laminar flow preceding turbulent. Each flow typeis

characterised by the nature of the fluid coordinate components of velocity.
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Figure 3: Representation of the velocity boundary layer development (Image source: Cengel et al., 2008).



Laminarflowis characterised by its highlyfluid, undisturbed flow, while turbulent flow is highly unstable and
irregular, consisting of random 3-Dimensional flow structures; high-speed flow is drawn toward the surface,
while low-speed flow is directed further into the flow-stream.

The transition between these two flow typesis due to mechanisms related to flow disturbance; natural or un-
natural disturbances. Natural disturbances are associated with flow fluctuations, whereas un-natural
disturbances are dependenton the flow situation, such as the solid component’s surface roughness. Itis
important to understand the behaviour of the various flow types given the variation that occurs in heat

transfer coefficient between laminar and turbulent flow.

Boundary layer transition is dependent upon Reynolds number (Re) [2],a dimensionless quantity describing
the ratio of inertial and viscous forces. Flat-plate theory can be extended to circularflows, such as that of the
flowaround a tyre, whereby a Re < 2x10°is representative of a laminar boundary layer, with theoretical
separationoccurring at 8=280deg CCW of the SP (where B=angular position), andan Re >2x10’ representative

of a turbulent boundary layer transition, with separation delayed to 8=220deg CCW of SP.

Rej, — (2]

Free-stream flow is stagnated upon contact of a cylinder, resultingin anincreased pressure, accelerating the
flowand forcing it around the cylinder. The pressure gradient continues to decrease until it equals zero,
termed the separation point; the point at which fluid momentum is not great enough to overcome the

pressure gradient, resulting in boundary layer separation and inducing a wake.

Section 2.1 explored the variation between static and rotating wheel aerodynamics, describing the effect
rotationhason aspects such as the separation point. Inmuch the same way, cylindrical theoryis limited in its
accuracyto describe flow characteristics, as tyres do notrotate in a free domain, butin proximal contact with
a wall/ground plane (theroad). Cylindrical theory assumes that the flow bifurcates at the stagnation pointand
travels over the cylinder until the separation point. Vortex shedding is found to decrease, or even become
obsolete, for cylinders where wall proximity is less thane/D=0.3, whichinthe case of this study, was a gap of

93mm (Sumer & Fredsoe, 2006); where e=gap between cylinder and wall and D=cylinder diameter.

2.2.2. Conduction

Conductionisthetransfer of energy fromthe more energetic particles of a substance to the adjacent, less
energetic ones asaresult of interactions between the two. In gasses andliquids, this motionis a result of the
collisionanddiffusion of molecules during their random motion. In solids itis due to the combination of
molecular vibrations in the lattice structure, and the energy transported by free moving electrons. In
conduction processes, energy transfer occurs in the direction of decreasing temperature (Bergman & Lavine,

2011).Therateof heattransfer is dependent on the geometry of the medium throughwhichitis travelling, as



well as the material and temperature difference through its structure (Cengel et al., 2008). The rate of

conductive heat transfer can be described mathematically by Fourier’s law [3].

T1-T,
Ax

Qcond =kA —kA g (W) [3]

Equation 1: Rate of heat conduction.

The material property describingthe ability to conduct heatis termed thermal conductivity (k). In the case of
vehicle brakes, the heat generated is both beneficial and detrimental to performance. Brake generated heat
provides performance benefits with respect to achieving optimumtemperature for disc-pad interaction and
heattransferto tyrerubberforincreased grip. Achieving appropriate levels of convective heat transfer is

required to maintain a balance between performance optimisation and component durability.

2.3. Heat Transfer in Wheel Assemblies

Heattransferis of particularimportance for performance optimisation of vehicle braking systems, given the
heat energy dissipated by the disc-pad contact can generaterises in temperature between 300-800degCin the
disc (Belhocine & Bouchetara, 2012). Heat generationoccurs fromanenergy conversion, mechanical to heat
energy, by means of the friction between the brake padand disc surfaces (Ratamero & Ferreira, 2010). The
frictionalheat generated does not remainwithinthe brake assembly, butis dissipated by means of conduction
to parts withinthe brake assembly, by radiation and convection. Further detail on the heat transfer of the

braking system will be discussed in 2.3.3.

A particularintricacy of coolingin braking systems is that of radial cooling within the discvanes —the channels
that run from the outer to inner diameter of the disc to channel air and induce cooling.

disc ventilation design was investigated by Lopez & Tirovic (2012)through the variation in disc vane design to
maximise convective heat transfer characteristics; 90% of the heat produced is absorbed by the disc (Ratamero
& Ferreira, 2010), aresult of the typical brake disc’s thermal conductivity being higher than that of the brake
pad’s (Belhocine & Bouchetara, 2012).

Results froma studyby Jancirani etal. (2003) involving the analysis of a heattransfer simulation of a vehicle
braking system and experimentally collected heat transfer data, were foundto be comparable. Heat transfer
analysis of thermallyinfluential systems, suchas that of the braking system by Jancirani etal., can provide time
sensitive thermal data useful in the design of efficient thermal management systems.

With respectto theimportance of heattransferin braking systems, brake disc performance is dependent on
its sustained capability of withstanding thermal stresses during braking, with heat conduction occurring
between the brake disc and pad due to friction; causing heat to be dissipated by means of convection

(Jancirani et al., 2003).



The braking system also plays an influential role in the temperature experienced by the tyre, with heat
transferred from the brakes into the rubber.

Kato etal.(2009) conducted investigations into the numerical prediction and experimental complement of the
determinationof tyresurface HTC, resulting in a modified tyre sidewall design to increase convective heat
transfer, a useful tool given that excessiveincrease in temperature increases the degradation of the tyre. It
was found thatan optimal rib design on a tyre sidewall would create a turbulent flow along the sidewall
boundary, increasing the convective HTC. This led to a decrease in temperature of 16degC, consequently
increasing the life of the tyre by 50% after only 600seconds.

The effect of modified sidewall geometry on the heattransfer by Kato etal. (2009)identifies thesidewall as a
region of interest, particularly given the variation in geometry as a result of deflection from loading. The
experiments conducted inthis study, however, used a non-deformable 50% scale F1 tyre, as such, no loading
was placed on thetyre; zero loading results in the absence of sidewall bulge and circumferential deformation,
particularly at the contact patch, therefore providing a slightly different flow to that which would be
experienced with a pneumatic tyre. Deformation within a tyre introduces jetting and through-hub flow
variations, rendering its inclusionas beneficial to intricate flow detail. The effect, however, is most severely
implicated on the downstream wake of the tyre (Sprotetal., 2011)rather thanaround the sidewall —the area

of measurementin this study.

2.3.1. Factors Affecting the Level of Heat Transfer between Components

The study and design of ribbed tyre sidewalls by Kato et al. (2009) is an indication of the effect of
aerodynamics on the level of heat transfer within a system. Oncoming flow will vary depending on
aerodynamiccomponentdesign forward of the tyre, and the presence of flow disturbances upstream of the
vehicle;inracing thisis generally exhibited by turbulent flow from a leading vehicle. Any flow variation toward
the wheel will also affect the flow onto the braking system; the key system of heat generation within the

wheel assembly.

The effect of internal flow on the heat transfer experienced by the braking systemis emphasised through the
findings of Sakamoto (2004), who performed studies on the effect of flow on railway brake discs asa means of
evaluatingthe heat convection. The work, primarily focusing on the basic equations for heat convection,
concluded that the exponential coolingterm was the mostinfluential factor of heat transfer withindisc design
considerations, with respect to convective area and the HTC. Furthermore, investigations by Palmer etal.
(2009) into the variation of discvane designs, such as the use of pin/diamond shaped features to increase the
rate of convective heat transfer, indicated thatina three-tiered pin-feature design (Figure 4), thefirstrow has
the mostsignificant effect on the flow field, given it directs the flowthrough theremainder of the ‘vane’. This
has a cumulative effect, carrying throughto the mass fl ow rate and heat transfer rate. Overall, the pin-vented
disc showed anincreasedHTC dueto theincreasein turbulent flow (Palmeretal.,2009); the same reasoning

behind the increase in HTC found by Kato et al. (2009) in the ribbed tyre sidewall design.



Figure 4: Geometric outline of three-tiered pin-feature design (Palmer et al., 2009).

2.3.2. Heat Generation

Before beingableto create anaccurate computer generated simulation, the components of heat generation
within the wheel assembly must be identified. The understanding of temperature is necessary given the
negative effects on performance thatareincurred by anymaterial operating attemperatures higher than their

optimum.

When considering tyre heat generation, there are four key factors that must be measured, the heat generated
by the tyrethrough frictionandrolling resistance, the heat being generated from the braking system, the heat
lostthrough convection and the heattransferred by conduction. Tyres generate heat internally throughout
their layers, butarealso influenced by environmental factors such as cooling by oncoming air, therefore

resulting in a continuous heat exchange - the thermal origins of tyres are outlined in Figure 5.

Load and
Contact patch arei Inflmed pressure
and Cantnet pressure
distribution Contact putch
Tire intemnul curvature

Suspension
gevmetry

(hvsteresis loss)

= heat generation L Yehicle speed

Attitude ta ground

I'he temperature
distribution in the tire

Vehicle
mltitude angle

—[ Amblent temperature

Enviranmental '—l Contact pitch Ir:m|1cr:1ll|r|.-l
=1 tempernture =
sturrodinding tire —i Wheel temperaturne |

—! Adr temperature in wheel house ]

Figure 5: Thermal origins in tyres (Yokota et al., 2012).



Though influenced by inflation pressure, the thermal behaviour of a tyreis dominated by external effects as a
resultof theinner surface of the tyre being solely in contact with the zero-velocity inflationair, hence, the heat
transferon the external surfaces of the tyreis more significant (Clark, 1976). Heat transfer on the external
surfaceisa result of both temperature generation, and temperature reduction; generation through friction
and hysteresis, and cooling due to convection to air. Vehicle handling is influenced by tyre temperature, which
is also affected by the heat generated as a result of the material viscosity (Kato et al., 2009), the subsequent

hysteresis causing rolling resistance, and by the heat transfer to ambient air.

A typical schematic of the viscoelasticity of a tyre (Figure 6) shows that, duringa rolling tyres life, cyclicloading
(Figure 7) generates heat due to the hysteresis in the material, and, without the occurrence of convective
cooling, would continue increasing until a point of failure. The rolling resistance of a tyre is therefore a key
componentof heatgeneration, and animportant characteristic defining the longevity of optimal performance

windows.
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Figure 6: Graphical representation of the viscoelastic nature of rubber (Yamaguchi etal., 2008).
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Figure 7: Cyclic interaction between tyre deformation and temperature (Yamaguchi et al., 2008).

Rollingresistanceis a measure of the energy lost as the tyre temperatureincreases due to the hysteresis of its
rubber and chord (Songetal., 1998). The cyclicdeformationinFigure 6 introduces stresses into the system,
with thetyre constituents acting as springs, producing energy through movement, resultingin energy lossesin
the formof heat(Clark, 1976). Assad et al. (2008) investigated the dependency of the HTC on temperature by
varying load; increasingloadincreases the rolling resistance, a product of the dimensionless rolling resistance
coefficientand normal force (load). The cyclicloadingof the tyre, given the elastic nature of rubber, is present
under zero loading conditions, however, loading will induce change to the strain energy, therefore varying the
heatenergy. Thetests, however, were notlong enough to reach steadystate conditions, behaviour indicative

of the HTC's temperature dependency. Experiments conducted for this thesis used a un-loaded rigid tyre,
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avoiding effects of non-uniform deformation of the sidewall in order to establish the baseline heat transfer

across the sidewall.

The heat generation, however, is not just a function of the rolling resistance, but also of the frictional
interaction with the road (Beringer et al., 1987).

Frictional heatis generated in applications where sliding occurs between two surfaces, however, inthe case of
highly deformable materials, such as rubber in tyres, there involves a factor of wear which becomes
detrimental to performance (grip); thus highlighting the importance of understanding heat transfer within a
wheel assembly. During braking, energy is converted to heat through the braking system due to frictional
interaction, wherebyc90% of the energy is absorbed by the disc, andtheremaining 10% by the pad (Ratermo
& Ricardo, 2010). The convective cooling of brake discs is an important phenomenonwhichinfluences the long
term durability of the disc, much the same as the tyre’s rate of wear and optimum performance window
(Nutwell & Ramsay, 2009). In order to construct an accurate formulation which reflects the split of heat
absorptionbetween roadandtyre, a coefficient is utilised. Such an approach was implemented by Yavari et al.

(1993), who produced [4].

Q=a.uv.P [4]

Where, ‘a’ is the coefficient used to describe the split of heat transfer between the two components.

The discalsoundergoes convective cooling and internalconduction with other components, particularly those
in close proximitysuch as the mounting bell —used to mountthe disconto the hub. This canbeassimilated to
the contact between road and tyre, whereby the tyre will absorb most of the energy, and the remainder by the
road. The wheel will then dissipate the energy through convectionand conduction internally, heating the air
insidethetyre. Theroad left behindwill cool naturally reaching almost ambient conditions. For continued
braking time, the surface temperature of the discincreases proportionately with time (Jancirani et al., 2003),

makingitdifficultto maintain heat between braking events; highlighting the importance of heat transfer.

A study by Belhocine & Bouchetara (2012) using two modes of braking(Figure 8), one with repeated braking,
and one with idle time between braking instances, was undertaken to determine the effect on disc
temperature through repeated cycles, and the ability of the disc to return to ambient temperature.

Results (Figure 9) indicate thatin both cases, the temperature rises with the number of braking instances, each
resultingin anincrease uponbrake application,andan exponential decay uponrelease. Theinitial state of the
disc changes after each braking cycle, where maximum temperature continues to increase given the brake

release period only allows partial cooling.

Drivecycle 1, with no extraidling period, shows the disc’s cooling capacity due to free rotation is insufficient to
lower the surface temperature to near initial temperature, causing an accumulation of energy and therefore a

higher surface temperature (Belhocine & Bouchetara, 2012). The transient thermal behaviour of a disc
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therefore depends on the brakingcycleimposed; tyre temperature generation due to friction follows much
the same pattern. The higher the rotational velocity of the tyre, theless timea singular tread element has to
cool (i.e.thetimewhen a certainpointis notincontact withtheground, is decreased). This would continue to
increase until the ultimate maximum temperature was reached, however, in the case of tyres, where the
material deforms plastically, temperature gradients are more complex with wear rates. Temperature will not

increase/drop constantly, but will be dependent on tread thickness, road surface roughness etc.

Belhocine & Bouchetara (2012)saw a reduction of brake temperature of approximately 45.9%in drive cycle 2
compared todrivecycle 1. Given a tyre will always bein contact with theroad, it would not have the same sort
of effect as there will always be frictional heat generation. In fact, under braking, more heat will be transferred
into thetyrefromthebraking system and there will beincreased frictional heatgeneration between tyre and
road given theincreased loading on the tyres. The level of cooling capability will further decrease as the
velocity of oncoming air decreases under braking. The complexity of the situation is testament to the benefits
of computer simulated heat transfer, as drive cycle simulations may benefit developmentally from such

resources.
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Figure 8: Drive cycle 1 — 14 repeated braking instances & drive cycle 2 — 14 braking and idle instances (Belhocine &
Bouchetara, 2012).
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Figure 9: Temperature generation curve during braking cycles (Belhocine & Bouchetara, 2012).

2.3.3. Heat Transfer Analysis

The importance of temperature management canbevisualised through a heat transfer diagram, where itis
possible to understand how temperature generation/rejectionfrom one sub-systemin a wheel assembly can
affectanother. Figure 10 was created to outline the heat transfer for three simplified steady-state scenarios;
stationarytyre, rolling tyre (constant velocity) and tyre under braking. The analysis considers only main
components withinthe wheel assembly given that this investigation is concerned withthe brake disc and tyre

sidewall only, where case 1 and case 2 refer to the scenarios investigated in this study.

Case1 relates to a stationary tyre experiencing oncoming flow, a test that will be conducted to determine the
relativeinfluence of tyre rotation and oncoming flow to the HTC. In this case, the tyreis undergoing one form

of heat transfer, convection (neglecting atmospheric effects such as radiation from the sun).

Case2,inwhichthetyreis undergoing a constant velocity rotation, shows how the mechanical properties of
the tyre are influential to its heat development and transfer. The hysteretic nature of the tyre will cause
temperature generationandradiation throughfromthe carcass to theinternal air. The mechanical properties
will also have aneffecton thelevel of heattransferred by conductionbetween theroad andtread. In this case,
there existtwo mechanisms of heat generation, while convection remains the sole means of heat extraction
fromthesystem. Inthecasewheretheinternal air,inflation pressure, is affected, it must be considered that
this will cause a cyclic effect withthe amount of heat generated at the contact patch given the contact patch
area will transform; this same effectis seen under braking, however, |oading under braking will outweigh the

effect of internal air pressure differentiation due to heat transfer.

Case 3 represents the occurrence of braking, where a high degree of radiation occurs from the braking system

to internal components such as the wheel rim. Further radiation and conduction occur as in the rolling tyre
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case.Akey considerationis thatthe convection willbe reduced given the retardation of flow under braking,
however, the degree of heattransfer maychange with increasing temperature differential; this is, however,

beyond the scope of the project.

Given the experimental configurations willutilise anunloaded rigidtyre, therefore eliminating frictional heat
generationbetween tyreand road (heatfrom tyreand wind tunnel belt contactis considered to be negligible),
this analysisis solely concerned withthe convective heat transfer. Jancirani etal. (2003) found that convection
accounts for over 90% of total heat dissipation under braking, the understanding of convective behaviour is
therefore essential to maximise heat management. The assumption of solely convective heat transfer within
the experimental systemis supported by Jancirani et al., whose studies made apparent that radiative heat

transfer does not occur at low temperatures.
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Figure 10: Heat transfer flow diagram for 3 steady state scenarios.
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2.3.4. Measuring Heat Transfer

The deformable nature of a tyrerendersits cyclic temperature distribution highly variable; depending on
running time, braking conditions, ambient conditions etc. For accurate results, itis therefore necessary to
make transient measurements. Experimental techniques for the measurement of heat transfer can be flow-

invasive, leading to the development of simulated measurement techniques.

Experimental collection of heat transfer data can be splitinto two main subcategories; sensors and imagery.
Temperature sensors are a readily available andinexpensive method for measuring temperature; mountable
probes/sensors/cameras introduce a degree of flow disturbance, influencing resultsina non-realistic manner

(Siqueira & Fragoso, 2003).

