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Abstract

Detailed understanding of heat dissipation from a stationary disc brake is of considerable
importance for vehicle safety. This is essential for both park braking on inclines and for
preventing brake fluid boiling in hydraulic brakes. Despite the experience proving the
significance of such conditions, there is very little published data dealing with this phenomenon,
and even ECE Regulation 13 does not specify hot parking braking performance. The problem of
heat dissipation from stationary brake may appear simplistic but it is actually more complex
than from a rotating disc, due to the lack of symmetry through or a dominant mode of heat
transfer as natural convection is the only driving force behind the airflow. All three heat transfer
modes exist in a transient process, with complex heat transfer paths within and between brake

components.

This Thesis investigates the cooling performance of a Commercial Vehicle (CV) brake whilst in
stationary conditions. The research is predominantly orientated towards the thermal aspects of
Electric Parking Brake (EPB) application in CVs. Contraction of large brake components after
hot parking may lead to vehicle rollaway on inclines, with tragic consequences. An extensive
theoretical and experimental study was conducted. An analytical model of a disc brake in free
air was developed, enabling good prediction of disc temperatures and average surface
convective heat transfer coefficients (h.,y,,) over the entire cooling range. A comprehensive
CFD modelling of the 3-dimensional flowfield around the disc brake was also conducted, as
well as predicting the surface convection coefficient distribution. Shear Stress Turbulence
model was found to be most suitable for such studies. FE models were created to predict
temperatures in all components of the brake assembly. A special Thermal Rig was developed
for experimental validations, which uses an induction heater for heating the disc brake, and
numerous surface mounted and embedded thermocouples for measuring component
temperatures, as well as ‘free standing’ for determining air temperatures in specific points. IR

cameras provided further temperature field information.

The results clearly show little influence of the conductive heat dissipation mode. The study also
showed, for the experimental arrangement used, a constant value of surface emissivity (& =
0.92). With well-defined conductive and radiative heat dissipation modes, the emphasis was
placed on investigating convective heat dissipation from a stationary disc brake. It has been
demonstrated that the anti-coning straight vane design of brake disc does not cool effectively in
stationary conditions. Expected ‘chimney effects’ in disc vent channels do not materialise due to

large scale recirculation regions preventing airflow from entering the channels, which




drastically reduces the convective cooling. Complex thermal interactions between the large
assembly components are explained, with typical cooling time being just over an hour for disc

brake cooling from 400°C to 100°C.

Extracted heat transfer coefficients were used for establishing a complex FE assembly model,
which enables accurate prediction of temperatures of individual components over the entire
cooling period. The developed approach is used for predicting temperature of the existing brake
assembly but is equally suited for generating new designs with more favourable characteristics.
In addition to being a powerful design tool for assisting in EPB design and validation process,
the methodology developed offers wide applications, such as thermal optimisation of the caliper
housing for the installation of continuous wear monitoring sensors, smart slack adjusters (for

low friction drag brakes), etc.

EPBs in passenger cars have been successfully used for over 10 years now. They use a
relatively simple approach for ensuring safe parking from hot by over-clamping (applying
approximately twice the required actuating force) and re-clamping (repeated application after
the vehicle has been parked). Large CV actuating forces prevent the use of over-clamping as
this could damage the disc, whilst re-clamping would need to be repeated several times over a
much longer period of time, requiring the vehicle battery to power the electronic systems for a
longer period of time without recharging. Neither approach is acceptable, requiring a more in-
depth thermal study of the CV brake in stationary conditions, as investigated in this Thesis. In
addition to technical, there are marketing and financial aspects which make EPB introduction

and acceptance in commercial vehicles very different to passenger car applications.

Such an investigation was conducted, exploring the market the CV EPB will be sold in and
whether it would accept the new technology. Two questionnaire analyses were carried out, with
the second giving the respondent detailed information about the EPB. It was found that using an
informed, knowledge based approach yielded more positive feedback to the proposed product.
The outcome may be even considered more contrary than expected, rather than instigating
mistrust, the new CV EPB technology created interest. Furthermore, reports of pneumatic
malfunction indicated that independence from the pneumatic system should be used as the key

selling point for the EPB, for all beneficiary segments.
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Introduction and Research Objectives

1 Introduction and Research Objectives

Electric parking brakes (EPB) have been installed in cars for 10 years now, providing many
advantages to car OEMs and customers alike. Convenient parking brake application, packaging
and ergonomic advantages are complemented with smart operation (required clamp application
only, 'hill hold' and 'hill start"), improving comfort and safety. Replacing the traditional parking
lever system with a brake by wire (BBW) removes the ratchet mechanism and the tensioned
cable and linkages between the handbrake lever and the brake itself. Both space saving in the
passenger compartment and vehicle mass reduction is achieved. The latter helps lower carbon
dioxide (CO,) emissions and improve fuel consumption, reducing the running costs for all the

vehicles using this technology.

The main driving force towards developing EPBs for installation on Commercial Vehicles (CV)
is the reduction of energy consumption, by the reduction of compressed air usage. Furthermore,
reduction of actuator mass and dimensions are particularly attractive for variety of vehicles, in
particular vehicles with independent suspension. Smart features which can be easily integrated,

increasing driver comfort and vehicle safety are also beneficial.

Currently, parking braking of heavy CVs (lorries, coaches and busses) is achieved by using the
energy stored in a pre-loaded steel spring within the parking chamber (see Figure 1.1).
Compressed air is used to release the park brake, by compressing the spring and moving the
parking pushrod away from the service chamber. In an EPB actuator, this function is to be
replaced with a smart electric actuator. Demands on the air compressor are reduced, which
allows it to be reduced in terms of required driven power, size and mass. Furthermore,
compressed air storage requirements also reduce, lowering the size and/or amount of
compressed air reservoirs required. Ultimately, these changes could lead to a potential reduction

in manufacturing costs by using the smaller, cheaper components.

A typical mass saving of 29 kg/axle is estimated (Wilde and Leiter 2007) by using these
proposed component changes. At frequent start-stop situations (such as buses) much less
compressed air will be used (for service braking only and no air for parking) hence the
energy/fuel saving of 8-10 % is predicted (Wilde and Leiter 2007). Even higher reduction in
fuel consumption can be achieved in some communal vehicles, such as rubbish collecting
lorries with extremely frequent parking brake application (practically at every house). In inter-
city operations (coaches and lorries), the parking demands are much lower but smaller
compressor, reduced volumes of air reservoirs and component mass reduction, will result in an

estimated fuel saving of up to 2%. As commercial vehicles form the backbone of the UKs
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freight distribution and public road transportation systems, the reduced running costs should

reduce the overall cost base of the UK economy.

Service Chamber I Spring Parking Chamber

Steel Spring

Rubber Membrane Parking Pushrod

Figure 1.1: Cut through of the current service chamber and the spring parking chamber

Even with the potential to reduce manufacturing costs, simplifying the brake assembly
installation, improving the fuel economy and reducing CO, emissions, EPBs are yet to be
introduced in CVs. Differences in the thermal characteristics between passenger cars and CV
brake assemblies, specifically the disc brakes, is one of the key technical factors preventing the
introduction. A passenger car will typically have a laden mass of between 1 to 2 tonnes.
Sufficient brake parking force is generated by disc brakes having an approximate mass of 3-5
kg, with a thickness of 12 mm (solid disc) and 25mm (ventilated disc). The outer diameter (OD)
is of the order of 240 mm.

Comparing this to a CV brake, the disc has a mass an order of magnitude larger, at
approximately 35 kg. Required disc brake thickness is 45 mm and OD typically 434 mm. In
passenger cars axle loading is around 1,000 kg per axle, in CVs around 10,000 kg. CVs also
have a lower power to weight ratio, hence lower engine braking, creating the need to be
equipped with retarders. However, the retarder/engine braking of the CV does not

proportionally equal the braking force provided by the car engine braking, resulting in a higher
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acceleration downhill and increasing the braking demand. Heat dissipation characteristics from
a CV are worse than for a passenger car generally due to being shielded more from the airflow,
lower speeds and lower wheel angular velocities for the same vehicle speeds (due to larger

wheels).

Thermal heating of the brake assembly, predominately the disc and pads is an effect of the
friction braking process. Bulk temperatures reached within the CV and passenger car disc
brakes are comparable, creating proportionally more expansion to occur in the CV disc brake,
due to the larger sizes. Cooling will be much prolonged owing to the additional energy storage
capability. A parking brake will always be applied when the disc brake is “hot” as, by
definition, it will be applied after the vehicle has been in use, creating thermal expansion in the
brake. When parked, and if left for long enough, the brake assembly will cool down to ambient
temperature. During this cooling phase, contraction of the brake system naturally occurs as heat
is dissipated from the system. To understand how this effect causes an issue, in Figure 1.2 the
Elsa 225 brake assembly is presented, which incorporates service and parking chambers (see
also Figure 1.1). What is being emphasized here is the amount components present in the caliper
system able to store thermal energy and the additional heat paths created as a consequence. With
heat being passed to one component to another, it becomes difficult to predict the volume of

expansion/contraction at a given point in time in this highly transient system.

A brake caliper, consisting of the Housing Unit, Bridge and Pad Carrier, as well as a brake disc
and pads are also shown in Figure 1.2. Meritor HVBS, the sponsors of this research, provided
this brake assembly as a prime candidate for EPB introduction. To operate the brake, the driver
presses down on the foot pedal, which regulates the flow of pressurised air into the service
chamber (Figure 1.1). Situated inside the back of the service chamber is a rubber membrane,
which is resting on the pushrod. Compressed air will cause axial movement of the membrane,

pushrod and brake activation (a more detailed explanation is given in Appendix E).
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Inboard Service

Pad Chamber [ ™
Outboard ! AT

Pad ™y Spring
Parking
Chamber

Housing
Unit

Pad

Carrier
Brake €

Disc

Figure 1.2: The LM 120 Offset D-Elsa Brake Assembly

The pushrod output locates in the housing unit, where it pushes against an off-centred operating
shaft (Figure 1.3). Movement of the pushrod rotates the off-centred shaft, reducing the
displacement within the system whilst adopting mechanical advantages to increase the force
acting on the pistons. The two pistons push the inboard pad against the disc brake. As a reaction
to the applied force, the housing unit, being fastened (bolted) to the bridge (Figure 1.2), slides
axially in the opposite direction, pulling the outboard pad against the other side of the disc. In
such a manner, a clamp force is created. This force is also called actuating force, since it
activates the brake. If the disc is to rotate, friction is developing at the disc/pad interfaces,
generating friction forces, which are reacted by the pad carrier (Figure 1.2) and transferred to

the axle.
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Housing Unit Pushrod Input

Gearing system

Off-centred shaft

Pistons Mechanism

Figure 1.3: Exploded view of the parts making up the Mechanism component, located in the Housing

Unit

If the parking brake is to be activated, the process of the force transfer is identical, with the only
exception that it starts by releasing the air form the Spring Parking Chamber (Figure 1.1), which
results in relaxation of the preloaded steel spring, which pushes parking pushrod onto the
membrane and (service) pushrod. From here on, the process is the same, with the off-centred
shaft pushing the pistons (Figure 1.3) and inboard pad, and the bridge actuating outboard pad
(Figure 1.2). It should be noted here that when parking chamber is actuated, by releasing the
compressed air, the parking pushrod will press against the membrane and (service) pushrod,
activating the brake, irrelevant of whether the service chamber is actuated (pressurised) or not.
The only difference is that if the service chamber is pressurised, the parking pushrod will have

some ‘free travel’ before acting upon the membrane and (service) pushrod.

It should be noticed that the off-centred shaft provides a ratio of about 15, increasing the force
but reducing the travel, hence it is a paramount for the brake assembly to be properly adjusted.
This is achieved by an automatic slack adjuster, using gearing system shown in Figure 1.3. Such
high ratio is necessary in order to achieve required clamping force but as a direct consequence
any displacement on the disc/pad interface will cause much higher displacement of the pushrod.
Practically, thermal disc and pad shrinkage, permanent pad set and other effects could have

negative consequences on the pushrod movement and actuating force reduction.
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The basic concept of an EPB actuator is to replace the Spring Parking Chamber (shown in
Figure 1.1 and Figure 1.2) with a smaller spring, actuated by an electronic system (which is still
under development). The EPB spring will have a similar diameter but will be shorter and lighter
than the current spring used. Being more compact and ‘stiffer’, the EPB actuator has its
advantages but also potential disadvantages. Keeping a spring in the system is advantageous to

the design as it inherently self-corrects against thermal contraction without external control.

Disc and pad temperatures will depend upon the braking duties and vehicle loading condition.
Prolonged parking of the fully laden vehicle on the incline after heavy braking duties, such as
repeated or drag braking on the incline, are particularly critical for all vehicles. For heavy
commercial vehicles, with disc and pads being of considerable thickness, thermal expansion can
be very pronounced at high temperatures. As the disc and pads cool down, they will shrink, the
pushrod will retract, reducing the amount of clamp force at the friction interface. The situation

is made worse by increase in caliper temperature and its expansion.

In the case of the spring parking actuator (Figure 1.1), this condition will cause expansion
(relaxation) of the spring and reduction of the clamp force. Due to relatively long spring stroke
and high preload, the consequences are unlikely to be dangerous for a brake in good condition,
with correctly functioning slack adjuster. However, use of an EPB actuator, compact and stiff,
would require a much better understanding of thermal processes to assure safe parking in all

conditions.

It should be noted here that passenger car EPBs use two methods in preventing vehicle rollaway
in hot parking conditions. Firstly, the clamp force applied in all conditions is much higher than
required (typically 100% higher) and secondly, so called automatic ‘re-parking’ in hot parking
conditions. By measuring the frequency of brake application, brake pressure and vehicle speed,
a thermal model within parking brake ECU predicts brake temperatures. If the vehicle is parked,
and the model estimates higher brake temperatures, the electrical EPB actuator is re-activated.
This is typically done 3 minutes after the vehicle is parked. Despite this period being too short,
it is considered better to take this action sooner, since the vehicle battery may be disconnected.
Also, vehicle ECUs are being switched off. The main measure in preventing passenger car

rollaway in hot parking conditions remains the severe ‘over-clamping’.

The above approach cannot be simply ‘transferred’ from passenger to commercial vehicles. The
clamp forces in commercial vehicles are already very high, up to 240 kN which approximately
equates to 80% of the disc material’s yield strength. Therefore, over-clamping is not a possible

option to prevent permanently damaging the disc. Re-clamping in a short period of time is
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ineffective for CVs due to the much larger amounts of energy, size and volume (mass) of the
components involved. It is therefore a paramount need to develop a thorough, methodical and
in-depth understanding of heat transfer within the brake assembly, the temperature changes and

heat dissipation from individual brake components.

Parking brake performance for HGV’s in Europe and many other countries is governed by the
United Nations Economic Commission for Europe (UNECE) Regulation 13 (ECE Regulation
No. 13 2008). For CVs, ECE Regulation 13 Annex 4, paragraph 2.3.1 states that “The parking
brake system shall, even if it is combined with one of the other braking systems, be capable of
holding the laden vehicle stationary on an 18 per cent up or down-gradient.” Interestingly,
there is no requirement to demonstrate parking performance in “hot” conditions, ignoring the
thermal contraction phenomenon and the resultant variability in clamp force. Nevertheless, the
safety remains paramount and both the braking system and the vehicle manufacturers must
assure the vehicle is safely immobilised when parked in any conditions that can be reasonably
expected. This is particularly important for commercial vehicles, since the engine braking
effects (leaving the parked vehicle in gear) are much smaller and any rollaway is likely to have

tragic consequences due to the sheer mass and size of these vehicles.

1.1 Research Aims and Objectives

This investigation had two distinct research aims that are related to the introduction of the CV

EPB. These are described below.

The first research aim focussed on the commercial aspects of the project. The aim was:

To understand the benefits of the EPB and how to successfully market them.

To achieve this aim, there were two main objectives that had to be completed, which were:
1. To obtain a complete appreciation of the benefits on offer by the CV EPB.
2. To understand the barriers to market and potential ways they could be overcome.

The benefits of the CV EPB will be delivered to multiple customer segments downstream of
Meritor. By developing the understanding of what the EPB offers and how these benefits are
experienced by the individual customer segments, a marketing strategy that targets specific
customer segments was possible to maximise the chances of a successful product introduction.
These objectives were completed by conducting questionnaires and analysing the results,

discussed in detail in Chapter 3.
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The second research aim was focussed on the technical aspects of the project. The aim was:
To understand the heat flow around a stationary brake assembly.

A number of research objectives needed completing to realise the technical research aim, of

which there were four:
1. To identify the worst case for CV hot parking.

2. To develop tools and techniques for predicting thermal behaviour of the brake

assembly with reference to its parking function.

3. To identify the level of variability in heat transfer coefficients over the temperature

range relevant to a CV parking application.

4. To validate the thermal behaviour tools using unique experimental processes that

simulates a parking application.

As already demonstrated, many technical challenges have to be overcome by the introduction of
the CV EPB, primarily due to the increase in thermal mass which alters the EPB performance
compared to a passenger car. With such a large system, there are numerous active heat paths in
operation during a parking brake application that affects the clamping force. Having a solid
understanding of how the heat flows through the system and ultimately dissipated from it,
enables accurate predictions of the system capabilities during the design phase. Out of scope for
this project was any investigation into the changeable friction force experienced at the disc
brake and pad interfaces and therefore, this project does not investigate the brake clamp forces

during a parking application.
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2 Review of Meritor and the European Commercial
Vehicle Braking Market

The main topic under investigation during this thesis is how to model the interactions of a CV
brake assembly, subjected to purely natural convection conditions. The aim is to generate a tool
that aids Meritor in the design phase of the proposed EPB. Before this work is conducted
however, a study is be carried out on the current state of the CV braking market, as well as
finding Meritor’s position within it. In Chapter 2, it shall be shown that the pneumatic spring
parking chamber currently holds a state of technical lock-in that must be breached before a

successful introduction of the EPB can occur.

2.1 Introduction to the Business Problem

It has become common practice for all industries now to take responsibility for the CO, and
other greenhouse pollutant gases they produce and exhaust into the atmosphere. It is no secret
that the automotive industry, and the transport industry as a whole, has one of the largest
impacts on greenhouse effects, with a study conducted by the International Energy Agency
(2008) estimating the transportation industry is responsible for 26% of the global manmade CO,
emissions. The problem of greenhouse gases is a global issue; the more these gases are
exhausted into the atmosphere, the warmer the global climate will become. Over the past 20
years awareness of the problem has come to light, resulting in vast quantities of research being

dedicated to improving the situation.

European legislation has been a key driving force in the reduction of vehicle emissions within
Europe, and in particular, road vehicles. A series of regulations have been introduced since the
initial meeting of the EC Environment Council in Brussels in 1998 (ENDS 1999), called Euro
I-VI, which set maximum emissions levels required before a manufacturer is allowed to sell a
new model vehicle. Each introduction has tightened the emissions limit further; forcing
automotive OEMs to produce cleaner vehicles. In 2011 the introduction of Euro V will legislate
for any new vehicles. However, research and design work is not concentrating on this regulation
but looking to the future to find ways of meeting the Euro VI requirements that are to be
introduced in 2014, reducing the allowed nitrous oxides (NO,) emissions from Heavy Goods

Vehicles (HGV) by a further 55%, down to only 125 mg/km.

The Department for Transport is a public agency aimed at developing and improving the
transportation in the UK. Their statistics show that there were 482,000 HGVs on the UK roads

in 1990. Since then there has been a steady decrease in numbers, although this trend is predicted
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to reverse with an expected rise between 1990 and 2025 of 50 - 100%. Lorries and other CVs
operating on the UK roads are vital for any business as equipment, material and finished goods
all need to be moved from one place to another. Unfortunately, there is a heavy cost associated
with transportation, predominantly from rising fuel prices. In response, OEMs are attempting to
design vehicles which not only have cleaner emission engines but have reduced overall vehicle
weight as well. Reducing the vehicle weight will result in less fuel required to power the same
drive cycle, generating a saving on a firm’s variable cost. Alternatively, a lighter vehicle will be
able to carry more goods before reaching the maximum 44 tonnes limit imposed on vehicles
operating on UK roads. Subsequently, an improvement in the fleet efficiency can be realised as
additional products can be placed on each vehicle before reaching weight limit, enabling more

products being transported by fewer vehicles resulting in lower emissions.

To design lighter, more fuel efficient CVs it is important that tier 1 and 2 suppliers produce
individual products and sub-assemblies that help generate small but incremental weight savings.
However, some components are easier to reduce weight in than others. For example, by simply
reducing the volume of lubrication in a component to the minimum required level, such as in the
differential (providing there is still a sufficient amount to not hamper performance) a small
weight savings will be achieved. A double advantage achieved by doing this process is that a
material cost saving is made whilst developing a more desirable greener component. Typically
though, not all vehicle sub-systems have this luxury. Safety critical brake systems are a good
example where simple design alterations won’t bring the coupled benefits. During a braking
application, a large proportion of a vehicles kinetic energy is transformed into thermal energy
that is predominately dissipated into the disc brake. Having a braking system with a large mass
allows more of the thermal energy to be stored, increasing the brake efficiency. Understandably
then, there is a reluctance amongst CV customers to purchase lightweight brake components in

fear of a potentially inferior brake performance they may give in comparison to current designs.

Meritor is attempting to help OEMs meet the Euro VI legislative requirements by the
introduction of the EPB mechanism. The proposed new product will replace the current spring
parking chamber to actuate the brake system when the CV becomes stationary. The spring is
large in both size and mass, generating opportunities to reduce weight in the brake system.
Additionally, a size reduction would also become a possibility, making it more appealing to the
OEM as it would be easier to fit the parking chamber into a wheel arch. Weight savings though,
will not come exclusively from the removal or reduction of the large spring, further advantages
will be realised as heavy air lines between the cabin and each individual brake can be

eliminated. In their place, light weight electrical cables would be used. A size reduction of the

10



Review of Meritor and the European Commercial Vehicle Braking Market

pressurised air reservoir could also occur as the required volume of pressurised air would
subsequently reduce. Due to the infancy of the EPB design, an accurate prediction of total
vehicle weight saving cannot be made. Yet, providing costs remain neutral, any weight saving

will be seen as positive.

Here lies the crux of the problem for Meritor; OEMs are demanding smaller, more lightweight
braking systems to help meet ever stringent legislation whilst CV customers, such as logistics
providers, have been told and realise that bigger brakes are safer. Therefore, this project will
attempt to find a solution to the problem of how to market a product to buyers that contradicts

the advice they have previously been given.

2.2 Technological Lock-In

Unlike car brakes, CV use pneumatic actuation systems opposed to hydraulics. The primary
reason for using pneumatics over hydraulics is the simplicity of the connections when coupling
multiple vehicle units together whilst maintaining the ability to control to all the brakes from the
tractor unit. Secondly, any leakage from the brake lines would results in air being ejected into
the atmosphere rather than hazardous brake fluid. With the advancement in science and
technology, funding is being heavily invested in electronically actuated braking systems, better
known as BBW systems. The advantages here are large weight savings, easier packaging
solutions and an increase of space in the driver compartment. Whilst development of the full
BBW system is continuing, electronic actuation has partially been introduced to the car braking
field via the introduction of the EPB by TRW back in 2003 (Schuette and Waeltermann 2005).
Yet, it appears such a move to electronic actuation has been met with heavier resistance in the
CV braking field, as the preferred actuation method remains the inferior pneumatic technology
even though advantages of an EPB system have been demonstrated in the passenger car
environment. Such persistence with the inferior pneumatics spring parking chamber is a classic

example of technological lock-in.

David (1985) was one of the first to authors to publish work on the lock-in phenomena. He
described the path taken by the QWERTY keyboard configuration in gaining dominance over
superior alternatives. Launched in the 1870’s, QWERTY became and remains the worldwide
keyboard standard today, even though the competing Dvorak layout gave time savings between
20% and 30%. At the time, buyers had no preference to which keyboard layout their typewriters
had, just as long as outcome was completed to sufficient quality. Typists, on-the-other-hand,
wanted typewriters that they had been trained to touch-type on. With every typist that became
trained on the QWERTY design, the probability of the design becoming the standard increased.
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The reasoning behind this was that it is easier and cheaper to replace equipment with the
different layout than retraining a workforce. Economies of scale also influence an employer’s
thinking as the unit price drops the more they buy. Why the first few typists chose to learn
QWERTY and their thinking behind their decisions are unknown but the effects are evident;
these random historical events have dictated how everyone who has interacted with a computer
ever since. An analytical investigation conducted by Arthur (1989) has shown that it is not

always the optimum solution which becomes standardised, as shown in the QWERTY example.

