Aerodynamic Cooling of Automotive Disc
Brakes

A thesis submitted in accordance with the regutegtio
for the degree of Master of Engineering

by

Arthur Stephens B.Sc. (Eng)

School of Aerospace, Mechanical & Manufacturing iBegring
RMIT University

March 2006



ABSTRACT

Sufficient heat dissipation is crucial to the effectoeration of friction based braking
systems. Such cooling is generally provided by ensuring a saffsigply of cooling air
to the heated components, hence the aerodynamics in the regiorbakbeomponents
is extremely important. The objective of the research waevelop an understanding of

how aerodynamics could be used to improve the cooling of automativédikes.

Two separate sets of wind tunnel experiments were developets Were performed on a
vented disc (rotor) to measure the internal flow through the wen#srotating vented disc
under various conditions, including an isolated disc in still airdibe in still air with the
wheel on, the disc in moving air with the wheel on, and an onsivawglation using a ¥4
car. On vehicle tests were also performed in a wind tunnel agngpose built brake test
rig. These tests measured the thermal performance ofeditferake discs under various
operating parameters; including constant load braking, and coadimgHigh temperature

under various speeds, wheels and disc types.

It was found that airflow through vented rotors was significameitiuced during simulated
on-road driving, compared to when measured in isolation, but natyarly affected by
the vehicles speed. In the situations tested, vented adifezed a 40+% improvement in
cooling over an equivalent sized solid rotors. However the rdséadicates that the
greatest benefit of vented rotors over solid will be in elelsiwhere air entering the wheel
cavity is limited, such as low drag vehicles. It wasodound that the most significant
improvements in brake thermal performance could be achieved bynmeng the airflow
into the region of the brake components; including increasing the oparmfithe wheel,
and increasing the vehicle velocity. Other improvements caachi&ved by using a

wheel material with good conductive capability, and increatsiagnass of the disc.

Evidence of vortex shedding was also discovered in the airflaheagxit of an internal
vented rotor, any reduction in this flow disturbance should lead to sextesrflow with

associated improvements in thermal performance.
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Background, Objectives and Scope

CHAPTER ONE

1 BACKGROUND, OBJECTIVES AND SCOPE

1.1 Background to Research

One of the most important components in a road vehicle is itsngraystem. The
braking system must be able to remove the kinetic and potengady of the vehicle, to
enable safe retardation. In some vehicles this kinetic and tabtemergy can be
converted into electric energy and stored in batteries to be hysdke vehicle when
required. This is known as regenerative braking. Howevernyhes of braking system
has limited application and is mainly confined to electric dorigy electric vehicles.
Regenerative braking systems still require a backup sy&entimes when electric
braking is insufficient, or when failure occurs, (Westbrook 2001). ctibri-braking
systems have always been, and are still the universédlgted method of retardation of
automobiles. Friction brakes operate by converting the vehictesikiand potential
energy into thermal energy (heat). The rate of heat genematiofriction braking system
is a function of the vehicles mass, velocity, and rate oéldestion. During braking, a
large amount of heat can be created and has to be absorbed by brake nsnpaneery
short space of time. However the allowable temperaturéiseobrake and surrounding
components limit the amount of thermal energy a brake can stdarepdit 1975;
Sheridan et al. 1988). The absorbed heat must be effectivedipaded to achieve
satisfactory performance of the braking system, (Day ancchiely 1984). If this heat is
not dissipated effectively the temperatures in the brake and sumguodmponents
become too high, according to Day (1988) high temperatures are respdosilbhost
problems in vehicle braking systems. Such problems include @éxessnponent wear,
squeal, judder and in extreme cases complete failure of thesbrainy improvements to
the cooling characteristics of a braking system will reduceiskeof the above problems

and provide safer vehicle transport.

The heat created in braking is generated by friction betweebrake rotor and the pad
(lining) material. Initially the rotor and adjoining componentsoabshe heat created,

however as braking continues, heat is dissipated through camvezthe atmosphere and

1
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conduction and radiation to nearby components. While conduction is anvefiecide of

heat transfer it can have adverse effects on certain componéwetording to Limpert
(1975) radiation heat transfer from the rotor will have its tgstaeffect at higher
temperatures but must be controlled to prevent tyre damage. clionvdo the

atmosphere is therefore the primary means of heat dissip@aton the brake rotor.
Convection heat transfer from the brake components is assistzbliyg air directed at
the brake from the forward movement of the vehicle. Thisoairfhust be controlled and

directed to the appropriate areas in order to achievenmuaxicooling of the brakes.

Aerodynamics has long been used to optimise the airflow arounchemdyl vehicles,
from reducing aerodynamic drag, to engine cooling and noise redu¢tiucho 1998).
However, little documented research has been conducted on amrodyocooling of
automotive brakes. It is considered that a more compreheunsierstanding of the
relationship between brake heat dissipation and aerodynamics couldepsignificant

cooling improvements.

1.2 Scope of the Work

This study is primarily focused on how heat dissipation from bratkes can be improved

by modifying or improving aerodynamic conditions in and around theskaagembly.

The research will address the following questions:

* What are the main factors contributing to effective automdivdé&e cooling?

e Can heat dissipation from automotive disc brakes be increase@udrgved local
aerodynamics?

» Can the thermal performance of a brake rotor be improveckgiwentilation?

» Are vented rotors universally better at heat dissipatioay@there times when a solid
rotor is better?

1.2.1 Rationale

This research is intended to provide the automobile industry witttexr bhederstanding of
the requirements of effective aerodynamic brake cooling, el a recommending

methods of improving aerodynamic heat dissipation. The resftlthe project will
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provide information on how and where aerodynamic improvements can te toa
automotive brake cooling. Weight reduction is one of the primarygdesgoals in the
automotive industry, and by improving brake cooling, the weighthef brake and
associated components may be reduced. Other benefits frproved brake cooling
include a reduced risk of thermal brake failure (brake faddlaitdvaporisation), longer
component life, as well as lower noise and cost. The proj#clso provide information
on how to optimise aerodynamic elements in the early stages bfake design process

to gain substantial improvements in cooling.

1.3 Research Approach

To achieve the stated objectives of the research a dketallew of the relevant literature
was completed. An experimental approach was then developedh wivolved

developing a procedure to study the airflow in and around vented ramoraell as

incorporating a brake test facility into an existing Industriah@Virunnel, in order to
simulate the airflow around the brakes on a moving vehicle. Therimental work was
divided into stages; Stage 1 involved the detailed examinatidlowfthrough a vented
rotor, andStage 2 used on-vehicle tests to examine the major parartteeeffect brake

cooling.

1.3.1 Thesis Structure

The structure of the thesis is as follows:

Chapter 1 (current chapter) introduces the research and outlinasntheobjectives and

scope of the work.

Chapter 2 provides a preliminary investigation into the currentyteeut practices of disc
brake cooling and related aerodynamics, and includes a detaiied ref the relevant

background literature.

Chapter 3 describes the experimental approach adopted in tlaiscles&his Chapter also
describes test facilities, equipment and instrumentationinged course of the work.

Chapters 4 and 5 present the experimental work, which is dividetliatstages; detailed

examination of the airflow through vented brake rotors (Chaptemd) on-vehicle brake



Background, Objectives and Scope

testing (Chapter 5). A description of the experimentalupeéind procedure is given,
followed by the results and analysis.

Chapter 6 discusses the major conclusions of the research anéouticommendations

on how the research could be further developed.

The appendices contain additional information supporting the documehiding;
calibration of instruments, preliminary studies and experimewtak, calculations and a

paper presented to the Society of Automotive Engineers ownfpit research.
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CHAPTER TWO

2 BACKGROUND RESEARCH IN DISC BRAKES AND
RELATED AERODYNAMICS

2.1 Vehicle Braking

2.1.1 Types of Vehicle Brakes

In order to slow or stop a vehicle the kinetic and any poteetialgy of the vehicle’'s
motion must be contained. In recent years, fuel efficieanyg the reduction of associated
exhaust emissions) has become one of the main targets of dneoéivé industry, and to
this end some manufacturers have started producing commesuoiallgble electric and
hybrid electric vehicles. These vehicles use an electotomeither as the main source of
propulsion, or as a secondary source to assist the traditraaahal combustion engine.
In these vehicles, significant fuel consumption savings can lagneldtby re-cycling some
of the energy lost in braking into electrical energy. Thisrgy can then stored in
batteries and used when required for propulsion of the vehicle, or ter @meessories
such as air conditioning, lights etc. However it is not possiblecover more than 10-
15% of the total energy used in propulsion, (Westbrook 2001), and thetbfse
vehicles also contain traditional friction brakes as sdfatgkup. Friction brakes operate
by converting the energy in the vehicle’s motion into heat and disglpa to the
atmosphere, and as such the energy is non-recoverable. In sfiis, dhe relatively
small number of electric and hybrid-electric vehicles in usanmehat friction brakes are
the dominant form of automotive braking systems, and will continubetdor the
foreseeable future. Therefore, research continues into ways earts raf improving this

technology in area such as weight reduction, thermal digsipand improved safety.

2.1.2 Overview of Friction Braking Systems

Friction brakes operate by converting the vehicles kineticsamktimes potential energy
into thermal energy (heat). Heat is created due to frietidhe interface between a rotor

(disc or drum) and stator (pads or shoes). During braking, adamngeant of heat can be
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created and has to be absorbed by the rotor. The rotor and surrounding cosmponent
effectively act as temporary thermal storage devices, safficient cooling of these
components is essential to achieve satisfactory performante diraking system, (Day
and Newcomb 1984). It is therefore vital that heat is effelgt dissipated for the

successful operation of a braking system.

2.1.3 Types of Friction Braking Systems

Two main types of automotive brakes exist, drum and disc. Drukedraperate by
pressing shoes (stator) radially outwards against a rotating (@oton), while disc brakes
operate by axially compressing pads (stator) against a rot@itng(rotor) as shown in
Figure 2.1.1. A more advanced form of the disc brake is ¢n¢ilated or vented disc,
where internal cooling is achieved by air flowing through radiatgges or vanes in the

disc.

— Rotation
<« ¢
Drum Brake Disc Brake Vented Disc Brake

F = Applied Braking Force

Figure 2.1.1 Schematic View of Drum and Disc Brakes, adaptesht Baker (1986)

The various advantages of disc brake over drum has seen thest ahiversally adopted
in passenger cars as well as in the front of light duty trutksypert 1999), and will
therefore be the focus of this research. However, drum baakestill used in many

applications including heavy-duty trucking. The main advantagdisobver drum are:

» The rubbing surfaces of the disc brake are exposed to the atmosphedengrbetter
cooling and reducing the possibility of thermal failure (brakeefadd brake fluid

vaporisation).
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* In drum brakes, expansion of the drum at elevated temperatureesult in longer
pedal travel and improper contact between the drum and shoesawlredisc brakes
elevated temperatures cause an increase in disc thickn#ssyovadverse effect in
braking.

» Disc brake adjustment is achieved automatically whereas takes need to be
adjusted as the friction material wears.

» Disc brakes are less sensitive to high temperatures and carteogefaly at
temperatures of up to 1000°C. Drum brakes due to their geometryfaots @n their
friction co-efficient, should not exceed 500-600°C, (Limpert 1999).

Brake discs (solid and vented) are generally cast from an limnand machined to the
required finish, they are generally shaped like a top hat wim¥ides structural strength

to minimise distortion.

2.1.4 Problems Associated With Overheating Brakes

If the temperatures reached in braking become too high, deteriomtioraking may
result, and in extreme conditions complete failure of the brakistgsycan occur. It can
be difficult to attribute thermal brake failure to motor wdiaccidents as normal braking
operation may return to the vehicle when the temperatures retlreldw their critical
level, (Hunter et al. 1998). One of the most common problemsedaby high
temperatures is brake fade; other problems that may occakeessive component wear,
rotor deterioration, and thermally excited vibration (brake juddéteat conduction to
surrounding components can also lead to damaged seals, brake fluidatapuorias well
as wheel bearing damage, while heat radiated to the tyrecmase damage at tyre
temperatures as low as 200°F (93°C), (Limpert 1975). The rpapinlems associated

with elevated brake temperatures are outlined below.

Brake Fade

Brake fade is a temporary loss of braking that occurs as a oéselty high temperatures
in the friction material. The high temperature reduces te#ficent of friction between
the friction material and the rotor, and results in reduced bragffertiveness and
ultimately failure. Generally fade is designed to occuteatperatures lower than the
flame temperature of the friction material to reduce the ipiigs of fire at extreme
temperatures. Normal braking will usually return when teatpees drop below their

critical level.
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Brake Fluid Vaporisation

Most braking systems are hydraulically actuated, with theemton of heavy-duty
trucking. If temperatures reached during braking exceed thadppitiint of the hydraulic
fluid then brake fluid vaporisation will occur. A vapour lock witleh form in the
hydraulic circuit, and as gas is more compressible than liquigdtal stroke is used to
compress this gas without actuating the brakes. Brake fltngidsoscopic causing it to
absorb water from the atmosphere over time; this may rasuét reduced boiling
temperature of the fluid, (Hunter et al. 1998). Therefors iisually recommended by

vehicle manufacturers to replace brake fluid periodically.

Excessive Component Wear

High temperatures in the braking system can form thermalrmdetion of the rotors
leading to uneven braking, accelerated wear and premature raplaceThe life of the
friction material is also temperature dependent, at highgrdeatures chemical reactions
in the friction material may cause a breakdown in its mechasiicaigth, which reduces
braking effectiveness and causes rapid wear. The wear tbriet material is directly
proportional to contact pressure, but exponentially related to temapergDay and

Newcomb 1984); therefore more rapid wear will occur atsgéel/temperatures.

Thermal Judder

On application of the vehicles brakes, low frequency vibratiomy mccur, these
vibrations can be felt by the driver as body shake, steeririge sdred in some cases an
audible drone, (Kao et al. 2000). This phenomenon is known as ‘judteo. types of
judder exists; hot (or thermal judder) and cold judder. Cold juddeaused by uneven
thickness of the rotor, known as disc thickness variation|ghds to deviations in contact
pressure as the pads connect with the rotor. This resultsverubeaking or brake torque
variation. The second type, thermal judder, occurs at eletetgzbratures, and is caused
by thermal deformation of the rotor. When a rotor containing d dac thickness
variation is subjected to braking, the contact pressure inhtbker parts will be much
greater than the thinner parts. As a result, the thighds become hotter causing uneven
thermal expansion of the rotor, which compounds the original didm#ss variation and
creates a “self accelerating instability”, (Littleadt 1998). Thermal judder can also be a
result of ‘hotspots’ on the rotor surface. Hotspots can be damgdocalised contact
between the pads and rotor resulting in small areas of veryténgberatures, >700C,

which causes a thermal disc thickness variation. This thedimalthickness variation
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may develop into a permanent disc thickness variation due to agiteagge from pearlite
to martensite, (Kao, et al. 2000), when cast iron is cooledlyapMartensite occupies a
larger volume than pearlite, and therefore a cold disc thgkmariation is formed and the

problem is again compounded.

2.1.5 Dissipation of Heat from Disc Brakes

The rise in temperature of the brake disc in any braking operaiibrdepend on a
number of factors including the mass of the vehicle, the rateetafdation, and the
duration of the braking event. In the case of short duration laaications with low
retardation, the rotor and friction material may absorbfalhe thermal energy generated.
As a result very little heat dissipation occurs as #mperature rise in the rotor is
minimal. In extreme braking operations such as steep desmergpeated high speed
brake applications, sufficient heat dissipation becomesairtticensure reliable continued
braking. As the rotor temperature rises it begins to dissineat, at steady-state
conditions heat generated through braking equals heat dissipation andheo heating
occurs. If the heat generation is greater than the dissigh#arthe temperature will rise,
the rate of this rise will depend of the relative quantibésach. If sufficient heat
dissipation does not occur the temperature of the rotor and frictaderial can reach

critical levels and brake failure may occur.

Heat dissipation from the brake disc will occur via conduction thrdlig brake assembly
and hub, radiation to nearby components and convection to the atmospktehégh
temperatures heat may create chemical reactions irfritti®n material, which may
dissipate some of the braking energy. However research coddyckay and Newcomb
(1984) indicated this to be less than two per cent of the totadenéssipated. While
conduction is an effective mode of heat transfer it can have seleffects on nearby
components. Such effects include damaged seals, brake fluidsedipor, as well as
wheel bearing damage. Radiation heat transfer from the rdtdrawe its greatest effect
at higher temperatures but must be controlled to prevent beaditg ¢fre, (Limpert
1975). It is estimated that the amount of heat dissipation thradjation under normal
braking conditions is less than 5% of the total heat dissip@teyes and Vickers 1969;
Limpert 1975).
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Convection to the atmosphere must then be the primary meang digsgaation from the

brake rotor. Convection is governed by the expression:

Q=hAy(TsT,) Equation 2.1.1
also know as Newton'’s law of cooling.

Where:
Q = the rate of heat transfer (Watts),
h = the convection heat transfer coefficient (\Wkh
As = the surface area of the rotor’jpand

Tsand T, are the surface temperatures of the brake rotor and amhient ai
temperature respectively.

It can be seen from this expression that in order to maximiserheater from the rotor
(increase Q) and keep the rotor temperatiiget¢ a minimum, the value of heat transfer
coefficient @), or the surface arg#\s) needs to be increased. As it is required to Keep

to a minimum, improvements must be made through increasing the tiaeafer
coefficient @) and or the surface aréds) of the rotor. The amount by which the surface
area can increase is confined by the diameter of the vereklthe requirements of
minimising unsprung maksso improvements in cooling can best be made through
increased values of the heat transfer coefficient, (Limf6i75). This heat transfer
coefficient is dependent on the boundary layer, which is influbbgesurface geometry,
the nature of the fluid motion around the rotor, as well as thdyrmamic and fluid

transfer properties, (Incropera and DeWitt 1996).

The use of an internally ventilated rotor will increase bothaserfirea (extra internal area
exposed to the atmosphere) and the heat transfer coefficientp darced convection
created by the internal airflow, with negligible influence on unspraags. The material
selection and the physical dimensions of the rotor will also lsadirect bearing on
cooling ability. Analytical work by Rusnak et al. (1970) found theg steady state
surface temperatures decrease with increasing thermal ¢imitgiuaf the rotor. This was

mainly attributed to the ability of high conductive matertalsransmit heat into the hub

! Un-sprung mass = The mass of a vehicle which isapported by the suspension, comprising of mass of
wheels, tires, brakes hubs, etc., and approxim&@dy of the mass of the suspension links, drivéslaad
shock absorbers.
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and wheel assembly, which act as a heat sink. Howevelisasssed previously this is
not a particularly advantageous situation, and therefore the energy dissipated to the
surrounding air the better. The greater the volume of air whiehacts with the heated
elements the greater the heat dissipation. The studgroflynamics has long been used
to optimise the airflow around passenger vehicles, from aerodynaagcréduction to
passenger comfort. In order to identify how aerodynamics could tieefuemployed to

enhance brake cooling a thorough review of the subject matteffirstibe undertaken.

2.2 Vehicle Aerodynamics

As an automobile travels through the atmosphere, air is fohvedgh and around the
vehicle. The aerodynamic interaction between this air andntbving vehicle has a large
influence on vehicle performance, safety, comfort, stgbiitsibility and cooling. This
airflow must be understood and controlled in order to provide the optironditions for
the vehicles movement. Therefore road vehicle aerodynamidselcase an important

part of vehicle development in recent years.

Initially work in aerodynamics has concentrated on the reduofiaerodynamic drag; the
resistive force acting on a moving vehicle due to the displaceohehé surrounding air.
At high speeds (100 km/hr) aerodynamic drag accounts for approximatelgfthgototal
resistance to motion of the vehicle, (Hucho 1998), the rest is ymmodiihg resistance.
Therefore significant savings in fuel consumption and emissions cathaed from
minimising aerodynamic drag. As a result, drag reduction iobtiee primary focuses of
ground vehicle aerodynamics. In recent years aerodynamic dragdoaseban important
marketing feature for new vehicles, and the non-dimensional aerdydeag coefficient
“Cp” has been compared in importance to the compression ratio eofintiernal
combustion engine, (Hucho 1998). T@g values for typical passenger cars has dropped
from about 0.5 in the 1960’s to around 0.3 in the early 1990’'s, however @rappebe
rising again as the demand for large and four wheel drive vehiotgeases. Drag

reduction may also adversely effect the vehicle brakingsyst the following ways:

11
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* The reduction in aerodynamic drag also reduces aerodynamic brakiregsing the
load on the vehicle braking system particularly at higherdgpee

» The result of reducing the aerodynamic drag of a vehiclenscather path for the air
to flow around the vehicle, which reduces the cooling airflowlabks to the vehicle,
(Garrett and Munson 1983).

* Reducing aerodynamic drag will allow higher vehicle speeds fgivan engine

power, potentially increasing braking duty.