Figure 11 shows the typical captureregions of a real-time F1 mounted Infrared sensor and Infrared camera.
Configurations of this type are minimallyinvasive when compared to the use of sensor booms (Figure 12 &
Figure 13), butarelimited to data collectionwhen thetyreis ina straight-ahead position. The use of booms,
though flow-invasive, allows for data collectionfor a wider range of steering-angles, a beneficial collection
method given the temperature variation induced on tyres under cornering/loading. Unlike its sensor

counterpart, theinfrared camera has a wider capture area, allowing collection across the entire front surface.

Y/ Infrared Camera

Figure 11: Typical F1 infrared sensor and camera mountings (Scarborough, 2010)1.

! Separate images combined from same source.
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Experimentally, infrared technology has been used in a variety of wheel related applications such as the
investigation by Kato et al. (2009), who used topographical infrared thermography to measure the
temperaturevariation of a film heater in varying flow conditions (Figure 14), with which they were able to
calculatethe HTC. Asimilarapproach was taken by Siroux etal. (2001), whereby temperature measurements
were taken for a heated disc (electricalresistance simulating frictional heat dissipation) by aninfrared camera,

and were then used to numerically solve for HTC's.

Infrared radiation
thermometer

Air flow

Figure 14: Infrared thermography experimental setup (Kato etal., 2009).
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Figure 15: TGV Infrared Thermography Experimental Setup (Siroux etal., 2001).

Both approaches used infrared thermographyas a means of obtaining temperature data to determinethe HTC
as theheatinputwasknown. A different measurement technique was undertaken by Rae & Skinner when
measuring the vel ocity distributioninside a rolling tyre, whereby numerical modelling of the flow field was
used to relate heat transfer to the velocity distributions (Rae & Skinner, 1984). This approach, however,
utilised hot film anemometry as a measurement technique, with a three-wire probe mounted in a bushingin

the rim of the tyre.

While much of thereviewed literature has concerned measurement of temperature, there is little reflecting
the measurement of convective heattransfer. As such,a combination of the presented methods were utilised
for this study, withthe use of constant temperature hot film anemometers to measure resistance variations
with applied air-flow, combined with numerical post-processing to determine the convective HTC’s; a useful
additionto the existing body of work concerning temperature. Much like Rae & Skinner (1984), the hot film
sensors were mounted withinthe wheel assembly, insidea discvaneina rapid prototyped disc, or on the tyre
sidewall; given the discis theinternal component most likelyto experience the most heat flux. The use of hot
filmanemometry allows the fluxto be understood, ratherthanjust the temperature; a more accurate analysis

tool with respectto heattransfer. Further details regarding hot film anemometry will be discussed in 2.4.

Despite thelimitationwith regard to flow-field disturbance, realistic environmental dataacquisition provides
anaccurate representation fortemperature/heat transferanalysis, given therest of the vehicleis providing its
naturalinfluence over the area of interest (i.e. aerodynamic flow variation from upstream components).
Experimental testing and numericalanalysis are also imperative for validation of simulated models (Siqueira &
Fragoso, 2003).

Simulationisanimportantdevelopmenttoolindisciplines where experimental testingis inefficient; time and
cost. Simulated datarecording does notimpose flow disturbance, and simplifies the measurement of varying

heattransfer, allowing fortransientanalysisin locations that would otherwise beinaccessible in experimental
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testing (Jancirani etal., 2003). In motorsport, simulation of wheel assemblies is favoured given the limitation
to the availability of tyres andtheir plastically deforming nature. This thesis combines the use of computer
simulationasa means of developing a rolling tyre heat transfer distribution, an otherwise expensive and
timely test configuration when testing design variations of aerodynamic components which affect the flow
fields on andaround a wheel assembly. Validation of the simulation will be done through the experimental

collection of convective heat transfer coefficients.

Heat Transfer Coefficient

When looking to evaluate a heat transfer scenario, the convective heat transfer coefficient provides a
guantitative overview of the heat transferred between a given surface and fluid; proportionality of heat flux
(q), and surface-fluid temperature differential (AT) (Kurganov, 2011).

General consensus over the function of the convective heat transfer coefficientis of its dependency on wheel
rotational speed (Beringeretal., 1987), and the consequential air-flow circulation (Belhocine & Bouchetara,

2012). Wheel assembly geometries, such as that of the braking system, will thus affect the HTC.

An investigation by Browne and Wickliffe (1980) outlined the effect of several experimental variations on the
convective HTC. The dependence on vel ocity is supported by their findings, which show that the magnitude of
the convective HTC is primarily influenced by the thickness of the thermal boundary layer and the nature of
the flow. Theapparentassociation with HTC measurements and wind s peed velocity gives reason to conduct
tests within this thesis at various wind speeds.

Figure 16 shows thetransition fromlaminar to turbulent boundary layer flow occurs at the low end of the
speed range, with the transition from trailingmeasurements beginning ata lower velocity than those from the
leading ones (Browne & Wickliffe, 1980). The lower HTC values towardtherear of the tyre, as for any object,
area cause of theincreasing thickness of both hydrodynamic and thermal boundary layers; inhibiting heat
loss, thus decreasing the HTC (Browne & Wickliffe, 1980). Given the dynamic nature of the two experiments
within this study, the cyclic positioning of the sensor allows for a more comprehensive analysis of HTCin

varying flow windows.
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Figure 16: Dependence of HTC on velocity and position (Browne & Wickliffe, 1980).

2.4. Hot film Anemometry

Hot film/wire anemometry is a measurement technique based on forced convective heat transfer from a thin
heated film/wire, made of a material with temperature dependent resistivity (Laurantzon et al., 2010). An
applied electric current heats the film/wire to a temperatureabovethefluid in which itis immersed, in this
case,air,and the heattransferis measured based on the variationin resistance occurringas a result of change
in heattransfer. This heating cycleis typified as Joule heating, whereby the heatreleasedis proportional to the
square of the current (Laurantzon etal., 2010). Thermal anemometers are operated under various heat
excitation principles; with constant temperature being used within this study. Constant temperature
anemometry maintains the temperature of the hot film/wire through management of the resistance by a

feedback loop, withthe forced convective heattransfer balanced by Joule heating (Laurantzon et al., 2010).

For the experimental configurations in this study, constant temperature anemometry was utilised as itallowed
for the measure of heat transfer throughrelationships of powerandvelocity (further explorationin2.4.1),and
is known to have a much quicker response timethan constant power anemometry (Lundstrom et al., 2007),
makingitsuitablefortheapplicationwhereair flow or tyre rotational speed variations can affect the level of

heat transfer.
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For constant temperature anemometry, a constant temperature anemometer (CTA) is needed to provide the
resistance to the hot film/wire. As with any measurement tool, accurate measurements areachieved through
initial calibrations, which, for a CTA, are done against known air velocities (Lundstrom et al., 2007). ACTA
provides output data in the form of voltages, which are related to the power lost across the Wheatstone

bridge in the sensor (Lundstrom et al., 2007).

2.4.1. Hot Films

Hot filmsensors are made of a materialwith a hightemperature coefficient of resistance; usually tungsten or
platinum (Shekhter, 2011). The sensoris connected to an arm of the Wheatstone bridge and the other to the
variableresistor, balancing the bridge (See ‘R2’ in Figure 17) under zero-flow conditions. When a flow is
applied, theresistance becomes unbalanced, regaining balance through the use of a differential amplifier

(Webster, 2000).

R4 R am Muttipiier
Sensor -y
e
o urmmw
R2=RA3>>A1

Figure 17: Constant temperature anemometer Wheatstone bridge (Webster, 2000).

Newton’s law of cooling [5] outlines the behaviour of heat flux withinthe hot film sensor with relation to the

convective heat transfer coefficient, h.

Q=hAdT (=) 51

Where, AT=T;— Tomo

In an anemometry situation, the heat transferred, Q, is related to Q.ection, aNd is equal to the electrical
power, P, delivered to the wire (Lundstrom et al., 2007). By rearranging [5] and substituting for P, the heat
transfer coefficient can be determined [6] (Lundstrom et al., 2007). The same mathematical formulations are
presented by Laurantzon etal. (2010), however, power is expressedas voltage squared over wire resistance

(Laurantzon etal., 2010).

- 6
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2.4.2. Similar Applications

The application of hot film/wire anemometry extends from motorsportapplications to cardiovascular flow
studies, andthereexistsa reassuring foundation of knowledge to the application of hot films for studies
similar to thatin this thesis.

One of the mostresourceful pieces of literatureis that of Assaad etal.(2008), who designed a small, flexible
sensor thatisableto bend with the tyreas itrolls; effectively a hot film sensor thatis marginally deformable.
The sensorisdual sided, makingit capable of measuring temperature and heat fluxatboth theinner and outer

surfaces of the tyre using the same principles of variable resistance measurement as a hot film/wire.

> X
Tire A Sensor
e
] Tire Mylar Heat Flux Q
.(' »
N Ty Ts
' bl »
Mylar I

Figure 18: Double Sided Heat Flux Sensor (Assaad et al., 2008).

The useof hotfilm sensors by a prominent tyre manufacturer (Assaad workedin conjunctionwith Goodyear) is
a strongindication of their accuracy for use as measurement tools. Des pite not having access to a double sided
sensor, theuse of a singlelayer hot film was employed in thesame manner, as it allowed more flexibility to
applyto a curved surface, particularly as the tyre used was unloaded. This ensured no damage occurred to the
hotfilm when collecting data forthe external HTC. The use of a rigid carbon fibre tyre removes the difficulty
associated with collecting HTC data on flexible surfaces undergoing deformation (Rae & Skinner, 1984). As with
the experimental testing inthis thesis, Assaad et al. (2008) employed slip rings on the motor shaft to pass the
sensor wires throughtherotatingobjects to the CTAand data logging equipment. Data acquisition equipment
recorded thevoltageandcurrentacross the bridge, so as to manipulateinto useful information, such as HTC’s
and flow vel ocities. Lundstrom et al. (2007)followed the same principle of applyinga forced convective flow to
atyreand passingan electrical currentthrough the sensor (Hot Wire), with data logging equipment measuring
voltages across the wire.

Browne & Wickliffe (1980) investigated the effect of variation of flow speed, boundary layer turbulence
(positioning), humidity, surface contamination, surface roughness and wetness. Results showedthat recorded
HTC varied as follows:

e Rapidincrease with increasing air speed
e Rapid decrease with increased downstream distance

e Novariation due to humidity for an un-wetted surface
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e Decrease due to presence of a smooth surface contamination
e Increase due to presence of rough-textured surface contaminants or sidewall s cuffing
e Increased by up to 8x due to surface wetting

e Increasedueto raised regions such as sidewall lettering

The increasedueto raised regions was also validated through further experimentation, where a test surface
mounted flushto the base of a wind tunnel carried a single stack of thermocouples, and 3 stacks on another.
Results showed the stacked thermocouples returning higher HTC (Browne & Wickliffe, 1980). In light of the
findings, itwas noted thattesting should be doneatvarious air flow velocities. Withrespect to thevarying air
flow velocities, similartests have found that voltage and current measurements can take up to twenty minutes
before stabilising (Assaad etal., 2008). In this study, air flow was provided by an externally applied fan,as was
undertaken by Kato etal.(2009). To overcome the possibility of any damage to the hot film, Kato etal. applied
the hotfilmto thesidewall of the tyre (Figure 19). This, however, does not provide an accurate representation
of the varying flow during the tyres rotation, as positionally it would encounter varying flow acr oss the span of
the sidewall. For this reason, experimental data for this thesis was collected across various sidewall mounting

positions in order to capture the complete heat transfer map.

»

Figure 19: Sidewall placement of hot film (Kato etal., 2009).

However wide the application of hot film sensors and thermal anemometry in the automotive and motorsport
industry is, much research has been done, particularly with braking systems, using other measurement
apparatus such as thermocouples, infrared thermometers and infrared thermographs.

Ratamero & Ferreira (2010) undertook experimental work heating brake discs using el ectrical thermal sources,
measuring localised temperature using thermocouples. This is similarto the work done by Kato etal. (2009)on
the tyre sidewall. Thermocouples were also applied to the brake disc and wheel cover, however, the use of

thermocouples provides only localised temperature analysis, neglecting the heat transfer process that occurs
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within a complex system such as that of a wheel assembly (Refer to Section 2.3.3). Using hot films to
determine the heat transfer provides a better understanding of its behaviour within the system, and,
combined with understanding of heat generation mechanisms such as friction, can be used to create
simulations that provide a rolling analysis of a dynamic tyre; a more useful tool in the automotive and

motorsportindustry.

2.5. Wheel CFD

Recent computational investigations used the most up-to-date methods of rotationthat were available at the
time, however, since the introduction of the sliding mesh (SM) method, involving physical rotation of
components, there has been scarce use of any previous methodologies, with leading automotive and
motorsport manufacturers utilising the SM methodology where available. Other methods include the velocity
boundary (VB), a theoretical velocity applied at the boundary, and moving reference frame (MRF), which
applies rotational forces, centrifugal and Coriolis, to the fluid within a bounded region.

SM has shown better correlation to wind tunnel results for aerodynamic force measurements; capable of
predicting within 2% of experimental results, while MRF methodologies have been proven to achieve
correlation within 5% for aerodynamic force measurements (Kandasamy etal., 2012). The SM’s capability of
capturing local changes in transient flow (Gaylard et al., 2010), allows for a more precise and iterative
calculation dependant on rotational positionandvelocity. Gaylard etal. were able to capturethevariations of
the threerotating methodologies throughthe use of surface flow (Figure 20), surface static pressure (Figure
21), flow velocity (Figure 22) and streamlines (Figure 23).

The surface flow provides a good outline of the distinct variation between the VB rotational methodology,
which appears to lack the ability to compute the radial velocity gradient, compared to the more realistic MRF
and SM methodol ogies, whichincorporate small-scale flow structures to generate a more accurate result
(Gaylard, etal., 2010). Static pressure plots emphasise the observations made surrounding the variation

between VB, MRF and SM.
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Figure 20: Instantaneous surface flow (a) VBC (b) MRF (c) SM (Gaylard, etal., 2010).
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Figure 21: Surface static pressure distribution (a) VBC (b) MRF (c) SM (Gaylard, et al., 2010).

The flow vel ocity of the VB indi cates its inability to accurately describe boundarylayer development, with the
boundary layer generated solely over the external surface of the rim, while thereis evidence of radial flow for
both MRF and SM methodologies (Gaylard, etal.,2010). Flow in the SM caseis more disturbed, indicating the
physical rotation varies the flow by possible induced mixing from the forward rotation of the wheel.

The suction on the outboard face/spokesis evidentinthe static pressure diagrams, where there exists a high
pressure differential. Forced through flow insidethe hub is evident on the streamline visualisations for the

MRF (b) and SM (c) methodologies; an important consideration with respect to disc heat transfer values.

Velocity agnitude Ims

0.0 25 5.0 75 100
Figure 22: Flow velocity (a) VBC (b) MRF (c) SM (Gaylard, etal., 2010).
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Figure 23: Flow structure (a) VBC (b) MRF (c) SM (Gaylard, etal., 2010).

2.6. Summary

The analysis of rotating wheels has identified that rotation affects aerodynamic characteristics atand
surrounding the wheel compared to a stationary wheel, such as the advancement of separation and the
suppression of rearward vortex shedding. Convective heat transfer is linked to the aerodynamics of the wheel,
however thereexists little literature encompassing the heat transfer within aerodynamic investigations,
rendering the directed investigation of this thesis useful in complementing the existing body of work.

Whilethere have been several previous investigations of temperature distribution within wheel assemblies,
the underlying convective heattransfer has seen much less investigation. The heat transfer within a wheel
assembly must be well understood in order to achieve optimal efficiency from components such as the tyre,
whose viscoelastic nature results in hysteretic behaviour resultinginenergy/heat transfer, andthe disc, which

utilises both conductive and convective heat transfer and reaches extremely high temperature.

The range of rotational methods available within computational simulations has been found to increasein
correlation with updated methods, but rotational methods have only been validated in aerodynamic cases.
The implementation of the CFD withinthis studywill provide a supplementaryevaluation of the capability of

the software with regard to determining heat transfer.
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3.0. Methodology

The following chapter outlines the three key methodologies used to determine the convective heat transfer;
two experimental programs and a CFD analysis.

Both experimental setups utilised hot films as means of determining HTC. A brake cooling rig test with a
rotating wheel andan applied flow was used to determine the HTC at the disc, while the wind tunnel utilised a
moving ground and a full external flow, andincluded capabilities to determine the external HTC of the wheel.
Experimentally collected data was processedto remove the recorded datumto accountfor conduction to the
substrate. Aperiodicaveragingtechnique was alsoused, combining res ults from multiple rotations to produce
cleaner traces. CFD studies using Exa PowerFlow were conducted to supplement the understanding of
experimentally determined HTC’s by analysing flow characteristics, and utilised to evaluate the ability of the

CFD to accurately predict HTC's.

3.1. Geometry

The geometry used the three programmes of investigation —brake cooling test rig, wind tunnel and CFD—
utilised the same geometry; a 50% Scale model wheel assembly of a 2005 F1 race-car.

In order to design the necessary components for experimental configuration, and to undertake CFD
simulations, the geometry was modelledin the Solidworks CAD package (Figure 24). The main components

analysed in this thesis were the tyre, wheel rim, disc and upright (Figure 25).

s B @ e @

s

Figure 24:50% Scale model CAD geometry (Translucent tyre for visualisation purposes only).
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Figure 25: Upright CAD geometry (Translucent sidewall for visualisation purposes only).

The upright consisted of complex internal curvature (Figure 26) that could not be entirely measured. The
internals of the scoopareimportant features as the air entering the scoop will follow the path of the internal
geometry, which will affect the flow speed. As muchdetail as possible was collected for the model, however,
any irregularities within the CFD may be attributed to the difference of internal geometry between the
physical and CAD models. The degree to which this will affect results, however, should not be concerning as

the resulting flow rate through the upright will be consistent for each simulation, providing comparable trends.

Figure 26: Upright CAD geometry cross sectional view of scoop inlet.
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3.2. Motorised rig Test

3.2.1. Test Configuration and Specification
The rig used was comprised of a base frame and variable speed motor (Marelli Motori MA100LA6). The
outboard face of the wheel was mounted on the motor shaft, leaving the inboard face of the wheel and

upright exposed, allowing forattachment of a fan to provide forced convection from the rear of the upright

hub where brake cooling scoops are usually fitted.