Evidently, to break the current strangle-hold held on the market by pneumatic spring chambers,
the CV EPB must escape the technical lock-in. To do this, Cowan and Hulten (1996) claim that
“...it is not enough that the competing technology is better.” Subsequently, Cowan and Hulten
suggested six impact factors that could help break technical lock-in, these are:

e C(Crisis in the existing technology

e Technical breakthrough producing a cost saving
e Regulation

e Changes in taste

e Scientific results

e Niche markets

Confidence in an existing technology is not easily destroyed. Huge sums of money are spent
developing and testing technologies, so why should it belief in the technology suddenly
disappear? It would take a serious failure for these proceedings to transpire. A historical case of
this impact factor has been discussed by Cowan and Gunby (1996) where pesticides now have
less effect at preventing insects from damaging crops compared to when they were first
introduced forcing alternative solutions to be found. Unfortunately for the EPB, the spring
parking chamber has been in service for a surplus of 30 years with an absence of serious
failures, making it doubtful that they will become dangerous and lose their customer confidence
within the foreseeable future. This impact factor is therefore unlikely to help the CV EPB break
the technological lock-in currently suffocating the market. The costs associated with the EPB
are also unlikely to help the escape from technological lock-in as the unit complexity will
increase, leading to a probable price increase. There is an argument that the removal of other
vehicle components will make the EPB overall cost neutral, or possibly even a slight cost
reduction, but certainly not by a significant enough margin to claim cost will be a leading factor
for change. Additionally, the scientific results factor would struggle to impact the on the spring

parking chambers hold on the current market as the CV EPB is not designed to outperform the
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current solution as both will keep a vehicle from rolling away. However, supplementary

functionality offered may prove to be the key selling point for the EPB.

Nevertheless, hope for the EPB is obtained through the Regulation impact factor. The Euro VI
emission standards coming into effect in 2014 will force OEMs to produce cleaner vehicles for
use on European roads. OEMs are therefore looking for sub-assemblies like the EPB to help
meet the incoming emission requirements. Furthermore, as society becomes further aware of the
environmental issues at hand, personal preferences are changing towards greener options.
Potential escape from technical lock-in may ultimately stem from the changes in taste impact

factor.

Finally, niche markets can produce a unique opportunity to develop interesting and innovative
products which may otherwise never enter a market. A niche market can be defined as a small
proportion within a market, with a particular need or interest that differs slightly from the
market norm. Foxon (2002) argues that targeting a niche market provides excellent
opportunities for innovation introduction into locked-out markets as a firm is able to gain
knowledge of the new technology by the method of ‘leaning-by-doing.” Gaining of knowledge
allows costs reduction in the learning stage, which ultimately increases returns. At which point,
the new innovation may become favourable to the rest of the market and break the lock-in
effect. Yet, with only five major players in the CV braking market, it is hard to envisage where

a niche marketing opportunity can arise.

Furthermore, Foxon proposes a seventh impact factor; Policy. It is claimed that the role of the
government can be instrumental in overcoming technological lock-in. With the correct mix of
incentives offered, such as tax breaks for ultra-low emission vehicles, the EPB could almost
instantly become the parking component of choice for CV OEMs. It is not only the purchasers
where policy can be influential, Carrillo-Hermosilla (2006) has shown through analytical
techniques that social factors can prevent the breakout of a locked-in technology. In this case,
policy can be the catalyst for changing public perception and in some cases could help society

cope with an almost spontaneous change in preferred technology.

Within the automotive industry policy is currently influencing the ever increasing trend of
alternative methods to power the vehicle instead of the internal combustion engine, such a
hybrids and electric engines. Dijk and Yarime (2010) hold techno-economic mechanisms
culpable for the lock-in of the internal combustion engines. The internal combustion engine has
evolved to a technologically advanced power source with over 100 years of research behind

them. A huge amount of funding will be needed to bring another technology to the performance
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level already achieved by the combustion engine. Therefore, greater actual performance returns
are realised for the same funding on products which have techno-economic mechanisms acting
on them. Policy is being deployed to help public acceptance of the alternative technologies with
reduced or free road tax for hybrid and electric vehicles. In addition to the green tax scheme, an
incentive was introduced in 2011 where the government will subsidise £5,000 for every
purchase of any new electric vehicle (Jha 2009). Dijk and Yarime point to California’s Air
Resources Board and Toyota (with the introduction of the Prius) for their efforts pushing change
back in 2000, which started the public acceptance for alternatively fuelled vehicles where others

had failed previously.

2.3 Meritor Profile

Marketing issues faced by Meritor for the introduction of the EPB have been described, but
before investigating the optimum marketing direction to take with the EPB, a brief look into the
Meritor profile will be conducted. Understanding a company’s strengths will build up a picture

of what they specialise in and what anchors the marketing strategy should be founded on.

Timken Detroit Axle was originally formed back in 1909, producing truck axles. The movement
towards trucks over traditional horse-drawn carriages enabled a workforce to produce four times
the total work, covering a special area six times greater, for only 15% of the storage area due to
stabling needs of the horses. However, it was not until the start of the First World War that
significant development of trucks began. During the war periods, production of military
components became another source of revenue for the company, adding to the axle business.
With further acquisitions and mergers post World War Two, Timken Detroit Axle traded under
the name Rockwell Spring and Axle Company (later to becoming Rockwell International) until
its automotive division was separated in 1997 to form Meritor Automotive. Meritor Automotive
thrived well in a competitive market, leading to a merger with Arvin Industries in 2000 when

ArvinMeritor was established.

ArvinMeritor was a global Tier 1 supplier whose business interests were in providing integrated
systems, modules and components to a number of original equipment manufacturers (OEMs) as
well as delivering an aftermarket service for the CV, transportation and industrial sectors. In
doing so, ArvinMeritor serviced the bus and coach, commercial truck, trailer, off-highway,
military and other industrial OEMs aftermarkets. The fundamental systems that ArvinMeritor
produced were brakes and braking systems, roofs and door systems, axles, undercarriages and

drivelines (ArvinMeritor 2010).
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Although ArvinMeritor traded as a single business group, internally the business was run as four
separate units; Commercial Truck, Industrial, Aftermarket and Trailer, and Light Vehicle
Systems (LVS). Of the four, the greatest amount of revenue was generated by the Commercial
Truck segment, reported in the ArvinMeritor 2009 Annual Report to generate $1,566m by
supplying drivetrain systems and components (including braking and braking systems,
suspension systems, axles and drivelines), predominately to Medium- and Heavy-Duty trucks.
Supply of the same systems and components to large industrial vehicles, such as buses, fire and
emergence vehicles, military and other off-highway vehicles are categorised in the Industry
segment, along with all business concluded in the Asia Pacific region. Finally, the LVS is
mostly made of the Body Systems business, supplying roof and door systems to passenger car

OEMs.

During the 2008-2009 global recession, the automotive industry suffered globally, with almost
every company involved in the sector recording a huge decrease in sales; ArvinMeritor were no
exception as the reported revenues for 2009 were down by 35.7% from the previous year
(ArvinMeritor 2009). The downturn offered an unusual opportunity for ArvinMeritor to focus
more closely on what was important to the company and redirected the business strategy
towards a new goal. Described in the ArvinMeritor 2010 Annual Report it was “...fo focus on
targeted investments with potentially higher margins.” Production of components and
assemblies for both Commercial and Industrial Vehicles have become the core business focus,
along with the continuing Aftermarket service they provide. Enhancement of their market share
was designed on utilising the quality of the company’s products and geographical strengths.
However, many global trends were identified that could impact the business strategy, either
positively or negatively, which include (ArvinMeritor 2010):

e Increasingly stringent regulations relating to the emissions levels produced by all
vehicles.

e OEMs continuing consolidation and globalisation of its suppliers
e Growth of developing countries presenting new market opportunities

e Increasing demand from OEMs for modules and complete systems over individual
components

e A drive in enhanced fuel efficiency via engineering and technology based
improvements

Although being the second largest source of revenue for ArvinMeritor in 2009, a reaction to the
new business strategy caused divestment of many supplementary businesses within this

segment, allowing ArvinMeritor to focus more closely on the business strategy. Consequently,
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as of 2010, ArvinMeritor operated with only three business segments, selling off the LVS
fraction and ultimately, diverging the Arvin brand. The core business being refocused on
Medium- to Heavy-Goods vehicle systems, company branding reverted back to Meritor, as it

was prior to the merger in 2000.

With today’s global demand for products, Meritor operates in most of the global continents,
with a separate design and manufacturing headquarters in each. Doing so allows Meritor to meet
the local demand of various customers. An example of local trends differing around the world
lies with the sale of brakes systems. In general, there are two main brake configurations; drum
brakes and disc brakes. As seen in Figure 2.1, the European market is very different to other
markets as 80% of CVs use the disc brake configuration over the drum brake, the pattern is

reversed in all other geographical regions.

Figure 2.1: ArvinMeritor 2010 sales of brake configurations by global region.

2.4 Market Analysis

As discussed earlier, the EPB unit is being designed to replace the spring parking chamber on a
disc brake, to actuate the brake for a parking application. In light of the data presented in Figure
2.1, this research will focus solely on the European braking market (EBM) as this is the only
global market where the disc brake configuration is sold in large quantities, and hence the
majority market for any incoming CV EPB. Within the EBM, Meritor has four main
competitors competing in the brakes and braking systems segment: Knorr-Bremse, Wabco,

Brembo and Haldex.
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Knorr-Bremse is the largest player in the braking field, holding a majority market share of 58%
according to 2010 statistics (see Figure 2.2), doubling the sales revenue generated by the next
largest player, which was Meritor (ArvinMeritor at the time). Knorr-Bremse utilise their
knowledge in the pneumatic systems to great effect, enabling them to offer a complete brake
system, including air treatment units and compressors, compared to just the brake assembly
itself (Datamonitor 2010a). Advanced knowledge of the pneumatic braking technology has
helped Knorr-Bremse to also take a strong position in the rail braking market in addition to road
vehicles. Meritor produced the market statistics seen in Figure 2.2 and Figure 2.3 by surveying

the analysing the publicly available sales data.

© brembo
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Figure 2.2: European brake supplier market share 2010.

Wabco holds a smaller population of the market, only 6%, yet they are still an important figure.
They offer a more varied product range, from car brakes all the way through to heavy-vehicle
brakes as part of their speciality in safety and control systems. Currently, Wabco and Meritor
are partnering a joint venture into Anti-Locking Brake systems (ABS) as well as other vehicle
control products (Datamonitor 2010b). Both Brembo and Haldex are smaller competitors to
Meritor in the European CV brake market, although Haldex does hold larger market shares in
America, Brazil and parts of Asia. Alternatively, Brembo’s primary business is high

performance and race car brakes, justifying its low market share in the CV EBM.
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There are five OEMs currently operating in the EBM available to the brake suppliers to trade
with. Having such a limited number of customers intensifies market competition as all the
suppliers will be pitching to secure the same clients. A breakdown of the market share of the
five OEMs is presented in Figure 2.3. Volvo-Renault holds the largest market share with 33%.
Interestingly, during an interview with Thibaut Grosdemouge, Programme Manager of the EPB
project at Meritor (Appendix A), it was revealed that 85% of Meritor’s European brake sales
were to Volvo-Renault. High risk is associated with a customer portfolio heavily geared towards
a single customer with the possibility of losing them to a competitor. Also, in the case of
Meritor predominately selling to Volvo-Renault, there remains 67% of the total EBM which
they hold very small presence, presenting a large opportunity for growth. Indeed, this is the
reason why Meritor is aggressively trying to enhance its standing within the EBM (Meritor

2010).
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Figure 2.3: OEM market share 2010.

To define the size of the EBM, the EU foundation market share statistics (presented in Figure
2.2) will be used in conjunction with published data in the ArvinMeritor 2010 Annual Report.
Total revenue for the company during the financial year of 2010 was reported to be $3,590m. Of
which, 24% was attributed to brake and braking systems sales; making their global braking sales
figure $861.6m. Unfortunately, the breakdown of regional sales percentages were not given in

the most recent annual report, however, it was stated that 22% of ArvinMeritor’s 2009 global
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sales were recorded in Europe (ArvinMeritor 2009). In the absence of updated information, it
will be assumed that this proportion remains consistent year on year. Subsequently, it can be
calculated that revenues totalled $189.4m from the brake and brake systems segment within
Europe during 2010, provided that the proportion of brake sales also remains relatively constant
around the world. Extrapolate with the market share value presents an estimated total market

worth of approximately $700m.

Potential sales volumes can also be approximated. Estimated European CV production in 2010
was 265,000 according to values given by Meritor (ArvinMeritor 2010). From Figure 2.2, it is
known that 27% of the EBM is supplied with Meritor brakes, meaning of the newly produced
vehicles 71,550 vehicles have brakes supplied by Meritor. Of which, approximately 60,800

units were supplied to Volvo-Renault.

Multiple vehicle configurations are present when looking at Medium- and Heavy-Duty CVs.
For instance, a tractor unit can have either two or three axles, towing a single or two attached
trailers. Parking chambers are always mounted to the rear axles in the tractor unit but
sometimes, dependent on the operational climate of the vehicle, spring parking chambers are
mounted on front axles too. Further parking chambers can be installed on some trailer axles as
well. With the vast number of possible CV configurations, it becomes impossible to accurately
estimate the volume of parking brake chambers without detailed information of company sales
data, which unfortunately is often not disclosed. However, the “rule of thumb” estimation
provided was that Volvo-Renault purchase, on average, three spring parking chambers per
vehicle. In which case, Meritor sold 182,400 parking chambers to Volvo-Renault in 2010.
Without individual supplier data for the different OEMs it has to be assumed that ratio of spring
parking chambers per vehicle remains constant. Resultantly, an approximation for the total

volume of parking chambers sold in 2010 to the EBM was 800,000 units.

All CV disc brake systems have a modular design, allowing the customer to select different
components from any suppler and they will fit together to produce a fully functional brake
assembly. Meritor can use this to their advantage by taking market share by marketing the EPB
as a superior alternative to competitors’ spring parking chambers, subsequently fitting Meritor’s
EPB onto competitors brake assemblies. Being first to market would vastly increase the chances
of obtaining a leading market share by taking a larger proportion of the 800,000 brake chambers
with the EPB than they currently hold with the regular spring parking chamber. Global trends
presented earlier would suggest this is a real possibility as OEMs are looking for advanced

technologies to help reduce emissions, which the EPB aims to do.
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2.5 TAA Hannover Show 2010

The International Automotive Exhibition (IAA) is an exhibition showcasing current and
upcoming products and prototypes for CVs, from Light- to Heavy-Duty. The show is located in
Germany and is run on an annual cycle. All major CV OEMs present their most recent vehicles
to a variety of exhibitors. In 2010 the IAA show was held in Hannover, the first since the 2008
global recession, where cost reduction and environmental issues were at the forefront of
virtually every product on display. None more so than the MAN Concept S CV, which claimed
that by using a radically improved combined aerodynamic truck and trailer shape, a 25%

reduction in fuel consumption could be realised (Barrow 2010).

Meritor (or ArvinMeritor as it was at the time) was also in attendance parading a series of
products. The exhibition presented an ideal opportunity for the announcement of a substantial
sum of $42m was to be invested into the European braking department to expand the popular
ELSA pneumatic disc brake products, increase development in new braking technologies and to
improve vehicle and lab testing equipment (Meritor 2010). The aim was to enhance the market

position currently held by Meritor in the EBM.

More importantly for this project, it was the first occasion where people external to Meritor
were made aware of the EPB project. As part of a general Meritor promotion of new technology
developments, a working prototype of the EPB was shown to a limited number of people,
primarily from OEMs. Instigation of discussion, based on new technologies, was the main
priority for Meritor at the [AA show. Talking with their direct customers would help them
understand what type of product(s) are desired and where they should focus both near and long

term development efforts.

During the discussions with the OEM representatives, Meritor refrained from giving specific
details about the EPB, i.e. what cost will be incurred/saved by the OEM with the EPB, nor were
any explicit benefits outlined. As such, the EPB was not marketed directly on any specific
benefit. This was a result of the strategic decision made to simply generate discussions with the
OEMs, rather than to sell the product. With the meetings being held in an informal atmosphere,
it is understandable that no recorded feedback was taken. However, Paul Roberts, Chief
Engineer at Meritor, did summarise the verbal discussions by saying they did receive “positive
feedback to see we were working on some longer term technology developments, but concerns

with the expected cost vs. benefit of EPB and overall braking system integration.”
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Although valuable information was likely to have been gained via this type of marketing, it is
also relatively restrictive as the opportunity to received feedback from the product’s potential
users and CV buyers is removed. Appreciating the opinions of the end users may not secure the
short term economic certainty of the program, but it could uncover minor details or design
improvements that could lead to successful product introduction. Development cost reduction
would be the result of early discussions with the other beneficiaries of the EPB as design
changes at the concept stage are much easier and cheap to make than at production stage of the
product development cycle. An opportunity is therefore presented here to find opinions on the
EPB, other than those of the EPB. This would give Meritor valuable information that they can
use for design purposes and could strengthen the business case for the EPB, provided the

responses are positive.

2.6 Benefit Analysis

As described by McDonald and Christopher (2003) “when customers make a purchase, not only
do they buy our product or service, but they also buy along with it a whole package, or ‘bundle’
of benefits.” The bundle of benefits described by McDonald and Christopher refers to the
mixture of benefits gained by both the core product (the physical product or service) and the
products surround (the intangible benefits also realised by the purchase of the product or
service). It is important to understand the mixture of benefits on offer for two primary reasons,
firstly to ensure the benefits offered by the product meet with the needs of the customer and
then to know how to market the product. Finding the former is not straightforward though, and
can be both costly and time-consuming to accumulate this information. This section will
identify in the benefit mixture on offer by EPB and what it is which would make it appealing to

customers.

Segmenting the market into groups that require similar benefits is called Benefit Segmentation,
developed and introduced in 1968 by Haley. Each group is assumed to purchase products on the
potential benefits gained through their acquisition rather than the actual features offered by the
product. However, Benefit Segmentation is a focused approach to understanding the various
groups within a market, gained through questioning experienced people within the specific

market, rather than extensive market research (Hooley et al., 2008).

The brake market is schematically drawn in Figure 2.4 showing Meritor and its three separate
customer tiers. Being a Tier 1 supplier, Meritor develops specific brake components and
assemblies that are sold to OEMs and used in their vehicles. CVs are usually purchased as part

of a fleet by companies who need to transport products to warehouses, shops and/or customers
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and not generally by individuals. These companies employ specialist drivers to drive the CVs,
who actually use the products developed by the Tier 1 suppliers. This is a typical scenario for
sales in a business-to-business market. Subsequently, there are three separate sets of
beneficiaries in the brake market, all requiring a different mixture of benefits. OEMs are under
pressure to design vehicles that not only conform to European regulations, but they have to be
technically superior to their competitors to prevent sales dropping whilst being competitive on
cost. Resultantly, size and weight reduction with superior functionality, all for a similar or lower

cost is the benefit mixture required to satisfy the OEMs.

[T'e”s‘fpp"e“ |—>| OEM ]—)[ End Customer ]—)[ End User
Meritor

Figure 2.4: Tiers of the brake market.

It is accepted that an End Customer’s primary requirement is cost reduction for their mix.
Transportation of goods is an expensive procedure but essential for all product based
businesses. To please this group of beneficiaries, components that reduce a firm’s variable
costs, to improve their profit margins, are needed. Safety is another important factor for End
Customers as any accidents or collisions that involve the business’s vehicles could produce a
costly law suit or even damage the company brand. Comparing these needs to the final group,
the End Users, discovers a completely different set of needs. Cost is no longer an issue as
usability becomes the main focus. Although the product is being made smaller, lighter and more

technically complex, it has be usable for the people that actually drive the CVs.

Having dissected the brake market into three beneficiary sections, a benefit analysis was
conducted based the technical experience gained by the author. A benefit analysis is a practical
procedure to determine the mix of benefits on offer from a particular product and is conducted
via a four step process:

1. Firstly, the analyser must list what attracts the customer to product.
2. Identify the features offered which make the customer appeal a reality.

3. Discover the full range of advantages delivered by the product through its various
features.

4. Finally, determine what are the fundamental benefits being received by the customer.

In each step, it is important to consider every customer segment within the market. In Figure
2.5, a simplified block diagram is shown representing the results for the undertaken benefit
analysis. Interestingly, eight clear benefits have been identifies through the authors market

knowledge alone, from just two customer attraction factors.
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Customer Appeal Features Advantages Benefits

Fewer emissions

lequired air reservoir
size reduced

Reduced running

R Casing for Reduced kerb weight costs
o spring chamber Higher weight
Weight saving ve some airlines i c.omponent allowanf:e onev
size vehicle

between cabin and
brake

Simplifies vehicle
design

viore space available
Single button on the dashboard

operation

Increased user
experience

Enhanced vehicle

No rollback
control

Driver release assist

Increased vehicle
safety

Fewer vehicle
components

PBacting as the CV
immobiliser

costs

Reduced servicing
costs

Reduced production

Figure 2.5: Benefit analysis for the EPB based on author’s experience.

The first benefit has been discussed already; reduced vehicle emissions will be achieved with an
EPB fitted to a CV. Weight reduction results in the engine using less fuel to deliver the same
performance. This benefit is felt by the OEMs as their vehicles conform to the tough emissions
regulations. Additionally, the End Customers can also receive this benefit as a firm can improve
its brand reputation by seen to operate in a “green” manner. The coupled benefit of reduced
running costs is also felt by the End Customer as a reduction in fuel expense reduces the
variable running costs. A lighter kerb weight is the basis for the first three benefits with the third
giving the End Customer the opportunity to increase the fleet efficiency as more cargo can be

loaded onto a single CV.

By choosing to install the EPB, the design team has immediately gained flexibility. For
instance, reducing the required space in the arch to allow greater space in between the wheels
located on the same axle. With the engine and control components all mounted on the front
truck axle whilst having to retain leg space for the driver and passengers, any component that
eases the packaging difficulty will be beneficial to the OEM. A simplified design results in a

double benefit for the End User; the potentially greater leg room will provide a more
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comfortable vehicle to work in whilst the cab aesthetics may also be improved by replacing the

larger spring parking chamber leaver with a single button.

There are many aspects to the job done by End Users with the main focus on driving the CV. If
the CV they have to drive is uncomfortable, it is feasible that the End User may decide to move
to another company that have more luxurious CV. Recruiting new staff is a costly process for
any firm, thus by purchasing more comfortable vehicles, they increase the chance of employee

retention. Obviously, the End User also feels the increased user experience benefit.

All three beneficiary segments appreciate the benefits from increased vehicles safety. The driver
release assist will prevent the drive from rollback when performing a hill start. The End User
feels more secure in the vehicle, again helping the driver experience. With fewer road accidents,
the End Customer does not have to go through the laborious claims procedure as often, enabling
man power to be focused on improving the business, not saving it. Finally, by producing a safer
vehicle, the OEM brand reputation improves and hopefully a corresponding knock-on effect

will increase sales.

The ability of the EPB to function as the vehicle immobiliser also helps reduce the number of
components on the vehicle. Having fewer vehicle components greatly helps the OEM,
delivering them the final two benefits. Firstly, without a dedicated immobiliser unit CV
production costs are reduced whilst the End Customer save on servicing costs as there are less

components on the CV to malfunction.

The results of the benefit analysis bring to light some very interesting findings. To start, the core
product offers the beneficiaries some real advantages to the way the parking brake will operate,
in comparison to the conventional spring parking chamber. Single button operation makes the
procedure of applying the parking brake extremely easy whilst offering a significant overall
vehicle weight and CO, emission reduction, at a potentially cost neutral price; further in service
cost savings may also be realised. However, it is the product surround which seems to have the
largest positive influence on all the beneficiary segments. Perceived benefits included a greater
driving experience felt by the End Users, giving them greater control of the vehicle and helping
to make their job more enjoyable. Likewise, both the OEMs and End Customers can help

improve their brand images by promoting an environmentally friendly attitude.

Having undertaken the benefit analysis and analysed the results, four key questions emerge for
EPB success, they are:

1. What is the beneficiaries’ current perception of potential benefits derived from EPBs
installed in CV?
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2. Do the benefits meet the needs of the three groups of beneficiaries?
3. Is technical experience adequate for discovering all the benefits offered by the EPB?

4. What is the best strategy to create demand for the EPB and break the spring chamber
lock-in?

Consequently, results of the benefit analysis generated four distinct investigation sections are
required to fulfil the set objects, which will be the focus of the work presented in Chapter 3.
Identifying whether the beneficiaries truly understand the benefits on offer is of upmost
importance. A selective questionnaire was constructed and sent out to various people in the
three identified beneficiary segments. Identifying the individuals to complete the questionnaire
is a comprehensive task in itself, as explained by Hooley et al. (2008). Finding relevant people
in each segment with both sufficient knowledge of the subject and importance in the
buying/selling process was required. Buyers working for OEMs and End Customer companies
may not have been Engineers or they could have little influence in the brake buying decision,
making it difficult to find an appropriate person. However, finding a sample of End Users was

more straightforward as any CV driver has experience using a braking system.