However important the goal of low aerodynamic drag may be, eeh®lodynamics is
concerned with many other aspects of the vehicle performafce.directional stability
will be greatly affected by the overall flow field around thehicle. For optimal
performance of the engine, sufficient combustion air must belisdppir for cooling
(engine, brakes, electronics etc) and cabin ventilation musbalsonsidered. The flow
field around the vehicle should be controlled to minimise cabin noisgeisas dirt
deposition from spray water that may impair the driver'shilisy or the effectiveness of
the lights. The following table adapted from Hucho (1998) outlinesatbas of the

vehicle which are directly influenced by aerodynamics:

Vehicle Aerodynamics

Cooling Performance Comfort Stability Visibility
Engine Fuel Economy Ventilation Directional Dirt
Transmission Emissions Heating Crosswind Sensitivity = Splaspr&yS
Brakes Maximum Speed Air conditioning Wiper Lift off
Condenser Acceleration Wind Noise

Table 2.2.1 Spectrum of Tasks for Vehicle Aerodynamics, chiu(1998)

Clearly from the above table the wide range of areas thataeamics has to cover is
apparent. This spectrum of tasks often creates conflictopgresnents, the best engine

cooling is provided with large openings at the front of the vehlawever these openings

2 D=YpV’CA
Where D = Aerodynamic Drag
p = Density of Air
V = Vehicle Velocity
G = Non-dimensional Drag Co-efficient
Ar = Project Frontal Area of the Vehicle

12
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tend to increase aerodynamic drag. Furthermore vehiclesoargpecifically designed
around aerodynamic considerations; function, safety, economy, &=sthetc, are
generally the objectives of the design. These requiremelhtise strongly influenced by

aerodynamics, but the final result may be a compromisettalsneeds and desires.

2.2.1 Development of Road Vehicle Aerodynamics

The early stages of road vehicle aerodynamics involved develm@ag and shapes from
the aeronautical industry and applying them to ground vehicles. Groumdegeare
essentially bluff bodies and many of the aerodynamic requiremfent aircraft are
significantly different, as they tend to have aerodynamicacieristics more similar to
buildings rather than aircraft, (Cooper 1992). Although some bsnefite transferred,
the area of aerodynamics dealing with ground vehicles haddevedoped independently,
mainly through experimentation. This experimentation can be perfausieg 1:1 scale,
reduced scale or by utilising the fundamental thermal and fluid anezhequations and
locally solving them using a Finite Element (FE) or Finiiéfddence (FD) approach. In
recent years the development of Computational Fluid DynamiB)Gas complemented
and in some cases taken over from some of the experimental memudytesting.
However it is useful to note that in spite of the advanedsHD, large scale wind tunnel
facilities are still being constructed, including the $120 millBwerdrup Wind Tunnel in
Michigan, the Hyundai Wind Tunnel in Korea, and the $37.5 milli@nierChrysler
Wind Tunnel in Michigan. CFD is however playing an increasing rdlee wind tunnel
is still the most reliable tool available for aerodynatesting, (Cooper 1992), and for the
foreseeable future aerodynamics will still utilise experim@ra Some of the major tools

of aerodynamics are outlined in the following passages.

2.2.1.1. Wind Tunnels

The wind tunnel is the primary tool of aerodynamics; it providesrarolled environment
that enables simulation of airflow experienced by a moving whithere are two main
types of wind tunnel used in road vehicle aerodynamics, the Gottingeratg the Eiffel
type. In the former the air circulates in a closed ciramt in the latter the air re-
circulates within the confines of a building. These two typeginnel can have closed,
open or partially open jets. With open jets the flow can expand aroundstheehicle,
while closed sections do not permit this; partially open jets dlloited expansion. Wind

tunnels are usually designed with a specific function, some altetdsitudy effects of

13
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engine load, ambient temperature, solar radiation etc, arkhave as climatic chambers.
Generally climatic chambers have poor aerodynamic simulakiaraecteristics, as this is
not their primary function. Aeroacoustic tunnels are used tsuneavind noise and are
generally open jet as the plenum can be lined with noise suppressieningov
Increasingly tunnels are built for a combination of functions, and coayain moving
ground floors and/or boundary layer suppression, with chassis and/or brakeodyeizrs

to simulate on road conditions.

Issues Associated with Wind-Tunnel Testing

A wind tunnel is not capable of exactly reproducing all on-road conditibrean only
simulate some of them. As a result there are many pdtentoss and issues which need
to be considered before undertaking wind-tunnel simulations. One sucérrtomith
closed jet wind tunnels is the close proximity of the test@eatialls to the test vehicle;
generally it is desirable to have negligible influence on teedbject from test section
boundaries, requiring working sections to be relatively large. \Wdheimg on road, only
the ground provides a solid boundary, therefore an open jet tunneiesathe favoured
for road vehicle aerodynamics. Another important factor that beusbnsidered in wind-
tunnel testing of vehicles (particularly in closed test sectiondlockage ratio. Blockage
ratio is the ratio of the projected frontal area of thé abgect, to the cross-sectional area

of the wind-tunnel test section, it is often expressed ascapage:
= K x100% - Equation 2.2.1

Where: B = the blockage ratio
Ac = the projected frontal area of the test object
Ar = the cross sectional area of the tunnel.
The effect of blockage is an increase in the vgjoaf the local flow stream around the
test object, due to a reduction in area for thevflol'ypical blockage ratios for full-scale
automotive wind tunnels are between 5 and 10%patth blockage ratios of up to 20%
have been used, (Hucho 1998).

Most vehicle wind tunnels represent the road asatiosary floor, and not a moving

ground as on-road driving. The result of this nsadtered flow field around the vehicle
from both the development of a boundary layer enviind-tunnel floor, and the absence
of rotating wheels. The most obvious way of salvthis issue is to include a moving

ground floor in the wind tunnel, however the relatieffort in developing this, coupled

14
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with the financial implication, have meant simpler technighase been developed,

(Hucho 1998). These methods include:

* boundary layer suction, (boundary layer thickness is reduces by regraivifrom the
tunnel floor);

» second floor method, (the vehicle is placed on a second floor ab®vevtl of the
boundary layer);

» blowing air (blowing air into the boundary layer to acceleratdltve, compensating

for the reduction in flow caused by the boundary layer).

2.2.1.2. Flow Measuring Devices

Various flow-measuring devices are used in aerodynamicstefad\s state measurements
pitot static tubes and vane anemometers are commonly usedingteady or fluctuating
air flows the device must be capable of measuring the tasiaous flow at a point or in a
plane, both in magnitude and direction. Instruments which are cagahkasuring these
turbulent velocity fluctuations include hot-wire anemometand, dynamic Cobra probes,
(both of which may disturb the flow). Laser Doppler anemometersparticle image
velocimetry, are also capable of turbulent flow measuremetd have the added
advantage of not disturbing the flow, however both are expeasiddifficult to use in

the real world environment.

2.2.1.3. Flow Visualisation

Flow visualisation can provide qualitative (and in some casastitative) data about the
flow field around a test body; it is often a useful first stageaerodynamic testing.
Visualisation of the flow can be useful in determining arefhdlow separation, re-
attachment, and circulation, it can be used to determineoptienum locations for

mounting flow or pressure measuring devices. Visualisatioteachieved with:

» Wool tufts - short lengths of yarn taped at one end to thacudf the test object.

* Smoke generation — smoke is injected into the area of ineendghe path of the flow
stream can be traced.

» Pressure Sensitive Paint (PSP) - PSP fluoresces undewsivertight, as the pressure
increases with the wind-on, collisions between the oxygen and therpduce the
fluorescence of the paint. The detectable change in fllewescfrom wind-on to

wind-off condition can be used to calculate surface pressure; bottatjualand
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quantitative data may be obtained. However this techniqumited to relatively high
dynamic pressures.

» China clay — a mixture of fine clay and kerosene is applied ttethesurface, and the
surface shear stress from the airflow drags the mixtuoeliet path of the flow stream.

* Flow visualisation in water - the test object is placed straam of moving water,
neutrally buoyant dyes are injected which colour the flow paitle. flow conditions
within the water stream should be similar to those in the kfttwafield. To achieve
this all relevant dimensionless parameters must have the samesponding values,
they are then said to possess geometric, kinematic, dynamit¢hemnaal similarity.
Still photographs or video can then be used to study the flearst

2.2.1.4. Computational Fluid Dynamics

The high financial implications and the long development time &dsdcwith wind-
tunnel development of vehicles shapes has led the automotive ynaukiok for cheaper
viable alternatives. Computational fluid dynamics relies lo# use of computers to
locally solve the equations that describe the motion of fluids, ande used to simulate
the airflow around vehicles. The mathematical equationgythesrn the motion of a fluid
are based on the principles of conservation of mass, momentuenargy. The majority
of CFD software is based on the Navier-Stokes equation® #resa set of second-order
non-linear partial differential equations, which (apart fromtagerspecific situations)
cannot be solved analytically. Therefore CFD techniques ppeoximations of the
Navier-Stokes equations, which can be solved numerically, €Bl&2001). These
approximations use such technigues as Euler-method, Reynolds Alétager-Stokes
(RANS), Large Eddy Simulation (LES), and Direct Numeri&@mulation (DNS).
Numerical methods such as finite element, finite volume antk fufifference are then
used to solve these equations. As numerical solutions can onigeresults at specific
points, the model must first be divided into a number of disgpeints or a grid, the
approximation equations are then solved at each grid point. Thedmadl is a series of
numbers, which are usually displayed as a graphic for ease of amdiémgt The density
of the grid size will have a direct bearing on the accucthe results as well as the
computational time required to complete the simulation. Gialulations are useful for
predicating flow field trends in the early stages of vehicleedgment, as shape
modification is possible without the need to build the physical mo@#D solutions

seldom replace wind-tunnel testing as accurate quantitatigseislasually not possible, it
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can however ensure time in the wind-tunnel is used more efficigrticho 1998). It
should be noted that CFD is still a developing technology, anchdergoing rapid

development.

2.2.15. Reduced Scale Testing

Due the scales involved it is not always practical or cdst®fe to perform aerodynamic
testing on full-size objects. Model-scale testing offeigaatages in cost and time, and is
usually part of the early stage of new vehicle development. edemin order for results
from model tests to be valid for the full-size equivalent, aertanditions must be met.
In general there must be kinematic similarity between mied¢land the full-size on-road
equivalent. This means that the Reynolds number for the model slymalidtiee full size

Reynolds number. The dimensionless Reynolds number represeratative effects of

viscosity and inertia on the flow, and if these effects lmeesame for the model as the full
size object there is kinematic similarity. In order ¢hiave this, the wind-tunnel velocity
may need to be increased by the same scale as the tese wdimelnsions are to the
model. This can introduce compressibility effects, (Cooper 199&)agrbe beyond the
capabilities of the wind tunnel. Road vehicles are however Iblodlies and are not
particularly sensitive to Reynolds number, so aerodynamic testimgodels can provide
reasonably valid results at lower than full-scale Reynolds nient@s long as the

Reynolds number effects are understood, (Watkins 2001).

2.3 Aerodynamics and Brake Cooling

As previously stated, the primary means of heat dissipatmm & brake rotor is by
convection. Increasing either the surface area of the (Btpror the heat transfer
coefficient (h) will improve convection. In order to maximise cooling by coneecta

sufficient supply of cooling air must interact with the heateaneints. Clearly cooling
can be improved by guiding air towards the appropriate parts, mamgples of this can
be seen in motor racing, however this may have a negative effethe vehicles drag,
(Jerhamre and Bergstrom 2001). Consequently a compromise maibeed between
effective cooling and minimum drag. The situation is further caraf@dd by the nature of
the airflow in the vicinity of the brake rotor. Generally thiflow is extremely unsteady

and turbulent, (Fabijanic 1996), and is influenced by the local ggpnand vehicle
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velocity. However it is very difficult to relate cooling the geometry of components or
vehicle speed, (Jerhamre and Bergstrom 2001). The airfldurtiser affected by the
pumping action of internally vented rotors, and pitching of the mowinicle creating its
own pumping effect. The nature of the flow in and around the bra#eaiso means that
a single Reynolds number cannot fully describe the flow in tlgeome (Sheridan et al.
1988; Jerhamre and Bergstrom 2001). The flow may be laminar ondhef the rotor

and turbulent within and exiting the vanes.

The selection of wheel will also have an influence on thedymamics in the vicinity of
the brake components, a more open wheel (large open area)owllnabre cooling flow

to reach the rotor. Significant improvements in cooling werend by (Sheridan et al.
1988) when comparing the effect of two different wheels on brake ngpoliThe
comparison was made between a steel wheel with an open fa@@cof, and an
aluminium wheel with double the open area, the improved coolingtirdsuted in part to
the larger vent area. Garrett and Munson (1983) estimatetbthaimedium size family
car a minimum open area should be 7F,dout found improvements could be achieved

with openings of up to 150 én

To date little work has been done on this particular area of asandgs, and research has
generally been limited to the effects of lift and drag cdusg wheels both fixed and
rotating including Fabijanic (1996) and Axon, et al. (1999). The osiship between the
flow within the wheel-well with lift and drag has also been suidi®perimentally and
computationally using CFD, (Fabijanic 1996; Axon, et al. 1999). Habij§1996)
showed the flow within the wheel arch to be very unsteady, anaatker from entering
the wheel arch to exiting at the same position with no obvious pétjodi€his flow is
further complicated by the movement of the suspension creating @uraping effect
within the wheel arch. Most aerodynamic research in the afrdamake cooling has
focused on the airflow through internally ventilated rotors in temia and has not

considered the effect on the flow under normal driving conditions.

2.3.1 Aerodynamics of Vented Brake Discs

The need for increased cooling of disc brakes led to the developimearited rotor discs,
however the advantages of vented discs over solid discs is fleetsaftsome conjecture.

The primary advantage of vented rotors is increased heapatissi from internal
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pumping of air, however under slow speeds the pumping action ofaties vs minimal
and only becomes pronounced as rotor speed increases, (Day and NewcombAt984)
higher speeds the airflow flowing around the disc as a resutedbtward movement of
the vehicle, tends to prevent effective pumping of air throughdhesy (Limpert 1975).
Early work by Limpert (1975) indicated that the heat dissypafiiom internal ventilation
amounted to about one third of the total heat dissipation from the botosuggested it
was the larger surface area and not the pumping action thatthamajor contribution to
cooling. While vented rotors do provide a larger surface ameadat dissipation, and
extra airflow from the pumping effects of the vanes, it nmestemembered that they will
usually have a reduced mass than their equivalent solid rotothanefore have less
capacity to store thermal energy. Much of this work haslwed attempts to increase the
flow through internally ventilated rotors. One approach has eengse of curved vanes
instead of straight vanes ones. Curved vanes can creat®m@aldaooling in two ways;
firstly an increase in surface area of up to 30% can be\sah (Limpert 1975), and
secondly optimisation of the vanes can improve the pumpingesféigi Daudi (1999)
used commercially available CFD software to compare the glenerated by straight and
curve vane rotors, and found significant reductions in rotor tempesatiging curved
vane rotors when operating in still air. However curved vates add to manufacturing
complexity and introduce the need for different rotors for eachdfidiee car, (Hudson
and Ruhl 1997; Zhang 1997), potentially resulting in four different rommrsafgiven
vehicle.

Many attempts have been made to improve the cooling ability a§istrvane ventilated
rotors. Zhang (1997) proposed a redesign of vented rotors to irmsiunjetimised number
of flow passages, improved rounding on inlet vanes, and a longakemative vane
configuration. This design contains twice the number of oudees as inlet vanes, in
order to reduced inlet blockages and guide to flow though the exit eawigy. The
configuration was modelled on CFD software and a 42% increase intlilmugh the
vanes is claimed, however no experimental verification isrgivA similar technique was
used by Daudi (1999) to develop a rotor with three times the numhmitlet vanes as
inlet vanes, providing 35% more flow through the vanes when testednoodel in still
air. A long-short vane rotor configuration was also devised by Kudicah (2000), this
was tested using a one-tenth scale disc brake assembly mba®rsed in a water tank to

find a relationship between rotor shape and cooling performance. HadsbiRuhl
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(1997) looked at ways of increasing the centrifugal pumping of egistnted rotors by
using traditional turbo-machinery techniques to improve flow condétahe inlet to the
vanes. Airflow from the modified rotor were measured at thietoot the vanes (without
wheel and tyre blockage or an external airflow) using an adapted hole pitot static
tube at the outlet of the vanes. The results of these moidifisadre presented in Table
2.3.1. The modifications were designed to reduce flow a@pas and decrease losses
while keeping the symmetry of existing vented rotors. Experiahem:-vehicle testing of
the modified rotor resulted in temperatures of between 3-6% |dvaer the production
rotor at the end of a ten stop fade test. Daudi (1998) also coddiuhe CFD modelling
that increased airflow through a vented rotor could be achieveltblyray air to enter the
vents from both the inboard and outboard side of the rotor. Another developase
been the cross-drilled or axial cooled rotor; this increasesuitii@ece area presented to the
atmosphere and can potentially improve cooling, however the roter andsfriction area
are reduced. Analytical work by Limpert (1975) showed thaatitition of axial cooling

passages reduced cooling effectiveness; this is mainlyutd to the increased heat flux.

Visualisation of the flow through ventilated rotors by Kubotaalet(2000) using scale
models submerged in water, indicated significant regions ofratepaflow within the
vanes of the rotor, which would indicate that increased flow coulddbéeved with
optimised designs. Measurement of the airflow through the vanasvehfted rotor is
extremely difficult while on the vehicle, so it is usually demésolation, [see Hudson and
Ruhl (1997) and Jerhamre and Bergstrom (2001)]. Sisson (1978) developeitbthied
empirical equation from measurements of the flow through assefi vented rotors in

isolation at varying speeds in still air:

V. = aDo+/-0.0201+ (0.2769x D, ) - (0.0188xD?)  Equation 2.3.1

Where

Vave = average velocity of airflow through vanes (m/sec)
o = angular velocity (rads®
Do = outer diameter of rotor (m)

D, = inner diameter of rotor (m)

This relationship was valid for the range of rotors tested foutside diameters of

9 inches to 16 inches and inside diameters of 4 inches to 7 iftbgs— 178 mm).
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Similar work by Limpert (1975) also produced an expression for theageevelocity

through a rotor:

V,, = \%[1+ A—J V, =0.052N(DZ -D?)’2  Equation 2.3.2
ut

Where

N = revs per minute of rotor

Vin = air velocity at inlet (m/sec)

A = vent area inlet ()

Aout = Vent area outlet (f)
It should be noted that neither equation catersii®mumber of vanes in the rotor, as both
authors found that the number of vanes did notatfee amount of air pumped, provided
that the flow areas were the same. However Zha8§8) concluded that a square cross
section provides the lowest wetted perimeter aedefbre lowest viscous friction losses,
as it has the shortest perimeter than any othdamngualar shape. Thus the optimum
number of vanes could be calculated using the f@amu

Z= D Equation 2.3.3
w+t

Where: Z = number of vanes,
D = the mid diameter of the rotor,
w = the flow passage width,

t = the thickness of the vanes.

Hudson and Ruhl (1997) used turbomachinery teclesigqo improve the airflow through
a typical ventilated rotor, and compared experimlefmdings with values expected from
both Limpert and Sisson’s equation. Hudson and R1997) suggest three improvements
to the existing brake rotor including a roundecatirdhamfer, a rounded inlet horn and a
pre-impeller, all of which reduces the number adrghedges the flow interacts with. The
results of these experiments are compared to seslitained analytically from both
Sisson’s and Limpert's equations in Table 2.3.Iss@’s relationship yields values of
average velocity higher than Limpert's, althoughthb@appear to give reasonable

correlation with the average velocity recorded lmdsbn and Ruhl (1997).
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Average Vent Flow Velocity (m/s) — Calculated vs. Measured

Calculated Measured - Improved Rotor
RPM Limpert Sisson Prod. Cham. Horn Prelmp.
600 0.80 1.20 0.957 1.058 1.264 1.526
800 1.07 1.60 1.159 1.281 1.688 1.967
Table 2.3.1 Average vent velocity as measured at 1 cm beyamel outlet, Hudson and
Ruhl (1997).

It must be remembered that the above results were obtainedeftpaerimental work
conducted on rotors operating in still air, which is considerablfergift to that
experienced by a rotor under normal operating conditions. Also thetseffé vehicle
velocity or inlet restrictions such as splash shields, caflipad suspension geometry etc
were not considered. To measure the airflow in this regiomeancorrect operational
environment on-road or full-scale wind-tunnel tests are requirexvelter, no published
material is evident, due to the level of difficult involved iompleting these tests.
Increasingly Computational Fluid Dynamics is being used in antéfioeduce the need
for and to complement wind-tunnel testing. Jerhamre and Bergs2@di) found good
correlation between the experimental results and the results abthimm a CFD
simulation for a rotor operating in still air. Others inchgliSheridan et al. (1988), Zhang
(1997) and Daudi (1999) have used thermal modelling and CFD techniqugzrdve the

cooling of brakes, but these have not included experimeritdatian.

2.3.1.1. Centrifugal Fan Theory Applied to Vented Brake Rotors

Internally vented rotors are designed to generate airflowsimdar way to a centrifugal
fan or blower; airflow is created through a combination of @irfldeflection and
centrifugal force, (Bleier 1997). Turbomachinery theory and theryhaf centrifugal fan
design have been used by Hudson and Ruhl (1997) in an attempt to irtipraaieflow
though these rotors. The vane or blade configuration is essentiantrifugal fans,
however for simplicity and ease of manufacture brake rotors Iyscahtain simple
straight vanes with radial configuration. The main typeblafle configuration used in
centrifugal fans, and their potential for use in brake rotorasnaed in the following

section. Diagrams of these configurations can be seen ireRigaiul. It should be noted
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that centrifugal fans are generally fabricated, wheredsebrsors are cast. Therefore the
relative advantages of the various types of centrifugairfay not be easily transferred to

brake rotor applications.