WHEEL RIM

Figure 27:Schematic of rig test and the 50% scale tyre, rim and disc (Image and existing rig from Ng (2013)).

As partof the complete vehicle scale model, the upright relied on the suspension being attached to the model
spine, a rigidmount through the centreline of the model) (Figure 28). A method of mounting was therefore

developed to hold the upright inside the wheel rim and attach to the existing rig.

Figure 28: Example of F1 scale model suspension mounting points on the model spine (Screenshot taken from
referenced video) (Williams in 60 seconds: Wind Tunnel, 2012).
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The mounting frame was designed with the capability to:
e Suspendthegeometry ata heightwithin the wheel assembly
e Withstand the vibrational movement from the motor

o Allowfor upright positional adjustability and ease of removal from the wheel assembly

The initial proposed layout of the upright mount can be seen in Figure 29, comprised of four main
components; a retaining face plate, two extruded Aluminium struts and two mounting ledges (brackets). The
Aluminium struts were connected to the optical rails with a 10mm diameter rod passing through an existing
central diameter cutin the strut, and tightened in the optical rail carrier/post-holder. The purpose of the
retaining face plate was to ensure that the two struts remain parallel, and to counter-balance any torque

created from the mounting of the upright to the opposite side and length of the strut.

Optical rail carriers with level tops were sourced, eliminating the need for stabilising rods. The configuration
was then built witha single horizontal aluminium strutas a baseto jointwo vertical struts using Rexroth Angle
Joints. Individual brackets were mounted on the vertical struts to allow adjustability in height for all three
suspension arms (Figure 30). Contrary to the on-vehicle configuration, the pushrod was mounted below the

upper wishbones asitwas a morerigid method than if the pushrod were holding the weight of the upright.

CIRCULAR EXTRUSION FOR STABILISING ROD

STRUT EXTRUSION DETAIL

SUSPENSION ARM MOUNTING LEDGE

PUSHROD MOUNTING LEDGE

EXTRUDED ALUMINIUM STRUT (REXROTH)

RETAINING FACE PLATE

Figure 29: Proposed upright mounting method.
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Figure 30: Brake coolingtest rigfinal configuration — Rexroth angle joints supporting vertical struts used to mount the
upper wishbones (upper mounts) and pushrod (lower mount).

3.2.2. Orifice Plate Calibration
The following sectionoutlines the standards followed for the calibration of the orifice plate withinthe fan used
intherigtests. British Standard BS EN SO 5167-2:2003 outlines the dimensional requirements for an orifice

plate (Figure 31), in order to accurately calculate the mass flow rate, g, [7] (British Standards, 2003).
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Figure 31: Standard orifice plate schematic (British Standards, 2003).
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The orifice plateusedin this study satisfied the following requirements, as stated in the British Standard:

Downstream (2) faceis parallel to Upstream face (1)
Chamfer angle, a =45 £ 15

dis concentric with D

d>12.5mm

e<E<0.05D

0.005D<e<0.02D

0.10<B <0.75 (where B =d/D)

Given the orifice plate satisfied the dimensional requirements of BS EN I1SO 5167-2:2003, the equations and

tables within the standard were used in order to calculate the necessary variables required to create the

calibrationfile forthe pipe (nozzle); allowingthe correct recording of dynamic pressureand air flow velocity.

The orifice plate used employed a D and D/2 tapping arrangement (Appendix 4), whereby the upstream

pressuretap mustbeata distanceD+0.1D, whilethe downstream pressure tap must be at distance 0.5D *

0.002D, given that f < 0.6 in this case (Appendix 5).

Withinthe BSEN 5167-2 arelookup tables for the discharge coefficient, with respect to diameter ratio, B, and

Reynolds number, Re, and alsofor the expansibility factor (Appendix 6), withrespect to dynamicpressure and

diameter ratio. The use of lookup tables, however, produced a characteristic curve which did not take into

accountrealistic expansion. It was therefore decided to extract values of the Reynolds number and discharge

Coefficient from the tables at the known 3 value (Figure 32).

(5]

o

PRESSURE COEFFICIENT VALUES

42.00
41.50 5
.
41.00
40.50
40.00 f
39.50 7/
35.00 l
38.50 i T T T T T
0.00E+00 5.00E+04 1.00E+05 1.50E+05 2.00E+05 2.50E+05 3.00E+05

Re (at diameter D)

3.50E+05

Figure 32: Cp values determined from British Standards tabular data.
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The fan pipe consisted of a large pipe of diameter ‘D’ connecting the fan to the orifice, however, the diameter
of the pipeleaving the orifice (D) was half the diameter (d) of the original pipe (D). Calculations were made
based uponthelarger diameter (D), therefore flowatthe smaller diameter fan pipe exit was calculated as a
factor of Ap/Ay. Given the small pipe diameter further contracts atthe openingof the uprightinletductscoop,
calculations were based upon the area of the upright; the final orifice the flow passed before entering the
upright. Given the non-uniform diameter of the opening, it was calculated by compiling a profile trace of on a
lcngrid, with the area calculated at 0.0022m?. As a result, the recorded velocity at orifice of diameter D =

0.014m, was transformed from a range of 0.2m/s-2.8m/s to 1.6m/s to 20m/s.

3.2.3. Fan Velocity Validation using Hub Flow Number Theory

Further processing was required to evaluate thetruevelocityas would be experienced by the scoop inlet of
the upright wherethefan was applied. Despite the previous assumptions that the flow velocity could be
assumed to bethatof theratio of pipe diameter to uprightarea, furtherinvestigationrevealedthat the scoop
geometry further accelerated the flow, and should therefore be considered as the final area at which the flow
velocity is determined.

Minto etal.(2011) defined the volumetric flux ratio between the scoop and the free-stream velocity as the

hub flow number (HFN), which is represented by [8].

AsUs

HFN = (8]

AfUoo
where; A, = area of the Inlet Scoop cross sectional plane

Ay = frontal area of the model taken as cross sectional area

The HFN was alsoimplemented by Sprot (2013) to evaluate various aerodynamic performance characteristics
for an arrayof wheel fairing designs that varied the hub flow. Minto’s equation was applied to the geometryin
this study to determine the ratio of equivalent velocity at the scoop to that of the free-stream. Using the
calculated values for the frontal area of the tyre, 0.0592m?, and scoop inlet area, 0.0017m2, and the
relationship devised by Minto etal. [8], calculations showed that the equivalent velocity at the scoop inlet
planewas approximately equal to that of the free-stream vel ocity; indicated by theresulting velocity ratio of

1.0029 (Table 1).

VARIABLE RESULT FORMULA
A 0.0017m’
A 0.0592 m> | =diameter*width
HFNopen 0.0288
U/Urs | 1.002917647 | =HFNgpen*(Ac/AS)

Table 1:Speed ratio determination.

3.2.4. Velocity Selection for Analysis
As a resultof the fan vel ocity validation with relation to the findings from Minto’s HFN, the velocity range of

the fanfromtherigtestexperimentwas calculated based on the arearatio of the calibrated fan diameter and

the scoop inlet area (Table 2).
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Given theresults from the relationship by Mintoetal.(2011), a velocity range from the rig Test Results was
selected thatagreed with that of the wind tunnel test range; 0-25m/s. As Reynolds numbers below 2.00E+05
areinthelaminarflowrange (Cengel etal.,2008), analyses inthis studywere focused more towardthe higher

end of the velocity range, with 25m/s selected as the comparison velocity for all tests.

RIG TEST SPEEDS
Vean (M/s) Vivre (M/s)
(@ scoop inlet)

0 2.1 0 2.1
1 22.6 1 6.8
2 25.2 2 114
3 254 3 16.7
4 25.5 4 22.1

5 241

Table 2:Rig test Fan settings.

The two upper tyre velocities tested on therigwere 22.1m/s (Setting 4-Orange) and 24.1m/s (Setting 5-Blue).
This agreed well with the windtunnel tests, where, although the selected velocity was set, underwent slight
fluctuations as the tunnel controls aimed to maintain the flow velocity. An average was taken of the fan and
tyrevelocities across 6 testsinthe wind tunnel, results of which (Table 3) showed a goodcorrelation to the rig

test velocity (Fan Setting 2, tyre Setting 5), confirming the match between data sets.

Vrvre av (M/s)

Vian av (m/s)

WT

23.9

244

RIG

24.1

24.8

Table 3: Comparison of average tyre and fan velocities for WT and rig tests.

3.3. Wind Tunnel Test

3.3.1. Durham University Wind Tunnel
The Durham University wind tunnel was used for allwindtunnel tests for this thesis. The tunnel is comprised

of a 2m? open jet configuration with a 3.0 x 1.4m moving ground belt capable of speeds up to 30m/s.

3.3.2. Pre-Process

Configuration

Similar to therigtests, those undertakenin the windtunnel alsorequired a method for mounting the wheel to
allow for rotation, and a method forsuspending the uprightinto the wheel. The wheel assemblywas mounted
fromthe outboard side floor using anexisting sting arm, while the upright was suspended inside the wheel rim
using a custom designed mount, consisting of a back-plate and brackets designed to fit the suspension arm
ends (Figure 33). Thelengths of the upright arms (upperandlower wishbones, track-rod and push-rod) varied

inlength, makingany perpendicular mount complex, but suitable given the similarity to the upright’s original
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vehicle mounting on the model’s spine. It was decided to design a vertical back plate mount, utilising various
attachments to overcome the differing suspension arm lengths (Appendix 8).

Onthewheel side, as with the existing benchtest, a rotary shaft was utilised, with attachment to an existing
sting-armusing pillow-block bearings mounted to a base plate. Other considerations included the wiring

arrangement, slipring, and connection to the wheel face by theshaftinorder to have consistent rotation as

there already exists a cylindrical bearing in the wheel nut housing.

Figure 33: Wind tunnel test configuration using existing sting arm mount and custom upright mounting plate.

The useof hotfilmsinthis experimentrequired wiring to the slip ring from both the disc and tyre sidewall
locations. Thoughtheslip ringprovided a safe rotational pathfor the wires, the nature and design of the test
required wirerouting along thelength of the shaft. To solve this problem for the majority of the shaftlength, a
holewas drilled along the centre of the shaft to a length of 280mm, allowing the non-rotating wires to pass
fromthesensor to theslipring with minimal interference withthe rotating components. Theslip ring used in
the rigtests was carried across to the wind tunnel testin order to maintain consistency within results. In order
to minimise costs, a smaller diameter than the rig mounting shaft was chosen for the shaft design, resulting in
the requirement of a cylindrical adaptorto allow for use of the original slip ring. Asimilar design was utilised to
ensure contact of theshaft to the outboard face of the wheel rim. This was essential to ensure rotational
conformity of the shaftandwheel, as the wheel nut housing contained a bearing that would otherwise have

disrupted rotation.

Data Collection

The data range collected throughout the experimental wind tunnel procedure covered two sub-categories;
experimental data and wind tunnel data.

After calibration, hotfilm voltage for both sensors was recorded to determine the HTC, alongside with the

voltage of the optical sensor, whichwas used to track hot film positioning throughout the tyre’s rotation. The
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transducersinternal of the upright were used forcorrelation against bench test results, where fan velocity

variation due to upright opening (scoop inlet) area required correlation to confirm internal velocity.
3.3.3. Post-Processing

3D Analysis
After the post processing fromrecorded datainto HTC, the data was then transferred into a visual analytic by
means of a 3D map of heat transfer across the tyre sidewall.
The process involved:
1. Measuring the profile position of each sensor location across the sidewall
2. Correlating measurements to Solidworks model co-ordinates
3. Creating a data grid file
4. Importing the Wheel Assembly model file into Tecplot (graphical data management software)
5. Importing the grid file of data into Tecplot

Sensor positions were marked out on the tyre sidewall and measured using a height gauge. Grid files contained
the HTC's for each sidewall position at a single speed; sidewallsensor positions located by a radial and profile
height measurement. The grid files were then overlaid ina 3D Cartesian plot with the wheel assembly model

offset 1mm from the map surface so as to avoid merging surfaces.

3.4. Heat Transfer Coefficient Analysis

3.4.1. HTC Calculations
The heattransfer coefficient (HTC) is derived from the basicequationof heat transfer as in [5], yielding [9]. In
the caseof thesensors used in this thesis, the sensor temperature, Tyor, is unknown, but can be solved using

resistance [10][11] (Assaad, 2008).

Q=hAAT W)
vl )

__ Gcomy (L) o]

Aeff-(Thot—Tair) m2K

where; Ty, = sensor hot temperature

Rhot = Rcold (1 + a(Thot - Tcold)) (-Q) [10]
(Fhot
Thot = Lcold + (%) (K) [11]

where; a = temperature coef ficient of resistance for conductor metal at T,,,,
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The temperature coefficient of resistance is stated in the sensor’s data sheet as 0.40%/degC (Appendix 3),

whilethe effective areais knownto be 1.47E-06m”.Theresistances can best be described through a bridge

diagram (Figure 34), wherethelocation of the short, introduced when measuringresistancein the circuit using

a multimeter, is marked so as to identify the resistance locations (e.g. Rsts = Rsensor tO Rehort)-

Figure 34: Hot film sensor bridge diagram.

Despite having used different CTA’s, the two experiments (rig and wind tunnel) may still be compared with

respect to HTC as the calculations are relative to the recorded datum set in each test run. The bridge

resistance for each CTAwas also calculated and considered in calculations of HTC (Appendix 1).

The required unknown variables to calculate HTC can be solved by working backwards from the heat transfer

equation as follows:

Fromtheheattransferequation:

Where:

Where:

Since:

Where:

h = Qsensor_convective ( w

Aeffective (Tsensor_hot—Tamb) m2K
Aciective = 1.4777E-06m” and,

Tarm Was recorded for each test run

(Rhot)_l
R
Tsensor;wt = Tsensorwld + ( cold ) (K)

a

o = temperature coefficient of resistance at 20degC

Qsensor = Qsensor_convective + Qsensor_conductive (W)

Qsensor_convective = Qsensor - Qsensorconductive (W)

Vsensor”
sensor — R (W)
sensor
__ Vera-(Rsensor_ hottRststRets)
Vsensor - V)

Rpridget Rsensor_hottRststRcts

Vdat
Qsensor_conductive = ﬁ *Offset (W)

__ Vsensor-(Rsensor_hot*Rsts*Rcts) V)

Rpridget RsensortRststRets
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3.4.2. Hot Film Positioning

The rig tests, consisting of the wheel mounted on a motor driven shaft, were run under two geometry
conditions; with (shielded) and without (open); the disc shield covered the outer diameter of the disc for
135deg of rotation. Integration of anopticalsensor in theassembly, which produced a stepped-signal after
each full rotation of the wheel, allowed the position of the hot film to be traced. At theinstance of the leading
edge At the instance of the leading edge, the hotfilm was |l ocated at the point of exit of the shielded region,
the hotfilmwaslocated at the point of exit of the shielded region. Measurements taken inthe shielded region
therefore begin 135deg before the leading edge of the optical signal. The leading edge can be distinguished in
a data setasAttheinstanceof theleading edge, the hotfilmwas|located at the point of exit of the shielded
region (6=0deg).

As the wind tunnel test did not utilise the shield, the hot film was aligned bottom dead centre (BDC) of the
tyre; approximately 10deg advanced of the rigresults to allow for tractability. The rig results have therefore
been rotated 10deg CCW for viewing so as to directly compare the trace characteristics of both experimental

tests.

3.5. CFD Methodology

3.5.1. PowerFlow

The Computational Fluid Dynamics (CFD) software adopted for this project was Exa PowerFlow 5.0, a code
solving for velocity and temperature (Mukutmoni, etal., 2010), with capabilities of rotational meshing, and the
ability to extract convective heat transfer data.

PowerFlow utilises the Lattice Boltzmann method, a solverthataims to trackthe motion of macromolecules of
gases/liquids (Lietz, etal., 2002). Its designated turbulence model is that of the Very Large Eddy Simulation
(VLES), a time dependent variation of the k-€ turbulence model, configured using ‘law of the wall’ boundary
treatments so as to minimise the required mesh refinement for accurate return (Sprot, 2013), taking into
accountstream wise pressure gradients, and asaresult, has the capability to predict boundary layer growth
and separationto a high degree of accuracy (Albukrek, etal.,2006). The accuracy of boundary layer growth
and separationis key to modelling the convective heat transfer, with previous literature having found the

thickness of the boundary layer affects the level of heat transfer (Browne & Wickliffe, 1980).

The Lattice-Boltzmann (LBM) equations are used by PowerFlowto conductinitial formulations of the casein
terms of the distribution function f(x, v, t), the number density of molecules at position ‘x’, speed ‘v’ and time
‘" (Mukutmoni, et al., 2010). The LBM equations have been used to recover the Navier Stokes equations,
tracking particle collisions with density representations; conserving mass, momentum and energy for

compressible flow (Albukrek, et al., 2006).
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Given theinfluence the wheel’s rotationhas upon the airflow path and interaction with its components, itis
essential thattherotation, particularly the rotational boundary, be modelled accurately to best represent a
realistic flow scenario.
PowerFlow offers various levels of rotational capabilities; vel ocity boundary condition (VBC), moving reference
frame (MRF) and sliding mesh (SM). Each of the rotations was defined by Gaylard et al. (2012) in their
computational simulation of brake dust deposition using PowerFlow as follows:
e VBCistheapplicationof a constant velocityasthe boundary condition fora solid wall with no physical
rotation
e MRFappliesrotational forces, centrifugal and Coriolis, to the fluid within a bounded region, but has
no physical rotation

e SMimplies a physical rotation on components within the rotating frame

3.5.2. Test Configurations

The simulationflow domain consisted of nine variable resolution regions of decreasing meshrefinement. The
finest mesh regionwas located withinthe hub and was usedas the measurement regionfor residuals; the
wheel hub area was chosenfor residual management due to the complex nature of the flow structure from
the spokes. This was followed by a 30mm offset region aroundthe entire CAD geometry of the experimental
setup, and seven rectangularregionsincreasingin size throughout the domain up until the wind tunnel main
enclosure. The main enclosure of the wind tunnel was sized to ensure anappropriate blockage ratio below 5%

(Katz, 1947); the blockageratioof the CFD domain was measured at1.5%.