Once an adequate set of questionnaire subjects had been establish, a series of questionnaires
were sent out in two stages. Firstly, an open style questionnaire to assess the current state of
beneficiary opinions based on existing knowledge. A secondary questionnaire was then carried
out, which provided more information about the EPB and its features to the respondent prior to
asking questions, to explore what advantages and consequential benefits the individual
beneficiaries segments believe could be achieved. The methodology undertaken and the results

of these questionnaires is the focus of the next chapter.
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3 Obtaining an EPB Route to Market

An appreciation of the current state of the braking market and the financial performance was
obtained from the previous chapter. It was identified that the spring parking chamber holds a
position of technical lock-in over CV parking units. To break this monopoly, one or more of
seven identified previously identified impact factors that disrupt the market, must be found. By
investigating the opinions of people in the various benefit segments, not only were relevant
impact be factors found, but a suggestion of how to exploit them was also provide in the form of
a marketing strategy. To maximise the number of opinions received, the method of self-
questionnaire was used. Discussion in Chapter 3 is based around the fabrication and analysis of

the questionnaire investigation.

3.1 Questionnaire Objectives

Questionnaire analysis is a well-researched and practised topic, becoming the standard method
deployed when the data required is based on opinion. A questionnaire can be described as a
structured interview, defined by Brace (2004) as being “...ome in which each subject or
respondent is asked a series of questions according to a prepared and fixed interviewing

schedule...”.

Yet, questionnaire design is not as straightforward as simply putting a list of questions together.
If it were that simple, the compiled mass of research would be redundant. Care needs to be
taken to avoid bias in the questionnaire, whilst generating results that fulfil the research
objectives. A three stage planning process was proposed by Brace (2004) that should be adhered
to when designing a questionnaire, increasing the chances of obtaining the required data. The
first step is to define the principle information required by the questionnaire, which are dictated
by the research objectives. When the questionnaire and research objectives are not aligned the
questionnaire should not be conducted to prevent meaningless results from being generated. The
second step is state any further information that may be requested from the survey. Once
identification of all desired data is complete, the final step is to generate a general flowchart of

how the questionnaire is going to read before an attempt at writing any questions is made.

Brace’s three stage questionnaire planning tool was used to in this investigation. Conducting the
benefit analysis generated a series of research objectives that the questionnaire aims to resolve;
these were:

1. What is the current perception of the EPB in the separate benefit segments?

2. Does the EPB meet the needs of the beneficiaries?
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3. Are there any further benefits on offer from the EPB?
4. Which benefit is most important to each separate benefit segments?
5. What is the best for marketing strategy for Meritor to take with the EPB?

With the EPB being available on passenger vehicles for almost 10 years now, there is a good
chance that knowledge of its existence has spread to the wider community. The first research
objective is to explore these opinions currently held by the market. Alternatively, with the EPB
being introduced primarily on more executive vehicles, the larger population could still be
generally unaware of its existence. This questionnaire presents a good opportunity to test
whether people have generally become aware of the EPB and if so, how they feel towards the
product. This will be an important finding as it should help determine how the product is

marketed.

The second research objective is to explore and identify the current needs of the customer. If the
product does not fill a need, it will not sell. Therefore, it is vastly important to identify what the
current needs of the customers are and see if they align with what is on offer from the EPB.
Remember here that there are three separate beneficiary groups for the EPB, so there is a

distinct possibility of three separate sets of needs will be identified.

A Dbenefit analysis was conducted on the EPB, leading to eight benefits being defined.
Information used to populate this list was based exclusively from the author’s technical
experience, which limits the potential number of benefits discovered. Asking the End Users and
End Customers, who may have little technical experience, could extract additional benefits that
are thus far unidentified; the third research objective. Finding these benefits would open
possibility of using an alternative marketing strategy to promote the EPB. The fourth objective
is a logical continuation from the third. Once all the EPB benefits have been identified, the most
important benefit for each segment will need to be distinguished. Finding out what appeals to
which customer segment will not only provide valuable data for the EPB, but for all products
Meritor sell. Understanding customer needs and preferences can bring focus to a company’s
product development, whilst highlighting a marketing direction for both new and current

products.

When the first four research objectives are complete, sufficient data will have been collected on
the market needs and its opinions to recommend a marketing strategy to Meritor. In turn, this

will achieve the fifth research objective.
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On review of the five questionnaire objectives, it was decided that the research would be split
into two separate questionnaires. The first was to be an exploratory questionnaire (EQ) focusing
on the first three key questions that emerged from the questionnaire in section 2.6, making it a
reflection on the current perceptions and providing the market an opportunity to further populate
the benefit analysis. Only at this point would it be possible to determine the fourth key question.
Also, with a large amount of information previously obtained, the second questionnaire would

also be able to test an initially suggested marketing strategy.

3.1.1 Further Information

Historically, new products innovated by component suppliers in the EBM are typically pushed
through the supply chain, as depicted in Figure 2.4. Direct interaction between Meritor and the
End Customers and End Users is largely restricted in this arrangement, preventing market
stimulation for their products. Since 1990, the general trend for firms implementing the
marketing push strategy has been to use trade marketing techniques (McDonald and Christopher
2003). Here, both the suppliers and the distribution channels (OEM’s) jointly market the
product to the End Users and Buyers.

Asking questions to all three benefit segments could provide enough information to test whether
the current marketing push model can be broken, allowing a demand pull system to be
established. Demand pull strategies remove the marketing attention from direct selling and
places it on stimulating demand from the End Users and Buyers. Companies that can
successfully operate such a strategy can dominate the market share by utilising the power in

their brand alone.

Intel is a fine example of a successful demand pull marketing strategy. In 1991 Intel launched
their “Intel Inside” campaign. Intel produces a range of microprocessors for computerised
devices. The Intel Inside campaign promoted the Intel brand to end users of personal computers
and alike equipment, via multiple channels such as television adverts. The advertising campaign
made use of ‘product focused’ marketing throughout, to show power in the brand rather than the
individual products (Norris 1993). Product focused marketing does not emphasize the particular
product being advertised like its name would suggest, but uses other products or items that
symbolises their brand image. For example, in 2006 Intel released their “It’s time to Multiply”
advertisement, which had a single dancer split into four, before being replaced by a second
dancer, who in turn also splits into four. Both dancers were dancing the quickstep routine,

signifying the speed of Intel’s microprocessors whilst the switch from the first dancer to the
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second illustrated the ability to use the two separate processors in their Core 2 Duo range

(D'Souza 2010).

The result of Intel’s strategy was that their microprocessors are perceived to be superior to rival
products. In response to the generated public demand for Intel powered computers, OEM’s put
the Intel logo on their computers, making it clear that an Intel chip was in the computer. In
essence, they were using product focused marketing techniques to gain the perceived
advantages of the Intel brand for themselves. This point was one of the key factors to Intel’s

success, their products had the backing of the OEM’s (Abdul).

In recent years, Intel has moved away from product focused marketing strategies and replaced it
with a people centric strategy to show how the technology can improve individual people lives
as well as the society. With their market dominance and the created perceived quality
differential between them and competitors, Intel no longer feel they need to demonstrate their
advantage points (D'Souza 2010). Creating such a strong brand image has enabled Intel, a Tier 1
supplier, to use people centric advertising. Parry-Husbands et al. (2010) have described
“People-centricity is at the heart of marketing, as opposed to sales which is never about the

customer”, sending messages that people can believe, rather than trying to sell products to them.

The power of the brand image is clearly demonstrated here in the Intel example. A unique
opportunity was offered by this questionnaire to find out the how strong the Meritor brand is
amongst the various market segments, due to interacting with people not usually targeted

directly by Meritor.

3.2 Explanatory Questionnaire

Up until now, the focus of chapter 3 has been on the questionnaire study as a whole. It is
appropriate at this stage to focus the attention of section 3.2 exclusively on the development of
the explanatory questionnaire (EQ). With the first two stages complete, step three of Brace’s
three stage planning process is completed first before the questionnaire writing procedure was

done. Successful completion of section 3.2 will satisfy the first three research objectives.

3.2.1 Explanatory Questionnaire Flowchart

To complete step three, a simple flowchart of the question sections within the EQ was created.
When identifying the types of questions to deliver the research objectives, three identifiable
groups of questions were found. The first group was called New Products, questions within this

group were directed towards discovering the respondents’ opinions and how they view new CV
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products. For example, what do they perceive to be a new CV product and how often do they
think new products are put in CV’s; it would be interesting to see how innovation is perceived
across the individual benefit segments. The second group was Current Needs, devoted to finding
out what the different beneficiary groups need from today’s CV’s. Finally, a section of
questions would then be asked specifically on CV braking and the EPB technology. Ideally,
being the most important section of the questionnaire it should be placed earlier. It is possible
that a respondent may not find the time to complete the whole questionnaire, by placing the
braking section earlier would increase the chances of the most important questions from being
answered. However, by asking the braking questions early, the respondent will be biased to
thinking more about the brake system when answering the other sections questions, which
would introduce a source of bias. It was for his reason that the section referring to the braking

specific questions

Figure 3.1 shows the three identified question groups in the order they are to be asked, along
with two additional groups. The final group was Brand Awareness, already identified as
additional information that may be useful. In contrast with the braking section, questions
focused on brand awareness were low priority, due to being supplementary information and
were therefore placed last in the questionnaire. To have a complete the questionnaire, the
Personal Information section was placed at the beginning to capture some basic statistics. The
planning stage is now complete so the remainder of section 3.2 will now centre on the

questionnaire fabrication process.

[ Questionnaire ]

Personal New Current CV Braking Brand
Information Products Needs Systems Awareness

Figure 3.1: General questionnaire flowchart.

3.2.2 Population and Questionnaire Sample Size

The questionnaire population can be defined as the total number of people for whom the results
represent. However, defining the people who make that group is very much discretionary. Often
these populations are extremely large, making it impossible to question everyone within it. In
these scenarios, a smaller ‘sample’ of people is selected to represent the full population.

Inherent errors are incurred using this process because the reduction in data creates a loss of
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confidence in results. For example, with a population of 100 people, if 95 people are asked a set
of questions, how is it known what the other 5 people would respond? The obvious answer to
this conundrum is that it is impossible to know. Statistical analysis is used to determine the level
of confidence with a set of recorded data from a specified sample, which is representative of the
actual population. The fundamental approach to statistical analysis will briefly be described
before defining the population of each of the three beneficiary groups. Boone stresses the
importance of defining the questionnaire population size before starting the design phase as the

questionnaire style is very much dependent on the how many people it needs to reach.

Statistical significance is simply defined as a result occurring in the absence of chance. The
calculation to whether a result occurred by chance, otherwise known as the observe significance
level (or p-value), takes the form of a hypothesis test (Mendenhall and Sincich 2007). The
magnitude of disagreement between the null hypothesis (Hy) and the p-value demonstrates the
degree of test significance, resulting in a rejection of the null hypothesis if it is sufficiently
large, dependent on the confidence level required. History has shown numerous examples of
statistical significance testing being interpreted mistakenly. Daniel (1998) points to six common
misconceptions that often lead authors to making inaccurate statements about their results.
These misconceptions are:

1. Being statistically ‘significant’ does not mean the results are important to real-world

situations.

2. The ability to get duplicated results from a survey using a different sample is not
implied by significance.

3. Chance may have had little impact on the obtained results.

4. Being statistically significant has no bearing to whether the sample size used is
representative of the population.

5. Statistical significance testing may not be the optimum method of analysis.

6. Validity coefficients and statistically significant reliability may be different from one
sample to the next.
Considering the constant misuse, it is of no surprise that the method of statistical significance
testing has its adversaries. For instance, Hoem (2008) encourages researchers to publish work
even when no significance is achieved, for two main reasons; a non-result can draw a valid and
interesting conclusion as well as understanding behavioural aspects of just a few can be an
important finding in itself. Carver (1978) went further by actively calling for researchers to

abandon statistical significance tests and use other scientific methods instead. A caveat was
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made to researchers though as Carver stated that researchers continuing to use statistical
analysis should only produce results once all other analysis have been interpreted and be

accompanied by the statistical power of the test.

There are two types of error associated with statistical testing, type I error and type II error. The
former is a result of rejecting a null hypothesis when it is in fact true, with y being the
probability of making such an error. The reverse is true for a type Il error, accepting a false null
hypothesis and the probability of making this error is denoted 1'. The probability of actually
discovering a difference as a result of any conducted procedure is known as the power of the
test (Mendenhall and Sincich 2007), calculated by (1 — ). Tests resulting in low statistical
power “cannot reliably discriminate between Hy and the alternative hypothesis...” according to

Faul et al. (2007).

A population size will be estimated for each of the three benefit segments, allowing both power
analysis and statistical significance test to be conducted after the results have been analysed. A
software package called G*Power has been used to calculate the power values, which should
only be accepted if they are equal to or above 0.8 (i.e. ¢ < 0.2), or alternatively written, the
chances of a difference found in statistical testing is real and not a Type II error. Required
variables needed to be inputted into G*Power for a power value to be calculated are the error
probability, effect size and required power. Using values of 0.3, 0.05 and 0.8 respectively, as
suggested in Faul et al. (2007), the calculated minimum required sample size necessary to

ensure of a Type Il error not occurring is 64.

3.2.2.1 End Users

Defining the number of End Users was not a straight forward process. The market in
consideration is the whole EBM. Even if accurate numbers for the total population was found
through government statistics, being able to find a creditable sample size would be virtually
impossible. Written questionnaires would have to be translated into every language that is
spoken within Europe, to prevent biasing the sample to respondents who only speak English; the
responses would also need translating back into English. Even without the language difficulties,
surveying the entire EBM population would be vastly difficult to achieve; multiple samples
would have to be found in each country for a truly representative sample to be achieved. For
these reason, the choice to limit the questionnaire to only residents within UK was made and

will be deployed for all three segments.

'@ and B are more commonly used but are defined for other parameters later in this report.
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With the population now spatially defined, obtaining the sum people in the population was easy.
The Labour Force Survey is a government survey conducted by the Office of National Statistics,
aiming to find key statistics about the national workforce and their conditions (Office of
National Statistics 2011). For the period of April to June 2011, a total of 100,286 people
responded to the Labour Force Survey, allowing accurate estimates to be made for the entire
population. Respondents who indicated they were currently a CV driver (End User) was
estimated at over 468,000 people. The breakdown of different CV driver types is given in Table
3.1. Interestingly, it is estimated that only 36,000 professional female drivers in the UK, of
which 10,000 drive vans (not shown in Table 3.1), excluding them from the population.
Therefore, the total female proportion of the population is approximately 26,000, or
alternatively described as only 5%. Female drivers were not be excluded from the survey but a

representative sample would be predominately male participants.
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Table 3.1: Breakdown of CV End Users in the UK (taken from the Office of National Statistics 2011).

Standard Total in Employees® Self-employed®
Occupational employment'”
Classification
Full- Part- Total Full- Part- Total
time time time time
8211 Large goods 299,112 258,495 11,894 270,389 27,125 * 28,723

vehicle drivers

8213 Bus and 116,278 91,366 17,229 108,595 * * *
coach drivers

8223 Agricultural 10,284 * * 9,549 * * *
machinery drivers

8229 Mobile 42,869 35,714 * 36,208 * * *
machine drivers

and operatives

ne.c.’

Total 468,543 385,575 29,123 424,741 27,125 0 28,723

" Includes unpaid family workers and persons on government-supported training and employment programmes.
2 Includes those who did not state their occupation.

? Includes those who did not state whether they worked full or part time.

* Not elsewhere classified

* Sample size too small for reliable estimate.

3.2.2.2 End Buyers

Once again, the ability to define the population size of the End Buyers segment was
complicated. In comparison to the End Users, the segment is not as concisely defined; it is
difficult to know which registered companies based UK use CV’s, and out of those that do, who
is the person/people that make the buying and/or leasing decisions? Unlike with the End User
category, there are no readily available data sources to provide this information to ease the

process.

It is easy to assume that all logistics based companies will have some CV’s, based on the fact
that their business is dependent on the transportation of goods. Yet, this may not be the case as a
proportion of the 18,426 UK based logistics companies (found using the Fame database) use
purely shipping or air transportation vehicles. Logistics companies are not the only users of
CV’s. Look at the retail industry for example, products have to be delivered to warehouses and
then on to their shops or directly to customers’ homes. Large companies such as John Lewis,

who have 74,800 employees, will have several CV fleets to meet their operating needs, all over
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the country. They also have numerous sales, administration and legal staff members as well.
Dedicated fleet managers who make decisions on the specific CVs to buy/lease will only be a
very small percentage of the total amount of employees, with no way of easily finding this

number.

In comparison, small companies like Hockley Trading UK Limited, with a total of two
employees, are more likely to use a logistics company to complete their logistical needs as this
will be an easier and more economical solution for them. It would be impossible obtain which
of the 101,263 UK based retail companies will have their own CV fleets and those who use

logistics companies. The complexity increases when other industries are considered.

Subsequently, assumptions were made to enable an estimate of the population size. The first
was that only companies earning annual revenues of at least £100k would be sufficiently large
enough to have their own CV fleet. Also, only the retail, agriculture and logistics industries
were used in this calculation. It was assumed other industries were more likely to use logistics
based companies for their reduced transportation operations, for example, the medical
profession will have nearly no CV usage, except for the supply of equipment. A further
complication is added to the scenario, considering that not all of these companies deal with their
logistical needs in-house and use a logistics company such as DHL to manage it for them. No
data is universally available stating which companies do their own logistics and which ones
outsource it. Therefore, it will be assumed that half of the companies that produce an annual

revenues of £100k is made.

For the selected companies, both a minimum and maximum number of knowledgeable people
were calculated. The minimum assumes there is only a single person in each company that has
sufficient knowledge about the physical CV aspects and is the solitary individual when deciding
which CV to buy/lease. Alternatively, the maximum assumes there is a team of 10 people who
make the CV buying decisions, creating a possible population range between 4,187 to 41,870
people in the UK End Buyer segment (Table 3.2), when all assumptions have been applied.
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Table 3.2: Estimated number of people with sufficient CV knowledge in the End Buyer segment.

Industry Number of companies Minimum estimated Maximum estimated
with more than £100k number of people in number of people in
turnover population population
Retail 4,698 2,349 23,490

Logistics and

Transportation 1,441 1,441 14,410
Agriculture 397 397 3,970
Total 6,536 4,187 41,870

3.2.2.3 OEM’s

Defining the number of people in the final beneficiary segment is a much simpler task in
comparison to the previous two segments. As described in Figure 2.3 there are only five groups
competing in the EBM, which can be broken down into a total of nine OEM’s. OEM’s have
hundreds of people in their design and technical division, but only a small team will be
dedicated to braking. Because of this, the same assumption that this division could range from a
solitary person to a maximum of 10 people was made once again. Thus, the OEM population

range was from only nine people, up to a possible 90.

3.2.3 Administering the Questionnaire

Continuing the questionnaire design process, the next consideration was how the questionnaire
should be administered. A thought process into what type of data was desired and how it should
be collected had to be completed. With the aim of obtaining personal attitudes, open style
questions were to be used, to generate qualitative data. Finding such qualitative data is never
easy because of the required interactions with various people needed to extract the necessary
data. By administering a self-completion type survey or conducting interviews are the two

possible methods of acquiring such data.

Face-to-face interviews have historically been the primary mode of data collection, but its
dominance over the past decade has declined (Brace 2004). This method involves an interviewer
travelling to the respondents place of work (or any another desired destination) to administer the
survey. It is not only the travel costs that make this research method the most expensive, but
often the respondent will charge a fee for their time. Another downside to face-to-face
interviews is that it spawns an opportunity for the interviewer to introduce bias into the data

taking process by allowing their personal opinions to be portrayed to the respondent. Despite
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these negatives, face-to-face interviews do extract the greatest amount of information from a
respondent as the interviewer can delve deeper into a given answer, whilst being able to read
body language. Any ambiguous questions could be better explained to the respondent also,

resulting in a meaningful response rather than a skipped question.

Telephone interviews are personal, one-to-one discussions conducted over the telephone. Costs
involved are subsequently less as travel expenses are obsolete, speeding up the survey time and
allowing a geographically wider sample to be interviewed. Both Keller (2004) and Basi (1999)
explain that the lack of a physical meeting between the interviewer and interviewee generally
leads to more honest response to sensitive subjects, reducing the social desirability bias in the
survey. The obvious disadvantage of telephone interviews is that pictures and prompt cards
cannot be used as stimuli, whilst a long list of response options should be avoided to prevent the

options being forgotten.

Self-completion questionnaire surveys remove the human interaction between the interviewer
and interviewee; this is the fundamental difference between the self-completion and interview
methods. Removal of the human interaction does bring certain benefits to the data collection
process. A major source of bias is eliminated and the response levels of sensitive questions
further increases. The traditional way of completing a questionnaire survey is to send out paper
copies to respondents. Unlike in an interview situation, the respondent can take their time before
answering a particular question. This can be seen as both an advantage and a disadvantage;
taking extra time could lead to a fuller response with a greater amount of detail, but negative if
the intension of the question was to get an instinctive reaction. The questionnaire administrator
now has no control over the time taken on each question, removing the spontaneity from the
response. Implementing pictures into the questionnaire is straightforward for question stimuli,
likewise with written descriptions. Complex routing issues are found with paper questionnaires
as it is impossible to prevent the respondent from investigating the questionnaire before he/she
completes it. Efforts during the writing stage to prevent bias in the question order could be

undone by this.

Using a web-based self-completion method fixes a lot of the problems with paper questionnaires
as the program used to conduct the questionnaire can be ‘clever’ by ensuring the question
routing is as the writer intended (Brace 2004). Also, time limits can be embedded into a
question when instinctive responses are required. However, both paper and web-based
questionnaires suffer dramatically from the main disadvantage of self-completion surveys: low

response rates. Difficulties can arise when finding and identifying people within a population
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that will create a representative sample size, leading to poor statistical significance. It is not
uncommon to find the desired respondents identified are too busy to complete a questionnaire.
For instance, Wu (2010) received only a 1.5% response rate from a sample of approximately

2,000 people.

Bradley (1999) investigated the different ways to conduct a web-based self-completion
questionnaire. Six separate approaches were summarised and are listed below.

e Open web

e Closed web

e Hidden web

e E-mail URL embedded
e Simple e-mail

e E-mail attachment

Both the Simple e-mail and E-mail attached options are the least desirable methods to use as the
option for complex routing, the main advantage of web-based self-completion questionnaires, is
removed or cannot be enforced. In addition, the attachment option requires the respondent to
download a file, complete it, save a new file then return the completed file. A large amount of
cooperation is being asked of the respondent in these two methods so they often result in modest

response rates (Brace 2004).

Consequently, the remaining four methods are frequently used. Determining the correct method
to use is dependent on the questionnaire type and desired results. Open web questionnaires are
constructed on a website that is freely available for anyone to locate and answer. This is ideal if
shear data quantity is wanted but there is no control to whom, or to how many times an
individual can answer. No specific knowledge of a particular population can be guaranteed.
Closed web questionnaires improve the data quality as the website can be restricted to invitees
only. Hidden web questionnaires are often used as internet “pop-outs” when triggered after a
certain criteria is met. Finally, embedding a URL link to the questionnaire within an email, is
the method most suited to getting a focused sample of people to respond. As the link is put in an
email, personalisation of the email can help persuade the recipient to complete the survey. The
main disadvantage is the amount of time it takes to complete each invitation, especially if a list
of names must be found first. For this reason, this web-based self-completion method is only

feasible for small, but specific sample sizes.
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A dual approach was decided upon with both the E-mail URL embedded and paper self-
completion methods for survey conduction were used. The advantages of the former outweigh
the negatives for reaching a specific sample so was implemented when contacting both the
OEM and End Customer segments. Qualtrics is an online questionnaire writing and analysis
package which was used to prepare and collect the relevant responses. Alternatively, the large
population size of the End User segment determined that the self-completion method should be
used in this final case. Practical reasoning also lead to the same conclusion as the End Users
spend the majority of their day in a CV rather than on a computer; having a paper copy they

could take and complete in their downtime would produce a greater response.

3.2.4 Constructing the Questionnaire

Having produced a plan, estimated the population size and determined the method of
administration, the procedure of writing the questionnaire could begin. However, prior to any
questions being written, a decision of what data was required and in what form the results
should be in had to be made. A discussion of the different types of questions and response types

is presented.

3.2.4.1 Question Types

All questions boil down to one of two types of questions, it is either open or it is closed. It is
important to understand the difference between these two as the gathered data from them is very
different, needing different types of analysis to be conducted on the results. With open
questions, in no way are potential responses are implied or suggested, requiring the respondent
to think about and describe their answer in words. When a question needs to extract information
on personal attitudes from the respondent then open questions are the preferred question type.
Brace (2004) outlines the difficulty experienced by a lot of people when expressing their
feelings during surveys. Help is often required to produce viable data, especially to get the
description in an analysable form. Verbal responses will have to be recorded if face-to-face or
telephone interviews are conducted; otherwise open text boxes are used to allow the respondent

to write their answer.