Centrifugal Fans with Aerofoil Blades.

This type of fan has the best mechanical efficiency, tbhexebr a given power input it
will displace the largest volume of air, however efficierecyg very minor consideration in
brake rotors. The benefit of maximum airflow for cooling far oigve any possible
gains in efficiency, (Hudson and Ruhl 1997). This type of vane coafigaris widely

used in clean air and ventilation systems.

Centrifugal Fans with Backward-Curved Blades

These vanes are curved in the opposite direction of rotation awd @néorm thickness;
they have slightly lower efficiency than aerofoil blades but kbandle contaminated air
streams. They are commonly used in air extraction systants,in boilers for both

induced and forced draft systems.

Centrifugal Fans with Backward-Inclined Blades

This vane configuration is one of the most economical to consitsigherformance is
similar to backward curved fans although slightly lower in mechaeita@iency and in

structural strength.

Centrifugal Fans with Radial-Tip Blades
These vanes are curved at the leading edge but the bladeetiaslial, generally used in

large sizes, (diameters 750 mm to 1500 mm). The shape ofdiaétiia fan blades allows
self-cleaning, and is often employed in areas with high temperand high concentration

of solids.

Centrifugal Fans with Forward-Curved Blades

Vanes are curved in direction of rotation, with a large blad&atigese fans will generate
flow rates much greater than any other type of centrifugal Tdrey are often used when
compactness is more important than efficiency, which would apgpemake them the

most suited to a brake rotor configuration.

Centrifugal Fans with Straight Radial Blades
This configuration is most often employed in brake rotors; straighés allow the same

rotor to be used on both sides of the vehicle as well as beingesionpast. Radial blade
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fans are rugged and self-cleaning, but have low efficiency atieetnon-tangential flow

conditions at the leading edge.

@a@

Straight Radial Blades Radial Tip Blades Backward Inclined Blades
Backward Curved Blades +1 Aerofoil Blades

Figure 2.3.1 Various Blade Configurations of Centrifugal Fans Ada&pt from Bleier
(1997)

Apart from vane configuration there are other techniques used infugalt fan design
that are applicable in ventilated rotors. Centrifugal fares @wsually designed from
empirical data and experience of the designer rather than byndesculation, (Bleier
1997). The number of vanes and hence the number of flow passagesia$ ioruc
centrifugal fans. The flow passage must be narrow enougjoémt guidance of the flow
stream but wide enough to ensure resistance to flow is a mininfion centrifugal fans
there are well documented recommended numbers of vanes forithes\v@nfigurations
ranging from 9-12 for backward inclined and backward curved farg&}-@ for forward
curved fans, (Bleier 1997). Experimental work by Sisson (1978) showeduthber
blades (when varying from 20 to 40) to have little effect on Ithe through brake rotors.
Daudi (1999) used CFD techniques to study the flow in varying nuaflfeow passages
in a brake rotor, and found the optimum number to be 72, using a long-stmat v
configuration. The use of these partial blades at the outeopadin reduce the flow area
where it is largest and channel the airflow, but these outeleblare not considered
beneficial in centrifugal fans as it doubles the number of flestrictions which is the
main source of turbulence. In brake rotors the losses due tautbidence may be
insignificant compared to the gains in cooling provided by the additibeanal mass and

surface area.
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2.3.2 Predicting Brake Disc Temperature

The temperature a brake disc will attain during braking isctijrgoroportional to the
initial kinetic and potential energy of the vehicle. All the rgygeof acceleration must be
dissipated in braking, either through the engine, aerodynamic déorigdbraking systems.
For a vehicle braking on a flat surface the energy createdakinigr will be, (Limpert
1999), (neglecting engine or aerodynamic braking):

E, =%m(v12 -v2) +%I (W’ - i) Equation 2.3.4
Where:
m = mas:of vehicle
v,,V, = velocityat startandendof braking
| =inertiaof movingpartsof engineandtransmisson
w,,w, = angularvelocityat startandendof braking
if v, =0 then

E, =%mvl2 +%le Equation 2.3.5

andv=ra, then

kmy

2

E, =1m(1+ 2' W2 = , Equation 2.3.6
2 rem
k= 1+2i (a correctionfactorfor rotatingmasses
rem

Where drive trainandengine)
r =tyreradius

train

The value of k is dependent on the gear, but valoes typical passenger range from
about 1.05 in high gear to 1.5 in low gear, (LimE99). For a vehicle travelling on a
slope the energy required in braking is given by:

E, =Wh+ I%m(vl2 -V2) Equation 2.3.7
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W =vehicleweightmg (N)

Wh
ere h = verticaldrop (m)

As well as this, braking will also be assisted slightly byrtikng resistance of the wheels
and from aerodynamic drag; it is only possible to obtain an estimati the energy
generated in braking from the above equations under certain assumpfiores assume
the brake components absorb all the heat energy, as inghefca single stop, (Limpert
1975), it is possible to obtain an estimation of the energy absbybind rotor. However
according to Garrett and Munson (1983) it is not possible to analytiradict the rate of
heat dissipation from the rotor with any degree of accurawy,amy estimation of heat
dissipation must be through empirical means. Without knowledge dfetitedissipation
rate, it is extremely difficult to accurately predict tlenperatures reached in braking.
The estimation may be further complicated if multiple brakeiegibns, aerodynamic
drag and engine braking consideration are incorporated. Thesbloarh in Figure 2.3.2
shows the relationship between vehicle velocity and the aerodyraagcforce for a
typical large modern family sedan, with a projected fronted @f 2.0 hand a G value
of 0.31.

Relationship Between Vehicle Velocity and Aerodynam ic Drag for
Typical Family Sedan
Cp=0.31, A=2.0m?
450
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g 350
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o £200 -
§ 150
S,
g 100 -
& 501
0 T T T T T
0 20 40 60 80 100 120
Vehicle Velocity (km/h)

Figure 2.3.2 Aerodynamic Drag Force Vs Velocity for Typidgmily Sedan

However for a repeated brake applications such as a down hill descesiiple
expression cannot be used to determine temperature as hebé wiksipated from the
brake components, and actual temperature prediction becomes matexcd®heridan et

al. 1988). A simplified energy balance of the process is sio®wigure 2.3.3.
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Figure 2.3.3 Heat Dissipation from Disc Rotor, adapted franmpert, (1999)

As can be seen from the above diagram the temperature distriijuite complex, the
heat flux will vary with time, a linearly decreasing hélak is often assumed, (Sisson
1978). The heat transfer coefficigh) will rarely be constant, although an average value
is usually assumed. Noyes and Vickers (1969) developed a thewdal based on the
numerical finite difference method, and made the following lesinans on energy flows

at the end of 10 stops from 60 mph:

* 60% of the energy is dissipated by convection,
* 34% remains as stored thermal energy,

* remainder is lost by radiation and conduction to the lining.

This appears to agree with Sheridan et al. (1988) who found that aboubfobéat
dissipation is by convection to the atmosphere in almost allrgyaionditions. Limpert
(1975) presented equations for predicting the bulk temperature of dikespréne

expression however assumes a lumped temperature distribution.
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In order to accurately determine brake temperatures atiauyarttime(t) in the braking
phase, knowledge of the heat transfer coefficient is requifée. heat transfer coefficient
(h) will depend on the airflow in the region of the brake rotor, andvéiiécle speed. It
will therefore vary constantly throughout the braking processs dgenerally considered
extremely difficult to obtain accurate values of the heat tea®efficient, with errors of
between 10 and 30% considered acceptable, (Limpert 1975). Limpert (&%0b)
presented empirical equations for heat transfer coefficientddtr solid and vented
rotors. These equations were obtained experimentally arzhseel on Reynolds number,

with different forms for laminar and turbulent flow.

There have also been many attempts to model both the tramsidnsteady state
temperatures of brake rotors with varying degrees of sucddasy examples are found
in the literature including Noyes and Vickers (1969), Sisson (1978),dbd Newcomb
(1984) and Sheridan et al. (1988), and the accuracy of these mogslsliy determined
by the heat transfer coefficient. The level of compleaftthe models generally reflected
the technology available at the time, with the complexity easing with advancing
computer technology. In recent years advances in computer techhal®gnabled CFD
solutions of the fundamental thermo-fluid equations. This approachlloagd models
to move away from bulk temperature analysis to determinethettemperature profiles
and the air velocity contours on the surface of the brake rotesedRch conducted by
Jones et al. (1995) found excellent correlation between experinemaCFD results.
Krusemann and Schmidt (1995) also found CFD to be a useful tool for umdéngtéhe
air in, around and through the brake disc. More recent work by Jerfaard Bergstrom
(2001) found that by comparing CFD studies with experimental finditagseptable
accuracy” could be obtained from standard CFD software. In wes8s the accuracy of

CFD is dependent on cell size, which is in turn limiteccbsnputer power.

2.4 Experimental Techniques

The most straightforward brake testing conducted on a vehicleiddlyusn a test track.
The instruments are placed on the vehicle and the brake parfoenis assessed over a
series of predefined test. However these tests may only atthe final stages of design,
and it may be difficult to obtain quantitative data, as threalsbes are not easy to control.
Other tests may be carried out on a brake dynamometer; aflgehis simulates on-road

braking in a controlled environment. Tests are carried out élvehicle stationary, but
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with the wheels rotating, allowing repeatable data to bkeated, although some real
world parameters are absent such as airflow around the vedtiolespheric winds, lateral
forces induced by cornering etc. As dynamometer tests are osipleasn a vehicle late
in its development period, manufacturers are turning more and mom®nputer
simulations for all aspects of vehicle design. However thk siiandards of performance
and safety required in braking make the physical testing of compaessgstial, (Kruger
et al. 1995).

2.4.1 Disc Brake Temperature Measurement

Exact temperature determination of a brake rotor presents aenwihproblems. Firstly

there is obvious difficulty in obtaining the accurate temperdtora a spinning disc, and
secondly it is unlikely that a uniform temperature exists dwerentire rotor, (Idogaki et
al. 1987). Any temperature measuring system must consider bdibal rand

circumferential temperature gradients. The system must @lsvide a quick enough
response to accommodate rapid temperature changes as \Wwalliag enough range to
cover all temperatures from ambient to in excess of “T0(Eisengraber et al. 1999).
Thermocouples provide a rapid response and can be obtained to suit tibelapar
temperature range. However the difficulties in obtainingcanrate temperature from the
rotating disc must be addressed. Methods frequently usedndedding thermocouples
in the pad, embedding thermocouples in the rotor, or rubbing thermocoupledech on

the side of the rotor, (Limpert 1975). All of these solutioresent their own problems.
Thermocouples imbedded in the rotor require a slip-ring arrangemenransmit the

output to a logging device, (Limpert 1975), and because the meastirsmaken at a

fixed point, this temperature may not be representative obvkeeall disc temperature,
(Eisengraber et al. 1999). Pad embedded thermocouples onlyrméamperatures at a
fixed radius and assume no circumferential temperature gradlsatthe temperature in
the pad may lag or differ from the rotor. Rubbing thermocoupkesrakasure at a fixed
radius but can be adjusted easily, however the accuracy efithsther complicated by
factors such as self heat generation by friction on the diddaat transfer from the disc
to the thermocouple, (Limpert 1975). It must also be noted that degesdihe response
time of the thermocouple and the rotational speed of the rotaertigerature response of
pad imbedded and rubbing thermocouples can be averaged over seati@igaif the

disc, (Eisengraber et al. 1999). Limpert (1975) concluded that rubb@rghocouples

generally yielded temperatures of up to°Crhigher than the actual temperature due to the
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heat generated by the sliding thermocouple. However Eisengrailer(£999) believed
rubbing thermocouples consistently unvalued the temperature by up f&,7and
concluded that instantaneous temperature could only be reliably exbtaynpermanently

fixed thermocouples.

Clearly the above methods of temperature measurement can peyedt when
considering the rotor temperature as uniform. To measure tipetature distributions on
a brake rotor, non contact temperature measuring devices areloaded thermometers
and cameras (known as pyrometry) have been used successfully Sarimgdhe disc
brake temperatures, (Woodward et al. 1993; Dinwiddie and Lee 1988; éti al. 1998;
Eisengraber et al. 1999). However measuring the temperatareotdting brake disc via
infra red radiation also presents some problems. Firstlgrddeng operation creates dust,
which can obscure the sensor, and secondly the emissivity of tieeiahanay change
with temperature. Systems developed by Idogaki et al. (1987 Wsowtiward et al.
(1993) have successfully overcome these problems. One majantage of optical
pyrometry is the ability to measure temperature gradienthatsgots in the brake rotor,
this can be achieved by sequencing the scanning frequency of theeparéonmatch the
rotational velocity of the rotor, (Little et al. 1998; Idogakeét1987). In recent years the
development of high-speed infrared cameras has enabled pwsasurement of rotor
temperatures. Dinwiddie and Lee (1998) used such a system samnmélae development

of hotspots on the surface of a rotor when studying the thermakjpddeomenon.

2.5 Conclusions from Background Research

The considerable numbers of problems caused by excessive brgleratmes makes it
an important topic of research, both from an economic and safetlygiaiew. Although

there has been limited research into the aerodynamic asfpbrike cooling, it appears
that there is further scope for improved cooling in this ardtais first necessary to
understand the main parameters that effect the cooling obdikes, and establish how
best cooling could be achieved. The current research illustretethere are no clearly
accepted methods of how to achieve optimal brake cooling. Igemerally agreed that
vented discs achieve superior cooling than solid discs, howeverdemprdo Limpert

(1975) this may depend on the type of braking operation. There ardif¢sing views
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on the design of vented rotors, however from this review it wopjrear that the best
possible design would contain forward curved vanes, with an alterniainggshort
configuration, as suggested by Daudi (1999). This type of rotor woupdadeés the
maximum amount of air for a given speed, and the curved vanesnsambith short
vanes at the exit would also give the maximum possible surfaeet@ interact with the
airflow. The number of vanes and the vane angles may need to besegtiior each

particular application.

Most of the research into the topic appears to be either froaemuynamic approach
where airflows are examined, or from a brake cooling approacheveisgc temperatures
are examined. Rarely has the research attempted to agthdev measurements to the
thermal performance of the braking system. In the desigeluties, aerodynamic work

is usually applied late in the design process and is usuallycohdary concern to other
aerodynamic considerations such as drag and vehicle stabilitytharefore optimal
aerodynamics for brake cooling may not always be achievedon&aty aerodynamic
effects such as the wheel or the wheel arch geometry havedneen little attention in
previous work. Although Garrett and Munson (1983) believed that the oparoaithe
wheel should be 70 cvor greater, attempts to reduce vehicle drag have resuited i

smaller open areas in many standard vehicles.

The most recent work in the field used the latest in CFD tquba in an attempt to model
and improve the airflow in the vicinity of the brake rotor. Mudhhis work has been
involved in the evaluation of the application of CFD to this type pobblem.
Comprehensive experimental testing seldom follows up the work.ddiian the real
flow regime is not axis-symmetric around the rotor, and the acgwhcomputational
work is constrained by the difficulty in modelling the complex vehgéometry in the
vicinity of the brake rotor, (Zhang 1995).

Measuring the flow through vented rotors is the most common mefraxtessing their
ability to displace air. Most of this work has been conducted lasuamg the airflow at
the outlet of a rotating brake rotor in still air; this isastly different environment to the
actual working condition of the rotor. Airflow around the rotor (duthéoflow imposed
by the forward motion of the vehicle), may have a considerdf#geteon its ability to
displace air. It is known that the airflow within this regieneixtremely unsteady and

turbulent, however it is unclear what happens to the flow througtedeotors under
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these conditions. CFD studies have shown that warm air exiomg the vanes may
actually re-circulate again through the vane inlets, (JerhamideBergstrom 2001), this
may well be true for lower vehicle velocities. For higkehicle velocities it is believed
that the pumping effect of a vented rotor is reduced astampts to enter the outlet of
the vanes, (Limpert 1975). A clearer understanding this flowpregent opportunities to
improve the overall flow in this region, and hence improve the copknprmance of the

braking system.
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CHAPTER THREE

3 RESEARCH METHODOLOGY

3.1 Introduction

From the review of the background material it is evident thptorements in automotive
brakes could be achieved with a better understanding of the aemudgna the region of
the brake rotor and surrounding components. Generally aerodynamamstiarsed in a
passenger vehicle for such things as minimum aerodynamic eédugsed cabin noise,
maximising engine-cooling etc, and aerodynamic cooling of brakes iseadndary
concern. In the vehicle development stage it is usually onlyahepresentative vehicle
is available that a true understanding of its aerodynamic chésdicts can be obtained,
(Garrett and Munson 1983). Therefore, with the exception of ra@hgles, little is
known about the aerodynamic cooling capabilities of the braking systéhvery late in
the vehicle development, and the efficient use of air to coakesr tends to be
underdeveloped. The amount of research into the aerodynamic akjpeake cooling
has been limited, even though most of the heat generated in biskisgipated to the air
as it flows around the rotor and thermally linked components. Thefgaprodynamic
research in brake cooling has been narrowed in recent yeaosngyGFD modelling of
brake rotors in isolation and in some cases within the vehicle badyever without

realistic experimental validation of these studies difificult to access their accuracy.

In this chapter a research methodology is outlined, in ordewn&lafean understanding of
the main parameters which affect disc brake cooling, and to uadeérshe airflow
through vented rotors both in still air and on-road conditions. A igéiscr of the

experimental equipment is also given.
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3.2 Research Methodology

Depending on the type of disc employed (solid or vented), thereecamobseparate but
interacting flow fields contributing to the cooling of automotive disakes. One is the
airflow through a vented rotor as a result of the rotation of theel(vent airflow), and
the second is the airflow induced around the rotor as a resuk édrivard movement of
the vehicle (external airflow). Both are complicated by th&uémice of the wheel and
body structure as well as the vehicle speed. There arepibssible approaches that could
be adopted when looking at this particular type of engineering pnobdmalytical,
computational and experimental. An analytical approach is dfierfirst step in any
engineering development, and although sometimes many assumptiorts havmade it
can serve as a good guide, but due to the complexity of solving veengwy equations
detailed accuracy is not possible. It is widely agreedahatnalytical approach is limited
to very simple or specific cases due to the complex natuteeomo-fluid problems.
Computational approaches are rapidly developing and much work has beeandibree
evaluation of their accuracy, however with the complicatiobwof separate flow fields,
results may be questionable without experimental validatioms dxtremely difficult to
use CFD for predicting performance where complex geometry slapeassociated with
high Reynolds number separated flows. Experimental methods areottetried and
trusted, and as the airflow in the region of interest isexty complex and turbulent, this

approach was considered the most suited for the problem undstigation.

3.2.1 Design of Experiments

The experimental work was divided into two separate phasesfifBhghase of the
experiments was designed to establish quantitative data orrftbe @éinrough a standard
vented brake rotor, independent of the vehicle, and subsequentiynmulated version of
the on-road condition. As discussed, the aerodynamic cooling fraomative disc
brakes can be as a result of two separate but interacting fttevrsa internal and external
flow. An understanding of the contribution of both these flows to thergpofi the rotors
needed to be obtained. Measurement of the flow within the retds was not practical
due to the size of the passage, complexity of instrumentatiertauwotation, and any
flow-measuring devices within the passage would restrictltve. f Therefore the flow
was measured at the outlet of the vents. The extretmddylent and three-dimensional

nature of the airflow in this region means that any flow-meag device must be capable
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of measuring multidirectional flows, as well as mean and twaeying flows.
Traditionally the airflow though vented rotors was measured using gtisic tubes,
(Hudson and Ruhl 1997) or hot wire anemometers, (Jerhamre and Ber@ifdm
however these devices present their own disadvantages whetousedsure this flow.
Pitot static tubes are not suited to fluctuating or turbulentsjeamd hot wires are not
particularly robust. Dynamic Cobra probes offer a real, robeshaod of measuring and
analysing flow (see Hooper, (1997); Hooper, (1995); Watkins et @02}, and were
used to measure the flow at the outlet of a vented brade rot

The second phase of experiments was performed on-vehicle, and wgsedet
determine the main parameters (including aerodynamic) that #fe¢hermal behaviour
of the rotors in braking. By measuring the rotor temperaturestjirduring heating and
cooling cycles, the major parameters affecting the ratekeafing, cooling and heat
dissipation could be evaluated. The parameters under examimatiotied the effect of
rotor type, wheel type and vehicle velocity. Generally ehisle brake testing is done on
a brake dynamometer or the vehicle is instrumented and thgtessperformed on-road
or on a test track. Performing these tests on-road introducesnber of difficulties,
including repeatability, safety and complications with instmtaton. Dynamometer
testing also has limitations, since it does not usuallyicael the aerodynamic cooling
provided by the forward movement of the vehicle. Thereforgsteim of brake testing
which combined the advantages of both testing options was developdutake test
facility was incorporated into the existing RMIT Industrialn@ Tunnel in order to allow
stationary brake testing similar to a dynamometer, whitevétlg equivalent on-road wind
velocities to be included in the tests. The simulation does diffgrtly from the on-road
condition due to the absence of a moving ground floor. However thehesl is rotating
as with a moving ground, and the repeatable nature of thegtediows for comparative

testing of such parameters as rotor type, wheel type endle velocity.
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3.3 Experimental Equipment and Instrumentation

3.3.1 Equipment

3.3.1.1. RMIT Industrial Wind Tunnel

The tests were conducted in the RMIT Industrial Wind Tunnel in omsimulate the
local airflow in the region of the brake rotor. The RMITnd/ Tunnel is a Gottingen type
(closed return), with a 2m x 3m x 9m closed working section. hersatic view of the
tunnel is given in Figure 3.3.1. Retractable turning varlesvaaccess of full size
vehicles, however due to the relatively small size otdhe@el compared to a road vehicle,
blockage must be carefully considered, see Section 5.2. aliratsletails of the tunnel

are given in Table 3.3.1.