The experimental configuration was replicated in the CFD by reverse engineering the models into CAD
geometries. The limitation of computationalaccuracy stems from the approximated curved surface
measurements on the CAD geometry, particularly the scoopinlet. Sub-assemblies wereimported into
PowerFlow to ensure rotatingcomponents were separated; this allowed rotational reference frames to be
created withoutinterfering static parts (Figure 35). In order to create rotational reference frames between

rotating and staticcomponents (e.g. wheel rim and shaft).

Parallel to the analysis of computational correlation to experimental data, the computational capability was
evaluated through the undertaking of various simulation methods as described inTable4 inorderto
determine which providedthe highest degree of correlationto experimental data, as well as furtherexploring

the variation between staticand rotational tyre simulations.

SETUP # TYRE RIM DISC
1 Stationary | Stationary | Stationary
2 SM SM SM
3 MRF MRF MRF

Table 4: Rotational simulation setups.

39




rotating
reference plane

[
moving ground plane

Figure 35: Rotating mesh reference frame polyliﬁés.

3.6. Errors and Limitations

Experimental setups and computational limitations are potential factors of error within collected data, the
management of which must be considered.

Results across experiments and simulations were based on a 50%scale model wheel assembly. Scaling factors
canbeadopted inan aerodynamic setting, however the behaviour of scaling factors for heat transfer is not
well understood. Results from this study aim to take the first step with regard to understanding
correlation/variation between eachmethod. In order to determine the potential variations between a scaled

and full size model; a 100% model was run under the same computational simulation conditions.

Experimentally, sources of error and sensitivity stem from three key areas—sensor capability, noise and setup
variation.

Hotfilmsensorsareproneto circuit damage when incorrectly handled; damaging the integrity of data. In
order to manage stability of the sensor during movement across the tyre sidewall, various mounting
techniques were tested to avoid circuit damage. It was found thata stronger polyamide tape provided a more
structurally supportive base, with less flex than generic, commercial adhesive tape. Further precautions
involved the recording of resistance across the circuit after each hot film movement, so as to ensure no

variation between experimental tests.
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Sensitivity of the sensor could also lead to non-flow voltage signals. An error band test was designed to log
sensor voltages at a theoretical no-flow condition by sealing all potential airflow entry and exit points on the
disc. Signal traces can be used to determine anycharacteristic signatures within the data which may i nfer an
induced positionalerrorfrom a rotating component. The rotational nature of the experiments could give rise
to noise within traces; noise from rotating slip rings, electrical components within the test, or local air

movement. Results of the error band test were used to explore the degree of noise.

Experiments were logged using two channels; one for each hot film, positioned inthedisc and sidewall. In an
ideal situation, all positional movements of the sensor would be logged using separate sensors, therefore
eliminating the possibility of circuit damage, however, inorder to minimise costs of the experimentation, this
was not a feasibleapproach. The dischotfilm, however, was used as a reference point in order to ensure the
behaviour of the CTAwas constantthroughout experiments inthe wind tunnel. Though this could not ensure
stability of the other sensor, itallowed a certainlevel of insight into the stability of both sensorsin the circuit,
given thedual-channel CTAshared resistance across both sensors; a change/error in one would assume a
change/error in the other.

The CTA used in therig experiment (DISA55M10) required manual calibration using dials, while the dual -
channel FlowPoint CTA used forthe wind tunnel tests was a more advanced system with computationally
managed calibration. In order to overcome any variation between the two, the bridge resistance for each was
calculated and included inthecalibration files (Appendix 1), ensuring that recorded voltage was captured

correctly for the comparison of both experiments.

Computationally, CFD Software has many inherent limitations within its calculation methods. Best practice for
simulations is to ensure that any residuals are converged, ensuring stability of results, though further
instability may occuratsome period after the point of convergence. For this reason, despite residuals showing
convergence, the effect of unsettled flowmust be considered given that the duration extended only one full
tyrerevolution. Alonger simulation of five revolutions was analysed (Appendix 2), results of which exhibited
residuals with an on-going characteristic curve as in the initial, shorter, simulation. The purpose of the
simulation was to determine whether residuals remained constant, or reached a point of revisited

inconsistency.

Geometry accuracy is an area of high fidelity within simulations and may have introduced error to the
computational resultsin this thesis. The limited accuracy of the upright Inlet scoop, consisting of curved
surfaces, may haveintroducedvariationto the heattransfer results in the discas a result of variation between
simulated and experimental internal airflow patterns. In order to determine the degree of significance the
scoop inlethas on the heattransfer of the disc, stationarytests were conducted outlining the degree of heat

transfer due solely to the air flow.
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4.0. Results

All results have been presented ina Front Left configuration; airflow from left to right and rotation in an anti-
clockwise direction. In practise, the wind tunnel used a Front right configuration and so these results have
been mirrored to present findings in a comparable manner (Figure 36). Results for the sidewall refer to
positions numbered 0 to 5; numbering based on testruns —an even distribution of results was required in case
of hotfilmsensorfailure, the numbering therefore reflects the central position recorded first, with radial
positions recorded alternately between ID and OD. Figure 37 outlines the positions referred to within the

results and discussion.

FRONT LEFT FRONT RIGHT
Rig & CFD Wind Tunnel

Figure 36: Front right and front left configurations (Shielded).

Figure 37: Sidewall position reference map.

42



Reynolds numberhas been quoted atvarious stages throughout the following analyses and discussions. It
should be noted that Reynolds number has been defined separately for tyre and disc, each using their own

diameter within calculations; 0.31m for the tyre and 0.14m for the disc (for the 50% scale model).

4.1. Motorised Rig
As previouslystated, The wind tunnel test ranwith the hot film datum locationaligned to bottom dead centre
(BDC) of the tyre. The rig results, for which the datum was located at 10deg CCW from BDC, have therefore

been rotated for presentation to directly compare the measurements from both experimental tests.

4.1.1. Error Band Test

Section 2.4.1 explored the functionality of hot film sensors in that, when a flow is applied the resistance
becomes unbalanced, regaining balance through the use of a differential amplifier within the film’s bridge
(Webster,2000). Adatumvoltage at wind off and stationary tyre conditions was recorded for every testin
order to quantify the size of conduction occurring from the hot film to the disc. The use of a slip ring was
employed so asto allow rotation of the hot film wires. On the rotating side of the slip ring, the wires were
arranged to minimise any out of balanceintroduced, and were secured to minimise their movement during

wheel rotation.

CTA's aresensitiveto changein resistance, bothinthesensor itself, and in external components within the
systemsuch asthecables. As such, slipring resistance variationthroughout a wheel rotation would introduce
measurementerrors. The occurrence of slipring noise would presentitselfas a signature within the trace; a
facetof thedata whichcannot be established. Further exploration into the possibility of slip ring noiseis
revisited inthe Section4.2.2. In order to determine any error withinthe system a test was devel oped whereby
both the inner and outer diameter openings to the discvanes were sealed with tape (Figure 38); blocking the
only possible air flow entry points so as to ensure any fluctuation in recorded sensor voltage was not
attributed to through flow. Resistance variationsin the slip ring could be speed dependent, and so a simple

static evaluation of slip ring resistance was not considered a sufficiently robust test.

OUTER DIAMETER TAPE SEAL

—

INNER TAPE SEAL

= Y & W

iV
Figure 38: Schematic of disc vane sealing for error band test.
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Fromtheresults in Figure 39, it is evident that the signal trace becomes sharper at the higher end of the
velocity range. In order to capture the angular positionof both the hot filmandslipring, theresults have been
presented with respect to rotational position, theta; capturing an entire rotation for each speed.

By plottingthe average HTC of the sealed discateachspeed (Figure 40), it was determined that the average
HTC of the sealed disc followed analmost linear relationship. Presence of HTC up to 14W/m?K in the sealed
disc suggests either e within the system, or a localised flow.

RIG - ERROR BAND TEST (FULL SPEED SET)
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Figure 39: Brake cooling test rig error band test results.
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Average Hot Film Error - Rig
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Figure 40: Average hot film error for rig test.

4.1.2. Heat Transfer Coefficient and Speed Relationship

The heat transfer coefficient’s dependency on temperature differential infers a relation to the degree of
cooling; governed by theimposed airflowand tyre rotational velocity. Results at the higher flow speeds tested
were compared as both they layin a Reynolds number pastthe transitional range (Figure 41); the Reynolds
number for the flow at 20 and 25m/s at the disc diameter was 2.02E05 and 2.25E05 respectively.

Both speeds incurred the highestlevel of cooling attheregionof thescoopinlet area (180-250deg), with the
openingallowing fora direct flow. Increased heat transfer is a result of the increased voltage at the sensor
given theintensification of applied flow onits surface, which in [15] is shown to affect the HTC. The internal
geometry may have caused flow blockage/retardation, which would have affected the heat transfer
capabilities; this analysismay therefore prove useful for design optimisation. The margin between the two
data sets is consistent throughout the cycle of rotation at an approximate value of 5W/m?K. Such a result

suggests that thereis no significant variation between airflow structure at 20 and 25m/s.
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Figure 41: Disc heat transfer coefficient for 20m/s & 25m/s rig test.

4.1.3. Upright Shield Effect

Figure42 outlines the heattransfer variation between the shielded and unshielded geometries, establishing
thatboth geometries have equal HTC until entering the shielded region, the shielded configuration shows a
lower HTC by approximately 3W/m’Kfor 20and 25m/s. Despite the use of the shieldintroducing a reduction
in HTC for both speeds, the magnitude of the difference between shielded and unshielded is not high enough

to be certain of its effect on results.

The frontal positioning of the shield suggests thatit was employed to retain/recirculate airflow within the area
as pushed forward by the momentum of the disc, thus increasing the cooling; however, results imply that the
shield reduced heat transfer capabilities measured inthe disc vane. The flow redirection induced by theshield

may be affecting the discvane’s capability of collecting air, therefore reducing the HTC at the location of the

hot film sensor.
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Figure 42: Effect of upright shield on disc heat transfer as measured on the rig.

4.2. Wind Tunnel

Wind tunnel testing was conducted to determine the HTC at differentlocations on the wheel assembly, and to
validate the ability of CFD software to predict HTC. This section will outline the various tests conducted in the
tunnel which involved validation of the system and determination of HTC values.

Validation of the system will be extended from the original error bandtest to the determination of the Nusselt
number equation. Thelevel of heattransfer as a result of the Inlet scoop flow will be determined through
comparison of HTC results for the blocked and open scoop configurations, and the sidewall HTC will be
discussed and presented using 3-Dimensional plots to aid in assessment of HTC trends.

Results presented at 0m/s correspond to zero flow velocity with a 1m/s moving ground velocity input as
means of providing wheel rotationin order forthe optical sensor to scan through all angular positions and
identify the hot film position.

4.2.1. Error Band Test

The sameapproach used fortherigerror bandtest (Section 4.1.1)was carried outin the wind tunnel, sealing

the discto determinethelevel of ‘error’ withinthe system. Thelevel of HTC error in the wind tunnel results
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was consistently below 3W/m’K, significantlylower thanresults seen inthe rig experiment (max HTC error of
14W/m’K).

Traces of HTC for the error band test show a larger errorinthe high speed traces, with values reaching a limit
in maximum error — evident by the traces for 15,20 and 25m/s being similar in magnitude throughout a cycle.
Presenting results as a function of theta (rotational angle) allows for identification of positional error, as
values/traces match across the spanof thetrace. Positional error would suggest relation to a function of the

rotation in the system, such as that of the slip ring.

WIND TUNNEL - ERROR BAND TEST
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Figure 43: Error band test HTC values for wind tunnel disc.

The relationship of speed to HTC error (Figure 44) is shown to be one of significance, with speed increasing the
range of HTC error experienced throughout a cycle of the sealed test. Theincreased range, however, results in
a cubicrelation between velocity and average HTC. The decline after the maximum error on the cubic trace
may berepresentative of high speed stability within the system; with the increased speed, the system has
reached a more stable state, eliminating harsh vibrations, however, this cannot be confirmed with the data set

recorded.
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Average Hot Film Error - Wind Tunnel
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Figure 44: Wind tunnel average hot film error for 0-25m/s speed range.

4.2.2. Slip Ring Error Investigation

Investigation of the error band test from the wind tunnel prompted the question as to whether the curve
peaks were characteristics of slipring error, given they appear in a repeatable manner for each speed trace.
Consideringvoltage increased with speed due to the intensification of applied flow, there was caus e for
concern thatthiswas dueto an element of the circuitrysuchas the slip ring; any variation in voltage could not

be due to increasein cooling from flow velocity as there was no applied flow.

With the following formulations ([16]to [28]) and consideration of Figure 45, the degree of error for a hot film
ina non-sealeddisc was determined. When the CTA is operating at a higher current due to cooling at the
sensor, theerrorassociated with the cable path resistance change is increased. The calculations followed
therefore predicterrordueto the presumed slip ringresistance change during rotation under applied-flow
conditions; contrasting the error calculated in the errorband test under zero-flow conditions. The error can be
described asin Figure 46, where the trace for each speed takes a similar characteristic shape, but with a
varying magnitude. The lower speeds (0-10m/s)showed a smaller delta between open and sealed error than

the higher speed range (15-25m/s).

R

Figure 45: Representation of hot film and CTA circuit.
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FromOhm'’s Law:
v

I=-
R

V .
| = bridge (A)
Rfixed

Rfixed = Rcable + Rslip_ring + Rhot

Rhat = Rfixed - Rcable - Rslipring ("Q)

Where:
(Rfixed — R gpie) is fixed

And:

— 1
Rslip_ring - Rslzp_rmg +R slip_ring ('Q)

Given that the slip ring effect will vary based on its position in time.

. J— !
. Rhot_calc - Rfixed - Rcable - Rsllp_rmg — Rglip_ring ('Q)

From Joule’s 1st Law:
Q=1I%R
Qeatc = 1% Rpot
= 12'(Rfixed — Reapie — Rleleng) W)

— 72
Qactual_l 'Rhot_calc
— 72 _ _ _p!
=1 '(Rfixed Rcable RSllpnng Rslipring)

=I%R, W)

2
12 _ Vprobe
= RZ_
fixed
Qtotal 2
= Ztotal (4
Rpot ( )

. _ Qtotal
- Qcalc - Qactual == 'Rsr ON)

Rpot

Qcalc—Qactual _ Qtotal R&r
Aeffective- (Thot—Tamb) Aeffective- (Thot_ Tamb) Rhot
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R (W

Rhot m2K

! — —
error — htotal

Where:

Ropror 1S the HTC of the sealed disc and R, is known

hiotar €an befound by setting the datum’s in the sealed test to zero

R} R i

sr __ '‘error_sealed disc_actual_datum
Rpot hsealed_zeroed_datum
Since:

R

r j—
h error_unsealed — mt. (hcom:ective + hsealedzeroeddatum)

l
1 herrarfse aled_disc_actual_datum (hconvectivet hseale d_zero ed_datum) w

error_unsealed —

hsealed zeroed_datum m2K
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Figure 46: Comparison of open and sealed error for wind tunnel test (10-25m/s).
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The averageerror foreachspeed (Figure 47) was derived inthe same manneras Figure 40, andshows that the
error was analogous up to 10m/s, after which the degree of error increased to approximately double.

The difference between original to corrected HTC of calculated error on an open disc run, changes the
magnitude of results rather than the shape of the trace. The delta between original and corrected values
increases with increasing speed, but to a point of diminishing return;such a relation is likened to the square
rootfunction velocity calibration curve of a typical hot film wire/sensor. The lack of variation in trace shape
suggeststhattheerroris notslip ring related, and perhaps there may be internal cooling within the disc
despiteits sealing. Itis therefore appropriate to quantifythe error using the detailed calculated approach, but
notimposeanydata correction, as this would require making assumptions that are not accurate, and could

potentially damage the integrity of the data.

Average Hot Film Error - Sealed vs Open

4 // ——
/
N .
Z

P

[HE

0 5 10 15 20 25 30
Average Velocity (m/s)

Average Heat Transfer Coefficient
(W/m)

—=—Sealed ——Open

Figure 47: Average heat transfer coefficient error at the disc for sealed and open configurations.

4.2.3. Blocked scoop

A wind tunnel test configurationwas run witha blocked scoop, utilising multiple layering of heavy duty tape,
to block the scoopatthelnlet plane. By blockingtheinlet scoop of the upright (scoop opening internal of the
upright position at 190-250deg), the degree of heat transfer occurring as a result of the scoop flow was
determined; the main source of flow vel ocity within the upright. The open scoop produced average HTC results
atleastten times largerthan the blocked scoop case (Figure 48), inferring that cooling due to the scoop inlet
flowis the predominant cooling source. Assessment of theresults foreachspeed, and the consideration that
the maximum errorin the windtunnel disc results was found to be approximately 2W/m’K, suggesting that

heattransfer within the disc while employing a blocked scoop, is only apparent for the higher flow speeds.

The XY plot demonstrates the distinct variation aroundthe scoop area, where a sudden drop in heat transfer
occursonlyintheblocked scoop configuration (marked as drop initiation point). Figure 49 describes the
spread of heattransfer aroundthe disc’s rotation. Results suggest that although thescoopis responsible for
the majorityof cooling, the positional heat transfer is only affected atthe region of direct airflow entry near

the scoop.
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Figure 48: Resulting disc heat transfer for blocked vs. open brake inlet scoop geometries recorded in the wind tunnel.
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WIND TUNNEL - DISC HTC RESULTS WITH INLET SCOOP BLOCKED
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Figure 49: Blocked vs. open scoop - Disc HTC results recorded in the wind tunnel.
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The non-dimensional heat transfer, Nusselt number (Nu), is plotted against Reynolds number for both
configurations in Figure 50. The average Nu for flow across cylinders can be expressed by [29]. The plots

allowed for a linear regression analysis to determine the exponents of the equation.

Nu= ’;—D = CRe™Pr™ 29]
WIND TUNNEL - COMPARISON OF NONDIMENSIONAL HEAT TRANSFER
(NUSSELT NUMBER) AT DISC WITH BLOCKED vs. OPEN INLET SCOOP
g00 — — Qpen Scoop Average
— Blocked Scoop
| DATA POINTS
1=0mls
i 2=10mis
3=15mis
B 4=20mis
5= 26mls
GO0
2 400 -
| . 4
— ‘ ==
200 |- '
L. g1
: [
a FE=N 4__.~—1—+—r—|—_|’_r—|__|_ (R [N TR TR TUNN TN [N SRS NN T T |
0.00E+00n 5.00E+D4 | 00E+05 | 50E+05 2 DOE+D5 2 50E+05
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Figure 50: Non-dimensional heat transfer (Nu) and flow (Re) for open and sealed disc configurations.