Closed questions are those that have a finite number of possible answers and they therefore tend
to be predominately pre-coded, ideal for probing behavioural attitudes. These are easier to
complete than written answers as the respondent only has to mark the correct answer (for them)

from a list, whilst a person’s memory and/or their willingness to answer are the only barriers
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preventing data extraction. Brace (2004) does warn that to maintain user interest, and ultimately

their participation, a mixture of both open and closed questions should be used.

3.2.4.2 Response Types and Scales

With the questionnaire being explanatory, the aim was to discover personal attitudes and
opinions. Consequently, the majority of questions were of the open form, although the advice
offered by Brace was adhered to by using closed type question in combination with open type,
to retain user engagement. The inherent problem with open questions is the shear amount of
time required to examining each response and transferring it into a more usable form. Questions
with pre-coded answers can be a used for open questions too, either when the answer is simple
or when a complex answer needs to be categorised (Brace 2004). The ability to scale the pre-
codes allows simple techniques to be applied at the analysis stage. Possible answers have to be
determined beforehand with an additional “Other” option needed for when the answer list fails
to provide an adequate response. When it is impossible to predetermine what the response may

be then a standard textbox must be used.

Pre-coded lists themselves come in two forms. Multiple choice lists are used for closed
questions, where the answers are behavioural based; a single or multiple responses can be
checked dependent on the question style. Each possible response has no relation to the other,

resulting in no definable scale between them.

Alternatively, using a scale based pre-coded list allows the user to give a rating to their answer,
indicating their attitudes towards that particular topic. For this reason, itemised rating scales are
often used in questionnaires to simplify open questions answers. It is essential that the scale has
evenly spaced points, although there is no obligation to use numerical scales. A descriptive
scale can be better suited to an answer than a set of numbers in many cases. Balanced scales
have the same amount of positive responses as negative responses, with a mid-point answer
usually placed in the middle (although can be off-centre), representing an uncertain or
undecided attitude. A five point scale is most common but higher insight into respondents’
feelings can be gained with a greater number of points. Unbalanced scales can be used on
specific occasions but awareness of how much bias is placed on the question must be

documented and accounted for in the analysis stage.

A special type of balanced scale has become a standardised technique in questionnaire writing.
With a Likert scale, the respondent is asked to state whether they agree or disagree to a set of
statements. By having at least five points on the scale, the strength of the respondent’s

agreement (or disagreement) can be scored, allowing statistical analysis. To make full use of the
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Likert scale, a summation of all the responses from a single respondent should be made,

although Albaum (1997) found that commercially, this is process is rarely completed.

Order effect is a type of bias that is present in Likert scales, as well as other pre-coded type
questions (Brace 2004). When scales are laid out horizontally, the human brain has a tendency
to choose the left-hand answers. Acquiescence, the inclination to agree rather than disagree
(Kalton and Schumen 1982), is a second bias that can counterbalance order effect if the agree

option is located on the right-hand side.

If a respondent reaches their boredom limit, when asked to rate statements with a Likert scale,
they are likely to fall into a trend known as pattern answering (Brace 2004). When pattern
answering, a respondent will pay little attention to the statement and simple respond in a straight
line down, horizontally or diagonally across the page/screen. Once again, keeping the
respondent engaged in the questionnaire is paramount for quality data acquisition. By simply
reversing the question into a negative statement, the respondent is forced to think about what
they will reply. Randomly applying question negativity reversal was the advice offered by

Brace to prevent a respondent falling into the pattern answering routine.

3.2.5 Pilot Questionnaire

With the information found in the literature acknowledged, the EQ was written (see Appendix
B). Before it went live and the data collection process began, it was necessary to conduct a pilot
questionnaire. Conducting a pilot scheme is of high importance during the questionnaire
planning stage. It has a number of functions, which include:

e The questions are understood clearly and without ambiguity

e Pre-coded lists are sufficient in length, capturing the majority of possible answers
e The routing procedure can be followed (on paper versions)

e The length of time it takes to complete

e  Whether any general mistakes have been made

Five trialists were chosen to complete the pilot study, one for each beneficiary segment and two
further academics. The two academics were Stamatis Angelinas and Dr Marko Tirovi¢, both of
whom specialise in the braking department at Cranfield University. Being the first participant,
Angelinas concentrated on basic grammatical and spelling errors. Conversely, a more detailed
review was taken by Tirovi¢, providing three main points. The first was a reflection of the

questionnaire flow and how easy it was to follow the Qualtrics online weblink. Feedback was
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pleasing as Tirovi¢ declared the question flow to be good, with the online interaction
straightforward to use. The comment was that the length of the questionnaire was acceptable,

although only “just”, implying any alterations made to the questionnaire should not lengthen it.

Finally, Tirovi¢ recommended changing the section of questions targeting an opinion on how
the additional CV weight would be used. Originally, there were three questions placed here,
with the first two looking for a reaction on a weight reduction of specifically 10 and 100 kg,
allowing a comparison. The third question was multiple choice, asking the respondent to check
the weight reduction range they believed a CV had to achieve before they had a realisable
benefit. In response to Tirovi¢’s comments, the three questions were reduced to two, the range
question followed by an open question for a description of how it would be used (as seen in

Appendix D).

Christopher Calvert was the third trialist to complete the pilot questionnaire. As he is a CV
driver (End User), the mentality behind the feedback was of an alternative nature to that given
by Tirovi¢. The major source of concern came in question “Q7 In your opinion, which of the
following OEM's produces the best CV's?” Calvert rightly voiced that not every driver will have
experience with all the different manufacturers’ CV’s, making this an impossible question to
answer. In response, the question was rephrased to give the same essence behind the question,
but making it appropriate for everyone. Calvert also highlighted that clarity to question Q14,
ranking the CV features, was needed; again, the question was rephrased. The final suggestion
from Calvert was that Q25 appeared to be a simple yes or no question. Q25 was modified

accordingly with another question following it asking for the respondent to describe their issues.

Representing the End Customers segment was Malachy Maginness, a researcher at Rolls Royce.
Although not an ideal candidate to complete the questionnaire, Maginness did provide an
excellent opportunity to examine the questionnaire feasibility on an individual from the End
Customer segment. Several questions that should have had “Don’t know” options were initially
missed but thanks to the diligence of Maginness, this was rectified. Likewise, the phrasing of
both questions Q27 and Q28 had a degree of vagueness to them so they were also rewritten.
One further suggestion given by Maginness that was adopted was to have a direct question
asking what the respondent job title was. Initially, it was believed that it would be inferred from
the answers to the personal information section, yet there is no guarantee this is the case, so a
direct question was added. One suggestion from Maginness that was rejected, was to clearly

state the objectives and the specific market segment the questionnaire is based on. By adding
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this information, bias would be put into the questionnaire as the braking system would be placed

into the respondent’s subconscious before they answer any questions.

After the suggested modifications were made, the pilot questionnaire was completed by Andreas
Sundqvist, a manager within the OEM Volvo. Because Sundqvist worked for an OEM, he
considered himself to be working in the “Logistics and Transportation” industry. Due to the
design and manufacture aspects of OEM’s product output, it was expected that the “Engineer”
option would have been ticked instead. Consequences of this meant that the questionnaire logic
dictating what questions to respond to directed the Sundqvist to questions not appropriate for
OEM’s. Changes were made such that both the “engineer” and the “logistics and
Transportation” options would continue the filtering process to confirm whether the respondent

is or is not an employee within an OEM.

3.2.6 Explanatory Questionnaire Results

The explanatory questionnaire was distributed using both an online web-link taking the
respondent to the self-completion questionnaire, and an identical paper copy, as shown in
Appendix D. The former was used to contact primarily for OEMs and End Customers whilst
End Users were given the latter. In total there were 42 responses to the questionnaire, with 33
people fully completing it. Achieving a completion rate of 79% is pleasing, although the total
number of completed responses is heavily under the 64 people per segment calculated to be sure
no Type II errors will occur. Nevertheless, a sufficient number of responses for meaningful

analysis to be conducted was received and was examined.

Of the 42 respondents, 41 were male, meaning there was only one female respondent to the
questionnaire. The breakdown of responses was five OEM replies, increasing to 13 from the
End Customers, with the remaining coming from the End Users, at a total of 23; completed
questionnaire breakdown figures are one, seven and 22 respectively. Summing the number of
completed questionnaire by segment shows that there were only 30 respondents who fully
finished it, a difference of three from the total completed questionnaires. Two respondents
decided to withhold information by not answer some questions in the opening section, making it
impossible to determine which benefit segment their results should be accredited to.
Subsequently, these two results were omitted when divulging into specific benefit segment
results only. Likewise, the final completed questionnaire was done by an employee of a Tier 1
supplier, so was also omitted from the results. In the interest of not sharing biasing the results,
by removing Tier 1 suppliers, it reduces the chances of an employee from a competitor company

from dishonestly answering it, leading to incorrect conclusions being made.
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Identifying people in the various segments proved, on the whole, to be less difficult than
originally expected. A list of 17 people, from eight different OEM’s, was provided by Meritor.
The difficulty was increased slightly when finding relevant people in the End Customer segment
to invite to complete the questionnaire. Specific people were contacted in DHL, Tesco and John
Lewis and asked to complete the questionnaire, as well as 20 people making up the Logistics
Carbon Working Group, ran by the Freight Transport Association. Ceva Logistics is one
example of the type of companies represented by the Logistics Carbon Working Group. A

selection of End Users’ was taken from Waitrose and DHL.

3.2.6.1 SECTION 2: Attitudes to New Products

With section 1 of the EQ dedicated to identifying which segment the respondent is from, as well
as removing any unwanted respondents, the analysis begins from section 2. The aim was to
understand the attitudes behind new product introduction for each of the benefit segments, and
whether there is any commonality between them. A total of 11 questions were asked in section 2

but only those that produced meaningful results will be discussed.

With questions 2.1 and 2.2 proving ineffective in discovering the opinions of the End Customer
and End User segments (results from OEMs would have been biased so they were not asked
these questions) towards the frequency of new product introduction into CVs, the analysis

begins with question 2.3, which was:

“Q2.3 Please read through the list of CV features below then rank their importance to you;
where 1 is the most important and 9 is the least important. (You should use each number

between and including I to 9 once only)”

This question was designed to determine what the important CV features are to the respective
benefit segments. Respondents were asked to rank the importance to them of nine CV features.
Because a ranking system was used, it is appropriate to use statistical analysis to evaluate this
question. Figure 3.2 shows the averaged value given to each feature, with one being the most
important and nine being the least important. On first glance Figure 3.2 provides a peculiar

result as features that improve the driving experience are shown to be the most important.
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Figure 3.2: Q2.3 All Results - driver features appear to be the most important.

Out of the 33 completed questionnaires, 66% of respondents were End Users, introducing a
heavy bias in their favour. To counter this bias, Table 3.3 presents a breakdown of the three
most important CV features to each of the benefit segments. Immediately, this bias is confirmed
as the features designed to increase driver satisfaction is shown to be a function of End User
results only, being their two most important considerations as to what makes a good CV.
However, there is some harmony between the three segments as ‘Improved vehicle efficiency
and fuel consumption’ was rated as one of the three most important CV features by all three
segments. As the current trend of rising fuel price continues throughout the continuing
economic downturn, increasing variable costs are a major concern for End Customer businesses,
whilst increasingly stringent emissions legislations dictate a certain level of CV design
capability OEMs have to adhere to. Justification is therefore given for the first two benefit

segments.

End Users showing concern for the overall vehicle efficiency is harder to justify as this feature
has little impact on their working life. The effects of recent social trends are influencing
people’s attitudes, with environmental issues now being a driving factor (European Social
Survey 2012). The Triple-Bottom Line model presented by Bernon (2008) outlines that
sustainable development should be based on environmental and social factors, in conjunction
with economic profits. Results presented in Table 3.3 would support Bernon’s model and tells
us that the EPB offers Meritor a product capable of satisfying two of the three requirements for

sustainable development, a platform for long-term profitability if it can be produced for a
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neutral system cost compared to the current spring parking system. The latter point is
highlighted by the fact that ‘Vehicle cost’ was highly important for both the OEM and End
Customer segments; there is little point developing a product that will cost too much to buy,

making it impossible to recover any development costs incurred.

It can also be derived that ‘/mproved vehicle efficiency and fuel consumption’ is an important
selling point of the EPB. All segments see vehicle efficiency as a highly important factor, so
any marketing campaign Meritor undertake must clearly demonstrate the improvement in

vehicle efficiency as one of the key selling points.

Another very interesting point discovered from Table 3.3 is that the ‘Ease, frequency and cost of
maintenance’ of the CV is only considered highly important to the End Customers. The more
difficult it is to repair a CV, the higher the maintenance cost will be, resulting in the lifetime
cost of the CV to rise. By reducing the frequency and/or the cost of maintenance of the CV, the
value of sunk costs spend by logistics companies will reduce. It could have been expected that
the End Users feel this as an important CV factor. Broken down vehicles can lead to expensive

repair costs and a reduction in output from the fleet with fewer vehicles operating.

Table 3.3: Q2.3 — Segmented results for the most important CV features.

OEM End Customer End User

Improved vehicle Cab ergonomics and

efficiency and fuel Vehicle cost comfort
consumption
=
< : B .
7 £ High payload Improved vehicle efficiency . . .
§ % capabilities and fuel consumption Quality of driver aids

Improved vehicle
efficiency and fuel
consumption

Ease, frequency and cost of

Vehicle cost .
maintenance

At the other end of the scale, the least recognised features by the three segments were the
‘Ability to customise the vehicle’ and the ‘Manufacturers' reputation’. However, contrary to the
End User opinions, the OEMs see ‘Ease, frequency and cost of maintenance’ low on the
importance to the CV design, in comparison to the other stated features. A contrast in opinions
is clearly shown here with the OEMs and the End Customers and is perhaps somewhat
surprising. Repeated vehicle failure will aggravate the End Customers and ultimately tarnish the

brand. However, this result does not state that maintenance is unimportant to the OEMs, just
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they are relatively less important than regulatory constraint criterion (like the Euro VI

legislation.

Table 3.4: Q2.3 — Segmented results for the least important CV features.

OEM End Customer End User
Ease, frequency and Quality of driver aids Manufacturers'
cost of maintenance reputation
=
7 £ Manufacturers' Manufacturers' reputation Vehicle cost
3 % reputation
[

Ability to customise the Ability to customise the Ability to customise the
vehicle vehicle vehicle

Moving onto question 2.4, participants were now asked to specifically state up to three new CV
features they “have found to be the best or most useful, and why?”, where new was defined
within the past five years. This question was in the open format, allowing the respondent to give
a more detailed answer. No statistical analysis was conducted as a consequence, although where

possible, similar responses were grouped.

Starting with the OEM segment, with only a single respondent it is impossible to claim the view
of the entire population has been sufficiently captured. Nonetheless, the answers provided by
the solitary OEM respondent will still bestow some interesting information. The first two new
features suggested were both brake related, with the introduction of “ESP as mandatory” and
the “Emergency brake system” both being cited for their improvement in CV safety. The third
was the launch of an “Electronic air processing unit” as it provides a weight saving advantage,

delivering fuel efficiency and emission reduction benefits.

Encouragement for the EPB introduction can be gained from this as benefits offered by these
new products are the same as those offered by the EPB, as the benefit analysis discovered.
Coupling these comments gives further inspiration as it appears a braking solution that provides
weight and emission advantages are desired by the OEM segment. It should be stated that there
is a chance of bias in the answer as the list of contacted OEMs was produced by Paul Roberts of
Meritor. Considering Meritor are a brake supplier to various OEMs, there is a high probability
that the contacts provided are part of the OEMs braking team and therefore consider braking
improvements as important. With the questionnaire being anonymous, it was impossible to find

out who completed it whether they were indeed part of a braking team.
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In contrast, eight End Customers in total gave an answer(s) to question 2.4. Results were
generally based around four themes, which were:

e Fuel saving/efficiency

e Driver control functions

e Braking aspects

e Driver behaviour monitoring

In light of the answers to question 2.3, fuel saving or efficiency improving features being
frequently described as the best or most useful feature is understandable. Yet, the ‘Quality of
driver aids’ was one of the least important CV features for the End Customers but was
repeatedly mentioned as the one of the best new CV features. Clearly, although driver aids are
relatively unimportant to the End Customers, a level of appreciation for what they offer exists.

“«

For example, one comment made was that advanced features “...takes decision away from bad
drivers.” By offering support to drivers with limited ability, the End Customer can mitigate
some of the risk of potential accidents. With braking functions, such as ESP, becoming more
integrated into the CV control, the scope for the braking systems to capitalise on the risk
mitigation is large. The assisted hill start advanced driver feature offered by the EPB does

indeed give this advantage.

Finally, driver behaviour monitoring was also another fascinating result, although it has no
relation to the EPB development. Technology is allowing businesses to track their CVs during
service, providing critical safety enhancements by always knowing where the drivers are as well

as deterring drivers from acting in a manner that is detrimental to the company.

Responses given by 17 End Users were surprising similar to those from the End Customers,
with the same four response categories being present once again, but with an added fifth
category: driver comfort. Considering the drivers spend multiple hours per day in their CV, their
need for a pleasant cabin is reasonable. Replacing the braking lever arm with a push button will
generate a little more space in the cabin compartment, allowing more room for the driver to feel

comfortable in.

Types of products that have recently been released on CVs and been well received by the End
Customers and End Users have been highlighted in question 2.4. There is a big acceptance of
products that can deliver fuel saving/improve vehicle efficiency whilst offering enhanced driver
functionality. Braking technologies have also been singled out as particular areas of pleasing

recent progress. This all leads positively for the potential EPB introduction as the market would
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appear ready to accept it, due to sharing many of the characteristics with the recently successful

introduced products.

Question 2.5 was the reverse of question 2.4 as it asked the participant to provide their opinion
on which recently (within the past five years) introduced CV feature was the worst or least
useful. Understandably, the OEM respondent decided to withhold an answer as it would have
been inappropriate to make negative comments about their own company’s products. Six
responses were received from the End Customer segment, having a single specific theme.
Reliability of new products appears to be a serious problem, with maintenance costs increasing
as a direct influence of the new technologies added to CVs. Numerous respondents pointed to
electrical issues as the main cause of failure. A challenge is subsequently presented to Meritor
as the End Customer segment may have a degree of hostility towards the EPB due to previous
products not necessarily related to the braking system. During the EPB product introduction
stage, Meritor will have to deliver a message through their marketing that the EPB will improve

the CV performance and reduce the maintenance costs, not increase them.

A total 12 of replies were received from the End User to question 2.5, with two response
categories that were independent from those of the End Customer. As with the previous
question, in-cabin features have proved highly important to the End Users, with a number of
newly installed cabin compartments showing to be more of an aggravation rather than an
improvement. For example, one response points out that an ashtray was fitted to their new CV
when they are no longer allowed to smoke in the cabins, taking up unnecessary space. Another
points out that the sun visors fail to block sunlight as there are too many gaps between panels.
Simple issues such as these can prevent the successful introduction of new products. Care
during the design phase will be needed to ensure the operation of the EPB will not suffer from
these seemingly minor issues, like where the operating button is placed. Studies into the
optimum button position have been carried out by Peter (2012) but has yet to identify a best

practise solution.

The second category of features the End Users repeatedly pronounced their dislike of was
features that removed vehicle control from the driver. This was seen to devalue their skill set,
rather than aiding them for better performance. A conflicting set of desired features has
ultimately been shown here as the End Customers clearly want the improved control features to
minimise risk but the End Users find them undermining. The proposed EPB will be situated

directly in the middle of this conflict, as features such as Aided Hill Start will remove control
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from the driver, but increases vehicle safely. A situation has presented itself here to Meritor and

their OEM partners as to how to introduce such a component without infuriating the End Users.

The final question in section 2 that provided useful results was question 2.6, which had the aim
of finding out if the respondent had issues with the idea of an electric actuation mechanism for
the brake system. To reiterate, the respondents were unaware that the basis of the questionnaire
was braking systems, so to prevent biasing the latter questions, the same question was asked for
a number of different CV systems that are either hydraulically, pneumatically or mechanically
controlled. Because these results have no interest to the EPB project, they will be ignored.
Question 2.6 produced a very positive outcome for electric brakes, of the 34 respondents 79%

did not express any concerns towards an electric actuation system, seen in Figure 3.3.

Figure 3.3: Question 2.6 shows little resistance to an electric actuation method.

The remaining 21% of respondents pointed to the possibility of electric reliability and/or failure
as the reasoning behind their apprehension towards electrification the braking system, along
with the known issues that plagued the passenger vehicle EPB introduction. The former is a
serious issue for the EPB, but can be overcome by proving to the relevant benefit segments that
the software and hardware behind the EPB is reliable through extensive testing. Unfortunately,
the legacy of the passenger car EPB will be more difficult to overcome. With it being
impossible to erase memories of past experiences, the doubts will remain over the CV EPB.
Replacing the bad experiences with good ones is one of the best methods to overcome this
problem, requiring a selection of End Customers and End Users to test-drive a CV with an EPB

fitted. Fears should be elevated by this, providing a path to successful introduction.
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3.2.6.2 SECTION 3: Customer Needs

Defining needs for the different customer segments was the aim of the third section.
Government policy, business objectives and operational performance were the types of needs
this section was intending on exploring, along with other specific issues a particular
segment/company/person may have. By understanding their needs, Meritor can better focus
their marketing EPB efforts to help increase the chances of a successful EPB introduction. To
do this, seven questions were asked with either a pre-coded set of answer offered or left open for

detailed responses.

Out of the seven questions, it was only question 3.6 that gave a response of note. One of the
main selling points of the EPB is that it will deliver a weight saving to the CV. Understanding
how the different segments would benefit from the additional weight saving could lead to a
segmented marketing messaging. However, before asking this question (which was question
3.7), participants were asked how much weight, they believe, needed to be removed from a CV
before that benefit was realised. Pre-coded answers were given in 20 kg increments, up to 200

kg.

Figure 3.4 pronounces that the general consensus across all three benefit segments is that it is
actually unknown as to how much physical weight needs to be removed from the CV before a
benefit is realised. A small percentage did suggest the weight reduction had to be in excess of
200 kg to be useful. When comparing this result to that of question 2.3, we can see that weight
saving and fuel economy is majorly important to all three segments, yet the actual physical
advantage needed to deliver this benefit unknown. Being able to quantifying the weight saving
gives the distinct advantage of providing to the customers an accurate cost saving they would
provide and also the amount their carbon footprint would reduce by. Yet, in the case of the EPB,
this would be a pointless exercise as there is clearly a lack of knowledge on the market to
understand how this information could be used. By simply stating the advantage in a marketing
campaign will be enough for the customer to understand what the EPB offers, allowing them to

stipulate the degree of benefit for themselves.
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Figure 3.4: Question 3.6 shows the benefit segments don’t know the amount of weight loss needed for

them to realise a benefit.

3.2.6.3 SECTION 4: Braking and EPB Specific

Until section 4, the questionnaire had been carefully written, not allowing the respondent to
know it was for a braking product, in an attempt to keep bias out of previous questions. With
complex routing options in the Qualtrics software package, the respondent was forced to
complete the questionnaire in order of the questions, whereas it was impossible to control this
for those who completed the paper questionnaire. This was an unfortunate result of using this

distribution method but was done to maximise the amount of respondents.

Now with the general questions were complete, specific braking questions could be asked
without fear of impairing the quality of other questions. A total of 11 questions were asked in
section 4, with a combination of pre-coded and open questions once again used. Questions 4.1

¢

and 4.2 were coupled, asking the respondent if they “...ever had, or are aware of an in-service
pneumatic brake failure?”. Question 4.1 was pre-coded, allowing those who answered “Yes” to
give further details of the failure in question 4.2. In total, four instances of pneumatic brake
failure were described by the respondents. One response said the failure as a function of an
overheating disc brake/friction pad friction pair. Insufficient cooling or a prolonged braking
application would have caused this fault, both of which should have been prevented by design.

It should be noted that no date was given, or asked for, with these responses, making it possible

that the problem suffered here may have already been overcome.
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The last three responses were very telling in that they all highlight the same fundamental issue
with the pneumatic system. These responses were:

o “Air leakage”
e  “Airloss”
e “Failure of front brake hose, causing lock-up”

Pneumatic systems use compressed air to provide a force that actuates a particular system. If
that air was to escape, although it would not be hazardous like hydraulic systems, the system
develops a fault and subsequently breaks down. Two responses given to question 4.2
specifically state that they have suffered pneumatic braking issues as a result of air escaping the
brake system. The third response may not be loss of air, however, the brake hose pipe is a

component of the pneumatic system so if it fails, the pneumatic system fails.