RMIT Industrial Wind Tunnel

Turbulence intensity 1.8%

Test section dimensions 2m x 3m cross-section x 9m long
Contraction ratio 2:1

Maximum velocity 40 m/s

Table 3.3.1 Salient Details of the RMIT Industrial Wind Tunel

ff Flow 3O
i S
7 S)
@ 3
Turning
Vanes
Retractable Turning Vanes
Vehicle
Entrance K J
= KK Diffuser Section jj
K& Section Jj
Not To Scale Brake Test Rig Control Panel Contraction

Figure 3.3.1 Schematic View of RMIT Industrial Wind Tunihe
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3.3.1.2. Rotor Test Bench

The rotor test bench was developed to enable rotation of a brakendependently of the
vehicle, both with and without the presence of the wheel. iBheonsists of a 3-phase
motor mounted on a stand with a direct connection to the brake rotoigsge B.3.2.
The height of the test bench above the ground was chosen to ensatertiweas clear of
any boundary layer ground effects. The motor is powered throughableafiequency
controller, enabling speeds from 0-3000 RPM (0-50 Hz). A digithloiaeter directed at

the shaft provided confirmation of the rotational velocity.

Figure 3.3.2 Brake Rotor Airflow Test Bench

3.3.1.3. Brake Test Rig

The Brake Test Rig, located in the working section of thelwunnel, was developed by
the author in conjunction with technical staff in RMIT Univer'si school of Aerospace,
Mechanical and Manufacturing Engineering. The rig was desigpedifisally to
examine aerodynamic cooling of automobile braking systems for bothe@arch, and
future commercial applications. The device enabled the whetbleofest vehicle to be
rotated independent of the engine, which together with the airfiavel tunnel, allowed

simulation of the local flow field around the brake and surroundamyponents.
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Wind Tunnel

Test Vehicle

Drive Wheel

Torque -

Transducer
Brake
Applicator
Variable speed | Data Acquisition Personal
Gearbox System Computer

Figure 3.3.3 Schematic of Brake Test Rig

As can be seen in Figure 3.3.3 the wheel of the test eetdri be positioned on a pair of
supporting wheels, a driver and an idler. The drive wheel iemifiom a 15 kW three-
phase induction motor via a variable speed gearbox and a torqudutr@ansThe motor is
controlled by a variable frequency inverter, which as wediregbling a full range of speed
control (0 to 3000 RPM), provides a slow start-up and stopping sequerertute shock
loads. The variable speed gearbox is an enclosed belt drivemyjod consists of a vee-
belt mounted between two variable diameter pulleys. Speedioariat obtained by
simultaneous adjustment of the diameter of both pulleys through anatendle. The
test rig also contains a remote brake applicator; this enalzternal operation of the test
vehicle’s brake. The applied brake load could be measured indifeattythe torque

transducer using the following formula:

DVeh_icle Equation 3.3.1

DDriveWheeI

TBrake = [TMeasured - Tlnitial ]

Where: Terake = applied brake torque
Tveasured™ tOrque measured by transducer
Tinitial = Measured torque before brake was applied

Dvenicie= rolling diameter of wheel on test vehicle
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Dorive wheei= diameter of drive wheel

3.3.1.4. Test Vehicle

The vehicle used for the test was a 1999 Ford AU Falcon, whashswpplied by Ford
Australia. The Falcon is a four-door passenger sedan, and actéumagout 30% of the
sales in the Australian large car market in 2000 (Commonwealthripeent of Industry
2001). This vehicle shown in Figure 3.3.4 is very similar tmyrlarge mass-produced

passenger vehicles in Europe, North America and elsewhere.

X

— — —

Figure 3.3.4, Ford Falcon AU Passenger Vehicle

3.3.1.5. Ford Falcon One-Quarter Buck

The one-quarter car buck (partial car) shown in Figure 3.3.5 afiomdation of the local
airflow around the front quarter of the vehicle. The buck used akentfrom an AU

Falcon similar to the test vehicle.
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Figure 3.3.5 Ford Falcon One-Quarter Car Buck

3.3.1.6. Brake Rotors

Three different cast iron brake rotors were used in the <863 mm vented rotor, an
equivalent 303 mm solid disc rotor, and a smaller 287 mm solid dsc eull details are

given in Table 3.3.2.

Rotor Mass (kg) Thickness No. of Vents
287 mm Solid 5.14 10.5 mm N/A
303 mm Solid 7.34 15 mm N/A

303 mm Vented 7.75 18 mm (6+6+6) 37

Table 3.3.2 Brake Rotor Details

3.3.1.7. Wheels

Two standard production wheels were used 15" and 16" steel wteelgell as a
modified 15” and an after market 15” alloy. The detailsgaven in Table 3.3.3.

Wheel Open Area Rolling Diameter
15” Steel 40 crh 625 mm
15" Steel (modified) 108 cfn 625 mm
15" Alloy 590 cnf 625 mm
16” Steel 40 crh 650 mm

Table 3.3.3 Wheel Details
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3.3.2 Instrumentation

3.3.2.1. Dynamic Cobra Probe

A high frequency four-hole Dynamic Cobra Probe manufactured by TurbElent
Industries was used for airflow measurement through the vented Thisrprobe has a
multifaceted head that contains four pressure taps, which casumeflow fields within a
range of +45°. Any flow measured outside the acceptance rangkeoprobe is
automatically rejected. From the four pressure taps the Quiotze is capable of
providing mean and time-varying values of: velocity (3-componeats), local static
pressure; thus pitch and yaw angles, as well as turbulencactdrastics (all six
components of Reynolds stresses) can be calculated. The makiegu@ncy response is
1,500 Hz, which is obtained utilising dynamic calibration. The pieb®nnected to a
personal computer via an analog to digital (A/D) card, whereddaide displayed in real-
time or stored for later analysis. Real-time frequeartglysis can also be performed. The
probe is operated by specially developed commercial softweinégsh controls data
acquisition, processing and display of data. A schematic gérthtee is given in Figure
3.3.6. Information on the calibration of the probe is given in AppeAdix further
information on the Cobra Probe can be found in Hooper, (1997); Hooper, (199&nsVa
et al. (2002).

Caoble e Amplifier

Pressura Probe with
Transducers and

Preamplifiers

Cobra Probe Head
Front Elevation

4 mm dia

Figure 3.3.6 Dynamic Cobra Probe, (Hooper and Musgrove 1997)
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3.3.2.2. Three-Axis Traverse

The Cobra Probe was mounted on a three-axis traverse enabling embwerthe vertical
and horizontal planes as well as 360° rotation about the probe akis.traverse was
controlled from integrated software on the digital computer andditdehe Cobra Probe
software.  This enables simultaneous movement of the probe &edd flow

measurements, (flow mapping).

3.3.2.3. Disc Brake Thermocouples

Various types of disc temperature measurement were examitgabing type disc brake
thermocouples were the preferred option, due to their cost, ease @nd availability,
and are one of the most common methods of on-vehicle disc brake ratumpe
measurement. The instrument consists of a K-type thermocoupleh vghia silver-

soldered to a flat piece of copper plate, and this plateld firmly against the rotating
disc by a steel spring. A diagram of the thermocouplévisngn Figure 3.3.7. Further

information on these thermocouples is given in Appendix A.2.

|
O

Thermocouple

Wire \

Steel Spring

dr—

Figure 3.3.7 Diagram of Disc Brake Thermocouple

Copper Plate —

3.3.2.4. Infra-red Digital Thermal Imaging Camera

A Flir ThermaCaml PM595 digital thermography camera (see Figure 3.3.8) was also

used in the experiments. This device is capable of meagsaermgeratures ranging from —
40 to 1500°C at distances of up to 1000 m. Output of the data is Viadsglution

colour images, which can be analysed in real time or store@mnony for later use. The
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images can also be transferred to PC for further asalysing software supplied by the

manufacturer. The salient details of the instrumengiaen in Table 3.3.4.

Flir ThermaCam@O PM595 Thermography Camera

Object temperature measurement range -40 °C to +1500 °C

Ambient operating temperature —15°C to +50 °C
Measurement Accuracy: +2 °C or +2% across the range
Size: 220 x 133 x 140 mm

Weight: 2.3 kg, including battery

Table 3.3.4 Salient Details of the Digital Thermography Camer

Figure 3.3.8 Flir ThermaCani7 PM595 Digital Thermography Camera

3.3.2.5. Comparison of Disc Temperature Measurement Methods

In order to establish that reliable information could be obthifrem rotating disc
temperature measurement a series of tests was carrigseeuippendix A.2) in which the
output from disc brake thermocouples was compared to a digitahagesphy camera.
The results show excellent correlation between the two methagisr€F3.3.9), in the
heating phase, and good correlation in the cooling phase, with timeotwiple lagging
by about 15 -20 seconds, most likely due to residual heat in timedbeuple.
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Comparison of Disc Temperature Measurement Methods
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Figure 3.3.9 — Comparison of disc temperature measuremerthods

3.3.2.6. Tachometer

The angular velocity of the test wheel was measured using maldpthometer, and the

output from the instrument was obtained directly from a digéalel meter.

3.3.2.7. Rotary Torque Sensor

The rotating type torque sensor used was a 01225 series supplied byC®amdopments
Inc. The sensor has a range from 0 to 271 Nm, at a maximwatiornal speed of
5000 RPM. The device is factory calibrated, a copy of théradion certificate is
provided in Appendix A.3. The transducer is connected to a Unimei&algianel meter,

which provides the excitation voltage, as well as displaghegutput in Nm directly.

3.3.2.8. Data Logger

A Fluke Hydra 2620A data logger was used to record the output frordishebrake
thermocouples. This data logger has twenty analog input chamrmelsombination of dc
voltage, ac voltage, thermocouple, resistance temperatuvecesle or frequency
measurements can be connected to the input module without the naddifmmal signal
conditioning. Thermocouple reference junction compensation is autathaperformed.

Output from the data logger is via an RS232 cable to a péisamauter.
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CHAPTER FOUR

4 VENTED ROTOR AIR FLOW M EASUREMENTS

4.1 Introduction

In this chapter the airflow through a vented rotor is examiredbrief description of the
experimental procedure is given, which is followed by an arsmlgkithe results. The
airflow velocity through an internally vented rotor was measae various rotational
velocities in order to determine how well a simple straiginte, vented rotor operated as
an air displacement device. Tests were developed to dateth@ nature and velocity of
the flow through the rotor under various conditions. These conditiohslenthe effect of
the wheel, the vehicle body and the external flow (flow regufrom the forward motion
of the vehicle). Airflow through the rotor was measured attiootal speeds

corresponding to road velocities of between 40 and 100 km/h.

4.2 Experimental Set-up

The rotor test rig and the three-axis traverse with Cobra Rittdehed were placed in the

test section of the RMIT Wind Tunnel, as shown in Figurel4.2.

:.‘;\ -

Figure 4.2.1 Rotor Test Rig and Three Traverse in Axis Piosit
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The probe was positioned in the centre of the vane outlets atamak of about 5 mm
from the rotor. With the rotor spinning the probe head wasstelj until it was facing
directly into the mean direction of local flow. This was aebée by rotating the probe
head until the measured flow angle was approximately equal to Zéeoptimum radial
angle of the probe was found to be between 60 and 62.5° from the nsemdtjgure
4.4.3. This angle was verified using a wool tuft to visualseflow as can be seen in
Figure 4.2.2.

Figure 4.2.2 Wool tuft placed at vane outlet (Point 0), Isailr

In order to understand the development of the flow at the exit ovdhes, and to
determine a suitable distance for the probe to measure tvis 8 series of flow
measurements were taken at 3, 5, and 10 mm from the vanes.otitteg results of these
tests can be found in Appendix B. From these results a firtahdes of 5 mm from the
rotor was chosen, which was close enough to minimise effedtevofdispersion, and
adequately distanced to prevent damage to the sensing elbyneccidental contact.
Jerhamre and Bergstrom (2001) found only small differences in vecithen
comparing measuring distances of 5 mm and 10 mm, however asezbseAppendix B,
significant flow dispersion appears to occur at a distance ofl0 The final position and
orientation of the probe can be seen in Figure 4.2.3.
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"! 7 /8 ‘ - : i . 1 \
Figure 4.2.3 Position of Cobra Probe for Airflow Measurement

4.3 Experimental Procedure

Four test cases were developed, as outlined in Table £3de 1 involved measuring the
airflow at the exit of the passages of a vented brake discnf80& diameter) spinning in
still air, this was to determine the relationship betweeliocle speed and vent air flow.
The rotational velocity of the disc was chosen as the equiviad&tional speeds for the
vehicle travelling at road speeds of 40, 60, 80, and 100 km/hr. eTdt®nship between
brake disc rotational velocity and vehicle speed is outline&ppendix C. By traversing
the probe axially at 1 mm intervals from the inboard to the outbedge of the disc, it
was possible to obtain a good measurement of the flow field aiuthet of the vanes.
The sampling frequency was set at 5000 Hz and the samplingna®es.324 seconds,
making a total of 26620 samples at each point. The various anglentiomg adopted for

describing the flow, as well as the probe traversing doecie outlined in Figure 4.4.3.

The measurement of airflow through the vented disc in stiisaiseful for determining its
effectiveness as a centrifugal flow generator, and has bedriausgeasure improvements
made in vented rotor design see Hudson and Ruhl (1997); Daudi (1999). IHotheve
condition is significantly different from the actual condition eigreced by the disc in its
normal operating environment. In order to determine the natuhe airflow through the
disc in its normal operating condition, the next stage of the expetiwas to examine
the factors that influence airflow through the disc. The nest (case 2) repeated the
above procedure with the disc surrounded by the wheel. Case 3uagdirthe wheel

surrounding the disc but exposed to an external airflow, equivalent fortverd speed of
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the vehicle. Finally in case 4 the flow was again measthesugh the disc in a
representation of the on-road condition using a one-quarter car buclase 1 and 2 the
vent airflow around the circumference of the brake disc wasyemmetric as there was
no external airflow acting upon it. Airflow measurements whezefore only required at
one point, however for cases 3 and 4 this was not the case dueimetiaction of the

external airflow. Therefore flow measurements were takenratmber of points around
the circumference of the disc including the top, bottom, front ankl dfaihe disc. A full

experimental matrix is given in Table 4.3.1.

Experimental Matrix

Case No. Description Equivalent Vehicle Measurement
Speed Positions
(km/h)
Isolated Disc Still Air 40, 60, 80, 100 Top (of disc)
2 Still Air with Wheel On 40, 60, 80, 100 Top
Moving Air with Wheel On 40, 60, 80, 100 Top,
Bottom
Front
Back
4 Car Buck Tests 40, 60, 80, 100 Top,
Bottom
Front
Back

Table 4.3.1 Experimental Matrix for Vented Disc Tests

4.4 Experimental Results

4.4.1 Case 1 - Airflow Through Isolated Brake Disc In Still Air

44.1.1. Time Averaged Results

The time-averaged velocity data collected from the isolatisd measurements are
displayed graphically in Figure 4.4.1. The axial position is namedsionalised over the
width of the disc, position 0 being the centre plane of the dist positions —1 and 1, are

the inboard and outboard edges, respectively. The two vertitaldtes represent the
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boundaries of the internal flow passages. This chart showsutiet flow velocity

profiles from the disc at the various speeds under investigati

Velocity Profile Across Rotor

12 : ;
I I —e— 40 kmh
1 1
10 : . —8— 60 km/h
1 1
i i 80 kmvh
8 ! !
: 0 100 knvh
| i
1 1

Velocity (m/s)
(o)}

-1 0 1
Non Dimensional Axial Position

Figure 4.4.1 Velocity Profiles Across Disc

From this chart it can be seen that the point of maximum veltwibugh the disc does
not coincide with the centre of the flow passage, this may beubeairflow only enters
the disc from the inboard side. Daudi (1998) found that by allowirtg &inter from both
inboard and outboard, airflow through the disc could be increased by 5%ranligonal
inboard only airflow. The velocity profiles are similar fol speeds, and appear to be
proportional to the rotational velocity. Figure 4.4.2 shows¢iselts when the measured
velocities are shown in non-dimensional form. This is achievediviging the measured

velocity by the peripheral velocity of the disc.

measuredrelocity
21T

o

6C

non-dimensional velocity Equation 4.4.1

r, = outerradiusof rotor (m)
N = rotational speedof rotor (RPM)

The results appear to collapse onto a single paeticularly at higher speeds. At lower
speeds there is some drift away from this linetipaarly at the edges of the disc, which
is attributed to minor Reynolds number effects arehsurements errors at these low flow

velocities.
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1 Velocity Profile Across Rotor
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Figure 4.4.2 Non Dimensionalised Flow Through Disc

As discussed in Section 2.3.1, Limpert and Sisson have presenteattaingguations for
determining the flow through vented discs. Table 4.4.1 presentsghsured values for
flow through the disc, as well as the predicted flow rates uboty Limpert's and

Sisson’s equations. When the average measured value is wdkeh is the average of
the flows as measured through the vent area, Sisson’s equation groskides very close
to the measured values (within 20% at all speeds). Howevepekt's equation yields
values of about 40 - 50% lower than measured. Both Limpert arehSissdict a linear
relationship between rotational velocity and vent airflow, andurgigt.4.2 appears to
support this. It should be noted that the air velocity through the igamery low in

comparison to the vehicle velocity. Also shown in Table 4igl.4n estimation of the

mass flow rate through the disc, which was calculated usenfptiowing formula:

m= P AV, . Equation 4.4.2

m= massflow rate (kg/ s)

0, =densityof air (kg/m?)

A =total outletareaof rotor (m?)

V... = averagevelocityof air throughventat outlet(m/s)

50



Vented Rotor Air Flow Measurements

Calculated Measured From Measured
Speed (RPM) Limpert Sisson Max. Measured Average Mass Flowrate
(km/h) (m/s) (m/s) (m/s) (m/s) kals
100 816 6.82 8.89 11.11 10.12 0.0569
80 653 5.46 7.11 8.98 8.21 0.0462
60 490 4.09 5.34 6.90 6.30 0.0355
40 326 2.72 3.55 4.75 4.48 0.0252

Table 4.4.1 Measured Flow Through Disc Compared to Predics from Formulae

Along with velocity measurements, the Cobra Probe is able ¢ordigie the angles of the

flow stream relative to its head. For convenience, theseshgve been transformed to

angles relative to the disc and named radial angle and!lategée, the convention

adopted for these angles is given in Figure 4.4.3.

Side View

+Ve y -Ve
Radlial Angle | Radial Angle

~ | T

ROTATION

A

Front View

+Ve

Lateral Angl

Probe
Traverse

AN

le— > 41

e Lateral Angle

/\

0
-Ve

Il

Figure 4.4.3 Airflow Angle Convention, for Air Flow Througiisc

The vector diagrams for the flow leaving the disc at an eqnvabad speed of 100 km/h

are shows in Figure 4.4.4. It can be seen that neithelothehgles nor the velocities are

symmetrical about the centre of the vent. Also observed ididggam is entrainment of

the flow at the edges and diffusion at the centre. As weHdial angle, the lateral angle

was measured along the width of the disc, this was found not tdyanore than a few
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degrees from the inboard edge (point -1) to the outboard edge {{ipisee Figure 4.4.5.

It can be seen that the patterns for all speeds ailasior both radial and lateral angles.

Wil W\g\

5 mm -14 0

8l6 RPM

U = absolute velocity of air leaving disc
Vp = peripheral velocity at outlet

Vr = velocity of outlet flow relative to disc

(a) Axial View (b) Output velocity triangle taken at point

Figure 4.4.4 Flow Vectors for Vented Disc at 100 km/h Ecalent Road Speed
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Figure 4.4.5 Measure Radial and Lateral Angles for Flow througiie 303 mm Vented

Disc
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441.2. Real Time Results

In addition to time-averaged measurements, the Cobra probe afieasirement of real
time and transient airflows. Figure 4.4.6 shows the velociasurements for one
revolution of the disc at an equivalent road speed of 100 km/h, (neelaat the centre
point of the vent outlet).