4.2.4. Nusselt Number Calculation

The exponent of the Prandtl number —the ratio of momentum to thermal diffusivities —has been widely
accepted to take thevalue of 1/3, while coefficient ‘C’ and Reynolds number exponent ‘m’ are dependent on
flow conditions. Cengel etal. (2008) designed a table of experimentally determined values for the constants
that make up the Nusselt number formulation (Table 5), which was used as a reference for the validation of
constantsinthewind tunnel experiments. Jancirani etal. (2003) experimentally derived Nusselt number
relationships for various components within the brake assembly. Equations constructed from their

experimentally collected data are outlined in Table 6.

56



EXPERIMENTALLY DETERMINED NU RELATIONSHIPS
BY CENGEL ET AL.

Range ofRe Nu Relationship

0.4-4 Nu=0.989Re”**°Pr'”

4-40 Nu=0.911Re’**°pr'/?
40-4000 Nu=0.683Re”"*°Pr'”>
4000-40,000 Nu=0.193Re’***Pr'”?
40,000-400,000 Nu=0.027Re"*Pr'”

Table 5: Nu relationships for a range of Re values (Data source : Cengel et al., 2008).

EXPERIMENTALLY FITTED COMPONENT NU
EQUATIONS BY JANCIRANI ET AL.
Components Nu Relationship
ﬂ';g;f;f;/heel Nu = 0.0435(Re®*)(Rer/Reo)
Face
Outboard Wheel Where;
Face Rer =Transverse Re
Rep = Rotational Re
Wheel Hub
Inboard Flange
Outboard Wheel
Face
Disc Hat Nu = 0.0195(Reo)*?®
Disc OD
Disc ID
Hub
Brake Pads 0618
Brake Caliper Nu=0.174(Rex)

Table 6: Component Nu relationships derived for brake system components (Data source: Jancirani et al., 2003).

The values of ‘C’ and ‘m’ were derived in this study from the experimental wind tunnel data; where ‘C’ was
solved forusing the Nusselt number equation [29],and mwas determined as the gradient of the curve defined
by the natural log of Nu versus Re. Data were processed separately for the disc and tyre sidewall (Table 7),

each using their own diameter within calculations; 0.31m for the tyre and 0.14m for the disc.

NU RELATIONSHIPS
Disc Nu = 0.013Re’®’pri/?

Sidewall | Nu = 2.80Re"**pr'/?

Table 7: Nusselt number validation of ‘C’ and ‘m’ from experimentally collected data.

The discHTC values collected in the wind tunnel showed good correlation to HTC values determined in other
experimental setups explored in the literature, with Jancirani et al. (2003) quoting the Reynolds number
exponent, m,as 0.8 for the disc surfaces, andthe coefficient, C, to be comparable to the results in this study
(0.0195 compared to 0.013 in this thesis). The Reynolds numbers experienced in the wind tunnel were all
within therange of 40,000-400,000, which Cengel etal. (2008) quoted to presenta Reynolds number exponent

of m=0.805. Results from the wind tunnel correlated well to the model fit equations derived (Figure 51).
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Contrarily, the expressionfor the average Nu along the tyre sidewall did not agree as well to the referenced
literature for neither m, nor C; outlining the fact that HTC varies for different regions within the wheel
assembly. The wind tunnel results, however, maintained a good fit to the derived expression for Nusselt
number (Figure 52). The degree of correlation between windtunnel and CFD Nusselt number results will be

explored in Section 5.5.

DISC
Non-Dimensinional Heat Transfer - Nusselt Number:
Comparison of WT Results to Model Fit
600
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Nu=0.013ReM0.87Pr 1/3 B Wind Tunnel

Figure 51: Wind tunnel data points for disc Nusselt number fit well to derived Nusselt number equation.

SIDEWALL
Non-Dimensinional Heat Transfer - Nusselt Number:
Comparison of WT Results to Model Fit
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Figure 52: Wind tunnel data for the tyre sidewall and the model fit derived Nusselt number equation.
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4.2.5. Disc

The dischotfilmwasloggedfor each testrun, acting as a reference to identify any large variations signifying
error. Results for the disc showed minimal variation of HTC, with variation between runs approximately
4W/m?K for 10-20m/s (Figure 53 to Figure 55), while results at 25m/s (Figure 56) showed a slightly larger
increasein variation, approximately 7W/m?K. The run for sidewall position 5, the last of the sensor position
moves, showed consistently lowerresults. There does not exist a trend between HTC and hot film positional
movement (i.e.induced error after each increment of movement), suggesting that the hot film did not incur

any circuit damage during its movement. Results lay within the approximate error of +2W/m’K.

WIND TUNNEL - DIEC HTC FOR VARIOUS RUNS AT 10m/s

180

2

-

D a0

SW Pos 0
SW Pos 1
S Pos 2
S\¥ Pos 3
SW Pos 4 0 Theta ideg)
SW Pos §

Figure 53: Disc heat transfer coefficient comparison over various runs during sidewall measurements (10m/s).
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WIND TUNNEL - DISC HTC FOR VARIOUS RUNS AT 15m/s
180
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Figure 54: Disc heat transfer coefficient comparison over various runs during sidewall measurements (15m/s).
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Figure 55: Disc heat transfer coefficient comparison over various runs during sidewall measurements (20m/s).
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WIND TUNNEL - DISC HTC FOR VARIOUS RUNS AT 25m/s
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Figure 56: Disc heat transfer coefficient comparison over various runs during sidewall measurements (25m/s).

4.2.6.

Sidewall

HTC’s atvarious positions were recorded across the sidewall profile (Figure 37), whereit was expected that the

variation insidewall profile, combined withthe tyre’s rotation, would create a complex heat transfer situation

dependanton position. Theaverage HTC atthe sidewall (Figure 57) shows similarity between all positions

when averaged arounda 360degree cycle, however, given the complexity of the flow structures due to the

tyre’s rotation, non-averaged positional analysis was required in order to capture andcompare the positional

variation in heat transfer at different speeds for each hot film radial position. The general trends in the

cyclically averaged results can be summarised as follows:

Position 2 (ID+13mm) incurred the highest degree of heat transfer

Position 3 (ID+55mm) incurred the lowest degree of heat transfer

Position 5 (ID+25mm) deviated from a trend based on positioning and exposure to air, where
positions showed the pattern2>5>0>4<3<1

Positions 0 (ID+35mm) and 3 (ID+55mm) were very similar despite a position separating them (4)

Positions 3 (ID+55mm) and 5 (ID+25mm) were the most over generalised in the averaged results
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WIND TUNNEL - AVERAGE NONDIMENSIONAL HEAT TRANSFER NUSSELT

NUMBER ACROSS SIDEWALL
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Figure 57: Average heat transfer coefficient across tyre sidewall measurement positions.

Speed Variation Analysis

For each flow velocity, key data points wereretrievedfromthe result set, including highest and lowest HTC
positions across the tyre sidewall, while alsodetermining trends inthe global result set for each velocity. The
trends discovered inthe 0-15m/s speed range were prevalent withinthe higher speed range of 20-25m/s, as

such, analysis was considered for20m/sand25m/s only (Results for 0-15m/s can be found in Appendix 9).

Itwas proven thatthe tyre sidewall profile geometry affects the level of heat transfer, with consistent | ocation
of minimum and maximum HTC. Position 4 (ID+47mm) displayed the lowest level of HTC, while position 2
(ID+13mm) experienced the highest on average throughout the tyre’s rotation, suggestingthattheturbulence

introduced due to the proximity of the spokes may have exacerbated results.

Earlier it was discussed how boundarylayer thickness increases toward therear of the tyre, which was found
by Browne and Wickliffe (1980) to cause a lower level of HTC than at the front. The constant occurrence of
minimum (Position2 —ID+13mm) and maximum (Position4 —1D+47mm) HTC indicates that the boundary layer

is more complexthan asimple continuous motion, but that the positions upstream and downstream of the
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highest point of the curvedtyre sidewall profile (z-direction in Figure 58) experienced different boundary layer
characteristics. Sucha phenomenais supplemented by the XY plot (Figure 59 and Figure 60), where Position 4
(ID+47mm) (purple) and the positions outside it (towardtyre OD), 1 (orange) and 3 (blue), followed similar HTC
trends throughout therotation, while 0 (red), 2 (green) and 5 (pink), inside of position 4 (toward tyre ID),
followeda trend of theirown;a clear variation of HTC for positions upstream and downstream of the highest

point of the tyre’s sidewall profile.

Figure 58: Tyre sidewall profile high point located in positive z-direction.

Moving away from the central point (Position 4 —ID+47mm) ineither direction increases the HTC, rendering
position 4 as the inflection point. The exception occurs at Position 0 (ID+35mm), which displayed
characteristics of theinner positions when in rearward flow, and outer positions when in free-stream flow.
The peaks of the positions closest to the rim (Positions 1, 3 and 4) occurred at approximately 275deg
(bifurcation point/stagnation point); the area of most exposure to the free-stream flow. Before the peaks in
HTC, the outer three positions showed lower HTC values thantheinner three positions (i.e. the heat transfer
fromthelD to the high point of the profile was greater than that after the high pointto the OD); a result of the

rearward flow contacting theinner positions upstream of the sidewall high point, before those downstream.

Such an arrangement reflects the sidewall positional layout, where the highest heat transfer occurs near the
rim, whereturbulentflow is particularly evident, while the lowest occurs at the highest point on the tyre
sidewall profile. This agrees with the findings of Katoetal. (2009), whereby turbulenceis foundto increase the

level of heat transfer.
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Figure 59: sidewall HTC for 20m/s wind tunnel tests.
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WIND TUNNEL - SIDEWALL HTC ACROSS POSITIONS AT 25m/s
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Figure 60: Sidewall HTC for 25m/s wind tunnel tests.
Positional Analysis

of heat transfer characteristics around the radial profile of the tyre (Figure 61 & Figure 62).

Positions 1 (ID+70mm), 3 (ID+55mm) and 4 (ID+47mm) showed distinct traces at every speed, with almost
constantheattransferup to 180deg wherethe HTCincreased until, (1) 290deg, (3) 280deg and (4) 270deg,
after which the curve decreased until 360deg. The start and end points of the increased heat transfer area

were the same for all three positions, however there was a noticeable advancement of 10deg between

positions 1,3 and 4.

The range of heat transfer between 10-25m/s increased for positions moving outward towardthe tyre OD, this
was probably dueto thefactthatthereis moreturbulence in the spoke region, which is known to increase
heattransfer. Positions 2 (ID+13mm)and5 (ID+25mm) were steadier throughout the rotation, while position 0

showed peaks at both ends of the rotation across the centreline of the tyre (along 270 to 90deg in the x-
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direction). In the previous investigation the positionadjacent to 4 (ID+47mm), position 0 (ID+35mm), showed
characteristics of the outer and inner positionsinterms of HTC trace shape at each speed. Despite the slight
variation, the positional investigation compliments that of the velocity investigation, whereby it was found
thatcentral area aroundthe tyre sidewall profile peak is highly influenced by the free-stream flow and the

development of the boundary layer.
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Figure 61: Sidewall positional graphs of heat transfer coefficient through 0-25m/s speed range.
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Figure 62: Sidewall positional polar graphs of heat transfer coefficient through 0-25m/s speed range.
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4.2.7. 3D Analysis

Data recorded inthe wind tunnel was transferred into 3-Dimensional (3D) visualisations as described in
Section 3.3.3, with theresults summarised inFigure 64 and Figure 65. The 3D visualisation utilised a coloured
surface contouracross the tyre sidewall, spanning the areas recorded by the sensor. In order to view the entire
surfaceof results, the 3D plots have been orientated to a frontal view, but can be freely rotated within the

Tecplot software.

The global scale, showing the surface contour plot for a fixed range of HTC, identifies two key elements. The
firstrelates to a key principle of heattransfer, wherebythe average HTC increased with speed; relative velocity
between the wheel’s surfaceandtheairflow. The global scale also provides good visualisationfor the previous
analysis, whereitwas found that the highest levels of heat transfer on the upstream side (LHS) of the tyre
occurred toward the outer diameter (Point 1 inFigure 63) wherethe flowis partially stagnated, while on the
trailingside, right-hand side, they occurred toward the inner diameter (Point 3 in Figure 63), where flow
disturbances fromthe Spoke area affected the degree of HTC. Point 2 in Figure 63 corres ponds to Position4 of
the hotfilmlocations, where the highestlevel of HTC was experiencedgivenits location on the sidewall high

point where free-stream flow dominates.

Figure 63: Identification of the key areas of sidewall HTC (1) Highest level of heat transfer on tyre sidewall (upstream
side) (2) tyre sidewall high-point (3) Highest level of heat transfer on tyre sidewall (downstream side).

Onthelocalscale, showinga custom range of HTC for each speed, the HTC from the ID to the high point of
sidewall profile was greater than that downstream of the high point to the OD; a much more user friendly
methodology for presentingresults where patternoccurs across the radius and circumference of the sidewall.
Earlier, itwas discoveredthat position4 (ID+47mm)experiences the lowest average heattransfer throughout
the speed range. The use of 3D plots eliminates the ambiguity when reading polar plottraces by employing a
coloured surface contour. The results showed a blue band for 0-20m/s indicating low HTC according to the
scale, while 25m/s showed a green-yellow moderate HTC comparablysmallerto therestof thesurface at that

speed.
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Figure 64: Visual data plot of wind tunnel results for velocity (V) = 0-25m/s within a global scale.
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Figure 65: Visual data plot of wind tunnel results for velocity (V) = 0-25m/s with local scales.
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4.2.8. Spokes

The non-dimensional heat transfer, Nusselt number (Nu), can be used to provide an overview of heat transfer
within the system, averaged across an entire rotation. Figure 66 outlines the results for the spoke region
(including wheel rim) on both the leading, and trailing surfaces.

The trailing surface shows |lower average heat transfer compared to that of the leading, which experienced a
higher degree of heat transfer as a result of its more direct pathway through the air; the leading spoke
experiencing stagnated flow. The leading spoke surface was also in the path of the turbulent air from the
spoke directly preceding it, resulting in greater heat transfer capability.

Both surfaces of the spoke follow the same trend, where at a Reynolds number (based on tyre velocity and
diameter, 0.31m) of approximately 200,000 (10m/s) there occurred a transitional period between flow
velocities of 10-15m/s.

The wheel rim shows similar characteristics in non-dimensional heat transfer as the two spoke positions, with
magnitude akin to that of the leading spoke surface, however, after the transitional period, distinguishes the
variationinheattransferat different positions, with heat transfer of the rim increasing at a different rate

compared to that experienced by the spoke surfaces.
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Figure 66: Non-dimensional heat transfer (Nu) of spokes and rim from wind tunnel test speed sweep.
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Given the evidenttransitional period occurringbetween 10-15m/s, a more focused analysis was restricted to
20-25m/s (Figure 67),so asto ensure a clearanalysis without the effect of transitional airflow on the heat
transfer. Theleading and trailings poke surfaces varied by approximately 10W/m’K at both speeds; given the
variations seen at 10-15m/s, this is a good indication that the flow structure became steady in this speed
range.

The leading spoke showed the least variation between 20 and 25m/s, located between 150-200deg inthe rear
top quadrant of the wheel. Both leading andtrailing s pokes exhibited the same characteristic as the sidewall
whereby the HTC increased from TDC to BDC for the leading LHS of the tyre, and decreased from BDC to TDC
on the trailing RHS. The leading spoke, however, experienced a period of HTC increase for a range

approximately 50deg greater than that of the trailing spoke.
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Figure 67: Spoke heat transfer data for 20-25m/sin the wind tunnel.
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4.2.9. Tyre Surface Velocity and Air Speed Mismatch
Tests were conducted under various vel ocity configurations to determine theinfluence on sidewall HTC as a
result of external flow applicationandtyre rotation. The effect of misaligned tyre surface velocity and external

flow velocity was also analysed.

Sidewall
Point5in Figure 68, corresponding to 25m/s, shows thatata Reynolds number (at tyre diameter of 0.31m) of

approximately480,000, the effect of tyre rotation becomes negligible with respect to the averaged

dimensionless heattransfer, Nu,,. Instead, it was characterised by the speed of the airflow; the stationary tyre
showed very similarresults (See sub-plot A) to the speed matched tyre (25m/s tyreandair). The results below
25m/s, however, showed the effect of over and under-speed tyre rotationto varytherate of heattransfer ata

given flow vel ocity.
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Figure 68: Sidewall HTC for various speed configurations (T = tyre surface speed, W = wind tunnel flow velocity) under-
speed when Vyyge <Vwinp, Over-speed when Viyge > Vinp.
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The over-speed tyre—where tyre surface velocity was higher thanthatof theair flow vel ocity applied —
rotating at 25m/s throughout anairflow sweep from 0-25m/s, showed consistently higher HTC values
compared to the speed matched case—where tyre surfaceand air flow velocities were equal; the delta
between the two decreasedastheairflowincreased. Theinitial HTC at point 1 (Om/s) for the over-speed trace
outlines the degree of heattransfer due solelyto the tyre’s rotation. This accounts for approximately 77% of
the overall heattransfer, with heat transfer showing analmost lineartrend withincreasing air flow. This linear
trend stems from the stationarytyreresults, whereby it becomes evident thatincreasing airflow had an
increasinglinear effect on the HTC, however, comparing the two data sets, itis evident that the constant tyre
speed affected the rate of increase; with 25m/s showing a much shallower gradient compared to that of the
stationarytyre. Thisisrelated to thefact thattheinitial data point for the heat transfer was non-zero given the
induced flow thatthetyre’s rotationcauses, corresponding to findings by Knowles (2005), that a cylinder
rotating ata speed equal to that of theairflow isless sensitive to the effects of Reynolds number than when
stationary. Despitethe concordanceinresultsat25m/s, itis evident that flow structures stillvary for
stationaryandrotating wheels at speeds below 25m/s. Perhaps at Re=480,000 a highly turbulent flow field has

been reached, resultingina standardised HTC across each of the speed variations.

4.3. Computational Results

In the following section the computational results are presented and explored inorderto gain insight into the
characteristics of the flow and heat transfer associated with the wheel assembly used in the wind tunnel
tests —stationary and rotating configurations. Comparisons of two rotational meshing methodologies within
the Exa PowerFlow CFD suite are compared to determine the most accurate methodology, and the effect of
geometry scalingisinvestigated. CFD measurements utilise a surfaceintegration, whichinvolves every surface
of the selected component. Though probes can be usedto identify a point measurement, they cannot follow a

surface point throughoutits rotation.