Questions 4.3 and 4.4 were in the same form as 4.1 and 4.2, but specifically ask for parking
brake failures, rather than the whole system. Five responses this time were collected, giving a
very similar story. Issues with the air delivery either directly to the parking spring chamber or
with a secondary pneumatic problem, was shown to be problematic for the parking brake
system. The comment “The air in the tank was low and the parking brake was jammed on”
vividly demonstrates this point. Here, either the compressor unit was faulty or there was a
leakage in the air supply, producing an end result that causes the brake system to fail. A second
comment stated that the “Brake would not release. Had to drain out all the air before building
pressure up again before brake would work.” Having to drain the air pressure and building it
back up again may not be an expensive problem but it is an annoyance that takes time away
from the End User, reducing their daily efficiency. Again, the fault here is not the brake units

themselves but with the components the brakes are dependent on.

Brake manufactures’ like Meritor are exposed to the risk of a damaged brand reputation as a
consequence of being dependent on products developed by an alternate company. For example,
when a leakage is found in an airline, it is a failure in the brake system that gets detected,
causing a negative impression towards the brake system. Questions 4.1 to 4.4 have shown a
major concern for Meritor but also an exciting area to exploit in the future. From section 2, it is
clear maintenance costs are a big factor in the buying decisions for the End Customers and
section 4 thus far, has determined that the majority of brake related issues are a result of the
pneumatic system. Therefore, if Meritor can market the EPB as a maintenance reducing item, as
well as delivering all the outlined performance and weight saving benefits, the probability of a

successful introduction is increased.
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The fundamental difference between the parking spring chamber and the EPB is that the
actuation method is shifted from pneumatics to electrics. It is proposed here that independence
from the pneumatic system should be one of the key selling points of EPB, as it will reduce CV
maintenance costs. In doing so, Meritor (in conjunction with their OEM partners) will need to
prove to the End Customers and End Users that the electric system is more reliable and less
prone to failure. They will also have to retrace the passenger vehicle EPB introduction and see
what problems it had and ensure the same issues do not present themselves again. By finding
this additional benefit provided by the EPB, the conducted benefit analysis chart produced

required updating, which is shown in Figure 3.5.
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Figure 3.5: Improved Benefit analysis to include independence from air.

Question 2.5 had a dual purpose, firstly to discover the approximate proportion of people aware
of the EPB, with the second being to filter out those unaware, due to the remaining questions in
section 4 being opinion based on the EPB. To prevent the introduction of bias, like with the
restraint of mentioning brakes in the questionnaire, this was the first time the EPB had been
mentioned. Being nearly 10 years after it was first introduced, Figure 3.6 shows that the EPB is
still relatively unknown as approximately only 1/3 of respondents recognised the technology.

Evidence gathered here would suggest that the general public are still mostly unaware of the
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EPB, an unfavourable situation for the technology. Demand for the product cannot be
stimulated if people do not know about it, let alone understand the benefits it can bring.
Therefore, one of the key focuses of Meritor’s marketing must be simply to promote the EPB

and develop the awareness of its existence.
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Figure 3.6: Only ' of respondents knew of the EPB component.
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Results of the following questions do not portray a more attractive picture for the EPB either.
Starting with the four received responses to question 4.7, from the End Customers who said they
were aware of the EPB. No positive responses were received, when asked whether they believed
the EPB would be a beneficial enhancement to CVs based purely on their current knowledge of
it. There was a mixed response from the End Users, showing a level of ambiguity towards the
EPB from within the segment. Although there was only a single respondent from the OEM
segment, they did hold a more positive view of the EPB and expressed they did believe it to be a
beneficial addition. Overall though, considering the End Customers are the most critical
segment in terms of deciding what CV to buy/lease, the market generally needs informing of its

presence and what benefits are on offer by the EPB.

Associated fears with the EPB introduction, according to the results of questions 4.10 and 4.11
are electrical failure, a result matching that of question 2.6. It was previously suggested that
Meritor need to prove the reliability of the electric system to their customers’ as part of the
introductory marketing to elevate these fears; questions 4.10 and 4.11 only enhance the

necessity for this suggestion to be acted upon. As part of the product development and
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certification, Meritor will have to conduct a series of test to prove the EPB is safe. The

suggestion being made here is to incorporate these results into the marketing.

3.2.6.4 SECTION 5: Brand Awareness

Brand awareness was not the main topic of this questionnaire but a short investigation was
decided to be conducted as it may generate some interesting additional information. This section
consisted of only four questions, with no specific results being generated by the first question,

leaving three remaining for analysis.

Question 5.2 used a five point Likert scale and asked the respondent to state whether they agree
or disagree to two separate statements, and by how much their agreement/disagreement is. The
first statement read “The brake system is highly important to the overall CV performance.”
Figure 3.7 presents these results and a very strong agreement is present, meaning the brake
system design is highly important aspect of CV design. In fact, the agreement was so strong that
88% of the responses selected either “Agree” or “Strongly Agree” with only 6% choosing to

disagree with the statement.

The second statement investigated the market opinion as to whether there was any product
differentiation from the various brake manufacturers’. The statement read “There is little
difference in quality between brake systems from the various brake manufacturers.” Negativity
reversal was used here in an attempt to prevent pattern answering, as advised by Brace (2004).
Unfortunately, 66% of the respondents did agree with this statement, as shown by Figure 3.8.
Such a result would suggest that the braking industry does little to distinguish their own
products from competitors, thus companies compete on cost rather than quality. These two
results are misaligned, with the braking system seen as highly important to the CV design but

manufacturers’ compete on a cost basis rather than quality.
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Figure 3.8: People generally agree with the statement “There is little difference in quality between brake

systems from the various brake manufacturers.”

With the lack of differentiation within the CV braking market, it was unsurprising to see the
results of question 5.3 show that 49% of respondents weren’t aware of any CV brake

manufacturers’. Of those that did, a worrying result for Meritor was achieved as their brand was
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shown to be the least recognisable of all, as only 24% of respondents said they had heard of the

Meritor brand.

Section 5 has highlighted a huge opportunity available for Meritor to bridge multiple issues with
the EPB introduction. By delivering a high quality product first to the market, combined with a
targeted marketing campaign, Meritor can distinguish their products from those of the
competitors. For example, the previously discussed IAA show, held in Hannover in 2010, gave
Meritor an excellent opportunity to showcase how good their products are first-hand to the End
Customers, not just to the OEMs but this was not taken. The next opportunity would be the IAA
Frankfurt Motor Show in 2013 then the IAA Hannover show in 2014. Demand for the product
might begin to generate as a result. A similar result can be achieved with the End Users by
advertising in selected CV driver magazines and alike, detailing the specific benefits to them.
With a higher perceived quality, Meritor could potentially justify a more expensive price for

their products.
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Figure 3.9: Meritor is the least known brake brand of brake manufacturers.

3.2.7 Explanatory Questionnaire Discussion

By deploying the self-completion questionnaire via both paper copies and an E-mail URL
embedded version, opinions of 33 people were successfully obtained towards the first three
questionnaire objectives, set out by the benefit analysis. To reiterate, the research aims where to

find:

1. What is the current perception of the EPB in the separate benefit segments?
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2. Does the EPB meet the needs of the beneficiaries?
3. Are there any further benefits on offer from the EPB?

Initial power analysis showed that the End Customer and End User segments required a
minimum of 64 responses each to prevent Type II error from occurring in statistical analysis.
Unfortunately, the actual number of responses received was below this figure, making the
calculations of i values of 98%, 96% and 83% for the OEM, End Customer and End User
segments respectively. Converting these 1) into the more useful form of the power of the test, it
is seen that the probability of an actual discovery from these samples investigated are 2%, 4%
and 12%. Little reward will be achieved from conducting significance testing on the EQ results
as the results are likely to be statistically erroneous. Yet, taking the advice of Carver (1978),

results have been presented and used regardless, even with no statistical relevance.

The first research aim was to determine what the current perception is of the EPB. Reactions of
the initial questionnaire towards that the EPB were very negative as only 36% of the
respondents recognised the product, and of those aware of it, only 25% believed that is would
be a useful introduction on a CV. Two separate issues are identified here; firstly, knowledge of
its existence has not spread, with the public in general oblivious to it, and secondly, barriers to
successful market entry are in place as a result of current perception of the technology.
Marketing based on promoting the EPB and outlines the benefits received by its installation on a

CV should be the underlining message delivered by Meritor.

These issues are unfortunate because the evidence would suggest the market is ready to accept
the EPB, based on the benefits offered match those desired by the benefit segments, braking
technologies developments are seen as important and the low resistance to an electric actuation
method. Current trends have shown recent CV products, which have been widely accepted by
the various segments of the braking market, offer very similar benefits to those of the EPB.
Furthermore, braking improvements were also singled out as new CV features that have made
vehicle improvements. The conclusion that the market is ready for the EPB was based on these

combined results.

One of the most important findings of the EQ was the reliability of pneumatic components is
actually hampering the overall braking performance of Meritor products, in both the dynamic
and stationary states. Multiple examples of pneumatic failure were disclosed, causing additional
maintenance costs to the End Customers and undue frustration to the End Users, whilst
damaging the Meritor brand. Removal of the pneumatic reliance was therefore shown to be a

key selling point of the EPB, a benefit previously undiscovered prior to conducting the EQ.
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3.3 Knowledge Based Questionnaire

Five research objectives were defined during the questionnaire planning stage, with answers for
the first three provided by the EQ. In fact, from the results a marketing strategy based on
improving the knowledge of the EPB was suggested, which is actually the fifth research

objective.

A secondary questionnaire was conducted with two purposes, firstly with an intent on finding
which benefit is most important to the segments and secondly, to provide an opportunity to
validate whether a knowledge based marketing is correct to use. Examples of alternative
methods are the product focused and people-centric marketing strategies, which were

successfully deployed by Intel.

To test which benefit is seen as more important to the relevant segments, the respondent was
individually given a description each EPB feature (see Figure 3.5), followed by a simple closed
type question asking whether this was ‘useful’ to them. A pre-coding answering system was
used, allowing the respondent to answer either “Yes,” “No” or “Don’t know”. When a “Yes”
answer was given, the respondent was asked to further explain why they believed it was useful.
By giving the respondent the EPB features, it was intended to see if the respondents understood
how the feature would be useful to them and ultimately, if they subconsciously produced the
same end benefits as those identified in Figure 3.5. Greater benefit importance will be attributed

to the number of times the benefit is cited, in the absence of any prompting.

With the same individuals asked to complete a secondary questionnaire as the first, it was clear
from the outset that the questionnaire had to be much shorter in length. The questionnaire
administrator is reliant on the cooperation of the respondent, by asking them to complete
another lengthy questionnaire is likely to irritate them. It was subsequently decided that target a
questionnaire completion time was set at five minutes, hence why a simple pre-coded, closed

questions were asked.

To test the validity of a knowledge based strategy, the second questionnaire provided the
respondent with information about the EPB, such as what is was, how it worked and what
product it was replacing. All respondent opinions therefore had a known anchor, ensuring each
individual was able to provide a response, if they so desired. Strategy validation is then possible
by asking the educated respondent whether they believed the EPB to be useful and compare
back to question 4.7 of the EQ.
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Thus far, six questions were identified by default whilst deciding what information was required
from the questionnaire. A seventh was also found when investigating whether there was any
additional information to be subtracted from the analysis. Independence from the pneumatic
system was found to be a benefit offered by the EPB from the EQ, as well as being suggested as
a key selling point. Conformation was sought to whether it is actually seen as a benefit, so a
question was added to the questionnaire. For the sake of the questionnaire flow, the pneumatic
independence question was asked in the same manner as the features questions. Likewise, a
further question for whether the respondent believed the EPB itself would be useful (as
described above) was also written in this style. One other question was added and written in the

same style simply asked if the respondent could think of any more advantages.

Almost all the information required for the second knowledge based questionnaire (KBQ) was
defined, completing the first stage of Brace’s three step planning process. The only other
information required from this questionnaire was who the respondent was and what benefit
segment they belonged in, fulfilling the requirements of stage two. The generalised

questionnaire flowchart is shown in Figure 3.10, completing Brace’s planning process.

EPB. Questions Grouplng
Information Questions

Figure 3.10: Knowledge based questionnaire flowchart.

A trial questionnaire was once again sent out to three different sources before going live with
the final questionnaire. Apart from minor grammatical errors, no major changes were suggested.
Therefore, the questionnaire shown in Appendix E went live, collecting responses for two
months before results were analysed. The same method of using both a self-completion web-

link and paper questionnaires was used once again to collect data from the different segments.

The KBQ was started on 42 occasions in total. After reading through the introductory sections
where the respondents were given information on the EP, only 31 people remained and
participated in the questionnaire. In total, 29 people filled out the questionnaire to its
conclusion, giving a completion rate of 69%. With 11 participants not answering a single

question, the results statistics were be skewed unfavourably.
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Removing the 11 respondents who failed to answer any questions increases the completion rate
to 94%, which is arguably a fairer representation. Reasoning behind using this latter value is
that if the respondent failed to answer a single question then it is argued the questionnaire was
never actually started. It is feasible that the respondent clicked on the link by mistake, opening
the questionnaire in the Qualtrics software, recording the response. Alternatively, after reading
the introduction, the respondent may have thought the questionnaire was irrelevant to them,

hence why they chose not to continue.

Section two of the KBQ was the most important as this is where the detailed EPB questions
were asked; 30 respondents completed this section in full, with one respondent answering only
four questions before stopping. Unfortunately, one respondent failed to answer questions in the
third section, making it impossible to identify a total of two respondents’ respective segments.
These two incomplete results were ignored only when individual segmented results are being
discussed. OEM participation to the KBQ improved from only one in the EQ to four second
time round. A further 16 questionnaires were completed by End Users, leaving the remaining

nine responses coming from the End Customer segment.

Increasing vehicle fuel efficiency has been shown as one of the key benefit the EPB should be
sold on. The first EPB feature described to the respondent was the decrease in both size and
weight of the parking chamber, which realises the aforementioned benefit. An encouraging
result to the first question is show in Figure 3.11 as 58% of respondents did see this as a useful

CV feature, with only 23% rejecting this implication.
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Figure 3.11: 58% believes reducing size and weight of the parking chamber is a useful feature.

OEM’s understand the benefit of weight saving on vehicle components, demonstrated by all the

OEM responses to the first question being positive, with two opting to comment. Reducing the
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unsprung mass will decrease the loads exerted on the axle was the first, with the second pointing
to the space saving benefits on the tight packaging constraint advantages it would have on rear
axles. The former is an example of the expertise held in the OEM segment, allowing a more

detailed explanation as to how the feature will provide the benefit.

End Customers also recognised the advantages of reduced weight as the ratio of positive to
negative responses was 6:2, with one undecided. All six positive respondents chose to comment
on their beliefs, with increased payload being the overwhelming reason as to why this feature
would be useful to them. Two specific reasons were given why weight reduction was generally
seen as advantageous; direct mention of the impending Euro VI emissions legislation was one,
with the other being to counter balance some of the additional CV weight introduced by other
new CV features, such as the Adblue system and its required additional tanks. Although it is
asked directly in question seven, one respondent made reference to the freedom from pneumatic
parts by saying “...I assume there are less air components to go wrong and less air required as
the parking brake is electronic.” This demonstrates the importance of removing the pneumatic

system and indeed identifies it as an important benefit.

The least interested segment for this feature was the End Users. Only 50% of the responses said
they believed it to be a useful feature with efficient fuel economy described as the greatest
benefit from it. Once more, the independence of pneumatic parts was commented on, saying
“...with air brakes, pipe could get frozen and brakes not being able to move.” Fuel economy
has been shown to be important but the issue of air supply appears perhaps holds larger
implication on the success of the EPB introduction. Again, it is this benefit that has had a direct
mention to rather than vehicle efficiency. However, 25% of End Users answered “No” to
question one, showing there is still some scepticism as to whether the amount of weight saved
by the EPB actually does make a difference to a CV. Looking more generally at the supply
chain, the level of positivity towards the size and weight saving benefits reduces moving
downstream, i.e. the End Users are the least positive about the EPB compared to the OEMs.
Yet, with an overall 67% “Yes” response, it can be concluded that the weight saving advantages

is seen to deliver a benefit.

The second and third questions found similar results to the first, which is unsurprising
considering the three features that give a direct weight saving were grouped together by design.
Replacing the pneumatic airline with copper cables (question 2) was described as useful by 52%
of respondents (Figure 3.12); increased reliability was cited as one of the greatest advantage

offered by the feature. Furthermore, it was said to reduce maintenance costs, due to air loss no
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longer being an issue, matching the conclusions drawn from the EQ. Easier packaging of the
components was another common statement and it was made at least once in each of the three

benefit segments.
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Figure 3.12: 52% of respondents agree that removing pneumatic parts is a useful CV feature.

Responses to question 3 were indistinguishable between benefit segments. Overall, a response
of 58% believed that reducing the air reservoir was indeed a useful CV feature for all segments
(Figure 3.14). Reducing the compressor size was seen to ease packaging issues, aiding the
OEMs design process. Interestingly, the End Customers and End Users both saw this feature as
an advantage because it creates more space for other technologically advanced products to be

installed on the CV as well as making the vehicle cheaper, if only marginally.
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Figure 3.13: Reducing the compressed air reservoir was described as a useful CV feature by 58% of

questionnaire respondents.
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Question four takes the KBQ focus away from weight removal and places it on advanced driver
features that the EPB offers. A brief description of how the EPB could interface with the CV
electronic control unit (ECU) was presented to the respondent before describing the ability to
prevent rollback during a hill start. A noticeably high, favourable response was given by both
the End User and OEM segments with 12 out of 16 and three from four respondents
respectively agreeing that the aided hill start feature is useful (Figure 3.14). End Customers
were only slightly less optimistic about this feature as the “Yes” response fell to 67%, itself still

an optimistic result.

Open responses towards the aided hill start feature described, for the most part, produced the
same advantages and benefits pointed out during the benefit analysis. However, there was one
advantage described which was overlooked in the benefit analysis stage. By allowing the brakes
to hold the vehicle stationary whilst on a gradient, the driver will not be tempted to hold the CV
via the clutch. A reduction in clutch wear will be the result of this, benefiting the End

Customers mostly as it will be another source of reducing maintenance costs.

20 +

10 +~

Responses

Yes No Don’t know

Figure 3.14: Aided hill start functionality is useful according to 70% of respondents.

Figure 3.15 displays 63% of respondents like the additional security benefits received by an
EPB. However, unlike the previous questions, this figure does not tell the full story. The
question specifically states the use of the EPB as a secondary or replacement immobiliser, yet
one End Customer and five Ends Users perceived the feature to be an automatic braking
function, applying the brake when the vehicle stopped or if the driver was to leave the cab
without manually applying the parking brake; other responses were generic increased vehicle
safety replies. In light of the comments made, it is more appropriate to replace the EPB

immobiliser feature description with “Automatic brake application.” By making this change, not
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only is the Immobiliser feature captured, but also all the additional features suggested by the

respondents as well.
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Figure 3.15: Use of the EPB as an Immobiliser appears

Question six brought about the final EPB features question, derived from the benefit analysis.
Replacement of the operating lever arm, located in the driver cabin, with a smaller electrical
push button was the feature in question. Again, a large proportion of the responses were positive
towards the feature with 50% stating they believed the simple push button to be a useful
addition to the CV (Figure 3.16). Installation of the electric button rather than the pneumatic
valve combined with the complexity of the required airlines was cited by one of the two OEM

respondents who commented as the greatest use of this feature.

The most scepticism of any of the EPB features was also shown with the push button
installation as question six received the highest volume of “No” responses than any other
question, at 30%. It was the End User segment that showed the greatest amount of
dissatisfaction as the ratio of Yes to No responses was 7:6. Although it was stated to only
describe how the feature was useful if a Yes answer was given, reasons behind these negative
responses were given anyway. For instance, one comment stated that “incidents of falsely
applying the brakes are extremely dangerous in certain circumstances...,” which is feasible if
the button is located in an area where the driver often places his/her hands, i.e. close to the
indicator switch. Another common concern was that the lever position gave a visual indicator to
the driver that the parking brake was applied, as well as having a ‘Check’ position when
coupling a trailer unit to the truck. A simple light system on the dashboard would overcome
both these issues, at a minimal cost. As digital display units are become common place in

vehicles, these visible signals may even come at no extra cost.
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Figure 3.16: Single button operation is seen as useful, but with more scepticism than other features.

Results from the KBQ thus far, have shown all the features do undoubtedly provide recognised
advantages to all three of the benefit segments. Many of these described advantages had already
been discovered during the benefit analysis process. It was important that these results were
generated as they represent a validation to the conducted benefit analysis. Knowing that all the
segments of the braking market realise how the EPB can provide benefits to them, delivers a
significant amount of confidence, with respect to the long-term success of the product. A few
novel suggestions to the advantages on offer were also offered, strengthening the marketability

of the EPB.

The remaining questions were no longer focused on the derived benefit analysis features. From
the EQ, the idea of the brake system being independent from the pneumatic air supply was
identified as a real advantage, predominately to the End Customer segment, and should be used
as a key selling point of the EPB. Question seven directly investigates this hypothesis by asking
respondent whether they believed the removal of air supply from the parking chamber was
useful. A negative response to this question would have resulted in the rejection of the proposed
marketing plan suggested in section 3.2.7. Thankfully, Figure 3.17 shows that, of the 19
respondents who had an opinion, 15 answered “Yes” to the question, which equates to 79% of

respondents whom expressed an opinion.

Furthermore, in the End Customer segment, the positive “Yes” responses outweighed the
adverse “No” replies five to three, with only a single person undecided. The argument was
previously made that this segment should be targeted with the reduced maintenance cost benefit.
Comments, such as there is “less to go wrong and less air required...”, confirms the End

Customers have an understanding of the benefits on offer, making this a viable tactic.
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Interestingly, of the 11 undecided people eight were from the End User segment, accounting for
half of this segments responses, with the remaining all selected “Yes”. Therefore, not a single
End User believed removing the air supply from the parking chamber would be detrimental to
CV performance. However, with half of the responses being ambivalent towards pneumatic
removal, a degree of hesitancy is clearly still present amongst CV drivers. In an attempt to find
reasoning behind the high “Don’t know” response, question seven was subdivided even further
with respect to the respondents’ age and also gender. No correlation was found between older
and younger respondents as there was a relatively even split between the “Yes” and “Don’t
know” answers for all the age ranges provided in question 10. As there was only one female
driver, it is impossible to make a legitimate conclusion about the opinions of female CV drivers,
due to a lack of evidence. It will be noted however that the female respondent was indeed one of
the eight people who selected “No” for question seven. Ultimately, based on the evidence of the

KBQ, attitude anchors for the End Users appear random.

Combining the results from question seven with results from the previous questions in the KBQ,
the evidence is quite resounding. Removal of pneumatic parts and/or systems has shown vitally
important and should be in tandem with the increased efficiency benefit, for marketing

purposes.
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Figure 3.17: The parking chamber will no longer need an air supply to operate is useful according to 50%

of respondents

The penultimate question simply asked the respondent whether there were any further
advantages of the EPB which had thus far, been disregarded. In total, there were five additional
advantages suggested; no suggestions came from the OEM segment, three came from the End
Customer segment and two from the End Users. The first of the End Customer suggested

advantages was that the EPB would allow quicker response times, both in general use and in
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secondary braking. Pneumatic systems suffer from lag and compliance issues, resulting in a
delay between the driver pressing the brake pedal or moving the parking lever to the brake being
fully applied. By replacing the pneumatic system with an electrical system, the reaction time
between driver application and brake application is limited by the sampling rate of the ECU.
Considering it is common for processors to run in the mega samples per second region, brake
application will appear virtually instantaneous to the driver, minimising the rollback feature

experienced when parking the CV.

Coupling trailer units to the truck requires various connections between the units. The second
End Customer suggestion was that making the parking brake connection electric, utilisation of a
single connector to unite the parking brake and lighting systems can be achieved. Workforce
efficiency will be improved, if only slightly, as the time taken to couple the units together is
reduced. Also, the packaging issues are subsequently eased with fewer components on both the

truck and trailer.

The third and final End Customer suggested feature would increase the safety of the CV by
eliminating slow speed, reversing collisions. Being connected to the vehicle ECU, the braking
system now has the ability to communicate and interact with other vehicle sensors, as described
with the aided hill start feature. Rear parking sensors are becoming more standard on vehicles,
indicting to the driver, either by a visual and/or a sound stimuli, if they are getting too close to
an item/person behind the vehicle. If the driver chooses to ignore the alarm, the vehicle will still
impact whatever is behind the vehicle. By allowing the EPB to communicate with the rear
parking sensors, it would be possible to override the driver and force the vehicle to stop,

preventing a collision and saving potential repair costs.