Real Time Velocity at the Rotor Exit
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Figure 4.4.6 Airflow Velocity for One Revolution of Brakeift

It is extremely difficult to obtain meaningful data from tkype of trace, and it is more
useful to look at the data in the frequency domain rather thatimteedomain. A Fast-

Fourier Transform (FFT) was performed on the data using tit®aCProbe software,
which allows a detailed analysis of the data in the frequencyitoniigure 4.4.7 shows
the results of the FFT performed on the above data (100 km/heéentivoad speed). The
frequency is displayed on the x-axis, and the root mean square wéltitity squared is
shown on a decibel scale on the y-axis. The software filieoff frequency was

1500 Hz, this can be observed in the spectrum as a step chd®@® &iz. A sharp spike
can be observed in the spectrum at about 500 Hz. This is equit@lihe frequency of

the vents in the disc passing the probe head. The disc contains 8anérat 100 km/h

(816 RPM), thus the blade passing frequency is:

%sthsos.z Hz Equation 4.4.3
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Frequency Spectrum at 100 km/h
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Figure 4.4.7 Frequency Spectrum at 100 km/h (816 RPM)

Also observed in the spectrum is a wider spike centred about 18Ghith, is believed to
be vortex shedding from the trailing edge of the internal vanesrdir to confirm that
this was an actual measurement of a flow phenomenon and noy aasa signal in the
measurements, the spectrum was plotted at various points tieratisc from the inboard
edge (position -1) to the centre (position 0), in Figure 4.4.8. citast clearly shows that
this rise in power only occurs when the probe is in the flow streaditating that this is

actually a phenomenon in the airflow from the vanes.
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Figure 4.4.8 Spectra Recorded at 100 km/hr From Inboard Edgéentre of Disc

Figure 4.4.9 shows the spectra for all speeds measured fraan 18D km/h, which are

transposed in the y direction for comparison purposes.
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Figure 4.4.9 Spectra Comparison for Full Range of Speeds.

It can be seen that the blade passing and vortex shedding risefiedqhency plot are

present

at all speeds examined. According to Lawson (2001) \abréekling will occur
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at Reynolds numbers in the range4BRe< 200000, and with Strouhal numbers between
0.2 for (circular cylinder) and 0.08 for (rectangle). Equation 4ashd Equation 4.4.5
were used to determine if the flow through the vanes was wili@nrange for vortex
shedding to occur. The results of these equations are outlinetlan4r4.2, and show the
combination of Reynolds and Strouhal numbers to be in the rangeotiex shedding

occurs.
VventDo i i
Re=2— Sheridan et al. (1988) Equation 4.4.4
v
Where Re = Reynolds Number
Vvent= air velocity through vent (m/s)
D, = outer diameter of disc (0.303 m)
v = kinematic viscosity (1.4 x Parf/s)
St= £l Equation 4.4.5
V
Where: St = Strouhalnumber
f, = frequencyof sheddingvortices(Hz)
| = characterstic length(m)
V =velocity(m/s)
Vv Measured Vortex
Speed vent I : Calculated
(km/h) RPM  (m/s) Re (mm) Sheddm(g';_';requency Strouhal No.
100 816  10.12 85177 6 180 0.11
80 653 8.21 69101 6 125 0.09
60 490 6.30 53025 6 90 0.09
40 326 4.48 37707 6 50 0.08

Table 4.4.2 Vortex Shedding Frequencies

4.4.2 Case 2 — Airflow Through Brake Disc in Still Air with Wheel On

The results shown in Figure 4.4.11 are the airflow measurertteotggh the disc with
wheel in place (Figure 4.4.10) and no external airflow. The iglpwmofiles are similar to

the free disc case for the inboard portion of the disc, howevendooutboard portion of
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the disc (wheel side) there appears to be significant aidlewerated by the wheel. The
maximum airflow velocity through the vane section appears sinmlanagnitude to the
free disc case, although the profile is a little flattsion dimensional plots are not given

as it is evident that results again collapse onto a simge |

Figure 4.4.10 Airflow Measurements with Wheel in Place
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Figure 4.4.11 Velocity Profile Across Disc in Still Air (éel On)
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Airflow Angles
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Figure 4.4.12 Measured Radial and Lateral Angles in Still AWheel On)

The measured radial and lateral angles for this case\ae i Figure 4.4.12. It can be
seen from this chart that the lateral angle plot is ainid the free disc case, but reduced
by about 10° towards the outboard edge indicating that airflow geddogtthe wheel at
the outboard edge of the disc has the effect of forcing theaudliotv inwards. The radial
angle is also reduced slightly particularly at the outboard eglieh also indicates the
influence of airflow generated by the wheel. It should be ndtada standard wheel was
used in the test which had an open area of 40itris likely that a wheel with a larger

vent area would have a significantly greater influencéerflow.

4.4.3 Case 3 — Airflow Through Brake Disc in Moving Air with WheelOn

Figure 4.4.13 shows the velocity profile across the disc frwtind on and wheel on
condition, with the probe in the top position as in the previous setpafrienents. The
probe angle was kept at -60° in an attempt to determine iflawywas present. During
this set of experiments it was noted that the data rejectite of the probe for these
measurements was also in excess of 30%, indicating that dcsighiportion of the flow
was outside the: 45° zone of acceptance of the probe head. Clearly fronchhis the
readings were affected by the external flow, and it is unknovemyfinternal flow was
measured, as no discernible flow is observed through the centre pdrtlom disc. The
flow profiles are however similar to each other for all sgeadd proportional to the
vehicle speed. The results from the angle measuremeatisidisate significant influence

from the external flow when compared to the case 1, however ligeyvariation is
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observed from the inboard edge to the outboard edge indicatin@pehatimary influence

is external flow.

Velocity Profile Across Rotor
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Figure 4.4.13 Velocity Profile Across Top of Brake Disc (céje
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Figure 4.4.14 Radial and Lateral Angles, Case 3 probe position top

The results are also given for the measured flow at otherspaiatind the disc. Figure
4.4.15, Figure 4.4.17, and Figure 4.4.19 show the velocity esofdr the front, bottom
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and back of the disc respectively. Apart from the flow snead at the front of the disc, it
is not possible to see any evidence of internal flow through thesvalt is likely that the

outlet of the vanes at the front of the disc is within the wafkéhe front portion of the

wheel and is therefore less affected by the external flohis Wake can be observed in
Figure 4.4.21. Similarly for the angle measurementse(gin Figure 4.4.16, Figure
4.4.18 and Figure 4.4.20), it is not possible to determine anytfiacthe airflow at the

vent exit due to the influence of the external airflow.

Velocity Profile Across Rotor
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Figure 4.4.15 Velocity Profile Across Front of Disc (Case 3)
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Airflow Angles
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Figure 4.4.16 Radial and Lateral Angles, Case 3 probe position front
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Figure 4.4.17 Velocity Profile Across Bottom of Disc (Ce®e
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Airflow Angles
Wheel on Wind on, Probe Position - Bottom, Probe Angle 80°
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Figure 4.4.18 Radial and Lateral Angles, Case 3 probe position bottom
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Figure 4.4.19 Velocity Profile Across Back of Disc (case 3)
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Figure 4.4.20 Radial and Lateral Angles, Case 3 probe position back

Front portion of
disc within wake

Figure 4.4.21 Wheel rotating with wind on

4.4.4 Case 4 — Airflow Through Brake Disc in Moving Air with Wheeland Quarter
Car buck

In the previous tests it was difficult to determine if angflav was being generated

though the vanes of the disc in the wind on condition. As thenaktairflow was not
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similar to the normal on-road condition, a further test was paddrin a more
representative simulation of the real world driving conditidn.this test the test wheel
was covered with a one-quarter car buck to represent the fromthagd corner of the
vehicle, as shown in Figure 4.4.22. This set-up within the RMifd tunnel could
simulate the airflow conditions the brake rotor experienced under ahodniving
operation. The blockage area of the buck and associated equivas@ipproximately
20% (defined as projected frontal area of object divided by @®stgonal area of test
section). Although many corrections exist for blockage (e.g. Cod®92)), for this
work the continuity equation was applied, and the upstream veloagyeduced by 20%

to ensure the airflow around the test object approximateeqiigalent on road condition.

Figure 4.4.22 Car Buck Used for Airflow Measurements

Figure 4.4.23 shows the velocity measurements for the fleasored at the top of the
disc. Although the flow through the vanes appears to be affectéldebgxternal flow
field, there is still evidence of flow through the vanes,ipaldrly at higher speeds. The
flow profiles are similar to the profiles recorded for the wheehnd without external air
(Figure 4.4.11). It can also be seen that the peak measuredréioxery similar to case 1
and 2.
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Velocity Profile Across Rotor

Car Buck Test, Probe Position - Top
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Figure 4.4.23 Velocity Profile Across Top of Disc (Case 4)

The charts shown in Figure 4.4.24 are the lateral and radial aeglasled at the top of

the disc. The profiles are not significantly different for thee with the wheel on and still

air Figure 4.4.24, and are consistent over the range of siesteld.
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Figure 4.4.24 Radial and Lateral Angles, Case 4, Probe Position Top

The velocity plots for the front bottom and back of the discgaren in Figure 4.4.25,

Figure 4.4.27 and Figure 4.4.29 respectively. From these plappears that no airflow

65



Vented Rotor Air Flow Measurements

can be measured through the vanes from the front and bottom locatiitiesigh some
flow is evident through the vanes at the back, particularygiter speeds. The measured
radial and lateral plots are given in Figure 4.4.26, Figur28 dnd Figure 4.4.30; again it
is difficult to establish any meaningful information of airflomrn the vane exits due to

the influence of external flow.
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Figure 4.4.26 Radial and Lateral Angles, Case 4, Probe Positioarfer
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Velocity Profile Across Rotor
Car buck Test, Probe position -Bottom
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Figure 4.4.28 Radial and Lateral Angles, Case 4, Probe Positiatit@n

67



Vented Rotor Air Flow Measurements

Velocity Profile Across Rotor
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Figure 4.4.30 Radial and Lateral Angles, Case 4, Probe PositiaciB

4.5 Discussion of Results

Much work has been done to develop vented discs that displace mdoe aimgiven
rotational speed, however previous research in this areaydraerally examined the

airflow in discs in still air only. The results outlined hetstill air tests (section 4.4.1)
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appears to agree with earlier work by Limpert (1975); Sisson (188)son and Ruhl
(1997) when predicting the expected flow through vented discs. Howewer the
frequency analysis it appears that there is also sonmer @ittw disturbance existing
through the vanes of the disc, possibly vortex shedding. Kubota(20@0) also found
disturbances in the flow as show in Figure 4.5.1. It shouldftrerbe possible to further
increase the vent flow by reducing these disturbances and déwobling air to flow

through the vents more smoothly.

Ratation

Separation Worlex

Main flow

(b Main flow

Figure 4.5.1 Visualisation of Flow within the Disc (Kubotat al. 2000)

When factors that influence the airflow in the region of the brat@ were introduced to
the tests, it became clear that the disc vent flow isrsgvinfluenced by the presence of
the wheel vehicle and externally imposed flow (from the forwa@vement of the
vehicle). Nothing was found in the public literature that experiatigndetermined flow
through the disc vents in a representative road condition. sltneknown how much or
if any flow occurs through the disc vanes during normal operatiomowrthis flow was
influenced by vehicle velocity. Therefore it may be questi@n&blttempt to gain more
airflow through vented discs if no airflow exists in its normalrapeg condition. The
presence of the wheel alone around the disc appears to infllesdw as shown in
case 2. Figure 4.5.2 illustrates how the various interactidast @he flow through the
disc at a vehicle speed of 100 km/h. Clearly all theseaictiens have an effect on the

flow, the greatest being the external flow, as illustratezhse 3.
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Figure 4.5.2 Comparison of Airflow Through Vented Disc at 1R/hr
(Cases 1-4, probe position Top)

As observed in Figure 4.5.2 (case 4) the effect of external dlowhe flow through the
vents is significantly reduced by shielding from the vehicle baah the flow in the
vented part of the disc is similar to the wheel and discdase(2). It is interesting to note
that the maximum measured vent velocity is similar for £dse&, and 4, suggesting that
measuring the flow through a disc in still air may give ancaititbn of the flow in normal
operation. It can therefore be concluded that although the fiomudh the vents is
affected by external airflow, some airflow still occurs throsglgments of the disc, even
at higher speeds. Therefore a measurable improvement in cooling) be found by
improving the flow through vented discs, as found by Zhang (1997) and DEQRH)
and others.

In Figure 4.5.3 and Figure 4.5.4 the lateral and radial arglalso compared at 100km/hr
across the four cases. Again apart from case 3 the |ptefdéés are very similar, for the
radial angles cases 2 and 4 are very similar particudatlye outboard portion of the rotor

where the influence of the wheel is most apparent.
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Figure 4.5.3 Comparison of Lateral Angles at 100 km/hr
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Figure 4.5.4 Comparison of Radial Angles at 100 km/hr
(Cases 1-4, probe position Top)

The results also highlight a contradiction, in the effechefliody shielding created by the

vehicle body improves the conditions for the vented disc to opecatapgare case 3 with

case 4). This also has the effect of reducing the airfilamund the outer surfaces or the

disc reducing the overall cooling air interacting with the distiere may therefore be a

greater gain in cooling by increasing the airflow into the regibthe brake disc, than
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what is gained by vented discs, although this will negatively impacthe vehicles
aerodynamic drag. It is likely that the vent area ofwheel will also play a significant
role and should also be considered. Vented rotors may well havesh use in vehicles
where the external flow is restricted in the area around #iesbyotor, including low drag

hybrid or electric vehicles.
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CHAPTER FIVE

S5 ON-VEHICLE TESTS

5.1 Introduction

In the previous chapter, tests were conducted on the airflow throvegited brake disc in
order to obtain an understanding of factors that influence this airfldawever, as this
airflow is designed to improve the thermal performance ef llhaking system, any
evaluation must also incorporate some measure of thermal perfeménthe series of
tests described in this Chapter, the thermal performancerafus brake discs were
examined, and a range of parameters that affect the coolingakdésbwere evaluated.
These parameters include; the size and type of the brake disnm¢ctiwes effects of wheel
type (both material and vent area), as well as the coolifgrpence at various road
speeds. All vehicle brake testing was conducted in the RMIT Inalidtind Tunnel, and
used the brake test facility. Full details of the equipmedtexperimental procedure are

given in Chapter 3.

5.2 Experimental Set-up and Blockage Correction

As the test section of the RMIT Industrial Wind Tunnel is lichite size, the presence of a
full-size vehicle produces a very high blockage ratio, theze¢areful consideration was
given to ensure the local flow simulated in the wind tunnel inest¢he on-road condition.
Typical blockage ratios for full-scale automotive wind tunraets between 5 and 10%,
although blockage ratios of up to 20% have been used, (Hucho 1998hloCkage ratio
for the vehicle being tested within the RMIT Wind Tunnel is apionately 30%.
Therefore matching the upstream flow in the wind tunnel to the alguitvroad speed
would not provide a true representation of the flow field over #igicle. A simple
solution would have been to use the continuity equation to correct theeamswind

velocity to obtain the required flow velocity around the vehicleweler this would not
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factor in such things as boundary layer effects on the tunnelandllfloor, or local
accelerations around the side or top of the vehicle. It was dettidéit was not possible
or necessary to simulate the flow over the entire vehacid,the flow was only simulated
accurately in the region of the brake disc.

In order to get a more accurate representation of the flowifielde region of the rear
brake a series of road tests were conducted where the amtahhirflow velocity was

measured relative to the vehicle. The airflow was medsusing a pitot static tube
connected to a differential pressure transducer, for calibratiothe transducer see
Appendix A.4. The pitot static tube was attached to the vef8é@ mm forward of the

rear axle, 200 mm above the ground and 80 mm out from the rear \@sestpwn in

Figure 5.2.1.

Figure 5.2.1 Local Velocity Measurement Using a Pitoaft Tube

The vehicle was driven at a series of set speeds 40, 60, 80arkDQ20 km/hr, under
calm on-road conditions. The differential pressureR#p values taken from the pitot-
static tube were recorded at these speeds. The tesdsrepeated a number of times

driving the vehicle in both north and south directions, to reduceseand any effects of
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atmospheric winds. The results of this test are sumndangeigure 5.2.2, and full details

are given in Appendix D.

Wind Tunnel Blockage Correction
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Figure 5.2.2 Wind Tunnel Blockage Correction

When performing the wind tunnel tests the pitot tube was retaane the local flow
speed was matched with the recorded on-road measurements for tibalgoavehicle
velocity required. In this way a close simulation of the lidlcav field was obtained in
the wind tunnel. Exact representation was not possible, mainlyodilne tabsence of a
rolling road, however the rotation of the wheel at the correativel speed provided wheel

ventilation similar to the on-road characteristic.

5.2.1 Vehicle Set-up

The test vehicle was placed in the Wind Tunnel with its rigat wheel positioned in the
brake test rig as shown in Figure 3.3.3. The test wheel birekevas disconnected from
the vehicle and connected to the external brake applicator to exwbégion of the brake
externally. In order to protect the vehicle’s transmissiendrive shaft was disconnected
at the differential. The vehicle was anchored to the floor@gggmt any movement during

testing.

The experimental instrumentation included either one or two didge ilermocouples,

positioned on the centre of the rubbing path of the disc as showmyuneF5.2.3, an
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optical tachometer to determine rotational velocity of the wiaeel,a torque transducer to
determine brake load. The brake load and rotational vghaeite displayed on dedicated
displays, while the outputs from the thermocouples were logged dfitke Hydra data

acquisition unit. Calibration reports for all instrumentationgaven in Appendix A.

Thermocouples

Figure 5.2.3 Position of Thermocouples on Disc

As this phase of the testing was carried out to evaluat¢hdrenal performance of the
braking system it was important that all the tests weréopeed under similar initial

conditions. Prior to any testing, the braking system was put thraugimber of heating
and cooling cycles. This ensured that the residual heat inrétke and thermally linked

components was similar for the start of each test.

5.3 Contribution of Wheel to Brake Disc Cooling

This set of experiments was designed to determine the dffegtheel has on the cooling
of the brake disc. The tests were conducted at an equivaéghspeed of 50 km/h with
an appropriate wind velocity to account for blockage. In order tluaeathe thermal

storage properties of the wheel and aerodynamics effectsflofvathrough the wheel
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three different wheels were tested. The parameters chargjeded; wheel material, size

and vent area. The combination of experiments undertakerirsedut Table 5.3.1.

Brake Disc Cooling Test

Disc Type Velocity Wheel RPM Modifications
(km/hr)

287 mm Solid 50 Std. 15” Steel 424
287 mm Solid 50 Std. 15” Steel 424 Open Area Blocked
287 mm Solid 50 15" Alloy 424
287 mm Solid 50 15” Alloy 424 Open Area Blocked
287 mm Solid 50 Std. 15” Steel 424 Hubcap on
287 mm Solid 50 Std. 15” Steel 424 Hubcap on Holes Blocked
287 mm Solid 50 16" Steel 408 Open Area Blocked
287 mm Solid 50 16" Steel 408 Open Area Blocked
287 mm Solid 50 15" Steel 408 Elongated Holes

Table 5.3.1 Wheel Tests Undertaken

5.3.1 Test Procedure

These tests were performed by rotating the wheel at a coffitas shown in Table
5.3.1, (equivalent to a road speed of 50 km/h) while applying a biaede of
approximately 75 Nm to heat the disc to 500°C. Once the requinggetature was
reached, the wind tunnel was set to the equivalent road speedhe brake load was
released. The disc temperature was recorded in 3-secondhisitantil its temperature
dropped below 100°C.

5.3.2 Test Results

The effects of the parameters were analysed by obsethengooling (both rate and total
time) of the disc from a temperature of 470°C to 100°C. Ei§us.1 shows the cooling of
the 287 mm brake disc, with various combinations of wheel. Thpeeture shown was

measured by a single disc brake thermocouple on the outboardcesnifrtae disc.
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Relationship Between Rotor Cooling and Wheel Config uration
500 | | | |
—— 15-inch Alloy w heel
450 I\ nen oy 1
\\ —— 15-inch Alloy w heel - vent area blocked

400 15 inch Steel w heel - no hubcap u

350 \ \ ——15inch Steel w heel - hubcap holes blocked
6 \ ‘\ ——15inch Steel w heel - vents blocked
~ 300 15 inch Steel w heel - hubcap on 5
o N
=
4§ 250
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€ \
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100 E—————
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Open area
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Open Area
= 40 cnf

hubcap holes
blocked

Figure 5.3.1 Wheel Type Effect on Disc Cooling

Clearly from this chart it can be seen that the bestirapid achieved by using an alloy

wheel with a open area of 500 tTnHowever when the test is repeated with the open area

of the alloy wheel blocked, almost all the cooling advantags the steel wheel is lost.

This would indicate that the larger influence on disc coolitgasncreased open area and

not the thermal capacitance of the wheel material. Theased open area of the alloy

wheel allows more airflow around the outboard surface of the dsawell as flow

through the wheel.

It is also likely that heat is conductedydvwean the disc into the

wheel more effectively with an alloy wheel. The wheehmsntin turn cooled by airflow

through the larger open area, which does not happen when the openldoe&ed. It is
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also noted that the cooling curves for the various combinationgeif wheels are very
similar. The open area of the standard 15” steel wheel is ongmA0blocking these
holes makes very little change in coofingt would also appear from this graph that the
inclusion of the plastic wheel cover slightly increases therallvcooling time, but is not

of major significance.