4.3.1. Stationary Wheel Assembly

The original simulation was conducted without measurement time boundaries, inorderto determine the time
required for convergence. Residuals were found to converge at approximately timeframe 50. All further
simulations were then setto record from timeframe 70, to ensure that measurements were initiated after the
pointof convergence (timeframe 50). Data recording commenced from timeframe 70 and ended at timeframe
110, averaging results every 1 timeframe (approximately every9deg of rotation). Simulation properties were
setto ensurethata full tyre rotationwas captured withinthe given simulation time (Appendix 2). Integrated
results on PowerFlowallow the user to capture the average HTC over the entire surface of the component

(herein separated as tyre and disc).

Separation point location will affect the heat transfer given its effect on wake structure, and therefore

recirculated flow dueto tyrerotation; the earlier the separation, the earlier the development of the turbulent
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wake. Despitetherearward turbulence, the low speed nature of the vortices results in less efficient cooling
than undisturbed flow, particularly given that the tyre’s rotation induces flow recirculation.

Simulated results for this thesis (Figure 69) correlate well to findings within the literature, with separation for
the stationary tyre occurring at approximately 235deg CCW from the SP. Note that results in Figure 69 and
other CFD resultfigures show theinstantaneous flow rather thana time-average, and hence contain various
unsteady structures. Fackrell (1974) determined from stationary wheel experiments, that the separation point
of a stationarywheel occurs atapproximately 210deg CCW from the stagnation point. Mears (2004) found
stationary separation to occur at 210deg experimentally, while that of the rotating case occurred at

approximately280deg CCW from the SP, with CFD simulations showing separation to occur at 245deg CCW.

The effect of cylindrical proximity to a wall was discussed by Sumer & Fredsoe (2006), whereby the angular
positionof the stagnation point was found to moveto a lower angular position as the tyre’s rotation forced

the flowin a downwarddirection (Sumer & Fredsoe, 2006). Simulated results show the stagnation point seems

to be slightly lower than the central point on the tyre, following the findings of Sumer.

Selocity Magnifude [misec]
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Figure 69: Velocity magnitude cross-sectional image plane for stationary tyre.

Though results through integration cannot be compared to single surface results from the wind tunnel, they
allow for comparisonof the overall heat transfer capability of the componentin each separate test case;
providinginsightinto the variation of flow interaction through the use of realistic and theoretical moving wall
boundaries. Integratedresults for the stationary configuration (Figure 70) indicate the tyre sidewall HTC
averaged 78W/m’K. Marginal variation from the wind tunnel result, 83W/m’K, can be attributed to the
integrationconsidering both sidewalls(inboard and outboard), the tread, and theinternal surface of the tyre,
whereas the wind tunnel results are determined for the outboard sidewall only. Investigation of the simulation
revealed low HTC atthefrontand rear of the tyre (stagnation points), while maintaining magnitude similarity
on both sidewalls. Asecond integrationboxwas generated to contain onlythe outboardsidewall, with results
attesting to this assumption, showing an average HTC of 89W/m’K. The CFD prediction is approximately 7%

higher than the wind tunnel measurement.
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Stationary Tyre with Air Velocity 25m/s
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Figure 70: Integrated heat transfer coefficient for tyre and disc component surfaces.

Throughoutthe simulation, the results for both tyre and disc showgood consistency, withminor fluctuations
of HTC within a range 3W/m’K. Tyre and disc fluctuations followed a similar trend despite their varying
magnitudes; HTC of the tyre was approximately five times higherthanthat of the disc. This would suggest that
they were experiencing similar flow structures relative to their size despite the external/internal variation.
When considering the Reynolds number experienced at 25m/s by the tyre (using tyre diameter of 0.31m),
4.94x10°, and disc (using disc diameter 0.14m), 2.23x10° itis understandable that the magnitude of the tyre
HTC was much larger than that of the discgiven its higher degree of turbulence, however, consideration of the

geometrical variation between disc and tyre, diameters 0.14m and 0.31m respectively, the two are

experiencing similar flows relative to their diameters (Re + @ = 1x10’ for both disc and tyre).

The rear bottom quadrant of the tyre sidewallhas comparatively low HTC to therest of the surface (Figure 71)
as a result of the stagnantairflow behindthe tyre. Flow rearward of the tyre will tend to be recirculated from
the vortical structures, whichwere evidentin the streamline traces. The highest | evel of heattransferis
evidentrearward of the wheel rim, a result of the turbulent flow induced by through hub flow fromthe Inlet

scoop.
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Figure 71: Sidewall HTC for stationary Wheel in 25m/s flow.

Figure 72 outlines the HTC experienced on the surface of the discin all directions; flow in negative x-direction.
The inboardface experienced a much greater level of heat transfer given the scoop flow is directed onto the
inboard side; thisis supported by Figure 73 where the inboard flow is higher than the outboard side. The
contrast between thelevel of flow ontheinboard side to the outboard is the reason behind the disc inboard
facecurved extrusions, however, flow around the front of the disc was more prominentin the streamline
representation than flow through the disc vanes. Both upperand | ower surfaces showedsimilartrendsin HTC,
contrary to theupper andlower areas of the tyre sidewall; this is most likely related to the factthe disc is near
awall, however, atanequal distance aroundits circumference, therefore notincurring the effects the tyre is

exposed to due to the ground plane contact.
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Figure 72: Disc HTC surface image for the stationary assembly with Vg =25m/s (tyre, upright and wheel rim hidden).
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Figure 73: Through Hub flow from scoop inlet of stationary wheel assembly with V,z=25m/s (tyre and wheel rim
hidden).
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Despite thesignificantlevel of flow evident on the outboardside of the disc, Figure 74 displays that the inner
sidewall surface of the rim, between spokes, experienced the lowest | evels of heat transfer of the component.
The stationary position of the tyre allows the free-stream flow to travel past the sidewall and wheel rim,
picking up the flow spillage from the wheel rim, carryingit further downstream—this is a potential cause of

higher HTC toward the inner diameter of the sidewall downstream of the rim.

=
Figure 74: Wheel rim HTC surface image for the stationary assembly with V5 =25m/ (disc, tyre and upright hidden).

4.3.2. Sliding Mesh
Usingthesliding mesh (SM) methodology component geometry withina bounded region is physically rotated,
a development from the moving reference frame (MRF) methodology in which a velocity is imposed through

the application of rotational fluid forces within a bounded region.

Integrated surfaceresultsinFigure 75 outlines that the introduction of rotation resulted in different flow
structures for the disc and tyre, contrary to the stationary case, where the two components experienced
similar steadyflow structures, resulting incomparable trends of HTC throughout the simulation time frame.
The variation in HTC due to rotationwas notas evident for internal results to the same degree as the external
results, with the average HTC over the tyre surfaces was 95W/m’K, 17W/m’K higher than that of the
stationarycase, while that of the discwas 14W/m’K, similar to the stationary case, 16 W/m’K. The range of
average surface HTC values experienced by the discin the rotational case, 1.4W/m’K, comparable to that of
the stationary case, 1.17W/m’K. Analysis of mismatched tyre surface and flow velocities supports these
findings, which showed that the rotation of the tyre had less of an effect on the overall convective heat

transfer of the disc than the flow velocity.
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Sliding Mesh (25m/s)
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Figure 75: Sliding mesh simulation time averaged HTC for tyre and disc component surfaces.

Results of average HTC from the surface integrated data allowed the Nusselt numberto be calculated at 25m/s
usingtherespective diameters of each component (Dyge=0.31m, Dpsc=0.14m). The CFD results (Figure 76)
showanincrease of 24% at the sidewall, while the disc results are 33% lower than those in the wind tunnel.
The difference canbeattributed to the measurementtechnique used in CFD integrating every surface of the

tyre or disc, as opposed to the wind tunnel, which logged only the outboard sidewall and a disc vane.
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Figure 76: Nusselt number correlation to wind tunnel results for tyre sidewall and disc at 25m/s.

The separation pointfor the stationary simulationwas found to occurat 235deg CCW of the stagnation point.
For therotational simulation using sliding meshboundaries, the separation point occurred at 265deg (Figure

77), which agrees withthe findings of Knowles (2005), Mears (2004) and Stapleford and Carr (1971), whereby
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cylindrical rotation is found to advance flow separation compared to the stationary case. Separation is
advanced compared to the stationary wheel due to the rotation of the tyreintroducing momentumwithin the
boundary layer. Comparable to the results determined in the sliding mesh simulation, Fackrell (1974) and
Mears both found separation fora rotating wheel to occur at 280deg CCW, while Knowles reported 270deg
CCW. These results, however, were recorded experimentally. Both Mears and Knowles reported CFD
separationto beslightly delayed comparedto experimental results; Mears, 245deg compared to 280deg, and

Knowles, 265deg compared to 270deg.
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Figure 77: Velocity magnitude cross-sectional image plane for sliding mesh simulation (25m/s).

The range of separation point values from the computational results and the findings of Fackrell, Mears and
Knowles, presents itself between 245-280deg. The level of correlation is satisfactory enough to assume the
simulationbehaved inan acceptable manner, given the marginalvariation of setup parameters, such as Re,
between the sourced results. The principle of separation advancement due to rotation is noted, and the effect
of separationlocationwith respect to heat transfer is highlighted as an important relationship, given the
variation of rearward flow structure outlined by several researchers, particularly Kato et al. (2009), to show

significantincreasein HTC.

Tyre sidewall HTC surface contours extracted (Figure 78) outline a region of low HTC at the bottom rear
guadrant of thetyre; the sameresult was found in the stationary configuration. The rearwardflow structureis
known to be influenced by the presence of the ground plane. Flow around a rotating cylinder with no
boundary restrictions, is found to supress vortex development and have a prominent influence on the near
wall flow field (Stojkovicetal., 2002). Similarly, flow around a stationary wheel in groundcontactis also found

to supress regular vortex shedding (Bearman et al., 1988).
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Figure 78: Sidewall HTC at 25m/s - sliding mesh CFD results.

As with the stationarycase, theinboard side of the disc, which was exposed directly to oncomingflow directed
through the scoopinlet, experienced the highest level of heat transfer (Figure 79). The introduction of rotation
increased the heattransfer in all areas of the disc, with trends from the stationary case remaining; front heat
transferhigher thanrear, and upper approximately equal to lower. The effects due to the introduction of
rotationcan best be visualised using Figure 80, whichshows a direct comparison of through-hub scoop inlet
streamlines for the stationary and rotating (sliding mesh) cases.

The mostdistinctvariation between the two cases is that the rotating tyre caused a recirculation of flow
toward therear of theinternal geometry. The flowon theinboard side of the discalso experienced a suction

effect, with flow travelling along the surface of thediscas it bends around to the outboard side of the disc.
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Figure 79: Visual overview of disc HTC using sliding mesh functionality at 25m/s (tyre, upright and wheel rim hidden).
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Figure 80: Comparison of scoop inlet internal flow streamlines for stationary and sliding mesh configurations at 25m/s
(tyre and wheel rim hidden).
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The HTCresults for the spokes (Figure 81) showareas of a wide range of heat transfer occurring, withthe
downstreamside of the rim experiencing higher HTC's thanthe upstreamside. Suchresults indicate the heat

transferatthe spokes was affected by flowin the surrounding areas,

HTC (Char Temp) [watt/(m 2 degi)]
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Figure 81: Sliding mesh surface air velocity vs. HTC for spoke region at 25m/s (disc, tyre and upright hidden).

Ontheinner spokesurfaces, the leading side of the spokes experienced the most heat transfer, as found in the
wind tunnel results. The region in which the highest heat transfer was experienced was, with respect to

angularposition, in the region of separation of the tyre.

— 100 0

Figure 82: Spoke HTC at 25m/s - Leading and trailing view (tyre rotation around y-axis in positive x-direction) (disc, tyre
and upright Hidden)
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4.3.3. Moving Reference Frame

Another meshing capability of the Exa PowerFlow software is the Moving Reference Frame (MRF).
Unlikethe morerecentlydeveloped Sliding Mesh, the MRF has no physical rotation, instead applying a velocity
boundary to component walls located within an assigned rotating reference frame, within which, rotational
fluid forces areapplied (Gaylard, et al., 2010). The MRF methodology was used to determine the impact of
using a simpler methodology on the HTC results. It has been found, from an aerodynamic perspective, that the
effect of utilising a rotatingwallimproves the local pressure distribution accuracy, which affects the flow rate
and airflow direction throughandaround the wheel (Kandasamy, etal.,2012),assuch, results were expected

to vary from those generated by the sliding mesh.

Fromtheintegrated surfaceresults (Figure 83), itis evidentthatthe entire system, internal andexternal,
experienced similar flow structures toward the final 90deg of rotation; the discattime-step 27 showed the
samebehaviourasthetyre, with a phase shift of 3 time-steps; equivalent to 27deg rotation. The effect of flow
on the exposed tyre compared to that of theinternal discis that the tyre showed a lower level of heat transfer,
which may be attributed to the generation of the boundarylayer. In turbulent flow, the boundarylayer
thickens, whichresultsin increasedskinfriction. High skinfriction is a characteristicthat delays flow
detachment, thus resultingin higher levels of heat transfer. This is the mechanism behind turbulent boundary
layersresulting inhigher heat transfer and sustaining adverse pressure gradients to delay separation, butis
alsousedasa meansofreducingdrag—as is the case with dimpling on golf balls. This is perhaps the

mechanism behind dimpled wheel rims.
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Figure 83: Integrated values of average surface HTC for the disc and tyre employing MRF.

Itshouldbe noted thatthe MRF boundary condition was described as theapplication of rotational forces to
the fluidwithina bounded region, however, with no physical rotation. The bounded region, the reference

frame, was defined in Figure 35, and is fundamental to the developed flow structure in the MRF condition.
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Rotational forces areapplied only within the reference frame, leaving external flow to circulate as in the
stationarycase. This affects the flow distribution, with dispersion patterns varying from reality given the
boundary of rotational flow whichis evidentin4 key areas when comparing against the Sliding Mesh (Figure
84 and Figure 85): oncoming flow (1), rearward flow structure (2), separation point (3) andthe sidewall passing
flow. Theinteraction on either side of thereference frame results in frontal recirculation, and widespread

longitudinal dispersion of flow.
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Figure 84: Velocity Plane for MRF Rotational Boundary at 25m/s (1) oncoming flow at free stream velocity (2) wake
velocity (3) separation pointis delayed using MRF compared to SM.
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Figure 85: Velocity streamlines for MRF rotational boundary at 25m/s.
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The separation point occurs further downstream (245deg CCW fromSP) than in the sliding mesh simulation
(265deg CCW from SP), representative of the stationary case (235deg CCW from SP). The inconformity of the
separationpoint with rotational flow theory is likelya result of the boundary layer variation in and out of the
reference frame region; the separation being a main influence on the rearward flow.

A characteristicof the sidewal| HTC results (Figure 86) that stands out relative to the sliding mesh boundary
conditionisthe much lower heat transfer prevalent for approximately a quarter of the tyre’s rotation. Thisis a
result of the oncoming flow outlined in Figure 85, with high vorticity upstream of the tyre, rather than
downstream. Usingsliding mesha low |level of heat transfer existed toward the rear bottom quadrant of the
tyrewherethe flow was turbulent. Since the MRF method applies rotational forces to the fluid within the
bounded region, perhaps the method is limited in this respect. Thereference frame was used to bind the tyre,
disc and spokes, buttheareas withinandsurrounding the tyre remained outside the referenced region. Given
itis theseareasadjacentto therotating components that will affectthe flow aroundthetyre,itis necessary to
investigate how faraway fromthe bounded rotating wall the reference frame must be positioned foraccurate
results; thisisimportant giventheflow neartherotating wall is affected due to its rotation. The effect was
seen with the delayed separation point, resembling that of the stationary case. This suggests there exists a
discrepancy between theinteraction of fluid and solid for ‘imposed rotation” and physical rotation. The HTC
was found to be moderate across the tyre’s surface (Figure 86); theaccuracy of which is questionable given

the results from the wind tunnel showed a more regionally banded surface image.

HTC (Char Temp) [wattim"2*degi])
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Figure 86: Surface image of HTC for MRF simulation at 25m/s.
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With regard to the spokes, as with the sliding mesh, both leadingandtrailing spoke surfaces experienced the
greatest heattransfer atthetop half of the wheel rim geometry. In general, there was a moderate average
heattransferacross the spokes, with the areas atthe maximumrange of heat transfer located on edges and
the centre of the spoke surface flat. Theleading and trailing spoke surfaces show lower HTC’s than the sliding
resultsasthereisstagnationon theleading spoke surfacein therealistically rotating sliding mesh simulation.
The MRF methodologydoes notshow this effectasitis not physically rotating, as is reflected in the results.
Therealso existed a rearward bias, though to no concernable degree; a likely result of flow recirculation given

the axis of rotation.

HTC (Char Temp)

Figure 87: HTC surface Image for Spoke region at 25m/s MRF (disc, tyre and upright hidden).

Streamlines of flow vel ocity in Figure 85 support the HTC analysis, showing a high degree of unsteady and
circulating flow. This should generate a higher degree of heat transfer, however theresults are consistently in
the moderateregion of the HTC scale throughout the period of rotation. The rotation of the fluid after passing
internal componentry suchasthedisc, has caused it to slow to 30-40% of the free-stream velocity. At this
speed, the degree of heattransfer capability reduces. In the wind tunnel experiments, it was deduced that
when analysingheattransferalongthe tyresidewall, the effect of tyre rotation becomes negligible, instead
the heattransfer is characterised by the airflow speed; where the stationary tyre with a25m/s air flow showed
almostequal results to the matched tyre and air flow speed of 25m/s. Internally, this does not seem to be the

case; the high degree of turbulence is a result of both the tyre’s rotation and the free-stream velocity.

The discexperienced alow degree of heattransfer on the outboardside, while the inboard side, exposed to
the oncoming flow from the scoop, showed a much greater range of HTC (Figure 88). The streamline tracein
Figure 89 indicates a high degree of internal flow recirculation on the outboard side of the disc, more so than
thatoccurring forthesliding mesh results. Gaylard etal.’s (2010) description of MRF outlined that within the
defined region, rotational fluid forces are applied. The method of MRF seems to produce a higher degree of
recirculated flow, perhaps anindicationof improvedaccuracy for disc related results, anarea that needs to be

considered further in Section 0.
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Figure 88: HTC surface images for disc using MRF at 25m/s.
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Figure 89: MRF internal velocity streamlines at 25m/s (tyre and wheel rim hidden).
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43.4. 100% Scale Model Sliding Mesh Simulation

PowerFlow allows forthe scaling of imported CAD geometry, a functionthat was utilisedto createa full scale
model of the wheel assembly in order to determine the effect of scaling geometry on HTC results. By
maintaining simulation parameters from the original configuration, scaling only the geometry, is

fundamentally changing the Reynolds number.