The first End User suggestion also stems from the removal of the pneumatic system, as there
will no longer be a need to dump air when applying the parking brake, making the process much
quieter. Noise issues are currently the greatest problem in the braking industry with vast
amounts of the research effort being exhausted on understanding the brake squeal issue, as will
be discussed further in Chapter 4. Yet, as this respondent highlighted, brake squeal is not the
sole noise issue related to braking. Air dumping is short in duration, but can be considerably
loud and startling for close pedestrians and cyclists. In city buses consistently apply the parking
brakes, making them a particular problem. By using the EPB system, the parking brake
application noise will be significantly reduced, with the noise source being a much quieter

electric motor.
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The ability to “future proof” the CV was the final advantage offered by the End Users. New
technologies are being developed for vehicles all the time, with the vast majority having an ever
increasing reliance on computer control. Like with the rear parking sensor suggestion, by
allowing the EPB to communicate with the ECU, new components can be designed for a CV

that can integrate and improve the EPB functionality.

Improvements have been made to the original benefit analysis and are shown in Figure 3.18. All
the suggested advantages made by the respondents of KBQ have been added. These suggestions
also led to a ninth benefit being added, which is the ability to meet legislative requirements.
Clearly this is important to any CV with regards to the impending Euro VI regulations, but this
also refers to future regulations on noise as well. Being able to offer a solution now to a future

problem saves on the long term costs of the company.

CustomerAppeal Features Advantages Benefits

Increase vehicle
efficiency

Smaller component
size

equired air
reservoir size
reduced

Meet legislative
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dependence from
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Reduced running
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costs

Weight saving
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cabin and brake

Higher weight
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components

Enhanced vehicle
control
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eversing collision
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avoidance
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experience

communication with
ECU

No rollback

Increased vehicle
available onthe safety

dashboard
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Figure 3.18: Final benefit analysis

To conclude the second and main section of the KBQ, the most important question of all was

asked. At this point, the respondent had read through all the EPB advantages, and possibly
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making a few suggestions of their own, as well as reading the educational information supplied
in the first section. To test the effectiveness of the knowledge based marketing strategy, the final
question asked simply whether the respondent believed the EPB would be a beneficial product
onaCV.

A large amount of optimism should be taken from the results of question nine as, of the 30
received responses, 66% indicated that they did believe the EPB to offer CV benefits, shown in
Figure 3.19. These results can be directly compared to question 4.7 in the EQ, where the same
question showed that only 25% of uninformed respondents believed this. A huge improvement
in the attitude towards the EPB has been demonstrated merely by educating the audience on the
products functionality and the resultant advantages they will receive. Subsequently, based on
the results presented from both the explanatory and knowledge based questionnaires, it is
advised that Meritor deploy an informative approach to their EPB marketing, for the greatest

chance of maximising the EPB success.

Figure 3.19: 66% of respondents believe say the EPB would be beneficial to a CV.

3.3.1 Discussion

The aim of Chapter 3 was to establish whether there is an opportunity for the EPB to break the
stranglehold held by the pneumatic spring parking chamber, on the CV parking unit market. To
do so, at least one of the impact factors must be exploited to break the current technical lock-in.
By completing two questionnaires, two of these impact factors have been identified as modes to
bring about change. Firstly, it has been shown that there is a real CV issue whilst in operation

with the pneumatic systems. Air leakage causes the brake system to malfunction, immobilising
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the vehicle. In an era where the economy is recovering from the global recession, company
profits are generally low, with cash reserves heavily depleted from the past couple of years.
Therefore, having to constantly pay-out for CV maintenance is problematic for many. Meritor
could manipulate the situation by highlighting how pointless these payments are and create a

“crisis in the existing technology”, one of the impact factors that can force change.

Furthermore, it was also shown in the EQ that features that deliver improved vehicle efficiency
and/or vehicle safety are the style of product that is currently being accepted by the braking
market. Thankfully, both these features match the characteristics of the proposed EPB. As a
consequence, a second impact factor can be exploited to break the technical lock-in, which is

the “Changes in taste” factor.

Two definite routes available to break the current status quo have been identified, but the
question still remained as to what is the best method of making happen. After completing the
finalised benefit analysis, Figure 3.20 illustrates the presented suggestions made to Meritor as to
how to market the impending EPB. With a high percentage of people found to still be unaware
of the EPBs presence, the idea of using a knowledge based (or informative) approach to the
marketing was made. Verification came when the educated second sample demonstrated more
enthusiastic opinions on of the EPB and the benefits it will deliver. With increasing knowledge
being the underlining message used in all aspects of future marketing, it is depicted in Figure
3.20 by the large rectangle in the background, due to everything else needing to be built on upon

this foundation.

Currently, Meritor entertains discussion predominately only with OEMs. By widening the
conversation to the entire downstream benefit segment, it was possible to identify further
benefits, which ultimately lead to finding the most important EPB selling factor: independence
form pneumatic systems. Meritor should therefore continue with this this broadened approach
with their market campaign. Targeting the downstream segments in conjunction with the OEMs
may lead to greater demand, improving the chances of successful product introduction.
Therefore, each of the three benefit segments are represented in Figure 3.20. As the messages
given each segment must be specific to the targeted segment, they all have their own individual

horizontal lines.

[lustrated quite vividly throughout this chapter, there are three key messages that need to
delivered; the EPB delivers a definite (although quantitatively undefined) vehicle efficiency
advantage, removes some of the braking reliance on pneumatic systems and additional driver

aids will improve the standard of driving. Again, the separation of these messages is portrayed
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by the three individual vertical lines in Figure 3.20. The layout is of a matrix structure, with an
overlap being a representation of the specified messaged (vertical line) should be given
delivered to that benefit segment (horizontal line), which should be made in an informative

manncr.
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Figure 3.20: An illustration of the suggested marketing strategy made to Meritor.

Finally, it should be restated that the sample sizes used in this research were too small to
statistically confirm any findings made. Small sample sizes results in only a small chance that
the produced results are representative of the intended population. However, the conclusions
made were based on collected data received from questionnaires. By minimising bias in the
questionnaire itself and making the responses anonymous, the gathered data is reliable and

therefore meaningful.
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4 Literature Review

The study of brake design dates back to at least 1902 when Louis Renault designed the first
drum brake, with Daimler fitting them on the first vehicle in 1903. A drum brake operates by
applying a braking force to a pair of brake shoes located inside a rotating drum. With each pad
pivoted at the same end, the actuating cylinders supply an input force that pushes the linings
into the drum, generating the retardation force. There are generally two types of brake drum
brake configurations, leading/trailing and twin leading. The former has only a single force input
to the brake resulting in single pivoting position. One shoe will ultimately be pressing into the
drum with the rotation (leading shoe), generating maximum braking force with this self-
applying effect whilst the trailing shoe will be kept on the drum by the input force only. The
clear advantage of this is that in the reverse direction, at least one shoe is creating maximum
braking torque. Twin leading brakes are pivoted in opposite edges to ensure the self-applying
effect from both pads in the forward direction but are limited in their use for parking
applications as the force generated whilst in reverse is comparatively low, providing a high
chance of rollaway. However, by the 1920’s vehicle speeds had increased so much that greater
braking performance was required, which brought about the introduction of four wheel braking.
Duesenberg introduced the first hydraulic system delivering a braking force to each wheel in

1921 (Freudenberger 1999).

Nowadays, disc brakes have become more popular as the torque to friction coefficient, u,
relation is virtually linear, unlike with drum brakes providing the driver with a consistent and
reliable braking performance. Also, as the brake mechanism is not enclosed, air flow around the
brake is able to provide superior cooling characteristics compared to drums. Lanchester patented
the first disc brake design back in 1902, but the lack of a better freely available material other
than copper meant that the design was withdrawn until 1951 where it was displayed once more
at the International Motor Show. Two years later, the Jaguar C-Type won the Le Mans whilst
fitted with Dunlop disc brakes. Virtually all vehicles today use disc brake fitted to on the front

axle with an increasing trend for placing disc brakes on all four wheels.

During a braking application, the energy transfer taking place converts the vehicles kinetic
energy to thermal energy via the frictional interface between the disc and pads. A high
proportion of that heat energy enters the disc brake with the remainder going into the pads. Disc
distortions through thermal affects, or “coning” as it is commonly known, has led to three
altering designs of disc brakes to be made in attempts to counter the deformation, shown in

Figure 4.1; a) standard outer hat design, b) outer with neck, ¢) inner hat, d) inner hat with hole.
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Passenger vehicles regularly use the standard disc as the small disc mass available for thermal

distortion is low compared to larger CV and train disc brakes.

a.) c.)

b.) d.)

Figure 4.1: Common types of disc brake design a) standard outer hat design, b) outer with neck, c) inner

hat and d) inner hat with hole.

4.1 Electric Parking Brake

Securing any vehicle in a parked situation is extremely important in preventing a vehicle from
moving without the presence of a driver. When parked on a hill, this occurrence is called
rollaway. Rollaway is not a common problem in vehicles, but can be catastrophic especially
with CV if it was to happen in a largely inhabited village or city. If a 44 tonne lorry was to gain
movement rolling uncontrollably down a hill, very little would be able to take the impact on

collision, let alone the human body.

Large amounts of thermal mass in CV disc brakes results in a large volume of thermal
expansion, leading to large thermal contraction as the brake system cools down once the vehicle
is parked. Thermal contraction could influence the clamp force levels enough for the vehicle to
rollaway on a hill under its own weight. The cause of rollaway in passenger vehicles on the
other hand, is only likely to be if the driver failed to apply enough force to the handbrake lever
as the thermal mass available is far smaller. As explained in Chapter 1, there is no regulation in

for “hot” parking; provided the brake system can hold the CV on an 18 per cent incline

76



Literature Review

regulations have been met (ECE Regulation No. 13 2008). Therefore, it is feasible a brake

system could conform to ECE Regulation 13 and still suffer from rollaway.

In passenger vehicles, a mechanical linkage from a cable with one end connected to the
handbrake located in the driver compartment and the rear brakes to the other, has historically
been the typical method to secure a passenger vehicle. As tension is applied to the cable, the
pads are clamped against the disc to create the parking torque. CVs differ slightly as the
connection in the passenger compartment is an air line running to the brakes, with the driver

input releasing the air from the spring chamber, allowing the spring to apply the braking force.

Figure 4.2: Passenger vehicle EPB

In recent times, weight reduction has been a high on designers’ priorities with brake assemblies
not escaping this trend. As a result, the conventional hand brake is in the process of being
replaced by the EPB. A typical EPB uses a small motor to deliver a torque to a gear set via a
belt drive transmission. The gears operate a spindle which applies the pistons, generating
braking force. Figure 4.2 shows a passenger vehicle EPB attached to a sliding caliper where the

black plastic casing contains the EPB components.

Alternatively, the original cable method of applying the pads can remain with the EPB

controlling an actuator for the brake cable located towards the rear of the vehicle, shown in
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Figure 4.3. The first EPB was released by TRW in 2002, meaning the technology is still in its
infancy. Published research on the product is therefore scarce. An overview of what has been

carried out to date is presented.

REAR BRAKES
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Figure 4.3: Electric brake cable type EPB (Slosarczyk et al. 2008).

With the EPB being a motor-gear system, noise is inevitably produced when the EPB is
operated. Griebel et al. (2004) investigated the nature of the noise in an attempt to reduce the
‘annoying’ sound heard by people outside the car. The housing of the motor-gear was identified
as the greatest noise source with the caliper housing providing very little. Gear teeth meshing
and the belt drive are also large sources of noise. Helical teeth and an optimised belt drive vastly
reduced the noise generated. These EPB developments are designed to improve the public
perception of EPBs and help improve the desire for them in passenger vehicles. CVs already
produce large amounts of noise so the addition of an EPB would make very little impact to

consumer perception, removing that problem in the case of larger vehicles.

Additional functionality is capable with the installation of an EPB. Drive Away Release (DAR)
is a function to control the release the EPB at the moment the driver wishes to start driving,
preventing the vehicle from rolling backwards when setting off on a hill. Investigations into the
DAR safety implications by Slosarczyk et al. (2008) lead to a new control system being
designed that uses the throttle and steering angle sensors to detect driver presence. Also, a better
estimation of vehicle mass was developed as underestimations results in the EPB releasing too
early whilst too heavy estimates cause the EPB not to be released at all, eventually stalling the

engine.
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Another feature the EPB is able to offer is the functionality of an immobiliser. If the engine is
started without the required key or keycard present then the EPB will not release the brake.
Subsequent attempts to move the vehicle by the driver will fail. Cost saving will be created as a

separate immobiliser will not have to be fitted to the engine.

Minseok Jang et al. (2009) have further developed the EPB control system by integrating a
clamp force measurement into the brake ECU, which is independent of both clearance distant
and force sensors. Force sensors can be difficult to install in tight spaces and come at a cost
whilst pad wear will mean a continually changing pad clearance distance, thus force reading
measurements will remain accurate throughout the pad lifecycle. The control software operates
in a three step process; detection of the initial point of contact through changes in the motors
angular velocity, estimating the clamp force and then consider the inertia effects of the motor

delivering a little extra torque whilst it slows down once the motor is switched off.

A standard EPB control signal delivered to the motor is in the form of a PID controller; Peng et
al. (2009) developed a fuzzy type controller as a replacement for the standard PID controller.
Fuzzy controllers provide a faster response time compared to PID, delivering a better experience
for the driver. However, the developed fuzzy controller has only been proved theoretically thus

far, so still requires full vehicle testing before it is introduced on commercially available EPBs.

Finally, Lee et al. (2010) increased the safety of the EPB system by implementing a fault
detection system. With the parking brake doubling up as the emergency brake in the event of
hydraulic, pneumatic or any other brake failure, a fault detection method is necessary to alert the
driver. Mechanically sensorless estimation of individual faults was used in this process by
comparing ripples in the current, generated by the motor, to a simulated current load. Faults
were reported when residual values calculated between the measured and simulated current

exceeded a specified threshold.

The success of the EPB is emphasized by TRW alone with the announcement made in 2009 that
they had manufactured their 10 millionth EPB unit. However, these units are all destined for
passenger vehicles. As seen above, research in the field of EPB has improved the performance
of the current EPB systems and enhanced the driver experience with the technology whilst
mechanical capabilities of the EPB have been ignored. Implementing an EPB into a CV is an
innovative procedure which thus far, has not been fully achieved. A hybrid system has become
available, similar to the design shown in Figure 4.3 where the same spring parking chamber is
used to generate the braking force with the electronic controller regulating the airflow to/from

the brake. For a fully integrated system, removing heavy brake lines and other common
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components, significant research is needed to ensure the EPB will be reliable under far harsher

loading and thermal conditions than the passenger vehicle.

Meritor are not the sole developers of the CV EPB. Peter (2012) presents work on another
aspect of the EPB system, the driver feel and interface. A study was completed as to where the
on/off switch should be placed, and to the nature of the button itself. Three key positioning

factors were identified, and they were:
e The location must intuitive to the driver, making fast activation possible
e Position of the button must not lend itself to unintentional activation by the driver
e Unauthorised users (passengers) must not be able to activate the parking brake

Pushbutton suggested locations were mounted on the dashboard, close to the steering wheel for
quick activation. Furthermore, it must be mounted high enough that it is not accidently pressed
by the driver’s knee/leg. Optical lighting of the button was also recommended to ensure it is

intuitively recognisable to the driver, allowing for fast activations times.

4.2 Heat Transfer

4.2.1 Conduction

Heat conduction is the mode of heat transfer that describes the interaction between excited
molecules and their bordering, less excited molecules. Heat conduction in solids is caused by
two separate effects; lattice vibrational waves and the energy carried through the molecule by
the flow of free electrons (Cengel and Boles 2007). The former effect occurs in a lattice, a series
of molecules which are approximately fixed in position with a constant separation distance. As
one molecule gains energy it begins to vibrate causing its neighbouring molecule to begin
vibrating at a similar rate. This pattern continues throughout the material in a wave from until
all the molecules are vibrating at a uniform rate and hence, have a uniform thermal energy
distribution. Free electrons in a solid pass from one atom to another, with an energy transfer
occurring when they collide with the new atom. An electron originally from a warmer atom will
conduct energy in this way to a cooler atom. Conduction modes are slightly different for liquids
and gases due to the random motion of the molecules as well as the vibrational and rotational
motions. It is collisions between molecules, rather than free electrons, which allows the energy

transfer from the highly excited to the less excited molecules.
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The rate at which heat can be conducted, Q.pnq, through a layer of material with a regular
thickness, Ax, is directly proportional to both the temperature difference across the layer, AT,

and the cross sectional area normal to the direction of heat conduction, A, giving:

. AT
Qcona = kAE 4.1

where k is the thermal conductivity of the material. As Ax — 0 the differential equation known

as Fourier’s law of heat conduction is created:

. daT
Qcond = _kAE 4.2)

Because heat always flows from the warmer heat source to the cooler heat sink, the temperature
gradient, Z—i, will always be negative. A negative sign was added to equation (4.1) to make the
conductive heat transfer in the positive x direction proportional to the temperature gradient
across it. At the interface between two components or molecules, thermal contact resistance,
Reona, 1s present, preventing 100% of the heat being passed to the lower energy level
component. Figure 4.4 demonstrates the effect of thermal contact resistance where material A is
conducting heat from the heat source at the zero position into material B. A proportion of
energy is used in the transfer of heat energy resulting in the temperature gradient seen, not a
constant temperature. At the interface there is a sharp drop in temperature between the two
surfaces (depicted in red), which represents the thermal contact resistance. Contact pressure has
the largest effect on thermal contact resistance, with an inversely proportional relationship.
Surface roughness of both contacting components, at the microscopic level, prevents perfect

contact between the two, which also reduces the heat flow across the interface.
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Figure 4.4: Thermal contact resistance example.
Thermal contact resistance can be calculated by:

ATint

Reong = —7i—2—
cond Qcond /A
int

(4.3)

where ATj,; is the difference in absolute temperature at the interface of the disc and pad and
Aint 1s the contact area at the disc/pad interface. A more useful quantity than R.,,4 is the
conductive heat transfer coefficient, h.,, 4, as it describes the heat transfer through the material

per unit area and temperature. It can be calculated by:

1
hcona = R— (4.4)

cond

Substituting equation (4.4) into equation (4.3) gives equation (4.5); the amount of thermal

energy dissipated conductively across two surfaces in contact.

Qcond = heonaAAT (4.5)

4.2.1.1 Thermal Conductance

Thermal conductance is a material property that can be defined as the amount of energy transfer
through the material thickness per unit area and absolute temperature difference. Being an

unmeasurable property, determination of it can be troublesome. Through the years, four main
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procedures have been developed to calculate the value of k; each method will be outlined

individually.

4.2.1.2 Harman Technique

The Harman technique is fairly straightforward way of determining the thermal conductivity. It
makes the most of the Peltier effect (the heat absorbed across a junction) by applying a current
to the sample, producing a voltage across it (Tritt 2005). Recording temperature rise and the
current applied the thermal conductivity can be calculated. The main problem with this method
is that it is sensitive to heat losses. Savvides and Goldsmid (1972) successfully measured the
thermal resistance, and hence published a value of conductance for Silicon using a modified

experimental technique first developed by Harman in 1958.

4.2.1.3 Parallel Thermal Conductance

The parallel thermal conductance (PTC) method was developed by Zawilski et al. (1999),
allowing k values to be determined for relatively small sample sizes; length and surface area
measurements of approximately 2 mm of 0.05 mm” respectively. The PTC method is conducted
on crystalline structures at very low temperatures, from 10 to 310 K. The method involves
raising the temperature of one surface steadily by a heater, whilst the other end is held constant
by a cooling plate to artificially create a temperature gradient through the specimen. The main
advantage of this method is that the value of Q does not need to be known to get the value of k.
Orendacova et al. (2007) have more recently applied this method successfully on single crystal

specimens.

4.2.1.4 30 Technique

Wang et al. (2007) outlined the 3w technique. An AC current of constant amplitude is passed
through a single carbon fibre located in a vacuum, causes a rise in temperature that fluctuates at
different frequencies at multiples of o, i.e. ®, 20 and 3w with the frequency being a direct
representation of the material’s k value. This method has been developed because of the
demand from the racing and high performance passenger vehicles, as well as the aeronautical
industry, for a greater understanding of thermal properties rather than just the mechanical

carbon fibre properties.

4.2.1.5 Laser Flash

The first pulse method can be dated back to 1961 where Edward Woisard presented his work on
the measurement of thermal diffusivity, a, by supplying heat into a test specimen in a short

pulse. Thermal diffusivity is a measure of a material’s ability to absorb the heat from its
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surrounding substance, calculated by dividing the thermal conductance by the volumetric heat

capacity (product of the specific heat capacity and the material density).
k = aCyp (4.6)

Woisard used an electrical current as the pulse source into a long rod with a thin diameter. Later
that same year, Parker et al. evolved the pulse method to what is now known as the laser pulse
method. As the name suggests, a laser replaced the original electrical current as the heater
source. The method works by heating the front surface of the test specimen with the laser and
recording the time taken for the heat to flow through the material, such that the rear surface is
half that of the front. Calculations for thermal diffusivity and specific heat can be conducted

from the data collected and used in equation (4.6).

Advantages gained by using the new method were that the test specimen sizes can be
substantially reduced, measurements can be taken at higher temperatures, little energy is
required by the laser and values for the diffusivity, thermal conductivity and heat capacity can
all be calculated from a single experimental procedure. Although the specimen size can be
reduced, considerations regarding the specimen thickness still need to be considered as Parker et
al. conclude that too thin a thickness will produce a low diffusivity value, whilst too thick will

allow radiation and convection heat losses to manifest in the results, reducing the accuracy.

In more recent times, Kim (2006) applied the laser flash technique to record the thermal
diffusivity of various disc materials, allowing their thermal conductivity to be measured. A
general assumption is that the beam exiting the laser is of uniform nature although this is not
true in reality. Measures can be taken to reduce the scatter from the beam, as performed by Kim,
by shining the beam through an optical tube, producing even distribution of energy. To
successfully use the obtained thermal diffusivity results in the calculation given in equation
(4.6), a known value of specific heat capacity, C,, and density are needed. Kim conducted this
test on well know materials such as aluminium and iron as a C, value could be well estimated
although it was proposed by Parker ef al. that the C, values could be determined by the

technique.

Kim et al. continued their research with the laser flash method in 2008. The same five material
specimens were used except this time the C,, values were measured using a differential scanning
calorimeter (DSC) and thermal expansion values measured by push-rod transducers. Thermal
diffusivities were shown to decrease with an increase in temperature, attributed to the thermal

carriers (electrons in metals) having greater resistance at higher temperatures. Thermal
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expansion of the material will increase the internal friction between the molecules, restricting
ability for electrons to flow. Iron discs proved to have a linear drop in diffusivity whilst the
aluminium disc was a little more irregular. On the contrary, C, values increased linearly with a
temperature rise, again with iron discs producing a linear relationship. As thermal conductivity

is proportional to thermal diffusivity, the same patterns will be repeated.

4.2.1.6 Fourier Number

Modelling of conduction is characterised by the Fourier Number (Incropera et al. 2006), shown
in equation (4.7). Essentially, this is a dimensionless ratio of heat conduction rate to energy
storage. When performing thermal modelling, it is important to consider the Fourier number as
larger values (Fo>1) results in the material struggling to reach a thermal equilibrium, causing
extended calculation times, whereas low Fourier numbers (Fo0<0.1) means heat is insufficiently

conducted through the material in the desired time frame, leaving only the skin heated.

at

FO:ﬁ

(4.7)

4.2.2 Convection

Convective heat transfer takes place between a solid surface and adjacent fluid surrounding the
solid. Convection is made up of both conduction and fluid flow affects (Cengel and Boles
2007). The rate of fluid flow around a solid surface is the governing variable determining the
effectiveness of the convection process. Stationary fluid in contact with the heated solid surface,
in accordance with the zero slip condition, will conductively gain heat energy from the solid. A
thermal gradient is between fluid particles at the surface and a distance away from it. The heat
energy is dissipated from the wall particles to the bulk fluid particles, reducing the thermal
gradient, and hence reducing the rate of heat dissipation from the surface. The flow of the fluid
results in the now warm bulk fluid being replaced by cooler fluid, restoring the high thermal
gradient and rate of convection. The velocity of the fluid flow is therefore directly proportional
to the rate of convective heat transfer, so the higher the flow rate, the greater the convective heat

transfer from the surface.

When the solid surface is in stationary liquid or gas the type of convection is known as pure
convection. Pure convection is therefore the worst case for cooling as the only fluid flow is a

result natural convection where the flow is created through buoyancy effects.

In natural convection, the fluid flow forms naturally from buoyancy effects around the solid

surface. Alternatively, forced convection is when the fluid flow is described as forced when the
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solid is placed in a region of flowing fluid from a source, such as a pump or fan. In forced

convection the buoyancy effects can be neglected.