Comparison of Wheel Size and Ventilation

500 I I
16 inch Steel Wheel
450
\ 16 inch Steel Wheel - vent holes blocked|
400
—— 15 inch Steel Wheel - elongated holes
350
a —— 15 inch Steel Wheel
~ 300
g
% 250
@
2 200 + \
~ 150 + \
\
100 —
50
0 1 1
0 100 200 300 400 500 600 700 800

Time (sec)

16” Steel 16” Steel 15" Steel 15” Steel
Open Area = 40 cfn  open area blocked Open area =108 ém Open Area = 40 cfn

Figure 5.3.2 Wheel Size and Open Area Effect on Disc [Gap

Figure 5.3.2 shows the standard 15” wheel (open area = 3ompared to a wheel that
has its open area increased to 108 bynelongating the vent holes. The chart also shows
the cooling time for a larger 16” diameter wheel, both with vexés open and blocked.
As can be seen this small increase in open area appessdase the cooling rate at

higher temperatures, although there is little effect on theabbweoling time. The result

3 Garrett, D. and W. Munson (1983). Cooling of bakeconflict of interestdBraking of Road Vehicles,
University of Technology, Loughborough, The ingitof Mechanical Engineers. recommended a minimum
vent area for a medium size family car be 76.cm
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of using a larger diameter wheel has little impact on coohie or time. A larger wheel
may also mean a larger rolling diameter, which will de@ehs rotational velocity of the
wheel, reducing any possible airflow created by the rotation ofktel. This should be
considered when using vented discs, as vent airflow was found to be tjgnogloto

rotational velocity see Figure 4.4.2.

5.4 50 Nm Constant Load Test

The objective of this test was to determine the influendbeotlisc (both size and type) on
the thermal performance of the braking system. The therimalacteristics of three
different brake discs were measured under a continued constantbspkied condition,

simulating a down hill driving event.

5.4.1 Test Procedure

The wind tunnel and brake rig were set to an equivalent road epé8dkm/hr. A 50 Nm
brake load was applied and kept constant for a ten-minute pélrfos.is equivalent to the
brake load on the rear wheel of a one tonne vehicle descendinig a40Lslope, at a
constant speed of 60 km/h, see Appendix E. The temperature disthevas recorded
throughout this period. The procedure was repeated for three #isc302 mm vented
disc, an equivalent 303 mm solid disc and a smaller 287 mm solid Thdxde 5.4.1 shows

the tests undertaken.

Constant Load Test

Disc Type Velocity Wheel Open Area
303 mm Vented 60 km/h Std. 15” 40Tm
303 mm Solid 60 km/h Std. 15" 40 ém
287 mm Solid 60 km/h Std. 15" 40 ém

Table 5.4.1 Brake Discs Used in Constant Load Test.
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5.4.2 Test Results

Figure 5.4.1 shows the measured temperature response of thia dissgest, which is an

average of the inboard and outboard disc surface temperatures.

Constant 50 Nm Brake Torque
500 -

450
400

350 /x/
300 —
250 / -
200 /

150 287 Solid

100 ——303 Vented|

50 303 Solid
O L T 1 T

0.00 150.00 300.00 450.00 600.00

Time (Secs)

Temperature (0C)

Figure 5.4.1 Temperature Response of Brake Discs Under Condbaake Load at 60
km/h.

It can be seen Figure 5.4.1 that both 303 mm discs (solid and vepieeyr to follow
very similar curves, particularly at lower temperaturd®th these discs are similar in
mass and therefore have similar thermal storage capacitid can absorb more thermal
energy than the smaller 287 mm disc. At temperatures above 2% @mperature of
the solid 303 mm disc begins to rise faster than the equivaeteéd disc. As convective
heat transfer is dependent on both surface area and temperatarendéf the extra
surface area (combined with the airflow through the ventd)ervénted disc enables it to
dissipated heat more effectively at higher temperatu@sarly in this type of braking
situation the larger 303 mm discs offers much better thermirpence than the smaller
287 mm disc. It would also appear that in such a braking operagoiheérmal capacity
of the disc is the major factor in determining the time teheaitical temperature. The
uneven nature of the 287 mm curve at high temperatures is dueytdeaof thermal
expansion of the disc and fluid creating increased braking éasxternal brake applicator
was not a constant pressure device), which is then correctestibgimg the brake load

slightly, and the process is repeated.
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When comparing these three discs, an examination of thefré¢enperature rise alone
can be misleading, as the thermal capacity, and hence #seaithe disc will determine
the time at which the brakes will reach a critical terapee. Table 5.4.2 shows the
projected times to reach a critical temperature of 500°tisf braking operation were

allowed to continue.

Brake Disc Mass (kg) Curve Function Time to Critical
Temp (Mins)
287 Solid 5.14 y = 78.268%"% 7.43
303 Solid 7.34 y = 68.838%32° 19.42
303 Vented 7.75 y = 77.478%°%* 24.94

Table 5.4.2 Comparison of Time for Brake Discs to Reach CatiTemperatures

From the above table it appears that there is a signifadrntage in using a vented disc
over a solid disc in this type of braking operation, with the wedisc taking about 30%
more time to reach the critical temperature than the abprit solid disc. At the end of
such a braking cycle the dissipation rate of this heat is taitahsure that the brakes are

capable of satisfactory performance when required again.

5.5 Brake Disc Cooling Tests

In these tests various parameters that effect the coolifigrm@nce of brake discs were
examined, these parameters included the disc, size and hgpeelbcity of the vehicle;

and the contribution of the wheel on disc cooling.

5.5.1 Test procedure

The procedure for these tests is similar to the procedureneditlin section 5.3.1.
However in these tests the wheel was unchanged, while tleityebnd disc was
changed. Thermocouples were placed on both inboard and outboard disc slighkes

5.5.1 shows a matrix of the tests undertaken.
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Brake Disc Cooling Test

Disc Type \(/kerlrf;ﬁirt)y Wheel RPM
287 mm Solid 40 Std. 15” Steel 339
287 mm Solid 60 Std. 15” Steel 509
287 mm Solid 80 Std. 15” Steel 679
303 mm Solid 40 Std. 16” Steel 326
303 mm Solid 60 Std. 16” Steel 490
303 mm Solid 80 Std. 16” Steel 653

303 mm Vented 40 Std. 16” Steel 326
303 mm Vented 60 Std. 16” Steel 490
303 mm Vented 80 Std. 16” Steel 653

Table 5.5.1 Experimental Matrix for Disc Cooling Tests

5.5.2 Experimental Results

The cooling curves shown in Figure 5.5.1 are for the above brakg dmaling from a
temperature of 470°C to 100°C at a constant speed of 60 km/htemperatures shown

are an average of the inboard and outboard disc surface sgorper

Rotor Comparison
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Figure 5.5.1 Disc comparison at 60km/h
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It can be seen from these cooling curves that although the totalgtioie for both solid
discs are similar; at higher temperatures the coolirg oathe smaller (287 mm) disc
cools is much greater that larger solid disc. At higheptratures the cooling rate of the
287 mm solid and the 303 mm vented discs are similar, and it ysabriemperatures
below 280°C that the vented disc begins to cool more rapidly. Camgpidme two 303
mm discs, the vented disc appears superior in both cooling rate eradl @ooling time,
however at lower temperatures <200°C, their cooling rate appeanse similar,
supporting the findings of section 5.4.2, that additional cooling fitmenvented disc is
greatest at higher temperatures. Although cooling from the wamperature, the quantity
of heat stored or dissipated by each disc is not equal; tbe with the greater mass will
have the greater thermal energy stored. Therefore althoughites appear very similar
for both solid discs, the quantity of heat dissipated by the @@ mm) disc is about
40% greater, see Table 5.5.2. On examination of this thbléeat dissipation of the

vented disc is even greater when the rate of heapdism rate is examined.

The quantity of heat lost from the disc during the cooling perigiven by the following

formula:
Q=MC,AT - Equation 5.5.1
Where:
Q = hea lost by rotor (J)
C, = specificheatcapacitycastiron. (0.42%)
g
M = massof rotor (kg)
AT = temperatugchangen rotor (K)
Disc Type Mass Heat Dissipation Average Rate of Heat Dissipation
(kg) J) (kW) (at 60 km/h)
303 Solid 7.34 1171464 1.604 kW
303 Vented 7.75 1236900 2.356 kW
287 Solid 5.14 820344 1.155 kW

Table 5.5.2 Comparison of Heat Dissipation from Discs

In Figure 5.5.2 and Figure 5.5.3 the curves for 40 km/h and 80 km/presented
respectively. It can be seen from these graphs that siondéiles occur as for the 60 km/h

case already shown.
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Rotor Comparison
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Figure 5.5.2 Disc comparison at 40km/h
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Figure 5.5.3 Disc comparison at 80km/h

Clearly from these charts the vented disc offers consideratgeovements in overall
cooling time from 480°C to 100°C (approx. 40%) over both solid disedl apeeds. It

can also be seen that, the overall cooling time reduces witasing velocity. This can
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be seen more clearly in Figure 5.5.4, where overall codling is plotted against vehicle

velocity.
Relationship Between Vehicle Speed and Cooling Time
900
—— 287mm Solid Rotor
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’é\ 303mm Vented Rotor
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Figure 5.5.4 Relationship between cooling time and vehgpeed.

The overall cooling time from 480°C to 100°C is shown in Figure 5d.4ll three discs
at the speeds examined. The chart shows that an increaseethadp20 km/h of the
vehicle will decrease the overall cooling time by about 20%e dooling time for both
solid discs are very similar, and reduce proportionally with cipeEhe overall cooling
time for the smaller 287 mm disc is slightly quicker, although less heat dissipation. It
is interesting to note that the vented disc provides superior catlialy speeds, and does
not appear to be affected by the external airflow. Performantte ofented disc appears
to slightly improve at higher speeds, contrary to what is suggesy some of the
literature. However it should be remembered that thete wese performed on the rear
wheel of a vehicle, where the external flow has already igadfisant interaction with the
vehicle, before reaching the brake disc. This may not be the famvented discs

operating on the front of vehicles, as airflow may be direictidthe wheel cavity.
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5.5.3 Temperature Distributions in Brake Disc

5.5.3.1. Axial Temperature Differences

The disc temperatures given above are an average of the inbdawdthoard disc surface
temperatures. However, it was found that there could befisamti temperature
difference (axial and radial thermal gradients) between thesedisc surfaces. These
temperature differences can result in uneven thermal egpanshich may to lead
thermal cracks or deformation of the disc. The following chiigure 5.5.5, Figure
5.5.6, and Figure 5.5.7) present the temperature differenceedretthe inboard and

outboard surfaces as a function of average disc temperature.

287 mm Solid Rotor
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Figure 5.5.5 Surface Temperature Differences on 287 mm &alisc

From Figure 5.5.5 it can be seen that the outboard disc sindsca consistently higher
temperatures than the inboard disc surface. This tempediffierence is slightly greater
at elevated disc temperatures and higher velocities, with ximua temperature
difference of 30°C recorded at a disc temperature of 460°@ppHars that greater cooling
may be achieved on the inboard disc surface as a result lolvaghtering the wheel
cavity from underneath the car body, whereas the outboard susfateelded by the
wheel and receives much less airflow. As this test veafmpned using a wheel with a

vent area of only 40 cmtherefore it is likely that very little airflow is heved around
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the outboard surface of the disc. This supports earlier findingsstiggiested superior

cooling was provided with greater wheel ventilation.
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Figure 5.5.6 Surface Temperature Differences on 303mmmniéel Disc

Figure 5.5.6 shows the measurements from the 303 mm vented Thsctemperature
differences are more significant with the maximum differefoeend to be about 60°C,
again temperature differences are found to be greater at rhigkecities and

temperatures, with a peak temperature difference appeatiadpout 425°C. At disc
temperatures above 425°C the temperature differences in shesdifaces appear to

reduce, which may be as a result of conduction and radidfemiseat high temperatures.
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Figure 5.5.7 Surface Temperature Differences on 303 mmid&alisc

The pattern is similar for the 303 mm solid disc with the aatthoside rising to a
maximum of 40°C higher than the inboard at about 300°C Figure S-mwever for the
40 km/h case the inboard disc temperature actually exceedsitth@ard temperature by
about 8°C at a disc temperature of 450°C. It is likely thatose uniform temperature
distribution exists in solid discs, as heat flow is not interdipteair gaps that are present

in vented discs.

The results of these plots appear to confirm earlier resulish indicate that larger vent
areas in the wheel significantly improve cooling, as teatpegs are almost consistently
higher on the disc surface facing the wheel. The highest tempedifference recorded
between the inboard and outboard surface was only 60°C, which would aardg an
approximate 0.2 mm difference in diameter from inboard to outboaface. This is not

large enough to cause any significant thermal deformation.

*AD =Dxq 0

castiron

Where: D = Outer diameter of rotor (303 mm)
a = Thermal Expansion co-efficient of cast iron (120°K™)

6= Temperature Change (60 K)
Therefore:

AD =303%x12x10°° x60
= 022mm

89



On-Vehicle Tests

5.5.3.2. Radial Temperature Differences on Disc Surfaces

In Figure 5.5.8 a sequence of thermograms are presented, prvbigtle a visual display
of the thermal behaviour of a disc under load. These isnagee captured with the wheel
rotating and with a brake load being applied gradually. Approximatperatures of the
disc can be estimated from the scale on the side of eacle.ilAagemissivity value of
0.64 was used (polished cast iron), which is similar to the rubhbifigce of a brake disc;
therefore temperatures can only obtained on the disc surface; haivewerages may be
used to qualitatively observe the flow of heat in the surroundingponents. General
details about each image are given at the side; this incliegnissivity, ambient

temperature and the temperature at two points on theSk4¢,and SP2.

These two points were placed specifically to measure radiahti gradients on the disc.

For ease of understanding a photograph of the area in the tiegiven Figure 5.5.9.

Object Parameter Value
Emissivity 0.64
Object distance 20m

Ambient temperature 14.7°C

Temperatures
SP01 18.7°C
SP02 21.0°C

Image (a)
53.9C

Object Parameter Value
Emissivity 0.64
Object distance 20m
Ambient temperature 14.7°C

Temperatures
SP01 53.9°C
SP02 33.8°C

12.5C

Image (b)
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Object Parameter Value
Emissivity 0.64
Object distance 20m

Ambient temperature 14.7°C

Temperatures
SP01 73.3°C
SP02 54.2°C

Image (c)

Object parameter Value
Emissivity 0.64
Object distance 20m
Ambient temperature 14.7°C

Temperatures
SP01 =92.9°C
SP02 =68.7°C
Image (d)
Object Parameter Value
Emissivity 0.64
Object distance 20m

Ambient temperature 14.7°C

Temperatures
SPO1 =169.5°C
SP02 =134.5°C

Image (e)
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Image (f)

264.8T

Image (9)

Object Parameter Value
Emissivity 0.64
Object distance 20m

Ambient temperature 14.7°C

Temperatures
SPO01 =209.6°C
SP02 = 153.9°C

Object Parameter Value
Emissivity 0.64
Object distance 20m
Ambient temperature 14.7°C
Temperatures

SPO1 = 248.6°C
SP02 = 205.9°C

Figure 5.5.8 Thermograms of 287 mm Solid Disc Under Braking

Figure 5.5.9 Area Shown in Thermal Image
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Image (a) clearly shows two distinct hot spots on the lower edlge and inner edge of
the disc, as the maximum temperature recorded is only 23°Cndafsconsidered
significant. On images (b) (c) and (d), the temperatureaapgeater at the outer radius
of the disc; SP1 and SP2 show temperature differences of apprelyir@@C. The
images (e), (f) and (g) are taken at higher temperatares,although the temperature
differences on the thermograms are less visually obvious, 86P5B2 indicate larger
thermal gradients, up to 56°C. There also appears to be samumfarential temperature
differences on the disc, this can be observed on the thermogsambriht spot on the
disc. As it was not possible to obtain an image of the ensigethlis could not be verified.
Also observed on all the images is a cooler ring on the innarsrafl the disc, this is a
slightly misleading temperature indication as it outsidertiding path of the brake, and
will therefore have a different emissivity value. Hegtof the inner surface of the wheel

can also be seen in image (g).

5.6 Discussion of Results

It appears from the above results that one of the majoiemées on the cooling of a brake
is the open area of the wheel. The significant reduction inrgpbitne as a result of using
an alloy wheel is due to the large vent area, most of thiardage is lost when airflow
through the vent area is prevented. A measurable increaseling can also be observed
when the open area of a standard wheel is increased from?® @®8 cr, indicating
the importance of open area to the cooling of brake discs. This suppdiés research
by Garrett and Munson (1983) who believed that the vent area shouldebstaf0 crf
for a standard mid size vehicle. However vehicle drag &se® with increased wheel
vent area, so a compromise may need to be reached betweésmumiaerodynamic drag

and sufficient brake cooling.

The significance of the size and type of disc employed canked observed in the results.
The size and hence mass of the disc will govern its thestoedge capability. Larger
discs with greater thermal storage will therefore absorkeneoergy and will therefore
provide more braking before critical temperatures are reachedevér larger discs will
have a slower cooling rate, which may be of concern during repeetkittg operations.
In all tests undertaken vented discs offered superior cooling ihoterms of overall

cooling time and rate of cooling. In the case of the equivdmhhill test, the initial rate
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of disc heating appears to be governed by the thermal capacite alisc, however at
higher temperatures the vented disc offers superior performamdke cooling tests, the
extra cooling of the vented disc over a solid disc is more pronouatedgher
temperatures. Therefore in braking situations where maximum tetopes are a
problem, a solution may be found by switching from solid to vented.distsrestingly,
the cooling capability of the vented disc was evident atpgkeds and was not unduly
influenced be the external airflow. This may indicate #hghier airflow still occurs
through the vents at higher speeds, or the extra cooling is provideake bgdditional

surface area as suggested by Limpert (1975).

The axial temperature distribution measured also indicateathasufficient vent area in
the wheel may inhibit disc cooling. In almost all cases ¢neperature of the outboard
disc surface was higher than the inboard disc surface. Thernatme differences were
even greater on the vented disc, as the air vents limhdaeconduction within the disc.
Axial temperature differences were also observed, although oniyhbard face of the
disc was examined. It should be remembered that many aeradyt@oting aids, such
as used in motor racing only provide cooling to one side of tlegttis additional cooling

could create temperature differences large enough to distatisthe
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CHAPTER SIX

6 DISCUSSION AND CONCLUSIONS

The objective of this work was to apply similar aerodynamibrigpies to the area of
brake cooling that have been previously applied to other areas wéhide, and hence
determine the major aerodynamic factors that influence dekebtooling. To achieve
this, two separate experimental areas of research wertopegdogether with a detailed
survey of the previously published material. This chapter btiogsther all the major

findings of the research, and examines how these resultsduiide previous research
and knowledge in this area. The research questions are addiadsin@ conclusions of
the work are developed. Recommendations on how further researcthbeauhdlertaken

to advance the field are also given.

6.1 Discussion

The experiments were performed to gain a thorough understandingeddciian of
aerodynamics on disc brake cooling. The parameters evaluatedvelectke velocity,
wheel type (both material and ventilation) and rotor type (solidvemted). Air speed
velocity and its associated Reynolds number are a major induangerodynamics, this
research found the vehicle velocity to be the single biggdsemfe on heat dissipation
from brake discs. For all types of test undertaken, the htgkeespeed the faster the rate
of cooling as the airflow into the wheel cavity is increasei. higher speeds greater
rotation of the wheel can also force more airflow through dter rvanes (if any) and
through the open area of the wheel. However, it was also founditfiatv into the
wheel cavity severely disrupts airflow from the vaneghaaigh some flow is evident
through the vanes at certain segments of the rotor. Intedgstibdnigher speeds the
relative cooling advantage of vented rotors over solid rotorsshgistly greater in the
thermal tests. It is possible that at higher speeds thetlimugh the vanes may be less
affected by external flow due to a wake effect of the wheelather components, but due
to the turbulent nature of the flow in this region, it was not possibteetermine this in

the airflow measurements. However the effect of brakingpiseduce the vehicles
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velocity which means that improvements in braking cannot be dependewméhicle
speed. The second largest influence was found to be wheehtientil In tests where
disc cooling is measured under constant 50 km/hr speeds the fastest disc brake
cooling was found to be achieved using an alloy wheel with a veyg &pen area. When
the test was repeated with this open area blocked, the oseotiig time was increase by
about 75%, which made the cooling pattern similar to a standarduteel with minimal
ventilation. It is interesting to note that in cooling teshf 480 to 100°C, a vented rotor
took longer to cool at 60km/hr with a standard wheel than a solidabsfy km/hr with an
alloy wheel and a large open area ratio, indicating that theti@udi cooling must
therefore be as a result of airflow through the wheel. Thigsis supported by airflow
measurements also which show that the flow generated by themattine wheel to be

significant, even in the absence of external flow (sectioh8 and 4.4.4).