Integrated results (Figure 90) showthe disc experienced significant generation inHTC, with results at the end
of the timeframerange on a rise, beginning the next rotation atan accumulated HTC; external (sidewall)
results show a more consistent flow than the internal results (disc), withdata returning to a level approximate
to that at timeframe O.

The average HTC for the tyre was approximately 125W/m’K, while that of the disc was 30W/m’K. The sidewall
experienced agreater range of HTC’s throughout the simulation, 13W/m’K, compared to that of the disc,
3.7W/m’K. Comparisonto the original sliding mesh simulation utilising the 50% scaled model geometry (Figure
91) shows the overall effect of scaling the geometry on the magnitude of HTC. Thediscincurred anincrease of

114% from the original 50% scale model, while the tyre showed less of a variation, increasing by 32%.
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Figure 90: Integrated surface HTC results for 100% scale simulation using sliding mesh methodology.
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Figure 91: Comparison of integrated surface HTC results for 50% and 100% scale simulations.
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Stagnation occurs just below the centreline (Figure 92), a characteristic of a rotating cylinder in flow, and in
proximityof a ground plane. Separation occurs close to that of the original simulation’s separation point
(265deg CCW of SP). Approximately270deg CCW of the SP, shedding of low velocity flow occurs, inferring that
after the flow stagnates on the frontal surface, the vel ocity boundary layer thickens until graduallyseparating.
No other simulation has shown a transitional low speed flow on the tyre surface, rather they have indicated
free-stream flow velocity until the point of separation. The streamlines in Figure 93, support the previous
statements with regard to the separation point occurring atthe top of the tyre. Therealsoexists a high degree

of flow recirculation at the rear of the tyre; characteristic of increasing the Re through scaling.
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Figure 93: Velocity streamlines for 100% scale assembly.

Sidewall heat transfer surface contours show the top of the tyre, particularly on the OD edges, experiencing
the highestlevel of heat transfer. Given the velocity planeindicated complex flow over the tyre, the level of
unsteady flow must haveintroduced variations to the flow field that are not seen withinthe original, 50% scale
simulations. Simulated results showed a highlevel of flow spillage out of the inboard side of the wheel rim
(Figure 95); recirculating disturbed air into the flow stream will change the characteristics of the heat transfer,

particularly with flow mixing of various velocities.
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Figure 94: Sidewall HTC surface contours for 100% scale tyre using sliding mesh methodology.
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In conjunction with Figure 95, the HTC surface images for the disc (Figure 96) show theinboardside’s greatest
HTC to occur on the bottom edge where the spillage occurred. Flow was restricted through theinternals after
passing throughthe scoop, withthe LHS of the internal geometry lacking visual evidence of flow. As with the

previous methodologies, the full scale model experienced a higher degree of heattransfer on theinboard side

of the disc as a result of the introduction of flow from the Inlet scoop on the inboard side.
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Figure 96: HTC surface contours for disc at all orientations - 100% scale at 25m/s using sliding mesh.

The spoke region experiences arange of values (Figure 97), with the greatest heat transfer occurring in the
upper rearward regionon the leading spokes. Consideringthe central extrusion was occupied by the connector
shaft, one can compare the rim internal sidewall HTC to that of the central extrusion as blocked versus
unblocked. Evidently the through flow from the oncoming air directed by the scoop is responsible for a

proportion of the heat transfer.

Figure 97: Left and right angled views for leading and trailing spoke HTC analysis on 100% scale wheel rim (disc, tyre and
upright hidden).
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The effect of utilising geometry scaling within the CFD simulations on the HTC results and flow characteristics
was determine by increasing the model geometry scale from 50% (original model) to full scale (100%), and as a
result, increasing the Reynolds number. The sliding mesh methodology was utilised asits physical rotation of
components produces a more accurate system configuration. Increasing the geometry scale increased the HTC
of magnitudeinallareas asa result of theincreased Reynolds number. Though magnitudes varied, the areas
of high and low HTC showed similarities, however, neither scale was able to produce HTC surface contours

representative of the patterns experienced in the wind tunnel results.

The HTC results were found to be affected more than the flow characteristics, with the average surface HTC of
the tyrefound toincrease 32% from the original model, while the disc incurred an increase of 114%. The
increasein HTC can be attributed to theincreased Reynolds number. Comparatively, the areas of low and high
HTC showed areas of commonality, such as the high HTC on the downstream side of the wheel rim. The
inboard side of the disc maintained a higher degree of heattransfer compared to the outboard side, and the
leading spoke showed higher HTC than the trailing, as in the original model.

The Stagnation point was unaffected, however, the vel ocity plane presented a more complex velocity profile
abovethetyre’s surface thanthe original model. The separation point, however, occurred around the same
positionastheoriginalmodel (270deg compared to original 265deg). The downstream flow showed more

disturbances than the original model, characteristic of the increased Reynolds number.
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5.0. Discussion

The following sectionaims to draw associations from the literature and results explored in the preceding
chapters, outlining the key findings from the results set.

The comparisonof errorin bothexperimental systems is drawn upon to determine the effect upon the disc
HTC resultsincurred by varying the method of flow application. Further experimental discussion surrounds the
effect of varying upright geometry, particularly the influence of the scoop inlet flow, on the disc HTC.
Comparisonof the two rotating simulationmethodologies is used to explore theinfluence of the different flow
characteristics on the HTC results, and the effect on HTC by increasing geometry scale in the CFD is explored.
The derivation of Nusselt number equations from experimental and CFD results is discussed, outlining areas of

correlation, and presenting model fits to capture the range of possible heat transfer.

5.1. Measurement Accuracy between Experimental Configurations

Error levels were assessed based on the convective heat transfer coefficient of the disc under theoretical no-
flow conditions. The magnitude of error in the rig, 14W/m’K, was greater than thatin the wind tunnel,
2W/m?K. Therange of heat transfer variation for the rig experiment was at least six times that of the wind
tunnel; dueto the variation of relationship between average HTC and velocity for the two setups (Figure 98).
The rig shows average HTC to have an almost linear rel ationship with vel ocity, while the wind tunnel shows a

peak HTC which then falls again at 17m/s.
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Figure 98: Comparison of hot film error between rigand wind tunnel tests.
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Comparingthe two experimental configurations, the mainvariations are those of the wiring arrangements, the
method of airflow application, use of different CTA’s, and the introduction of a ground plane, however the
error measurements conducted with the system sealed would not have been affected by the ground plane.
The wiringarrangement for the rig test involved the excess wire, which remained so as not to reduce the
possibility of future application in other experiments, to be evenly distributed inopposing directions around
the circumference of the tyre before passing through the slip ring and to the CTA. For the WT, the wiring was
moreinvolved, witha greaterlength of wiring required to pass over the sting arm assembly. The wiring was
attached to the wheel rim and passed through the hollow support shaft before passing through the slip ring.
Both arrangements utilised twisted pairsinorderto provide some degree of shielding. The wind tunnel setup
utilised a mostly linear arrangement of the wiring, andsothe influence of wiring arrangementin the rig setup
on the HTC error can be attributed to the circumferential arrangement of wires.

Each experiment utilised a different CTA, with that of the wind tunnel capable of measuring two simultaneous
channels. Although bridge resistance variation was compensated through considerationin the calculation of

convective HTC, there is most likely more error within the analogue system (rig).

In order to determine whether varying the application of flow application affects the HTC of the disc, and
indeed whether the rig produces accurate results when compared to the wind tunnel, the two systems must
be compared at equivalent velocity.

The mass flowwas the same for both scenarios, given the correlation wi th results to Minto’s (2011) Hub Flow
Number theorem, defined as the volumetric flux ratio between the scoop and the free-stream velocity. By
applying Minto’s relationship to the experimental system, the equivalent velocity at the scoop inlet plane was
found to be approximately equal to that of the free-stream, with a resulting velocity ratio of 1.0029.

At 25m/s, the time averaged HTC of the disc on the rig was 91W/m’K, while that in the wind tunnel was
102W/m’K. Given the difference between the two resultsis less than the maximum error found in the error
band test (14W/m’K), it canbe concluded that the method of flow applicationdoes notvary the disc HTC, and

that the rig was able to provide comparable internal HTC results relative to the wind tunnel.

5.2. Effect of Geometry

5.2.1. Internal Disc Shield

The brake coolingtestrigwasrun at two test configurations; with and without the shield, which partially
covered the outer diameter of the disc.

Results for the shielded and open systems indicate an equal level of heat transfer between the two
configurations for the lower vel ocities, with i ntroduction of an approximate 3W/m’K variation at a free-stream
velocity of 20 and 25m/s. Des pite the use of the shield introducing a reduction in HTC for both speeds, the
magnitude of variation was not, in the case of this experiment, high enough to be regarded as significant.
Given thesealed disc error was found to reach a maximum of 14W/m’K at 25m/s on the rig, the 3W/m’K

variation may be merely a portion of error in the system.
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5.2.2. Brake Scoop Inlet

Another geometrical aspect thataffects theinternal flow, andthereforethe heat transfer experienced at the
disc,istheinletscoop. Awind tunnel configurationwas runwitha blocked scoop, utilising multiple layering of
heavy duty tape, to determine the degree of heat transfer occurring as a result of the scoop flow. The open
scoop showed average heat transfer results at least 10x larger than the blocked scoop configuration,
confirming thatthe cooling due to the scoopinlet flow was the predominant influence on heat transfer. As
with the shielded case, the level of error determined within the system must be considered; 2W/m2K
maximum error in the windtunnel system, implying that with a blocked scoop, the disc will only experience

cooling above 10m/s.

Comparisonof the blocked and open configurations allows identification of scoop inlet flow as the primary
source of convective heat transfer, however, the blocked scoop results indicate that the rotational fluid forces
generated due to the centrifugal flow, were responsible for an approximate upper limit of 10% of the

convective heat transfer at the disc.

5.3.  Stationary vs. Rotating — Wind Tunnel and Simulated Comparisons

Many studies preceding this work have outlined aerodynamic/flowvariations for stationary and rotating
components, with the main findings involving the advancement of separationcaused as a result of cylindrical
rotation (Knowles, 2005). Cylindrical rotation has also been foundto suppress vortex development (Stojkovic,
et al.,2002), while wake-breathing/jetting effects have also been observed; affecting the wake (Mears, 2004).
Both stationaryandrotating configurations were tested inthe wind tunnel and using CFD. The precise location
of the HTC was extracted from the wind tunnel test, while data on the whole surfaces were extracted from
CFD, using surfaceintegration, to gain the best understanding of the simulated flow to complement

experimental findings.

Simulated results of HTC were much lower thanthosein the windtunnel test. The simulated results showed
the inboarddisc face experienced a much higher degree of heat transfer given its position directly in the path
of oncoming flow from the scoop; this flowwas directed through disc extrusions on the inboard side for flow
through discvanes. Theambiguityin utilising the surfaceintegration method is highlighted in Figure 99, where
the difference between stationary and rotating simulations is approximately 1W/m?K, whereas wind tunnel
results show a difference of over 45W/m?K between stationary and rotating configurations. The simulated disc
HTC results outline a fairly steady heat transfer throughout a rotational cycle, a consequence of theinclusion

of bothinboardandoutboard surfaces; the highinboard HTC balanced by the low outboard HTC.
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Figure 99: Comparison of disc surface integrated HTC results for a stationary and rotating simulation at 25m/s.

Accuracy of the windtunnel results was proven with results of average HTC for the reference disc maintaining
results within a narrow band of variation for nine test runs, with results showingclear and consistent trends.
Furthermore, there was no distinct trend between HTC and hot film location between different sidewall
positions (i.e. error after each increment of movement), suggesting that the film did notincur any circuit
damage during its movement. Results for the disc lay within the expected error (determined to be +/-
2W/m’K).

Polarresulttracesindicated that the highest|evel of heat transfer occurred at the top half of the disc, with
variation from the bottom halffor each speed approximately +4 W/m?*K @10m/s, +8 W/m’K @15m/s, +10
W/m’K @20m/s and +10 W/m’K @25m/s. This is in agreement with the HTC surface image of the simulated
results, wherethe highest degree of heat transfer on theinboard side of the disc occurred in the same region;
indicative of the highest rate of flow. This supports the conclusion that the heat transfer inthe simulated disc
vanewould be higher than the average component HTC returned by integrated results. Results for the spokes,
however, showed better correlation than for other areas of the geometry, with both wind tunnel and CFD
resultsindicatingthattheleading surface of the spoke experienced a greater level of convective heat transfer

than the trailing surface; as the leading surface cut through the air the oncoming flow was stagnated.

Stationary simulationresults show theinner sidewall surface of the rim, between the spokes, experiences the
lowest levels of heat transfer of the component, together withthe frontal face of the wheel rim outer surface,
whilerotationalresults show a significant HTC increase (Figure 100). The stationary tyre allows the free-stream
flowto travel pastthe sidewall and wheel rim, pickingup the flow spillage from the wheel rim and carrying it

further downstream, potentially the reason for higher HTC toward the rear of the rim.
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STATIONARY

Figure 100: HTC surface image comparison for stationary and rotating simulations at 25m/s.

The sidewall heattransfer experienced inthe wind tunnel displayed complex patterns with relation to speed
and position, while the simulation provided little scope for investigation, with a near constant heat transfer
across the sidewall.

For the simulated results, the lower rear quadrant experienced a lower velocity as a result of recirculated
turbulentflowinthat region. The same phenomenon was experienced on the stationary tyre, though to a
lesserdegree, suggesting rotation induces a lower vel ocity behindthe wheel. There was anotherwise average
heattransferfor the rotating simulation of approximately 100W/m’K (at 25m/s) across the surface of the
sidewall. Contrarily, a more complex set of results were produced inthe wind tunnel, providing insightintothe

dependence on geometry as well as position and velocity.

The stationary experiment presented results across the tyre sidewall at approximately 3.5+0.5W/m’K,
however oneset of data lay outside the bounds of consensus. Position 2, theinner most position to the wheel
rim, presented anaverage HTC of 7W/m’K. Given the sensors proximity to the wheel rim, results suggest the
turbulence from the spoke region caused some additional localised heat transfer.

It was deduced from the observed trends in HTC from the wind tunnel, that the positions upstream and

downstream of the highest pointon the tyre sidewall profile experienced different boundary layer states.
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Moving away from the centrally located high point (both toward ID and toward OD), the heat transfer
increased. Justasthe spokes underwenta transitional flow between 10-15m/s, so too did the tyre, with the
centre pointtakingon characteristics of the inner most positions whenin rearward flow, and the outer most

positions when in free-stream flow.

5.4. Comparison of Rotating Simulations

The variationin flow structure upstream and around the tyre affects the location of the separation point
between the two simulation methods (Figure 101). The accuracy of the chosen rotational simulation method is
importantto capturethe correct flow structures, with rotating structures causing flow recirculation. The
velocity of therearward flow will partially affect the level of subsidiary heat transfer occurring fromits
recirculation. The sliding mesh imposes a morerealistic rotation of components within the simulation, while
the MRF methodology applies rotational forces to the fluid bounded within the reference frame. This was
noted in the MRF simulation, which showed a degree of recirculation at the front of the tyre, indicating
stationarywall like blockage; unlike the jetting phenomena identified by Mears (2004), which can only be

induced with wheel rotation, such as that occurring from the sliding mesh.

Interms of sidewallHTC, both rotational methods show generally similar average HTC across the sidewall

(Sliding mesh = 95W/m2K and MRF = 103W/m?K), with noticeable variation at the front of the MRF tyre;

concordantwiththeresults from the streamline traces. Both methods show a peak of HTC just before the
separation point; using the MRF delays separation. Neither methodology produced a HTC map with the

relations found in the WTi.e. a central low-point of HTC which increases toward the OD and ID.

SLIDING MESH SEPARATION AT 265 DEG CCW OF SP
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Figure 101: Comparison of separation pointin SM and MRF simulation methodologies.
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Internally (Figure 102), the MRF showed a more realistic representation of flow recirculation than the sliding
mesh, with more flow recirculation occurring at the outboard face of the disc,anda more even distribution of
flow around the periphery of the discrather than the frontal flow onlyin the sliding mesh. The generation of
the referenceframeisalso anelementofintroducederror. Exa PowerFlow allows for generation using a co-
ordinate point cloud, or methods such as offsets from surfaces. Complete accuracyis limited giventhe upright
needs beexcluded asitis a stationary component, leaving the internal area outside the reference frame.
Concerns arise as to the behaviour of flow within this regionas there should be induced flow disturbances as a
resultof therotating wheel rim, however, the MRF methodologyis definedas applying rotational fluid forces
to those within the bounds of the reference frame; understanding of the software’s ability to create a relation

between the two areas of flow is required to assess its capability.
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Figure 102: Comparison of SM and MRF internal streamlines at 25m/s.

5.5. Nusselt Number Analysis

Data recorded forthe disc in the windtunnel was found to fit well with the derived Nusselt number equation,
and correlated with previous findings in the reviewed literature of the Reynolds number exponent, m.
Comparisonwiththe CFD results (Figure 103), reveals thatthe CFD produces |lower heat transfer for a given
Reynolds number than the experimental data. The difference in results can be attributed to the use of
differentintegration areas between measurement techniques, with the CFD expected to show lower heat
transferasitconsidered results in areas of lower heat transfer (outboardside). This mayalsohave affected the

slope of the CFD heat transfer curve compared to the experimental result.
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DISC
Non-Dimensinional Heat Transfer - Nusselt Number:
Comparison of WT Results to Fitted Model and CFD Results
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Figure 103: Nusselt number comparison for wind tunnel and CFD data.