Newton’s law of cooling can be used to determine the convective heat transfer, Q.opny, given by:

Qconv = hconvA(Tsurf - TOO) (4.8)

where h.,p,, is the coefficient of convective heat transfer, A is the surface area the heat transfer
is taking place, Ty, s is the solid surface temperature and T, is the bulk temperature of the fluid

at a distance from the solid surface.

4.2.2.1 Boundary Layer Theory

The concept of the hydrodynamic and thermal boundary layers is important to understand in any
heat convection study. The former describes the physical motion of the fluid as boundary layer
is created between the wall and free stream. In this part region, viscosity has a large influence of
flow properties. Molecular forces exerted on the air particles close to the wall cause the zero slip
condition, causing a zero velocity for the molecules directly adjacent to it (Allen 1982). Moving
away from the wall, the passing fluid increases velocity until it reaches the free stream, V.,
creating an interface between it and the hydrodynamic boundary layer. Fluid viscosity effects
determine the thickness of the hydrodynamic boundary layer, with higher internal fluid shear
effects making thicker boundary layers. Figure 4.5 shows the velocity profile in a typical
hydrodynamic boundary layer.

Free stream flow direction

—>

Uy

Surface boundary

Figure 4.5: Typical velocity profile in hydrodynamic boundary layer (turbulent).
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A laminar boundary is the initial state of all boundary layers as a fluid first interacts with a solid
surface at the leading edge. The velocity profile increases approximately linearly from the wall,
where it is zero, to that of the free stream. Differences in velocities between adjacent flow layers
cause molecular viscous forces without the presence of vortices (Allen 1982 and Fox et al.

2004).

Further downstream surface friction effects slow down a greater volume of air. Generally, thick
boundary layers cannot maintain laminar flow and therefore transition into a turbulent boundary
layer via a transition critical point, x... Where this transition point is located is sensitive to a
number of factors, which include surface shape, temperature, roughness and upstream flow
characteristics as well as many other intricate flow properties. Uncertainty in fluid modelling

can be driven by not knowing the transition point, causing erroneous results (Anderson 2007).

Turbulent boundary layer thicknesses grow at a faster rate than laminar due to having a greater
amount of friction within it. The source of friction comes from rotational velocity caused by the
greater absorption of flow energy resulting in internal eddy currents. Turbulent boundary layers
consequently increase thickness rapidly and create greater heating effects. A typical boundary
layer formed when an airstream interacts with a flat plate, causing at a sufficient speed for the

boundary layer to pass through the laminar state and into turbulent is shown in .

Transition

Turbulent

Laminar

Figure 4.6: Transition from laminar to turbulent flow. The boundary layer thickness is not to scale

(Anderson 2007).

A thermal boundary layer is formed when a temperature gradient is present between the solid
surface and the free stream with heat transfer occurring from the surface to the fluid. With fluid
velocity equalling zero at surface, it is commonly assumed that the fluid temperature is equal to
the surface temperature. Conduction transfers heat through the fluid until a point (boundary

layer interface) where the temperature is equal to the bulk free stream temperature. A close
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relationship is formed between the thermal and hydrodynamic boundary layers but their relative
thicknesses are often dissimilar. Heat transfer capabilities are highly dependent on the flow
regime, found by exploring a set of dimensionless numbers. A discussion of each is offered

before being used as part of the variable h,,,, investigation.

4.2.2.2 Reynolds Number

The Reynolds number, Re, is one of the most significant and important parameters to
understand in fluid flow theory. It is a dimensionless value that calculates the ratio of inertial
forces to viscous, it is calculate using equation (4.9).
_ pvL
o

Re (4.9)

where p is the fluid density, v is fluid velocity, L is the characteristic length (or diameter if a

cylinder) and y is the dynamic viscosity.

High Re values signify viscous forces are negligible resulting in turbulent flow, whereas low
values demonstrate significant viscous forces and therefore the flow is in a laminar regime.
Understanding the Re values around a cylinder can be used in this study as the hat region of a
CV disc brake is essentially a cylinder. Research into flow regimes around circular cylinders is
not scarce, leading to a high level of understanding. Six flow patterns exist when a fluid flows

around a cylinder, dependent on the Re value (Anderson 2007):

1. Very low values of Re, Re < 4, the flow is characterised by Stokes flow, where the
velocities are so low inertia effects have little influence. Streamlines consequently, are

almost symmetrical with the flow remaining attach to the surface the entire way around.

2. Increasing the Re value range to 4 < Re < 40 sees flow separation at the trailing edge
of the cylinder. Two stable vortices are created and occupy the space directly

downstream of the cylinder.

3. Further increasing the Re above 40 makes the flow behind the cylinder unstable as the
stable vortices now regularly shed in an alternate pattern, known as a Karman vortex

street.

4. Increasing the Re still results in the Karman Vortex Street to become turbulent and thus,

transition into a full wake region behind the cylinder. Separation from the cylinder now
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occurs on the leading edge of the cylinder, approximately 80° around from the

stagnation point. This flow is demonstrated in the region of 103 < Re < 3 x 10°.

5. When the flow is between 3 X 10°> < Re < 10° a double separation effect occurs.
Initially, the laminar boundary layer continues to separate on the forward face, with the
free shear layer above the separated region tripping into a full state. The turbulent flow
then reattaches to the cylinder before separating once again at approximately 120°,

causing a thinner wake than before.

6. Flows with Re values above 10 transitions to fully turbulent on the forward cylinder

face but remains attached until the some point on the back face.

By making the assumptions that air will travel at 1 m/s under natural convection and with a
diameter of approximately 0.2 m, it was possible to use equation (4.9) to generate an initial
understanding for the expected flow pattern around the hat region of a CV disc brake during a
parking application. A calculated value of 1.4 x 10* would suggest the unsteady flow behind

the hat section, in the form of a wake.

4.2.2.3 Prandtl Number

The Prandtl number describes the relationship between the momentum dissipation of the fluid to
the heat diffused to the flowing fluid. High Prandtl numbers are often found in oils where
momentum diffusion is stronger than the thermal diffusion; consequently, thermal conduction is
the predominant mode of heat transfer. On the contrary, Prandtl numbers are small in substances
such as liquid metals, where convection is dominant (Necati Ozisik 1985). The thicknesses of
the velocity and thermal boundary layers are both dependent on size of the Prandtl number, with
small hydrodynamic boundary layers correlating to primarily convective cooling. The Prandtl
number is independent of the surface interaction as it is a fluid only property.

Colt  pp v Molecular dif fusivity of momentum

Pr=———w-w«-+—«——=—=
Tk k/(pC,) « Thermal dif fusivity

(4.10)

4.2.2.4 Grashof Number

The Grashof number is a very important dimensionless parameter in buoyancy driven flow.
Like the Reynolds number in force convection flow, the Grashof number describes the ratio of
fluid inertia forces to fluid viscous forces. When viscous forces are dominant, the flow is said to
be in a laminar state, damping out potential eddy currents in the flow. As the inertial forces

increases in significance, the flow goes through a transitional state before tripping into a fully
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developed turbulent flow. Inertia forces are now too strong to be dampened by the viscous
forces. Small hydrodynamic boundary layers are present with turbulent flows, resulting in high

convective heat transfer coefficients as the cooler fluid replenishment can occur more rapidly.

The Grashof number can be calculated by using equation (4.11) where g is the gravitational
acceleration, ¢ (often termed f3) is the coefficient of thermal expansion (Necati Ozisik 1985), L
represents the characteristic length of the body surface (Richardson 1963), T, is the wall
temperature of the solid and v is the kinematic viscosity of the fluid.

_ gZL3 (Tw - Too)

Gr
V2

4.11)

4.2.2.5 Rayleigh Number

When investigating heat transfer from a body subjected to buoyancy driven flow, the Rayleigh
number is used in place of the Grashof number; calculated by multiplying the Grashof and
Prandtl numbers (equation (4.12)). It represents the ratio of conductive heat transfer to
convective heat transfer. Below the critical value conduction is the dominant mode of heat
transfer and reversing to convection thereafter. Depending on the situation and shape of the
solid surface, the critical value of Ra varies. For example, McAdams suggests the critical value
for a flat horizontal plate is as low as 107 whilst Necati Ozisik (1985) proposes a value up to
102 for vertically placed cylinders in free air.

Ra = Pr.Gr
(4.12)

4.2.2.6 Nusselt Number

Where the Prandtl number looks at the flowing fluid and the relationship of heat dissipation
through it, the Nusselt number considers the ratio of convection to conduction energy transfer
from the solid surface boundary to the flowing fluid and across its thickness, in a direction
normal to the surface. Nusselt numbers at unity show an even distribution of conduction to
convection heat dissipation from the surface, characteristic of laminar type flow. In convection
dominant turbulent flow, values of Nu will rise above 100 (Necati Ozisik 1985). It is important

to note that the parameter L in equation (4.13) is the characteristic length of the body’s surface.

_ heonyl

Ny = =2~
u=— (4.13)

Finding the Nusselt number is not always as straightforward as inserting values into equation

(4.13), usually because they are not all known. Small changes in geometry impacts the intensity
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of the buoyant flow and subsequent parameter values (Corcione et al. 2011). With the Nusselt
number, it is often preferred to use approximation equations found by gathering experimental
data and performing a correlation analysis on them. Necati Ozisik (1985) demonstrates the
correlation method produces values closer to experimental results compared to theoretically
derived equations. Various correlations have taken place for different solid surface
configurations within buoyant fluid flowing over it. Churchill and Chu (1975) provided a
correlation equation for a vertical wall (equation (4.14)), valid for Rayleigh numbers between
10" and 10" and when isothermal wall conditions are assumed.

0.387Ra, '/®

[1 4 (0.492/Pr)°/16]8/27 (4.14)

Nu,, Y% = 0.825 +

A second equation proposed by McAdams (1954) has been said to match experimental data
more accurately by Necati Ozisik (1985). The later equation takes the form:
Nu,, = cRa;"
m L (4.15)
where c is a constant and n is the exponent of Ra. Values of these two parameters are dependent

on the Ra; they are shown in Table 4.1.

Table 4.1: Parameters for the McAdams relationship for Nu,, (McAdams 1954)

Flow Type Range of Ra c n
Laminar 10* to 10° 0.59 1,
Turbulent 10°to 10" 0.10 1/

Considerable research has also been devoted to buoyant air flow around cylindrical shapes. The
considerable length and diameter of the cylinder shaped hat region of a CV disc brake allows a
significant amount of convective heat dissipation to occur from this surface, so it was therefore
important not to neglect it. As with flat walls placed vertically in free air, Churchill and Chu
(1975) correlated a trend in Nusselt numbers from experimental results. Their correlation
equation (4.16) is valid for isothermal surfaces only, for Rayleigh numbers falling within the

range of 10 to 10"

0.387Ra,/® _ (heonvD\? “.16)
18727 - )

[1+ (0.559/Pr)%/16 k

Nul/?2 = 0.60 +

Morgan (1975) also provided a correlation equation, it has the same form as the McAdams
equation for vertical walls, but with the coefficient values shown in Table 4.2 corresponding to

the relevant Ra value range.
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hCOTLUD
Nu =
v K

= cRap™ (4.17)

The Morgan equation, not only has the same form as the McAdams equation but its coefficient
values also have the same magnitude. Consequently, the dimensionless numbers are expected to

have the same profile, varying only its scale because of the change in characteristic length.

Table 4.2: Values for the Morgan equation with ranging Ra (Morgan 1975)

Rap c d
10"~ 107 0.675 0.058
10%-10° 1.02 0.148
10°-10* 0.850 0.188
10— 10’ 0.480 0.250
107 — 10" 0.125 0.333

4.2.3 Radiation

Radiation is the final mode of heat transfer. As a body increases its temperature, its electronic
compositions alter, resulting in electromagnetic waves being given off, emitting thermal energy
from the body. This process happens to any substance that has a temperature greater than
absolute zero. Radiation is actually volumetric phenomenon, however, due to the radiation
given off inside a solid never reaching the surface as it gets absorbed within the body, it can be

considered to be a surface phenomenon for opaque solids (Cengel and Boles, 2007).

The Stefan-Boltzmann law determines the maximum rate of thermal energy that can be emitted

from a surface, which is:

Qrad,max = O_ATsurf4 (4.18)

where o is the Stefan-Boltzmann constant, A is the surface area and Tgy,r is the absolute
temperature of the surface. Equation (4.18) assumes blackbody radiation, an idealised situation
where a body perfectly accepts all the electromagnetic waves. In reality this is not possible as
the matter reflects some of the radiation. Emissivity, &, is a material property that approximates
how close the material replicates a blackbody. The range of values for emissivity is from 0,
where the material reflects all the electromagnetic waves, to 1, a blackbody. Applying the

emissivity property to equation (4.18) leaves the radiation emitted by a real surface to be:

Qrad = gUATsurf4 (4.19)
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In the case where a substance, at an absolute temperature, is surrounded by a gas such as air, the
radiated energy is proportional to the temperature difference between the forth powers of the

absolute surface temperature and the bulk gas temperature, T,,making equation (4.19):

Qraa = €0A(Tsyrs* — Too?) (4.20)
Like with conduction and convection, Newton’s law of cooling can be applied, creating:

Qraa = NraaA(Tsurr — Too) (4.21)
where /,,, can be determined by equating (4.20) and (4.21), leaving:

hraa = EU(Tsurf3 + Too3 + TsurfToo2 + TsquZToo) (4.22)

4.3 Heat Transfer Coefficients

The need to understand heat transfer coefficients in greater detail was realised many years ago,
demonstrated by the early FE modelling conducted by Newcomb (1969). Sisson (1978) was
another early user of the FE methodology and realised the importance of generating an accurate
understanding of heat transfer coefficients. Whilst exploring the possibilities of combining basic
FE analysis with numerical modelling for a tool to calculate disc brake temperatures, Sisson
demonstrated that the simulation accuracy is bounded most significantly by the heat transfer
coefficients used. The importance of residual torque in disc brake cooling simulations was also
shown, as the cooling factor is significantly altered with additional heat flux putting thermal

energy into the disc whilst having a negligible effect on the deceleration rate.

Thermal effects in a dynamic situation were investigated by Naji and AL-Nimr (2001) by
numerically modelling an entire braking system. The mathematical model tested three different
braking applications at differing sliding velocities. Only the brake application representative of
an emergency stop showed to have a dramatic effect on thermal behaviour. More significantly,
Naji and AL-Nimr proved convective heat transfer coefficients, located at disc OD and at the
disc/hat junction have the biggest effect on thermal behaviour. Naji and AL-Nimr failed to
separate the individual heat transfer coefficients into individual dissipation modes. Clearly, at
the disc/hat interface the coefficient will be completely conductive whereas at the OD a

combination of convection and radiation will be present.

Voller (2003) progressed the work of Naji and AL-Nimr by proving that at high rotational
speeds, convective cooling is the most dominant heat transfer mode from the disc. The faster the

disc rotational velocity, the faster air is pumped through the vanes, quickly recovering the
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thermal gradient between the stationary air at the wall boundary and the adjacent flowing air.
The convective heat transfer coefficient will resultantly increase with the rotational speed,
shown in Figure 4.7. To confirm this, Voller performed cooling tests from 140°C down to room
temperature, with rotational speeds of 150 min™ and 450 min". A secondary finding also
showed that shrouding the disc had little effect of the rate of heat transfer compared to
increasing the rotational velocity. Stationary cooling tests were neglected by Voller. By
extrapolating back a convection coefficient of 2.5 W/m’K can be found if a linear relationship is
assumed. However, experimental reliability is question here as only four rotational speeds were
physically measured. With such a low number of experiments, error within any of the

measurements will have significant impact which could give a false outcome.
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Figure 4.7: h.,ny, Vs rotational speed for CV disc (Voller 2003).

As the rotation declines, the pumping of air also reduces allowing the speed independent
dissipation modes to become more important. Voller et al. (2003) observed that after the
rotation speed drops below 170 rpm radiation becomes the dominant dissipation mode, with a
further decline in speed reduces the contribution of convection to the total disc dissipation even
more (Figure 4.8). Note, the investigation was conducted at a temperature of 600°C. A different
critical rotational speed will be seen when cooling from a different temperature, changing the
characteristics of Figure 4.8. Again, zero speed was ignored so the dissipation division between

the three modes is uncertain for parking applications.

94



Literature Review

—8&— Total
—s— Convection
—=— Radiation

—=— Conduction
ol /

Power [kW]

0 50 100 150 200 250 300 350 400 450 500

Rotational speed [min'1]

Figure 4.8: Influence of dissipation modes against rotational disc brake speed (Voller et al. 2003).

Voller et al. (2003) continued their work on heat transfer coefficients by examining the
variation in the conduction pattern at the disc brake flange face and a wheel carrier for CV
brakes. Both the disc and wheel carrier had a slightly corroded surface, representing the
condition a disc would spend the majority of its operational life in. The presence of bolts,
tightened to a nominal torque of 300 Nm, produced a contact pressure between the two surfaces

that ranged from 10 to 50 MPa. An average of this interface pressure, Fyy,4, can be calculated

from equation (4.23).
an

Pavg = A_ (423)
int

Where F is the individual bolt clamp force and n,; is the number of bolts. Higher localised
pressure values were generated close to the bolt holes and at the ID. A linear relationship was
found between increasing the friction surface pressure and h.,,4 values. Using equation (4.24),
Tirovié and Voller (2005) calculated high hgong values, approximately 5,000 W/m’K in
between the bolts which raised to 10,000 W/m’K at the bolt hole perimeters.

heona = 80Py,4 + 2300 (4.24)

Emissivity values of h,,4 in the current literature vary greatly. This was expressed vividly by
Voller et al. (2003) when values gathered from various literature sources (see Table 4.3) were
shown to differ from 0.15 to 0.90. Using these values, Voller et al. (2003) calculated h,qq4

values for a range of temperatures up to 670°C, shown in Figure 4.9. The lowest emissivity
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value produced heat transfer coefficients ranging between 2 and 12 W/m°K whilst the highest
emissivity value range was between 6 and 52 W/m’K. The latter describes an 88% drop in
radiative energy dissipation as the disc cools down to ambient. The importance of obtaining an
accurately value of emissivity was demonstrated in the experiment, even more so with
applications having low rotational speeds.

Table 4.3: Emissivity values used by Voller et al. (2003)

Author Emissivity
Limpert (1975) 0.55
Noyes and Vickers (1969) 0.8
Grieve et al. (1998) 0.4
Eisengraber et al. (1999) 0.15-0.9
80
70
Emissivity
——0.2
3 5055
£ s
= T
g drag
= braking
04-07
0 100 200 300 400 500 600 750 800
Disc surface temperature [*C]

Figure 4.9: Varying emissivity values (Voller ef al. 2003).

Furthermore, the condition of the disc impacts heavily on the emissivity value. Voller et al.
measured the emissivity of newly machined disc as 0.2 whilst a disc with corroded surface had a
far greater emissivity of 0.9. The IR camera method of comparing measured thermocouples
surface temperatures to the IR image and adjusting the emissivity until a match between the
temperatures was achieves. Disc conditioning is therefore also an important factor in low speed

investigations considering the disc has the largest surface area emitting energy.

Liang ef al. (2005) used a numerical method to calculate h.,,, values which were used in an FE
model. Liang et al. recognised that the rate of convection will be different at the external disc

surfaces to the values seen within the vanes, resulting two separate h.,,, values being
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calculated to represent the two areas of heat dissipation. The numerical model was to investigate
disc brake temperatures during repetitive braking for different speeds. Values for h.,,,, at the
external surfaces, h,yeer, Were calculated with equation (4.25) when the flow is not fully

turbulent, defined by Re < 2.4 X 10°. Alternatively, fully turbulent flows, Re > 2.4 X 10°,

used equation (4.26).
Aa
houter = 0.7 (D_o) Re%>% (4.25)
h _004('1 )R 08 (4.26)
outer D .

(o]

By making the individual convective heat transfer coefficients a function of Re, the coefficient
is variable with air speed, thus agreeing with the work provided by Voller (2003). Similarly, for
in-vane convection coefficients with low Re values of equal to or less than 10, equation (4.27)

with equation (4.28) for when Re > 10%.

Buane = 372 (22) 1 (42)"" (22) 427)
Ryane = 0.046 [1 + ]Reo 8 py0:33 (2’1) (4.28)

where [ is the length of the disc brake and Dy, is the hydrodynamics diameter.

| = (DOZ ) (4.29)

28Dy(5g0Ac)
h— Do(B+522-4,)

(4.30)

These equations will be able to model a parking application because the equations are
independent of the disc rotational speed, with fluid characteristics being the only variables
needed. These equations are complex with many sub calculations needed to compute each h.,p,
value. It is unrealistic to use such equations for a vast number of nodes at every time step as the
computational time to completion would be enormous, limiting this method to calculating

general initial convection values only.

During the investigation into the different fundamental designs of a disc brake, Okamura and
Yumoto (2006) recorded discs fabricated with holes in the hat section produce lower hat flange

face temperatures than their solid counterparts. Subsequently, it can be concluded that
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conduction is a volumetric process, the greater the amount of mass in the hat, the more heat can

be passed to it from the friction contact faces.

A lumped heat transfer coefficient, h, was found by Heffernan (2006) through experimental
procedures which was then used in numerical modelling. The single value of h incorporated
conduction, convection and radiation affects rather than finding them individually. The aim was
to produce a simple design tool through numerical modelling. Heffernan stated predicted results
from the model matched well to the measured temperature data. For one set drive cycle this was
true, however, two other reported drive cycles show inaccurate cooling rates; after half an hour
of cooling, in Run 1, there was approximately 40% difference between the measured and
predicted temperatures. The lumped method was shown to be a useful tool in the initial design
stages only, thereafter a more complete understanding of the heat dissipation modes and thermal

interactions are needed, challenging the views of Heffernan.

McPhee and Johnson (2008) proved that external convective cooling is as important to disc
brake design as internal convective cooling. By completing cooling tests with and without
blocked vanes, and with an asbestos plate between the disc mounting hub and the wheel carrier
interface to restrict the conductive affects, the effect of external convective cooling was
separated from the total amount of convective cooling. For a moderate rotational speed of 342
rpm it was found that only 45.5% of h.y,,, Was due to the internal vane flow, rising to 55.4 % at
1,025 rpm, resulting in the vane flow becoming more significant with an increasing speed. The
results suggest that in-vane air flow will be less significant than external surface flow in parked
situations. Buoyancy driven flow is expected to be strongest within the vane the air will be
hottest here due to having less surrounding air particles to pass the heat onto. Therefore, the in-
vane dissipation would have a larger impact than the external flow, contrary to the finding by

McPhee and Johnson.

Numerical modelling can be used to inspect the conductive capabilities of both the disc and pad.
By applying the two common contact pressure distribution assumptions, uniform pressure and
uniform wear, Talati and Jalalifar (2008) showed that a uniform pressure distribution causes
greatest disc temperature with the presence of a thermal resistance situated between the disc and
pads. A temperature gradient is created at the disc/pad interface. Conduction affects were the
predominant dissipation mode responsible for heating the caliper and its internal components to
that of the discs after a finite amount of time. Furthermore, convective heat transfer coefficients
of 48.4, 63.8 and 88.2 W/m’K for vehicle speeds of 71.5, 101.0 and 151.4 km/h respectively,

were recorded and matched well with equation (4.31), which is:
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heony = cvos® (4.31)

where C is a constant to be determined and V is the vehicle speed. Equation (4.31) gives a good
approximation to h.,,, values at high speed. However, it is demonstrating a non-linear
relationship between h.,,,, and vehicle speed, contradicting the work of Voller et al. (2003).
Neither experiment conducted enough tests to produce conclusive evidence for argue either

way.

FE analysis produced by Wawrzonek and Bialecki (2008) reinforced the knowledge that
emissivity changes with temperature. FE results were compared to the contactless temperature
sensors which proved to match poorly. Erroneous results were found more in the contactless
temperature sensor readings rather than with the FE simulation. Contactless temperature sensors
have a high degree of sensitivity to emissivity, directly impacting any h,.,4 calculations based
on their results. Importance of understanding the emissivity change was therefore shown by

Wawrzonek and Bialecki.

4.4 Natural Convection

As stated already, natural convection differs from forced convection as the air flow does not
have a source, rather driven purely from buoyancy effects. Cooler stationary air molecules are
heated from the solid surface, which reduces their density and causes them to rise starting a
convection current. Having a small air inlet and large air outlet for brake vane shapes causes
pumping of air through the disc when it is rotating. When the brake is parked, a lack of the
pumping effect means buoyancy driven flows can no longer be neglected. This section outlines
the work conducted by researchers related to the field of natural convection in and around the

disc brake.