The next most influential factor was disc type, both size goel tyn general vented discs
performed best in all tests, the actual size and hensg aidhe disc was also found to be
a significant factor. In heating tests (during braking) theainitate of heating is a
function of the thermal storage capacity of the rotor, it aias found that the thermal
performance of a solid and an equivalent sized vented rotor walarsiAs braking
continues and the temperature rises the rotors’ ability topdigsiheat becomes more
important and the vented rotor showed superior cooling capabilityodling tests (after
braking) it was found that the vented rotors dissipated heat morygthan a similar
sized solid rotor. The relative cooling advantage of vented diges solid discs was
found to be even greater at higher speeds, (section 5.5.4). Hoimetiee airflow
measurements it was found that there was a direct relagiohetween flow through the
rotor and vehicle speed (see Figure 4.4.2). A significamtuatof work in this area has
focused upon improving the quantity of air flow through a vented ratogrder to
improve its cooling capabilities. Researchers including HudsonRarnd (1997) and
Zhang (1997) found that measurable increases in airflow could be athiesegh
modifications to the design of the rotor. However given thattieimum measured flow
through the rotor vents (obtained in still air conditions) is vew felative to the vehicles
velocity, and due to the extremely turbulent nature of theteestiflow measurements in
the tests, it is unlikely that these small increases in flwould be translated to

significantly improved cooling of disc brakes. However the resdti show that the
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overall cooling time for vented rotors was shorter in all sitna tested, and at worst the
cooling of a vented rotor was similar to its equivalent solidrrotOne disadvantage of
vented discs over solid was found to be greater axial temperéfferertces, particularly
at higher temperatures, although the results shown in secti@ha$ shown these effects
to be minimal. However this may not be the case in moreesévaking applications, and
axial temperature differences could lead to thermal distorof the rotor, and its

associated problems.

6.2 Conclusions

The main contribution factors to effective automobile brake cookege found to be
vehicle velocity, wheel material, wheel vent area, themhéstorage capacity of the rotor,

and rotor type (solid or vented).

» The contribution of the wheel to rotor cooling is considerablenitnca only affect the
airflow pattern through a vented rotor, but can improve heat digsigay conducting
heat away from the brake components. Wheel ventilation plagignificant role in
brake disc cooling, the larger the open area the greater thegeffiect, (and the
greater its contribution to the vehicles drag, (Hucho 1998)). Allogels have much
better thermal conduction and storage capabilities than steelswia@e combined
with a usually larger open area will significantly incredise heat dissipation from the

brake rotors.

* Vented discs offer superior cooling over equivalent sized sotats, approximately
40+% improvements in all the situations tested. Cooling airfloaugh the internal
vanes is affected by external flow, however some airflow silh be measured
through some segments of the rotor for most cases testeds praviously believed
that little airflow through vented rotors occurred at high speed dwxttynal air
trying to enter the outlet of the vanes, however it is evitleatt this is not the case,
both from the airflow measurements and from cooling tests. Fneguamalysis of the
flow through a vented rotor showed that there were significant f@sturbances
occurring, (vortex shedding), Kubota et al. (2000) also found simitanrbances in
this flow. It should therefore be possible to further incrahge flow by reducing

these disturbances through more aerodynamic shaping of the varies iotor.
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However any thermal improvements found may be minimal as otmedyammic

influences may be greater.

» It has been shown that increasing the airflow in the vicifitthe brake will improve
its cooling capability, therefore any local aerodynamic aidh sscair deflectors will
contribute to improved cooling, although these are not widely adopgtékdes may
have a negative influence on aerodynamic drag, and will be effestive at higher

speeds and not during braking applications.

* Flow through vented rotors is significantly reduced by air entetiegregion of the
rotor due to the forward movement of the vehicle. However fiall still occur

through segments of the rotor even at higher speeds.

* Improvement in vehicle brake cooling can be achieved through improved
aerodynamics; however like other areas of vehicle aerodynaitnican not be
determined in isolation, as other concerns such as vehiclemgigbt all need to be

examined.

6.3 Recommendations for Further Research

To further this research a more detailed analysis of the ifiotlve vicinity of the brake
rotor is required; however the physical measurement of thilevaiin the vicinity is
extremely difficult. As an alternative CFD modelling teciugs could be used to study
the flow in and around the brake disc, both for solid and vented didvstmal effects
could also be included in the model to determine rates of d@ing and heating, thus
combining the research conducted in Chapters 4 and 5 of this.th€&D modelling
would also be capable of determining the relationship betweprowad brake cooling
and vehicle drag, without the need for physical testing. Howaseuracy of any CFD
modelling is dependent on the validity of the boundary conditions forathieot volume
chosen. In this case the boundary conditions would first need to medlefi positions
where the flow condition could be measured, (or reasonably approxinfiaded
experimental measurements), such as the inlet and outlet wfgbel arch. Validation of

the CFD would also involve further experimental work.
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Appendices

APPENDIX A

CALIBRATION OF |INSTRUMENTS

A.1 - CALIBRATION OF COBRA PROBE

The cobra uses four pressure taps to calculate all outputs inciredowty and local
static pressure; flow angles, and turbulence characteridftierefore Static pressure
calibration of the cobra Probe was performed on a regular thasigy the course of
the experiments. Static calibration was achieved by applginghown pressure
(measured using an inclined tube manometer) to the cobra probe'surpres
transducer, and comparing this pressure to the displayed outawdifiérence occurs
the correct pressure is inputted. This procedure is repeated throulgbaeipected
range of the measurements, in this case 0 to 1000 Pa, approxiegial to 0 - 40
m/s.

A secondary calibration was also performed to ensure accaeatimgs were obtained
from the Cobra Probe. Both the Cobra Probe and a pitot static tubeplaeed in
RMIT wind tunnel and exposed to the same free stream velotigyrdsults of from
both instruments were recorded and are presented in Table AA% ¢an be seen the

results were found to be extremely similar.

Cobra Probe

Manometer Cobra Probe

Pt-Ps Vel.

(Pa) m/s m/s
63.38 10.28 10.19
38.94 8.06 8.25
20.42 5.83 5.92
6.67 3.33 3.12
0.00 0.00 0.01

Table A.1 (i)

Figure A.1 (i)
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A.2 - CALIBRATION OF Disc BRAKE

THERMOCOUPLE

In order to establish the accuracy of the thermocouples in megsatating disc
temperature a comparison was performed between the temperaé@surements
obtained from the rubbing type thermocouple and a digital thermogreguhgra.
The experiments were carried on an open wheel racing car “Fo®8ada rather
than the test vehicle in order to have a direct line of smlithe point of temperature

measurement see figure A.2(i) .

Equipment used

Formula SAE racing car

RMIT Brake Test Rig

K-Type Rubbing Thermocouple
Flir Digital Thermography Camera
Fluke Data Logger with PC
ThermoCam Reporter Software

Figure A.2 (i)— Experimental Set-up

Experimental set-up

The right rear wheel of the racing car was placed in the hesteig (described in
section 3.3.1.3) and the brake was connected to the external agplideg rubbing
thermocouple and thermography camera were positioned to measteenfiezature
on inside surface of the rotor, as shown in figure A.2(vi). Drata the thermocouple
was recorded on the PC via the Fluke data logger, informimtonthe thermography
camera was recorded and stored within it's own memory. Thenahtelocks on the
thermography camera and the PC were synchronised so that temgserat a

particular instant in time could be compared.
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Procedure

The tests were performed by rotating the wheel at a constaetl gpproximately
equal to 50km/hr road speed. A gradual brake load was applied atairperatures
were recorded at 5 and 15 second intervals from the thermocouptileeamibgraphy
camera respectively. The procedure was continued until a temmeed about
450°C was reached, at which point the brake load was rdle&entinual recording
of the temperatures occurred until the rotor temperature droppebotd 200°C.
Output from the thermocouple was obtained directly from the P& temperature
scale; however output from the thermograhy camera was in the dba thermal
image (thermograph). Figure A.2(iii)) shows a typical themapl taken from this
test. The thermal image provides a qualitative view oftéimeperature distribution.
For comparison an equivalent photograph is provided in figure A.2(viig tAermal
image can also be analysed for quantitative data using a RGpdgtialist software
“ThermoCam Reporter 2000”. The temperature was measured goints on the
rotor approximately 180° apart, (SPO1 and SP02) and an averagekeasas the
rotor temperature The results for both thermocouple and thermal imaging camera

were charted and can be seen graphically in figure\A.2(i

245 3C File name Time
Seq067.img 4:04:44 PM
Object parameter Value
Emissivity 0.79
Object distance 1.6m
Ambient temperature 19.1°C
Label Value
SPO1 418.2°C
SP0O2 437.6°C

<30.8C

Figure A.2 (iii) — Typical thermograph and data of  taken during test.

® The emissivity of the brake rotor (carbon steedswbtained prior to the test by keeping the rater
constant temperature, the emissivity variable Wwas &djusted until the a matching temperature was
recorded. The final value was found to be 0.7%Wlm the range of published data of mildly
burnished carbon steel.
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Results

From figure A.2(iv) it can be seen that the results from botlhsenocouple and the
thermography camera are very similar, particularly duthmg heating phase of the
test. Both reach a similar peak temperature, although thengheuple lags the

thermogragh by about 10 seconds.

Comparison of Disc Temperature Measurement Methods
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Time

Figure A.2 (iv) — Comparison of disc temperature measuretnmethods

Once the peak temperature is reached response of the therhnyogaagera is about
20 — 25° lower than the thermocouple. It is believed that theomse of the
thermocouple is slower in cooling than heating due to residual tseatbbing
components. This is consistent with Limpert, 1975 who believed thahirg
thermocouples yielded results of about 17° higher than actual tat@s, mainly
due to friction generated by the sliding component. It must aserembered that
thermocouple will yield temperatures that are an averagewdral rotations of the
wheel, whereas temperatures obtained from the thermograat aneinstant in time.
The emissivity value (0.79) may not be constant due to tempesgdfacts and brake
pad residue on the surface under examination. From this teasitlecided that an
acceptable level of accuracy could be obtained for rubbing typadleeuples for use

in the experimental stages of this research.
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Figure A.2 (vi) Close up view of thermocouple inp  osition

Figure A.2 (vii) — Photograph of view shown in ther ~ mal image
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Experimental Data

Thermal Camera Data Thermocouple Data
Time SPO1 SP02 Average Time Temp Time Temp
T T T T T
4:02:53 PM 101.4 126.5 113.95 4:02:37 PM 79.9 4:06:02 PM 331.6
4:03:08 PM  167.3 185.9 176.6 4:02:42 PM 79.4 4:06:07 PM 325.8
4:03:23 PM 2194 246.4 232.9 4:02:47 PM 83.5 4:06:12 PM 319.5
4:03:38 PM  265.8 281.5 273.65 4:02:52 PM 102.8 4:06:17 PM 313.7
4:03:53 PM 332.6 340.4 336.5 4:02:57 PM 123.7 4:06:22 PM 307.7
4:04:08 PM  351.0 395.7 373.35 4:03:02 PM 146.9 4:06:27 PM 300.2
4:04:23 PM  390.0 400.9 395.45 4:03:07 PM 168 4:06:32 PM 294.2
4:04:32 PM  396.2 438.7 417.45 4:03:12 PM 189.5 4:06:37 PM 286
4:04:38 PM 4125 449.6 431.05 4:03:17 PM 210.2 4:06:42 PM 277.1
4:04:44 PM  418.2 445.2 431.7 4:03:22 PM 229.7 4:06:47 PM 270.2
4:04:47 PM  412.0 454.7 433.35 4:03:27 PM 249.8 4:06:52 PM 262.7
4:04:53 PM  399.0 439.7 419.35 4:03:32 PM 270.4 4:06:57 PM 256.2
4:05:02 PM  384.9 395.9 390.4 4:03:37 PM 284.9 4:07:02 PM 249.4
4:05:17 PM  361.4 373.3 367.35 4:03:42 PM 299.9 4:07:07 PM 243.7
4:05:23 PM  350.0 375.5 362.75 4:03:47 PM 316 4:07:12 PM 237.5
4:.05:41 PM  329.9 340.0 334.95 4:03:52 PM 331.3 4:07:17 PM 232.1
4:05:53 PM  306.8 330.2 318.5 4:03:57 PM 346.8 4:07:22 PM 226.8
4:.06:11 PM  285.6 310.3 297.95 4:04:02 PM 356.5 4:07:27 PM 221.5
4:06:23 PM  276.0 284.9 280.45 4:04:07 PM 368.1 4:07:32 PM 216.2
4:.06:41 PM  262.5 265 263.75 4:04:12 PM 379.8 4:07:37 PM 210.8
4:06:53 PM  236.8 248.2 2425 4:04:17 PM 390.4 4:07:42 PM 206.3
4:07:11 PM 218.9 231.5 225.2 4:04:22 PM 397.5 4:07:47 PM 202.1
4:.07:23 PM  201.1 213.3 207.2 4:04:27 PM 404.2 4:07:52 PM 197.6
4:07:37 PM  189.2 199.1 194.15 4:04:32 PM 412.6 4:07:57 PM 193.3
4:07:44 PM 181.5 196 188.75 4:04:37 PM 421.2 4:08:02 PM 189
4:04:42 PM 431.2 4:08:07 PM 184.6
4:04:47 PM 437.7 4:08:12 PM 180.2
4:04:52 PM 433.5 4:08:17 PM 176.9
4:04:57 PM 426 4:08:22 PM 173.1
4:05:02 PM 418.5 4:08:27 PM 169.6
4:05:07 PM 410.8 4:08:31 PM 166.3
4:05:12 PM 403.7 4:08:37 PM 162.5
4:05:17 PM 395.9 4:08:42 PM 159.2
4:05:22 PM 388.7 4:08:47 PM 155.6
4:05:27 PM 380.8 4:08:52 PM 152.9
4:05:32 PM 373.3 4:08:57 PM 146.6
4:05:37 PM 365.6 4:09:02 PM 145.4
4:05:42 PM 358.9 4:09:07 PM 142.8
4:05:47 PM 352 4:09:12 PM 139.7
4:05:52 PM 344.6 4:09:17 PM 136.6
4:05:57 PM 337.9

Table A.2 (i) — Experimental Data
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A.3—TORQUE TRANSDUCER CALIBRATION
CERTIFICATE

SENS0OR DEVELOPMENTS IRC.
BOX 290

lLake Oricn, MI 48361
(248) 191-3000

CALIBRATIONH DATAR SHEET
Descripticon: CW

5DI Mod. No. 01225 PS5 Capacity: 271 HNM Customar: HARE
EDI Serial No.: 167329 Date: 11-21-2000 Cus. Mod. No.:
3DI Job No.: 12814 Operator: BG Customer F/N:
Bmbient Temp.: 72 F Humidity: 19 %
LOAD OUTPUTE (mV/V) DEVIATIONS
ASCENDING DESCENDING AVERRGE BF/0 H/L H¥S BE/ O
0 O.onoon 0.0000 0.0000 0.0000 .00 0.00 0.00
27 O«3318 0.3312 0.3315 0.3317 0.00 =-0.02 -0.00
54 0.B8E35 0.6625 0.6630 0.6633 0.01 =0.03 =001
al 0.9952% 0.993% 0.9946 0.9350 0.01 -0.04 -0.01
108 1.3269 1.3254 1.3262 1.3266 0.0l =0.04 =001
136 l.68588 1.6570 1.6578 1.6583 0.0L =0.0%5 -0.01
163 1.9302 1.9887 1.38%5 1.9899 0.01 =0.04 =0.01
190 2-3218 2.3205 2.3212 2.3216 0.01 -0.04 -0.01
217 7.6534 Z2.06525 2.6529 2.06532 .01 -0.03 -0.00
244 2.9850 Z.9845 2.9847 2.9849 0.00 -0.02 0.00
271 3.3166 3.3166 3.3166 3.31865 -0.00 =0.00 0.01

Shunt Cal Data:

Value [OHMS) Bcross Produces Simulated Signal of:
m¥ /v HM{Term), ... (BF/O|
60 K OHMS - EXCITE & - SIGHAL 4.1267 s by T AR 337.2
120 K OHMS = EXCITE & = SIGHAL 2.0754 1649.6 169.6
&0 E OHMS + EXCITE & - SIGHNAL -4.1514 =-339.2 =339 _7
120 K CHME + EXCITE & - SIGHAL -2.08686 1705 =-170.5
Load may be computed using the following Bridge Resistance (OHMS):
aquation: Load = (K1 + K2*Output]*0Output
where Load is in HM & Dutput is im m¥/V Excitation 1644.3
Signal 1002.5
CURVE El K2
Ascending 81.6836 0.00811
Descending 81.8366 -0.03801 Status of Tolerance:
Averago E1.7601 -0.01495
Terminal Bl.6836 0.00000 In (X))
Best Fib/0 81.7126 d.00000 gut { )

This report shall not be reproduced except in full, without the written
approval of Sensor Developments, Inc. This instrument has been
calibrated using references traceable to natienal or international
standards. This instrument was calibrated with an accuracy ratio of
greater than or s#qual to 4:1 unless otherwise stated. This calibration
was performed in conformance with the SDI Quality Manval revision 5 and
ANSI/HCSL %-540-1.

%/ H-2ices *’ﬁ—— (-2 i-ut

Techniclan Date Appfoved By Date

109



Appendices

A.4 - CALIBRATION OF DIFFERENTIAL

PRESSURE TRANSDUCER

The differential pressure transducer was calibrated againstinelined tube
manometer. A pitot static tube was placed in the RMIT Indust¥fiad Tunnel, and
connected in series to an inclined tube manometer and theedifédr pressure
transducer. As the air velocity in the tunnel was increatted output from the
pressure transducer (mV) and manometer readings (m@) tere recorded

simultaneously. The results given in table A.4(i) aregayed over three tests.

Calibrations Readings
Transducer Manometer
volts h (mm)
0.104 1
0.29 6
0.371 7
0.529 12
0.622 13
0.793 21
1.004 24
1.263 32
1.475 35
1.823 45

Table A.4(i) — Calibration data from differential presswassducer

Calibration Graph for Differential Pressure
Transducer

w
I

g
7

0 200 400 600 800 1000
Dynamic Pressure (Pa)

[y

Transducer Output (volts)
N

o

Figure A.4(i) — Calibration graph for differential pressusmsducer
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APPENDIX B

OPTIMAL DISTANCE BETWEEN VENT

OUTLET AND PROBE HEAD

The distance the Cobra Probe is positioned from the perimetee obtor will have a
direct bearing on the accuracy of the results. Hudson (1997) ussthacdi of 10
mm when measuring vent velocity at the perimeter of a ddmiake rotor. However
it was decided to perform a series of tests in order to deterhow sensitive the
results were to the distance between the probe head to titeowtet. Flow
measurements were taken at distances of 3 mm, 5 mm, 10mdm5anm. From
these results (shown below) it was found that the closepriitee was placed to the
rotor the less the flow dispersed. Little difference wasesl between distances of
3, and 5 mm, while at further distances there appeared tgrificsint differences. A
final distance of 5 mm was chosen, as it was close enougje ttor to minimise
errors, but far enough to reduced the possibility of accidentactonthe results also
showed that comparison between tests could only be made if the preineeksivere

the same for all tests.

Sensitivity of Probe Distance to Rotor

1 : (100 km/h) :
i i —e—3mm
10 i .//‘:‘\ i e 5mm M
// \\\ i o
8

Velocity (m/s)

0 f f f f : l : f f :
-1 0 1
Non Dimensional Axial Position

Figure B(i) — Relationship between probe head dista  nce and accuracy of results
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APPENDIX C

RELATIONSHIP BETWEEN BRAKE ROTOR ROTATIONAL

VELOCITY AND EXTERNAL AIR -STREAM.

The wind velocity a vehicle experiences as it travels thranghatmosphere is equal
but opposite to its velocity, excluding the effects of atmosphefitds. The

rotational velocity of the wheel is directly proportional to thehicle speed, and is

governed by the expression: w= v
.

Where: V = velocity of vehicle (m/s)
R = rolling radius of wheel (m) (0.65 m)

w = angular velocity of wheel/rotor (radhs

And

_ax60
27

Where: V = velocity of vehicle (m/s)
R = rolling radius of wheel (m) (0.65 m)

w = rotational velocity of wheel/rotor (RPM)

Therefore there is a direct linear relationship betweernvécle velocity and the

rotational speed of the wheel and hence the rotor.

Vehicle Speed Vehicle Speed (V) N Wind Tunnel Velocity
(km/hr) (m/s) (RPM) (m/s)

120 33.33 979 33.33

100 27.78 816 27.78

80 22.22 653 22.22

60 16.67 490 16.67

40 11.11 326 11.11

Table D.(i) Relationship between brake rotor rotati  onal velocity and external air-stream
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APPENDIX D

BLOCKAGE CORRECTION

Date of Test: 20/05/2001
Test Vehicle: Ford Falcon AU
Equipment Used: Pitot Static Tube

Differential Pressure Transducer, (voltage output).

Raw Data

Vehicle Driving Direction
Speed North South
(km/hr) (volts) (volts)
0 0.104 0.104
40 0.297 0.284
50 0.357 0.384
60 0.547 0.512
70 0.578 0.665
80 0.891 0.695
90 0.995 1.014
100 1.321 1.205
110 1.423 1.526
120 1.826 1.820

Table D (i) — Raw data taken from on-road tests.