The sidewall experimental results presented an underestimate of the Reynol ds number exponent, m, while the
CFD showed an overestimate (Figure 104). Results at Reynolds number 4.04E+05 (25m/s), show good
correlation between CFD and experimental Nusselt number, after which point, experimental data points were
notcollected at higher Reynolds numbers. The Reynolds number exponent has been recorded in literature to
an approximate value of 0.8 up to Reynolds numbers of 400,000. The Model Fitequation presents an extended
trend line for the windtunnel Results, while the CFD trace outlines the trend for the CFD results. In order to
balancethe over and underestimated ‘m’ values, a Combined Model Fit was determined as a negotiation
between the two measurements, outlining therange thatresults can be expected to fall within. The increasing
difference between experimental and CFD results after 25m/s may be attributed to the occurrence of a
transitional phase along the sidewall that was not seen within the 0-25m/s data range in the wind tunnel.
Nusselt number values from the original model (50% s cale) experimental and CFD were used to determine the
equivalent 100% scale HTC's at the disc (Figure 105) and tyre sidewall (Figure 106). The same model fit

methods were applied to distinguish the range of possible values.
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SIDEWALL
Non-Dimensinional Heat Transfer - Nusselt Number:
Comparison of WT Results to Model Fit and CFD Results
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Figure 104: Nusselt number comparison for experimental, computational and model fit equations.

DISC
Equivalent 100% Scale Model Heat Transfer Coefficient:
Comparison of WT Results to Fitted Model and CFD Results
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Figure 105: Equivalent 100% model HTC's for the disc.
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SIDEWALL
Equivalent 100% Scale Model Heat Transfer Coefficient:
Comparison of WT Results to Model Fit and CFD Results
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Figure 106: Equivalent 100% Model HTC's for the tyre sidewall.

Full Scale Simulation

Scaling the model from experimental componentsize to a full scale (100%) model while maintaining original

simulationparameters, results in much higher heat transfer. Comparison of surface integrated results for the

originaland 100% scaled model revealeda 31%increasein average HTC atthe sidewallfor the full scale model,

whilethe disc underwent anincrease of 110%;increase in HTC occurred as a result of the larger Reynolds

number from increasing the geometry scale.
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6.0. Conclusions

The work presented has investigated the mechanisms of heattransferina wheel assembly, identifying the
effects of wheel rotationand of theimplementation of various geometries within the assembly on heat
transfer. The primary mechanism of interest was the convective heat transfer, which was investigated using
techniquesincluding wind tunnel testing, rig testing and CFD simulations in order to compare capabilities of
various methodologies in determining the HTC at the disc and tyre sidewall. The literature review introduced
the effects of cylindricalrotation and ground planes upon the flow structure, andidentified the effect of the
variation of the separation pointand boundarylayer development; factors that affect the of potential cooling
capability within a flow. The Nusselt number equations were derived for experimental and CFD data, which

provided confidence of the wind tunnel accuracy.

In order to complement the experimental and simulated tests, the experimental apparatus was created in CAD
geometry both to aid with the design and commissioning of experimental fixtures to carry out hot film
measurements on a brake cooling test rigandinthe wind tunnel, and to carry out CFD simulations. Res ults of
HTC fromthe wind tunnel were processedinto a geometrically related positional heat transfer map of the tyre

sidewall.

6.1. Assessment of Systematic Error

Hot-filmsensorsensitivity to flow is of high fidelity, a facet of the experimental procedure which proved
beneficial for determining system level error in both experimental setups.

The systematicerror was considered by removing external flow conditions fromthe disc sensor, allowing the
determination of the level of HTC while at theoretical zero-flow condition. The wind tunnel results were
accurate to within 2W/m’K, while measurement of error on the bench-top rig, using a different CTA, was
recorded up to 14W/m’K. Given the difference between the time averaged HTC of the disc on therigandwind
tunnel was less thanthe maximum error found in the Error Band Test (14W/m?K), concluding that the rig was
ableto provide comparableinternal HTC results relative to the wind tunnel despite the difference in external

flow application methodology.

6.2. Geometry Variations

Two geometry variations were tested for their effects on internal cooling variations; upright shield on/off and
Inletscoop blocked/unblocked. Theshield partially covered the outer diameter of the disc, while the inlet
scoop was blocked using tape to determine the level of cooling due solely to the rotation of the disc.
Application of the uprightshieldon therigtesthadnoimplication at the lower end of the speed range, and
introduced a small reduction inHTC, 3W/m’K, at higher speeds of 20m/s and25m/s; a difference withintherig

measurement error range of 14W/m’K.
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The wind tunnel tests with open and blocked scoop showed that a difference occurred at speeds above 10m/s.
The open scoopaverage HTC was ten times greaterthanthat of the blocked scoop scenario, confirming the

Inlet scoop flow as the main source of internal cooling.

6.3. Rotating Simulation Methodologies
Two variations of rotational simulation were explored within the simulated results; physically rotating
components using the sliding mesh approach, versus an implied rotation using the moving reference frame

(MRF) method.

Whilethesliding meshimposes a more realistic rotation of components within the simulation, the need for a
rotating reference frame by the MRF approach raises concerns about flow property continuity across its
boundary, and toitsinability to follow the geometric contours of the body. The MRF simulation showed a
degree of recirculation at the front of the tyre, indicating stationary like conditions that differ from the jetting
phenomena identified in the literature as characteristic of rotating wheels. In general, the airflow was
unstructured for the MRF, while the sliding mesh showed appropriate rearward vortex generation and
streamlined flow over and around the tyre.

The HTC for both simulation methods generally agreed across the tyre sidewall, with some variation
introduced fromthe incorrect upstream flow in the MRF simulation. Positionally, both simulations showed

peak HTC just before the separation point, but using MRF the separation pointis delayed.

6.4. Wind Tunnel vs. CFD

The correlation exercise between windtunnel and CFD indicated that the CFD software produced lower HTC's,
with the magnitude of the difference varying dependingon the precise locationwithin the wheel assembly. A
study of the effect of wheel rotation on disc HTC showed a difference between stationary and rotating
simulations to be approximately 1W/m’K (Figure 102) while the wind tunnel results produced a much greater

difference in HTC of over 45W/m’K between the stationary and rotating tests.

Internally, the CFD was able to predict the positional patternof HTCacross the surface to some degree, with
both rotational methods indicating the highest level of heat transfer occurred around the top half of the disc
onthe inboardside. Both methods also showedthe leading Spoke surface experienced a greater level of heat
transfer compared to that of the trailing.

The sidewall heattransfer experienced inthe wind tunnel displayed a complex patternwith relation to speed
and position, while the simulation provided little scope for investigation, with a near constant heat transfer
across the sidewall. As a consequence of this lack of accuracy, conclusions on tyre sidewall HTC were solely
based on experimental results from the wind tunnel.

The flow either side of the highest geometric point on the tyre sidewall profile experienced different boundary
layer states, andincreased inHTC with increased distance from the high point. Furthermore, heat transfer

increased for a shorter period of the tyre’s rotation the closer to the ID the measurements were taken.
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Increasing the scale of the simulation model from 50% to full size (100%), like 50% simulations, showed no
correlation to the complex patterns experienced inthe wind tunnel. Evidently, the scaling factor within the
CFD software shows no significant benefit with respect to correlation, but witha decrease in efficiency in the
form of increased simulation runtimes. However, without a set of 100% scale experimental data, itis difficult

to draw firm conclusions.

The derivation of Nusselt number equations proved windtunnel HTC results at the disc to be accurate, with
correlation inReynolds number exponentto literature. The values presented for the sidewall, however, were
found to fall between a range bounded by the wind tunnel and CFD results. As such, a combination of both
model fits was created, which saw more reasonable figures of ‘m’ and C, and can be used in further

investigations of heat transfer.
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Appendices

Appendix 1: CTA Bridge Resistance Calculations

Wind tunnel CTA: FlowPoint

Vprobe _ Rhot + Rcable

Voutpue B Ryriage * Ruot + R caple
0.393 16.6826 + 0.04
0.629  Rppigge + 16.6826 + 0.04

16.7226
" Rprigge + 16.7226

X. Ryrigge + 16.7226x = 16.7226

16.7226 — <16.7226 * (%))

Rbridge = 0393
0.629

=10.0402

Brake coolingtestrig CTA: DISA55M10

Vorob
R i — <Rdial * (—me < ))
output

Rbridge = ( mebe )
Voutput
16.423 — (16.423 * (%3—g)>
- (0.361)
1.453
49.680

112



Appendix 2: Calculation of Rotational Period

Tyre Diameter = 0.3%nm
TyreVelocity = 25 "

rad

Tyre Angular Velocity = 161.29 =
deg
= 9241.23629 —
sec

1 Timestep(TS) = 1.426 x 10™° sec
1 Simulation = 7700 timesteps
Start of Data Recording at TS = 4900

1 Simulation =7700 — 4900 TS
=2800TS

Realtime Simulation Time = 0.039928 sec
2800TS = 0.039928sec
Since:
Distance

Speed = -
e
theta = 9241.23629 (sec)* 0.039928 (sec)

theta = 368deg

For 5 rotations:
theta = 1800 deg
For 1 rotation:
360 = 9241.23628x
x = 0.03895583 sec

1TS = 1.426 #1075 sec
0.03895583

T 1426+ 10-5
= 2732TS

xT

Simulation results start at 4900TS,so:
TS = (2731.82539 + 4900) x5TS
= 18560 for 5 rotations
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Appendix 3: Hot Film Sensor Data Sheet (Dantec Dynamics, 2013)

A mmdE. Sk

dang.n 55 mm

r
L

o

Technical Data for Glue-on Film Sensors

Thickness of quartz coating 035 pm
Medium Adr
Sensor material Mickal
Sensdr dimensions 0.9 x 0.1 mm
Sensar resistance R20 {(approx) 15 W
Temperature coefficient of resistance [TCR) a 20 {approx) 0 40%,~C
Max. sensor temperature 200°C
Max. amblent temperature 120°C
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Appendix 4: Pressure Tap Spacing (British Standards, 2003)

i Iy

Key
1 D and D2 pressure lappings
2 flange t&ppings

& Direction of flow.
b h=Dt0D
£ L,=05DL002Dfor f<06
05D+ 001D for #> 06
4 Iy=1"2=(254 +05) mm for 8> 0,6and D < 150 mm
(254 L 1)ymmfor #< 06
(254 + 1) mm for > 0.6 and 150 mm < D < 1 000 mm

115




Appendix 5: Orifice Plate Discharge Coefficient for D and D/2 Tappings where D >
71.12mm (British Standards, 2003)

Diam-
reatg; Discharge coefficient, C, for Rep equal to
I S0 | 1x10* | 210 | 310" | 5x10* | Too10* | 1210° | 32107 | 1% 10% | 12107 | 1x 108 =
0,10 | 06003 | G5987 | 05977 | 05973 | 05969 | 05967 | 05966 | 05963 | 05962 | 05361 | 05361 | 05960
012 | 06010 (05991 | 05979 | 05975 | 05971 | 05969 | 05967 | 05964 | 05962 | 05961 | 05961 | 0,596 )
014 | DBD16 | 05995 | 05982 | 05977 | 05972 | 05970 | 05968 | 055% 5 | 05963 | 05962 | 05961 | 0.5961
0,16 [ 06023 | 06000 | 05965 | 05980 | 05974 | 05972 | 05970 | 05966 | 0.5964 | 05962 | 05962 | 05962
018 | 06029 | 06004 | 05989 | 05982 | 05977 | 05974 | 05971 | 055 T | 05965 [ 05963 | 05963 | 05963
020 | 06037 | 06009 | 05992 | 05985 | 05979 | DEG76 | 05974 | D599 | 05966 | 05964 | 05364 | 05964
022 | DoM4 | 06015 | 059896 | 056589 | 05982 | 05979 | 05976 | 05971 | 05968 | 05966 | 0595 | 05965
024 | 06053 | 06021 | 06001 | 05993 | 05985 | 05982 | 05979 | 05973 | 05970 | 05067 | 05967 | 05966
026 [ D6062 | 06027 | 06006 | 05997 | 05989 | 05885 | 055982 | 05975 | 05972 | 05969 | 05969 | 059648
028 | 06072 (06034 | 06011 | 06002 | 05993 | DASBY | 035985 | 05978 | 05975 | 05972 | 05971 | 05970
D30 | 06082 | 06042 (06017 | 06007 | 05998 | 0,5993 | 05989 | 05982 | 05978 | 05974 | 05973 | 059723
032 | 06094 | 06051 | 06024 | 06013 | 05003 | 05398 | 05994 | 05986 | 05981 | 05977 | 05976 | 05975
034 (06107 | 06060 | 06031 | 06020 | D,6009 | 06004 | 05999 | 05990 | 05985 | 05961 | 05979 | 059748
036 | 06121 | 06071 | 06040 | 0,6027 | 06016 | 06010 | 06005 | 05995 | 05989 | 05384 | 05983 | 05981
038 | D137 | 06082 | DS049 | 06035 | 06023 | 0ED16 | 0F01 1 | DEOOD | 5994 | D5988 | 05986 | 05985
040 (06153 | 06095 | 06059 | 06044 | 0B037 | 06024 | 060168 | DGH06 | 05999 | 05993 | 05991 | 05989
042 |DB172 (06109 | 06070 | 06054 | DE039 | DEO32 | 06025 | 06012 | 05005 | 05998 | 05995 | 05993
D44 | 06192 | 06124 | DFOB2 | 06065 | 06049 | 06041 | 06034 | DE01S | DE011 | DBOO3 | 06000 | 05997
046 | 06214 | 06140 | 06094 | 06076 | 08059 | D6O50 | 06042 | 06027 | 06017 | 06008 | G005 | D6EOD2
D48 | 06238 | 06157 | DG1D8 | 06088 | 06070 | 0,6060 | 06052 | D035 | 06024 | DBO14 | 06010 | 05006
050 | 06264 | 06176 | 06123 | 06101 | 06081 | 06071 | 06062 | 06043 | 06631 | 06020 | 06016 | 06011
051 | 06Zr8 (06186 | 06131 | 06108 | 06087 | 06076 | 06067 | DG047 | 06035 | D,6023 | 06012 | 06014
052 (06292 06127 | 06139 | 06115 | 06093 | 06062 | 06072 | 06052 | 060639 | 06027 | 6021 | 06016
053 | 06307 (06207 | 06147 | 06123 | 06100 | 0,B0BE | 06078 | DGOS6 | DE043 ( 06030 | 06024 | 06019
D54 | 06322 | 06218 | 06155 | 06120 | 06106 | 06094 | 0E083 | 06061 | 06047 | 06033 | 06027 | 06021
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Appendix 6: Orifice Plate Expansion Factor (British Standards, 2003)

Diameter ratio Expansibility [expansion] factor, ¢, for p,/p, equal to
B ‘ a* 0,98 0.96 ‘ 0,94 ‘ 0,92 | 0,80 ‘ 0.85 ‘ 0,80 0.76
fore=12
0,1000 0,000 1 0,594 1 0,988 3 09824 0,976 4 6,9705 0955 5 0,040 4 0,925 2
056223 0,100 0 0,993 6 0,987 1 0,980 6 09741 0,967 6 09511 0,934 5 QT T
0,668 7 0,2000 0,982 7 098523 09778 0,970 5 0,863 1 0,944 3 0,825 4 0,906 3
07401 06,3000 0,8915 09829 D974 3 08657 0,957 0 0,835 2 09132 0,891 0
07500 03164 0,991 2 09824 09736 0,964 8 0,955 9 0,9335 09109 08881
forx=123
0,100 0 0,000 1 0,994 6 0,989 1 09837 0,978 2 09727 09587 0,944 6 0,930 3
056232 0,100 0 0,294 0 0,988 1 0,982 1 09760 Q9700 09547 0,838 0,923 4
0,668 7 0,200 0 0,893 2 0,986 4 0,979 6 08727 0,965 8 0948 4 08307 09128
0,740 1 03000 0,992 1 0,984 2 0,976 2 0,968 2 0,960 2 09399 09193 0,808 5
0,750 0 0,316 4 0,9019 09838 0,975 6 0,967 4 0:8581 0,938 3 0,817 2 0,895 8
forx=14
01000 6,000 1 0,295 0 0,989 9 D984 8 o8ra7 09748 0,961 5 08483 0,924 8
05623 01000 0,904 5 09888 0,983 3 09rr T 09720 0,957 7 0,943 1 09283
0,668 7 02000 0,883 7 0,987 4 09810 0,974 8 0,968 1 09518 0,0353 0,918 4
G, 7401 0,300 0 oe9271 0,985 3 09779 09704 096289 09439 0,924 8 02050
07500 03164 0,9925 0,984 8 0,977 3 0,969 6 096189 0,942 4 0,9226 09025
for x= 1,66
01000 0,000 1 0,9958 09915 0,987 2 09828 0,978 4 0,967 3 0,955 8 0,944 1
0,562 3 0,100 0 0,5953 02906 098589 0,9811 0,876 3 0,964 0 0,951 56 093 e
0.668 7 0,200 0 0,294 7 0,989 3 0,983 9 08785 09730 095480 08447 0,930 1
0,740 1 D.3000 09838 09876 09813 09749 09685 09523 09357 09186
0,750 0 0,316 4 0,883 6 0,987 2 0,980 8 0,974 3 09677 09510 0,034 0 0,916 4
MNOTE This table is given for convenience. The values given are not intended for precise interpolation. Extrapolation is not permitted.
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Appendix 7: Cp Calculations for Bench Test Data

Re, = value from Appendix 6
C = value from Appendix 6

& = value from Appendix 6

Re m
Vel, = ODL::) -
Poynp = %PVZ r:zz
p _ PDYND(l_ﬁ4) kg
DYN_MEAS_1 (B*.c2.€2) m.s2
PoyNygas

CH DYN_MEAS1 = P
DYNp

Quasi-Velocity

— ZPDYNMEAS kg
Q(v)—’ ; —

and: 8 = diameter ratio

¢ = coefficient of discharge from BS standard tables

& = expansion factor

(Re> _ QW) *p

m u

Calculated Coefficient of Pressure

_ B DYNMEAS,

CPDYNMEASCALC - PDYND
2

DynamicPressure at Diameter ‘D2’

_ 4
PDYNDZ = PDYNd'ﬂ

DynamicPressure at Diameter ‘d’

2 o2
P _C .E 'PDYNMEA51
DYNg 1 _ﬁ4

Pressure Loss

fi_ a4 2 2
1=8"(1—C=)-C8
K= 870 ) Ap

Ji-g*-c2) 4082
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Pressure Loss co-efficient
Aw
K=e——
0.5 *p * Q(v)?

Measured Coefficient of Pressure

Compas = —K

119



Appendix 8: Wind Tunnel Test Mounting Frame — Various Component Drawings
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Appendix 9:

Wind Tunnel Sidewall HTC Graphs
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