The output from the differential pressure transducer was codveéotedynamic
pressure (Pa) using the calibration graph given in Figure A.ldcal air stream

velocities were then obtained using the following equation:

aP =1 o\’

Where, AP is the differential pressure across the pitot static tufse, (
o is the density of air (kg/f

\/ is the local air stream velocity (m/s).
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Calculated Data

Corrected (From fig A.1)
Vehicle Speed Average Dynamic Pressure local Velocity
(km/hr) (volts) Pa m/sec km/hr
0 0.104 7.04 0 0
40 0.290 56.15 9.4 33.76
50 0.371 71.50 11.4 41.13
60 0.529 119.77 13.6 48.94
70 0.622 127.83 15.8 56.89
80 0.793 207.54 16.2 58.32
90 1.004 233.86 20.0 71.83
100 1.263 316.93 21.9 78.78
110 1.475 343.01 24.8 89.30
120 1.823 445.68 27.2 97.93

Table D (ii) — Local air stream velocity measuremen  ts at equivalent road speeds.

Wind Tunnel Blockage Correction

110
100

80 -
70 A
60
50 A
40 A
30 A
20 \ \ \ \

20 40 60 80 100 120

Car Velocity (km/hr)

Local Velocity (km/hr)

Figure D(i) - Relationship between local flow to freestream velocity.
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APPENDIX E

BRAKING TORQUE REQUIRED FOR A ONE
TONNE VEHICLE DECENDING A 1IN 5SLOPE

AT A CONSTANT SPEED OF 60KM /H

mgsing

¢ mg

Mass = 1000 kg.

Velocity of Vehicle = 60 km/hr.

Rolling diameter of tyre = 0.65m.

Slope of decent = 10°.

For continued braking at constant speed the power requirecers lgyvthe formula:

R, =mgVsing - Limpert (1999)

Where:R, (W) is the braking power required to keep the vehicle at cotetdocity.

mc¢ is the weight of the vehicle (N).

V is the velocity of the vehicle (m/s).

@ is the angle of decent.
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P, =1000x 9.8x 6({—}3"19
36

Assuming a 70/30 front to rear brake distribution. The brake power eedioir 1 rear

wheel is

R, =1 1000x 9.8x 6 1000 sing (0.3
2 3600

B, =3836 watts

r 0.32%
Torque= 5 = 3836 =748 Nm
a 5128
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ABSTRACT

Many attempts have been made to improve
automotive brake cooling by increasing the
pumping action of vented brake rotors, both
experimentally and using computational
fluid  dynamics. Testing of these
improvements has occurred by measuring
the airflow at the outlet of a rotating brake
rotor in still air, however this is a vastly
different environment to the actual working
condition of the rotor. Airflow around the
rotor, as a result of the forward movement
of the vehicle, will have a considerable
effect on its pumping ability. In this paper a
comparison is made between the measured
airflow through a straight-vane vented disc:
(1) isolated disc still air; (2) disc in still air
with the wheel on; (3) disc in moving air with
the wheel on; and (4) on road simulation
using a % car. Both time-averaged and real-
time measurements are presented. In the
still air tests results showed a linear
relationship between rotational velocity and
airflow through the disc. Spectral analysis
indicated the possibility of vortex shedding
occurring behind the vanes. For tests (3)
and (4) vent airflow was a function of both
rotational speed of the rotor and angular
position around the rotor, with the volume
flowrate of air significantly lower than that
measured in still air tests.

INTRODUCTION

One of the most important components in a
road vehicle is its braking system. Apart
from a few exceptions such as regenerative
braking in electric and hybrid vehicles, no
viable substitute has been found for friction
braking systems. As long as such systems
are employed, the effective dissipation of
thermal energy from the brake drum or disc
will be a concern to brake designers and
engineers. Most of the heat dissipated from
brake rotors is by convection to the
atmosphere and therefore sufficient cooling
air must interact with the rotor to provide
satisfactory heat dissipation. The modern
trend of streamlined low drag vehicles has
resulted in a reduction in the cooling air
available to the braking system as well as
such things as the engine, exhaust,
differential, etc. With this in mind, much
work has been done to improve the cooling
capabilities of brake rotors and in particular
to increase the cooling airflow to brake
rotors, both computationally and
experimentally, including [1, 2]. A significant
portion of this previous work involved
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attempts to improve the airflow through
vented disc rotors. The measurement of
airflow through the rotor vents is usually
conducted on isolated rotors operating in
still air, a condition that is axi-symmetric and
vastly different from its normal operation. In
normal operation the airflow in the region of
a brake rotor is not axi-symmetric,
extremely complex and turbulent, mainly
due to air entering the wheel cavity from the
forward movement of the vehicle. It is
therefore not known how much flow under
“real” operating conditions occurs through a
vented rotor on a vehicle. It has also been
suggested that it is the extra surface area in
a vented disc that produces the largest gain
in cooling and not the flow generated [3].

The objective of this work is to compare
measured flow through an isolated vented
rotor operating in still air to the measured
flow in normal operation conditions. A series
of experiments were developed to measure
the flow through a rotating vented rotor
under various conditions, including: (1) the
isolated disc in still air; (2) the disc in still air
with the wheel on; (3) the disc in moving air
with the wheel on; and (4) an on road
simulation using a Y4 car.

EXPERIMENTS

The experiments were conducted in the
RMIT Industrial Wind Tunnel, a rotor test
bench was used to spin the rotor and airflow
measurements were taken with a high
frequency dynamic Cobra probe. This probe
has a multifaceted head that contains four
pressure taps, which can measure flow
fields within a range of #45° Any flow
measured outside this zone of acceptance
is automatically rejected. The probe is
capable of mean and time-varying values
of: velocity (3-components); pitch and yaw
angles; local static pressure; turbulence
intensity and all six components of
Reynolds stresses. Further information on
the Cobra probe can be found in references
[4, 5]. The vented brake disc used in the
experiments was a cast iron 303 mm rotor
containing 37 vents.

The rotational velocity of the disc was
chosen as the equivalent rotational speeds
for the vehicle travelling at road speeds of
40, 60, 80, and 100 km/hr. The probe head
was positioned to face directly into the
mean angle of outlet flow (-609, see Figure
1. By traversing the probe axially at 1 mm
intervals from the inboard to the outboard



edge of the disc, it was possible to obtain a
good description of the flow field at the
outlet of the vanes. The sampling
frequency was 5000 Hz and the sampling
time was 5 seconds, making more than
25000 samples at each point.

Figure 1 Position of Probe for Airflow
Measurement

RESULTS
CASE 1 ISOLATED ROTOR IN STILL AIR

Time Averaged Results

The time-averaged velocity data collected
from the isolated disc measurements are
displayed graphically in Figure 2. The axial
position is non-dimensionalised over the
width of the disc, point O being the centre
point of the disc, and -1 and 1, are the
inboard and outboard edges, respectively
(Figure 4Figure 4.4.3). The two vertical
dotted lines represent the boundaries of the
internal flow passages. This chart shows
the outlet airflow velocity profiles from the
disc at the various speeds under
investigation, and a jet of air is evident
which is entraining the surrounding flow.

Velocity Profile Across Rotor
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| ! —e—40km/h
10 + i | —m—e0kmh
! i 80km/h
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E | :
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1
1
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Non Dimensional Axial Position

Figure 2 Velocity Profiles Across Disc

t can be seen that the point of maximum
elocity through the disc does not coincide
bxactly with the centre of the flow passage,
his may be because airflow only enters the
Hisc from the inboard side. The flow velocity
brofiles are similar for all speeds, and
ppear to be proportional to the rotational
elocity. Figure 3 shows the results when
the measured velocities are shown in non-
dimensional form.

The results appear to collapse onto a single
line, particularly at higher speeds. At lower
speeds there is some drift away from this
line, particularly at the edges of the disc,
which is attributed to minor Reynolds
number effects and measurements errors at
these low flow velocities.

MNon Dimensional Yelocity

Velocity Profile Across Rotor
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0 + T +
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Figure 3 Non Dimensionalised Flow Through
Disc

Previously Sisson [6] and Limpert [7] have
independently developed empirical
equations to predict the flow through vented
rotors. The following table shows the results
expected from both equations as well as the
measured values. Sisson’s equation
produces results very close to the
measured values (within 20% at all speeds).
However, Limpert's equation yields values




of about 40 - 50%s lower than measured.
Both Limpert and Sisson predict a linear
relationship between rotational velocity and
vent airflow, and Figure 3 appears to
support this.

Calculated Measured From

Measured

Speed RPM Limpert Sisson Max. Average Mass

(km/h) (m/s) (m/s) Measured (m/s) Flowrate

(m/s) kals

100 816 6.82 8.89 11.11 10.12 0.0569

80 653 5.46 7.11  8.98 8.21 0.0462

60 490 4.09 534 6.90 6.30 0.0355

40 326 272 355 475 4.48 0.0252

Table 3 Measured and Predicted Flow Through

Disc

The Cobra probe is also able to determine
the angles of the flow stream relative to its
head. For convenience, these angles have
been transformed to angles relative to the
disc and named flow angle and yaw angle,
the convention adopted for these angles is
given in Figure 4Figure 4.4.3.

Side View Front View
4 0
+Ve 0 -Ve +Ve -Ve
Flow Angle | Flow Angle Yaw Angle Yaw Angle
Probe
Traverse
Sl >1

ROTATION

il

L

A

Figure 4 Airflow Angle Convention, for Airflow

Through Disc

The flow angles and the yaw angles for all
speeds tested are given in Figure 5Figure
4.4.5. It can be seen that the patterns for all
speeds are similar.

Airflow Angles

Taw Angle [degrees])

80 km/h
80 km/h

- - -X---60kmh

100 km/h
100 km/h

Figure 5 Measured Flow and Yaw Angles for Flow the

303 mm Vented Disc

Real Time Results

In addition to time-averaged measurements,
the Cobra probe allows measurement of
real time and transient airflows. Figure
6Figure 4.46 shows the velocity
measurements for one revolution of the disc
at an equivalent road speed of 100 km/h,
(measured at the centre point of the vent

outlet).

Velocity (m/s)

Real Time Velocity Through Rotor
"Il py
o Mh Ml

L
st A A

0 T T T T T T
0.00 0.01 0.02 0.03 0.04 0.05 0.06
Time (secs)

0.07

0.08
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Figure 6 Airflow Velocity for One Revolution of Briee

Disc
Spectral analysis was performed on the
data using the Cobra probe software, which
allows a detailed analysis of the data in the
frequency domain. Figure 7Figure 4.4.7
shows the results of the above data (100
km/h equivalent road speed). The frequency
is displayed on the x-axis, and the root
mean square of the velocity squared is
shown on a decibel scale on the y-axis.
The software filter cut-off frequency was
1500 Hz, this can be observed in the
spectrum as a step change at 1500 Hz. A
sharp spike can be observed in the
spectrum at about 500 Hz. This is




equivalent to the frequency of the vents in
the disc passing the probe head. The disc
contains 37 vents and at 100 km/h (816
RPM), the blade passing frequency is:

816
——x37=5032 Hz
60

Power (dB)
[10*log(((Velocity

(mis))ms) )]

Frequency Spectrum at 100 km/h
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n
o
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1
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-40.00 | | |

0.00 500.00 1000.00 1500.00 2000.00 2500.00

Frequency (Hz)

Figure 7 Frequency Spectrum - 100 km/h (816 RPM)

Also observed in the spectrum is a wider
spike centred about 180 Hz, which is
believed to be vortex shedding. Figure
gFigure 4.4.9shows the spectra for all
speeds measured from 40 to 100 km/h,
which are transposed in the y direction for
comparison purposes.

Spectra Comparison
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0 250 500 750 1000 1250 1500 1750 2000 2250 2500

Frequency (Hz)
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200000. Equation 4.4.4 and Equation 4.4.5
were used to determine if the flow through
the vanes was with the range for vortex
shedding to occur. The results of these
equations are outlined in Table 4.4.2. From
this table the required conditions for vortex
shedding are present.

Venik

—_ vent
Re= vy - Equation 1

Figure 8 Spectra Plots for Full Range of Speeds.

It can be seen that blade passing and
vortex shedding are a function of speed.
Vortex shedding frequencies are predicted
via Strouhal numbers between 0.2 (circular
cylinder) and 0.08 for (rectangle) [8], for
Reynolds numbers in the range 40 < Re <

Where
Re = Reynolds Number
Vyent = Air Velocity Through
Vent (m/s)
L = wetted length of vent
(0.044 m)
v = kinematic viscosity (1.4
x 10° m2/s)
f.w
St=— ,
V - Equation 2
Where: St = Strouhal number
fr =frequency of shedding vortices (Hz)
w = characteristic width (m)
V =velocity (m/s)
Measured
Speed Vv W Vortex  Calculated
P RPM - vent Shedding Strouhal
(km/h) (m/s) Re mm
Frequency No.
(Hz)
100 816 10.12 24738 6 180 0.11
80 653 8.21 20069 6 125 0.09
60 490 6.30 15400 6 90 0.09
40 326 4.48 10951 6 50 0.08
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Table 4 Vortex Shedding Frequencies

CASE 2 — AIRFLOW THROUGH BRAKE
DISC IN STILL AIR WITH WHEEL ON



The experimental configuration for case 2
can be seen in Figure 9Figure 4.4.10

Figure 9 Airflow Measurements with Wheel in
Place

The results shown in Figure 10Figure 4.4.11
are the airflow measurements through the
disc with wheel in place and no external
airflow. The profiles are similar to the free
disc case for the inboard portion of the disc,
however for the outboard portion of the disc
(wheel side) there appears to be significant
airflow generated by the wheel. The
maximum airflow velocity through the vane
section appears similar in magnitude to the
free disc case, although the profile is a little
flatter.

Velocity (m/s)

Velocity Profile Across Rotor

‘_._40 km/h @ 60km/h 80 km/h

Non Dim e nsional Axial Position

00 km/h ‘

Figure 10 Velocity Profile Across Disc in Still Air
(Wheel On)
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Figure 11 Measured Flow and Yaw Angles in Still
Air (Wheel On)

The measured flow and yaw angles for this

case are given in Figure 11.

CASE 3 — AIRFLOW THROUGH BRAKE
DISC IN MOVING AIR WITH WHEEL ON

Due to the interacting of external flow on the
flow through the vents, the airflow around
the rotor periphery was no longer axi-
symmetric thus the flow was also measured
at the front, bottom and back of the rotor.
Figure 12 shows the velocity profile across
the disc for the wind on and wheel on
condition, with the probe in the top position
as in the previous set of experiments. The
probe angle was kept at -60° Clearly from
this chart the readings were affected by the
external flow, and it is unknown if any
internal flow was being measured or just the
external flow, as no discernible flow jet is
observed through the centre portion of the
disc. The data rejection rate of the probe for
these measurements was also in excess of
30%, indicating that a significant portion of
the flow was outside the * 45° zone of
acceptance of the probe head (and
extremely turbulent).
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Figure 12 Velocity Profile Across Brake Disc

The results are also given for the measured
flow at other points around the disc. Figure
13, Figure 14 and Figure 15 Figure
4.4.15show the velocity profiles for the front,
bottom and back of the disc respectively.
Apart from the flow measured at the front of
the disc, it is not clear whether the air
velocity measured is produced mainly by
the vent flow or external flow. It is possible
that the outlet of the vanes at the front of
the disc is within the wake of the wheel and
is therefore less affected by the external
flow.
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Figurel3 Velocity Profile Across Front of Disc
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Figure 14 Velocity Profile Across Bottom of Disc
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Figure 15 Velocity Profile Across Back of Disc

CASE 4 — AIRFLOW THROUGH BRAKE
DISC IN MOVING AIR WITH WHEEL AND
QUARTER CAR

As in the previous tests the airflow in this
condition was not axi-symmetric. From
these results it was difficult to determine if
the airflow was being generated though the
vanes of the disc in the wind-on condition.
As the external airflow was not similar to the
normal on-road condition, a further test was

performed in a more representative
simulation of the real world driving
condition. In this test the test wheel was

covered with a one-quarter car to represent
the front right hand corner of the vehicle,
and located close to the side wall of the
tunnel, as shown in Figure 16. The
blockage area of the ¥4 car and associated
equipment was approximately 20% (defined
as projected frontal area of object divided
by cross sectional area of test section).
Although many corrections exist for
blockage [9], for this work a simple area
correction was used and the upstream
velocity of the flow was reduced by 20%.

Figure 16 Car Buck Used for Airflow Measurements




Figure 17 shows the velocity measurements
for the flow measured at the top of the disc.
Although the flow through the vanes
appears to be affected by the external flow
field, there is still evidence of flow through
the vanes, particularly at higher speeds.
The flow profiles are similar to the profiles
recorded for the wheel on and without
external air (Figure 10Figure 4.4.11).
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Figure 19 Velocity profile Across Front of Disc - War
Test

Figure 17 Velocity Profile Across Top of Disc- ¥4 €Ca
Tests

The charts shown in Figure 18 are the yaw
and flow angles recorded at the top of the
disc. The profiles are not significantly
different for the case with the wheel on and
still air (Figure 11), and are consistent over

the range of speeds tested.
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Figure 20 Velocity Profile Across Bottom of Disc ¥4
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Figurel8 Flow and Yaw Angle Plots for - ¥ Car Tests

The velocity plots for the front bottom and
back of the disc are given in Figure 19,
Figure 20 and Figure 21 respectively. From
these plots it appears that no jet of air can
be distinguished through the vanes from the
front and bottom locations, although some
flow is evident through the vanes at the
rear.
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Figure 21 Velocity Profile Across Back of Disc - ¥
Car Tests

From these charts it is evident that some

flow occurs through certain segments of the

vented disc, in normal driving conditions,

even at higher speeds. It is not easy to

quantify this flow, as it is difficult to

distinguish it from external flow.




DISCUSSION OF RESULTS

Much work has been done to develop
vented discs that displace significant airflow
for a given rotational speed, however
previous research in this area has generally
examined the airflow in still air. The results
outlined in the still air tests appear to agree
with earlier work refereed to in [2, 6, 7]
when predicting the expected flow through
vented discs. However from the frequency
analysis it appears that there is also some
other flow disturbance existing through the
vanes of the disc, possibly vortex shedding.
Kubota et al. [10] also found similar
disturbances in the flow. It should therefore
be possible to further increase the vent flow
by reducing these disturbances (i.e. more
aerodynamic shaping of the blades) and
allow the cooling air to flow through the
vents more smoothly.

When the tests simulated the on-road
condition it is clear that the disc vent flow is
severely influenced by the presence of the
wheel vehicle and externally imposed flow
(mainly the forward movement of the
vehicle). Nothing was found in the public
literature that experimentally determined
flow through the disc vents in a
representative road condition. It was not
known how much, or if any, flow occurs
through the disc vanes during normal
operation, or how this flow was influenced
by vehicle velocity. Therefore it may be
guestionable to attempt to gain more airflow
through vented discs if limited airflow exists
in its normal operating condition. The
presence of the wheel alone around the
disc influences this flow significantly as
shown in case 2. Figure 22Figure 4.5.2
illustrates how the various interactions
effect the flow through the top of the disc at
a vehicle speed of 100 km/h. Clearly all
these interactions have an effect on the
flow, the greatest being the external flow,
however the effect of the brake caliper was
not examined and should be included in
further research.
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Figure 22 Airflow Through Vented Disc Under

Varying Conditions 100 km/h

As observed in Figure 22 the flow jet
through the centre of the disc in the % car
test (case 4) is similar to the wheel and disc
test (case 2). It is interesting to note that
the maximum measured vent velocity is
similar for cases 1, 2, and 4, at the top of
the disc, suggesting that measuring the flow
through a disc in still air may indicate the
flow in normal operation. However at other
positions around the rotor this is not the
case. It can therefore be concluded that
although the flow through the vents is
affected by external airflow, the wheel, and
body structure, some airflow still occurs
through segments of the disc, even at
higher speeds. Therefore a measurable
benefit in cooling should be found by using
vented brake discs over solid type disc. The
results also highlight a contradiction, in the
effect of the body shielding created by the
vehicle body improves the conditions for the
vented disc to operate, (compare case 3
with case 4). This also has the effect of
reducing the airflow around the outer
surfaces or the disc reducing the overall
cooling air interacting with the disc. There
may therefore be a greater gain in cooling
by increasing the airflow into the region of
the brake disc, than what is gained by
vented discs, although this will negatively
impact on the vehicles aerodynamic drag.
Much would appear to depend on the
venting of the wheel itself, although
additional research is needed to support
this.

CONCLUSIONS

Airflow through vented rotors is significantly
reduced during on-road driving, compared
to when measured in isolation. The main




reason for this is the influence of the flow
around the vehicle and its interaction with
the wheel and bodywork.

Previously the nature of the flow through
vented rotors under normal operating
conditions was unknown, nor was the speed
dependence understood [3]. However the
results outlined in this paper show the non-
dimensionalised flow through vented rotors
is not particularly affected by vehicle speed.

Air entering the wheel cavity appears to
reduce the quantity of air flowing through
the vented rotor. Therefore the greatest
benefit from vented rotors will be achieved
in vehicles where air entering the wheel
cavity is limited, such as low drag vehicles.

Increased airflow through vented rotors
could be achieved by reducing airflow
disturbances (such as vortex shedding) with
improved aerodynamic shaping of the
internal blades.

Further research should include the
measurement of the thermal performance of
vented rotors and relate this to the

measured vent flow, under representative
on-road conditions. This is part of on-going
research.
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