Buoyancy driven air flow through a partially open cavity has been numerically simulated by
Desai and Vafai (1992) using the Galerkin formulation of the Finite Element method. The
simulation was of a hot inner cylinder placed inside a cold outer cylinder with an air medium
between them. Two simulations were run, firstly with the air having an Ra value equalling 10*
then secondly matching 10° both surface temperatures were kept constant throughout.
Importance of the Rayleigh number on heat transfer was evident when moving from the smaller
Ra value to the larger as higher flow velocities are coupled with higher Ra values, thus
generating a stronger buoyancy-driven flow dissipating more heat through convection rather
than conduction. Likewise, areas of recirculating flow causes increase the heat transfer between

the walls and passing fluid as the recirculating air has a high flow rate.
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Das and Reddy (2006) were interested in the 2D flow field and heat transfer within a square
enclosure where a smaller square located centrally within the outer square acts as a heater.
Adiabatic boundary conditions were placed on the walls. Within the closure, the critical Ra
value was shown to be 10°. Comparing the results of Das and Reddy to Desai and Vafai (1992),
it can be seen that for a square enclosure over a cylindrical enclosure, the critical Ra value is a

full order of magnitude less.

Das and Reddy furthered their research by investigating the effect on the buoyancy flow by
inclining the square. It was found conduction driven heat transfer, low Ra values, inclination
has little effect on the heat transfer. However, a non-linear rise in Nusselt number was recorded
with inclination angle. This finding can be related to brake research as a disc brakes have many
open channels rotated at various angles from the horizontal. This result could affect the
dominant heat transfer mode from one vane to the next during a parked application and as the

disc temperature cools.

Azwadi et al. (2010) also presented similar work to Das and Reddy (2006) as to the effects of an
increasing inclination angle on the flow of fluid. Again a square cavity was used, but with two
opposite walls acting as a heat source and heat sink with the perfectly conducting boundary
conditions set to the remaining walls. A finite difference numerical model of the situation was
creating with the Boussinesq approximation being made (all densities assumed equal).
Increasing the gradient of inclination gives rise to a secondary vortex manifesting in the centre
of the flow somewhere between the 60° and 80° gradients. The average Nusselt number, based
on this work, peaked an inclination angle of 65°. Presence of the secondary vortex is having
adverse on the convective heat transfer. Again this result can be related to individual vanes in a
disc brake when in a parked situation; is there a presence of vortices in the flow hampering the

heat transfer.

4.5 CFD Modelling and Forced Convection Cooling

Jerhamre and Bergstrom (2001) were interested in the flow field within the wheel arch and
through the disc. CFD techniques were used to estimate the tangential and radial flow velocities
for two separate vehicle equivalent velocities, 70 km/h and 100 km/h. Due to the pumping
effects within the vanes the flow will be turbulent. The reasonable assumption that all flows,
both in-vane and external, were turbulent. Consequently, the k — & model was used throughout.
Wall interactions can have large effects on flow characteristics, especially in confined areas
such as disc brake vanes. Both the 2-layer model and the law-of-the-wall model were used in

separate simulations to predict flow velocities; the former gave typical Y values in the range of
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one to three, but never exceeded six whilst the latter gave a substantially larger range of values,
from of 40 to 70. When comparing the law-of-the-wall model to measured flow velocities, a
small underestimation of the tangential velocity of 4% was seen using prism cell elements only.
Tetrahedral cells were showed inferior accuracy by delivering an underestimation of 15%.

Furthermore, the 2-layer model provided to be ineffective at describing the internal vane flow.

A two-stage disc brake performance analysis was conducted by Damodaran et al. (2003). Stage
one was to perform a CFD Analysis on a straight vane rotor. Generated results gave a lumped
heat transfer coefficient, taking the effects of all three modes of heat dissipation into a single
figure. Disc cooling performance characteristics where provided in the form of pressure against
volume flow rates. Combining the two outcomes enabled Damodaran ef al. to describe an
inversely proportional relationship between air pressure and lumped heat transfer coefficient for
a given constant rotor velocity. This finding only refers to the convection abilities of the disc as
radiation is an electromagnetic phenomenon which occurs regardless of the medium it is in with
conduction occurring at the interface between to molecules. Therefore a better conclusion is that
air pressure is inversely proportional to convection. Increasing density will decrease the
kinematic viscosity of the fluid, which ultimately decreases the Pr value. Reducing in the Pr
value shows the fluid diffusion rate strengthens against the convection, hence the inverse

relationship.

The second stage of Damodaran et al. investigation was to input the performance characteristics
from stage one into a second, more ambitious quarter car CFD model consisting of over 2
million cells. It was shown that for discs mounted on the rear axle, removal of the dust shield
had little effect on brake temperatures whilst its presence on the front axle leads to higher disc

temperatures as air flow is restricted.

Sakamoto (2004) used numerical techniques to examine disc brake cooling of underground train
disc brakes in response to a series of thermal crack failures. Numerical calculations were based
on the total convective heat transfer coefficient being a summation of the separate convection
coefficients from the external surfaces and within the vanes; both were calculated as a function
of the Pr number, thermal conductivity, dynamic viscosity and the length of the convective
surfaces. Using this assumption, the cooling rate parameter, ¢, was derived and gave realistic
estimates to the maximum disc temperatures under braking cycles that decelerated the train to
stationary from an initial vehicle speed of 128 km/h. High values of ¢ gives lower disc
temperatures, delivering a better cooling efficiency. Railway disc brakes were used to verify the

model with experimental comparisons. Three discs with varying distance between the vanes
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were used. A second finding was made that the air inlet area restrict air flow into the vanes if it

is too small, reducing the heat transfer.

(4.32)

Sun (2006) executed a study on the sensitivity of many factors on a car disc brake by
performing CFD analysis to acquire h.,y,, values and then used them in an FE model to predict
the rise in disc temperatures after 80 braking and acceleration cycles. CFD analysis showed that
a pillared vane design produced large areas of flow recirculation within the vane, reducing mass
flow rate by a third and consequently, reducing the h,,,, values by 25% compared to the
standard radial vane configuration. Secondly, there is an optimum gap length between radial
vanes to achieve the highest hyp, value, reported to be 16.02 W/m’K for a 45 vane rotor at 24
km/h and 32.96 W/m’K at 64 km/h. Other discs tested produced values of 15.82 and 15.60
W/m’K for 36 and 54 vane rotors at the lower speed and 32.65 and 32.36 W/m’K at the higher
speed. Air flow was shown to separate at the entrance with a larger gap between vanes causing a
larger recirculation area for greater air speeds in the wider entrances, developing the finding of
Sakamoto (2004). However, larger inlet gaps also increases the average in-vane air temperature.
Subsequently, the most favourable trade off for the highest h_,,,, value was the 45 vane rotor.
To manufacture more discs to further increase the amount of possible vane channels per disc
would be expensive. CFD analysis could have been conducted cheaply to find the optimum
number of vanes to achieve the highest h.,,, values was not completed. Surprisingly, the
convection heat transfer coefficient was shown to be insensitive to another disc geometric

property, vane length.

Palmer et al. (2006) simulated a 27° segment of a passenger vehicle disc brake, rotating at 1,140
rpm and compared the results to measured data taken from a front axle brake during operation.
Disc friction surfaces were uniformly heated at 500°C and considered smooth whilst conduction
effects to the hub and radiation were both ignored. Air flow tumbles at the vane inlet at the
trailing edge of the vane. This tumbling effect has significant consequences on the flow as
vortices are formed, which cause areas of recirculation to reduce in size because some of the
separated flow rejoins the main air stream. Average heat transfer coefficients were calculated
for CFD and for the vehicle testing, which were 128.2 and 104.5 W/m” K respectively. The
presence of the wheel was solely attributed for the over-estimation of the cooling rate. Indeed
the presence of a wheel will have an impact on the cooling rate, however, the inaccurate initial

temperature of 500°C is an unlikely assumption, as the rotational velocity at the OD will cause
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more friction here generating temperature gradient along the friction surface. From equation
(4.8), the convective cooling power is proportional to the temperature difference between the
heated surface and passing fluid. Palmer et al. drastically overestimated the temperatures

towards the ID resulting in the CFD analysis to over-predict disc temperatures.

Further convective cooling tests were carried out by Tirovi¢ and Galindo-Lopez (2008) via CFD
analysis. Four different discs were tested, a base type disc having 30 straight vanes and three
modified discs housing a short vane in between the longer 30 straight vanes, which are
positioned radially close to the ID, the OD and one in the middle. It was found that the air vane
inlet speed is higher than inside the vanes themselves due to localised effects. An exaggerated
wheel velocity of 800 min” was used to amplify the effects of flow and heat transfer
differences. The generated results are therefore also unrealistic, demonstrated by the highest
Rcony Value of 168.7 W/m’K. Although the results cannot be compared directly, the distribution
of h.onyp 1S relevant. Unsurprisingly, the maximum is on the front face of the vane, where the air
velocity is greatest, dropping gradually on the trailing vane face as the air reaches the OD.
Recirculation of the air flow on the leading vane face causes the drop in h,,,, to be severe.

Again, the conductive effects were restricted with the installation of a Bakelite plate.

Barigozzi and Perdichizzi (2008) assessed the confidence from CFD results by comparing
numerical results to experimentally gathered data. Exit vane air velocity, from a disc rotating at
750 rpm, was captured via Laser Anemometry whilst air temperatures were recorded with cold
wire thermometry. Exit air temperature were constantly underestimated by the numerical CFD
program. The standard quadratic k-¢ turbulence model was used for flow conditions. It was the
use of this model that was contributed to the error as too much heat was dissipated. Boundary
layers towards the wall are ignored with the k-& model, resulting in cooler air replenishing the
thermal gradient from the solid surface to the air flow faster than in reality, creating the high
convection rates. In addition, the presence of the inlet separation bubble consistently caused the

flow to exit the vane channel on the opposite side of to what it entered.

4.6 FE Modelling Investigations

Abbas et al. (1969) was one of the earliest adopters to implement computer methods for
calculating heat transfer characteristics of the disc brake system. They realised the importance
of conduction effects with hub temperatures being important. A one-dimensional numerical
simulation was devised that calculated the heat conduction to the hat from the disc; Figure 4.10

is a graphical representation of the model calculations. A reason able accuracy was achieved by
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Abbas et al., which showed a thermal gradient from the disc to the hat and the potential power

of computer in thermal investigations.
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Figure 4.10: 1D model to calculate hub temperatures (Abbas et al. 1969)

Limpert (1975) used computer processing with an early FE simulation. A simple 2-dimensional
finite-difference model of a solid disc brake was created, consisting of only 36 nodal points; 12
of which were through the centre line of the disc and 12 on either friction surface. This
elementary model was run twice with two independent assumptions, firstly the pad pressure was
uniform to represent new or bedded pads and then with a non-uniform pressure for the faded
pad condition. Limpert showed that with a uniform pressure distribution the temperature
increases radially from the ID to the OD so it is acceptable for the heat flux to be uniformly
spread across the friction surface. Conversely, with non-uniform pressure the disc brake
temperatures became independent of the radial position. Rubbing thermocouples measuring
maximum disc temperatures matched well with the thermal numerical analysis, although the

measured data had a lag of approximately one second in comparison.

As technology improved, the modelling complexity moved with it. Sheridan et al. (1988) took
advantage of the improved technology to create a series of models that analysed the disc
temperature distributions during multiple stops. A 2D model on a standard disc demonstrated
conduction effects with the hat section pulling heat from the outboard disc surface, leaving the

inboard disc surface to be warmer. A lack of reliable conductive heat transfer coefficients was
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said to be responsible for the mismatch in measured and FE pad temperatures. Indeed, this is
emphasized by the use of a single heat transfer coefficient, not individual values for the three
modes of heat dissipation; shown already to be insufficient in many modelling application but
commonly used in early simulations. The advancing technology was demonstrated further by
the creation of a 3D model pie section of a straight vane car disc brake, consisting of 750
hexahedral elements. A basic assumption was made that the heat transfer coefficient at disc
flange/wheel hub interface was double that on the contact face with radiation ignored as
calculations showed only 5% of the energy is dissipated by radiation. Temperatures reached
were approximately 450°C. Segment modelling produced relatively well matched results
although Sheridan did concede that full disc brake modelling would be needed for more

accurate temperature distribution predictions.

A numerical simulation was conducted by Eppler and Klenk (2002) allowing designers to
import improved brake data into the model during the design phase for increasingly more
accurate disc brake temperatures. All four brakes on a passenger car were included in this
model. For a full system simulation, the energy distribution into the individual brakes was
shown to be critical. Conditions of the brake linings were shown to affect the energy input with
the fade condition being the most significant as the braking factor reduces once the temperatures

reach 200°C but recovers after 400°C.

The use of hydraulic systems is often deployed as the brake actuation method in cars, trucks and
small vans. Temperatures in the fluid lines are critical for braking performance as temperatures
that are too high will vaporise the liquid, which is a concern as vaporised brake fluid is highly
compressible. Compressible fluid in the brake lines will mean force applied by the driver
compresses the vaporised fluid rather than transferring the force to the caliper and ultimately
prevents the vehicle from decelerating. During the braking application the high fluid pressures
will prevent the vaporisation process, resulting in the process occurring when the driver releases
the foot pedal. This is extremely dangerous as the only time the driver will be aware of the
problem is when they press the pedal and getting no response. An FE model was constructed by
Emery (2003) to investigate this very problem. In doing so Emery showed that using an iterative
approach to finding the energy input percentage at the disc/pad interface is adequate for
matching FE results to measured temperatures. Although the brake temperatures from the model
matched well, the cooling rates between stops differed considerably. Convection coefficients
were originally selected from values in Limpert (1999) but ultimately increased them by 150%

to match the measured values. The increased value of h,y, Was equal to 35 W/m’K.
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To model a realistic braking application, it has been shown various times that numerous
parameters and effects must be modelled. Dufrénoy (2004) attempted such a task using FE with
al macroscopic model that included thermomechanical disc brake behaviour, friction surface
variations, distortions, pad wear and an introductory attempt at modelling thermoelastoplastic
disc material. Disc emissivity was set to a constant 0.75, thermal conductance at the disc/pad
interface was evaluated at 17,500 W/m’K with a pad wear calculated as function of energy input
of 0.8 g/MJ. Comparisons between FE results and an IR camera showed a relationship between
the number of heating zones reduces as disc velocity increases. Heating zones are caused by the
real contact area created from surface irregularities. Having a Young’s modulus that varies with
temperature allows surface variations to be modelled, which is stimulated from pad wear.
Surface variations can differ from one disc cycle to the next, compared to disc distortions that
tend to focus the contact zones into a single area progressively more with increased disc
velocity. Using this advanced FE model, Dufrénoy successfully replicated the temperature and
position of hot rings, or “fire rings,” by assuming the temperature varies in the radial and axial

directions only.

The 3D FE model of a drum brake and pad assembly presented by Liang et al. (2005) in section
4.3 was modified to produce a “fast” 2D FE model simulating the same application. A reduction
from 59,884 nodes down to 953 nodes was seen by the use of a 2D model. Computational time
was vastly reduced from 48 hours for the full 3D model down to just 3 minutes. Surprisingly,
the results of the significantly simplified model showed very good agreement to measured data,
with the highest error being less than 6%. To reiterate, the use of a single heat transfer
coefficient may prove restricting for full cooling braking applications, limiting the use of the

fast FE model.

Another example of FE modelling being utilised to generate disc temperatures and thermal
stresses was done by Apte and Ravi (2006). The purpose of the work was to generate disc brake
thermal stresses during the early design phase for a car. Both conductive and convective heat
transfer coefficients were kept constant to simplify the model as well as non-temperature
dependent material data. Disc geometry such as bolt holes and slots were also ignored.
Reasonable accuracy was delivered, within 20% of measured data, concluding that such

assumptions are adequate for initial stage models.

Distribution of the surface contact pressure has a large factor on the temperatures reached at the
friction interface. FE modelling conducted by Qi and Day (2007) compared well to measured

temperatures obtained by probe type thermocouples placed through the pads, once the real
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contact ratio, R, was set to 0.536. The real contact ratio is defined as the ratio of actual pad
surface area in contact with the disc, 4,., against the whole pad surface area, 4,. Decreasing the
value of R causes the maximum surface temperature to increase as a result of the heat flux into
the pad increasing. Decreasing R shows a linear increase in maximum temperature until an
undefined threshold is reached, where Qi and Day showed further reduction in R will have a

more dramatic effect on maximum temperature.

Disc brake temperature variation was model by Amin ef al. (2007) by using the Order-of-
Magnitude method for numerical analysis. A 1D model was made to investigate the heat flow in
the axial direct with a second 2D model for both the axial and radial heat flows. Unsurprisingly,
heat energy was shown to flow in the axial direction mostly, with very little motion in the radial
direction, so it was concluded that the Order-of-Magnitude method of numerically modelling

thermal heat flows is viable.

Hassan et al. (2008) used FE analysis to model a passenger vehicle disc brake and pads to
understand the frequencies brake squeal occurs. A fully coupled 3D thermomechanical contact
analysis was created featuring slow disc rotational speed, equivalent to a 10 km/h vehicle speed.
Contact stresses increase circumferentially from the leading contact edge to a maximum at the
pad centre before reducing. Rising heat increases the stability eigenvalues, demonstrating the
importance of thermal studies in mechanical studies. Separate friction coefficients were used
and held constant during braking. High frictional coefficients caused unrealistically high
temperature to be reached during the braking cycle, showing that a varying temperature

dependent u value should be used when modelling contact and not constant values.

Ouyang et al. (2009) constructed a full brake system, excluding only the seals, for the purpose
of investigating thermal effects on contact pressure and brake squeal. Their model contained an
assembly with 8,350 solid elements for the caliper, pads and disc from a passenger vehicle,
which was capable of combining heat conduction with contact analysis. To reduce computing
time, a boundary condition assumption was made that no heat transfer occurs from the rear
backplate surface as conduction through to the backplate is slow when compared to the sliding
friction heat generation process. This assumption is only valid when looking at the actual
braking application in dynamic situations as large amounts of energy are conducted through to
the pistons, and subsequent caliper components. Pad friction surface temperatures demonstrated
different heat distribution patterns between the inboard pad, pressed by a piston, and the
outboard pad, pressed by the bridge. Contour plots showed the hottest surface temperature is

located just off the leading edge on the bridge pad and more centrally located on the piston pad.
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The same patterns are seen for higher vehicle velocities, but with a non-linear temperature
increase with sliding speed increase. The contour plots are noticeably distorted, suggesting the
mesh used at the points of contact were to course to capture the surface interactions precisely.
Using a finer mesh would help the quality of the results, although would increase the stated

large 3 week runtime.

Nowadays, computational power and the volume of available memory are far superior to any
other time in history. A typical crash investigation using FE will consist of approximately 3 to 4
million elements (Pavlidis and Siskos 2010). Current software improvements are now being
developed, not to optimise calculation but to improve the ease of post-processing large
quantities of data generated by the FE analysis. Pavlidis and Siskos discussed the capability of
their uETA software, with respect to the model they developed containing over 10 million
nodes (see Figure 4.11). The pETA software reduces the memory usage by only loading specific
test data into the memory storage, allowing real-time video analysis to be compared
simultaneously with the FE animated results. This is a very powerful tool as results FE results
can be validated as soon as they are outputted from the solver. Other computational difficulties
overcome by the pETA software were the post-processors ability to read the FE data and the
graphical performance, both as a direct result of the data reduction in the memory. Regardless,
the improvement made in computer aided analysis since the early simulations is seen when
comparing the model made in 1961 by Abbas ef al. in Figure 4.10 to the full vehicle crash

model by Pavlidis and Siskos seen in Figure 4.11.
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Figure 4.11: Full car model (Pavlidis and Siskos 2010).

4.7 Thermal Stresses

Valvano and Lee (2000) used a combination of FE analysis and a numerical model as tools to

study the thermal stresses induced in the disc brake and the resultant coning. The numerical
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program was used to determine the brake system temperatures, which were used as boundary
conditions in the FE thermomechanical model. Both conductive and convective heat
dissipations were modelled as constant for the duration of the simulation, but radiation was
ignored. Another assumption made was that the both the disc and pad friction surfaces were
equal in temperature throughout. Compressive stresses during the braking applications were
recorded, which turned to tensile stresses during the cooling phases. Discrepancies between
measured and the predicted coning angles, defined as the angle of rotation of the outboard disc
contact face from its initial position, were attributed to the lack of data points outputted in the
FE simulation. However, it is argued here that the incorrect assumptions made a larger impact.
During a brake application the rotational velocity decreases, reducing the volume of air
pumping through the vanes, which in turn reduces the convective heat transfer coefficient. As
cyclic braking was used for the test procedure, disc cooling in between the braking applications
would cause the cooling rates to decrease and not stay constant like Valvano and Lee assumed.
This would cool the disc too much, reducing the amount of coning seen, better explaining the

coning discrepancies.

During a short braking period, the generated heat goes into the disc section whilst the hat
section remains temporarily constant, creating a thermal gradient at the interface of the disc and
hat regions. Mackin et al. (2002) have shown that the presence of this thermal gradient causes
compressive thermal stress at the interface. As conduction transfers heat from the disc to the hat,
the disc brake generates a uniform temperature some time after the braking application. The
increasing hat temperature causes the direction of stress to change during the cooling phase, but
not to the levels seen during the dynamic brake application. Subsequently, measuring hat region

temperatures for modelling validation was shown.

A comprehensive study conducted recently by Okamura and Yumoto (2006) into which factors
stimulate the coning process most by combining Taguchi methods and a sequentially coupled
thermomechanical FE model. It was found that increasing the axial length of the hat section
reduced the induced thermal stress at the disc/hat interface shown by Mackin et al. (2002).
Temperature factors were looked at during the same experimental procedure with only the pad
ID length having a major impact on disc temperatures. This result seems surprising as the disc
rotates faster at the OD, thus creating a greater heat flux as more friction is present. It would

seem then that the OD geometry would be of more significant to disc temperature than the ID.

The cause of thermal cracking on grey cast iron CV disc brakes was also studied by Bagnoli et

al. (2009). The discs under investigation came from fire fighting trucks that were not anti-
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coning in geometry. A fully coupled thermomechanical FE model produced von Mises stresses
in the centre of the disc which reached 360 MPa whilst small areas on the OD saw stresses
approaching 450 MPa. Presence of brown/blue coloured regions on the used fire fighting disc
brakes, caused by oxidation, indicates that real service temperatures are likely to be in the
region of 400-500°C. The cracks were a result of thermal fatigue as the high thermal gradients

are combined with compressive stresses from the braking mechanism.

Numerical modelling of the stress distributions conducted by Yevtushenko and Kuciej (2010)
showed compressive stresses to occur at both the disc and pad friction surfaces due to the
thermal stresses induced. Tensile stresses are also generated simultaneously in both the pad and
disc about 2 mm in from the friction interface. These regions quickly disappear in the braking
application with a tensile stress region developing at the interface towards the end of the braking
simulation; no further change of stress signs occur during the cooling phase. These patterns
were measured using numerical calculations of a cast iron disc in contact with a metal-ceramic
pad segment, braking from 30 m/s. The aim of the Yevtushenko and Kuciej experiment was to
assess the sensitivity of pad boundary conditions on the interface temperature and
corresponding thermal stresses by applying a constant zero temperature on the boundary of the
pad material, located 5 mm away from the friction interface, then compared the results to a fully
insulated boundary. Normalised stress distributions showed very similar patterns despite a near
200°C difference in calculated maximum surface temperatures. The zero boundary condition
grossly underestimated the interface temperature compared to measured value, whilst the
insulated condition was much closer, matching the measured well. The model only predicted the
stress distribution for 11 seconds after the initial brake application leaving patterns unknown

during the entire cooling phase.

4.8 Hot Spotting and Third Body Layer

Lee and Barber (1993) were early investigators into thermoelastic instabilities of an automotive
disc brake by using numerical analysis. During low speed, an antisymmetric mode of
deformation become unstable for any forced vibratory wavelength generated at the friction
interface. This mode of deformation creates a buckling affect around the disc, allowing hot spots
to be generated on alternate sides of the disc. The findings hold true for deformation waves that
have a length at least equal to that the pad, otherwise the pads will dampen any deformation
waves smaller than its length. Furthermore, the critical speed for thermoelastic instability was

predicted to be in the region used typically experienced on motorways.
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Dufrénoy and Weichert (1995) used a thermomechanical FE analysis to model the radial
temperature distribution of a train brake during braking cycles. As decelerations rates of trains
are relatively low, the assumption of constant angular temperature was made to reduce
computational time. An IR camera was used to confirm the hot bandings predicted by the FE,
due to a non-uniform pressure distribution. Continuous hot spotting in a single circumferential
plane was actually observed with the IR camera, not a hot banding. The constant circumferential
temperature assumption is therefore inaccurate when modelling the effects of contact pressure
and temperature. However, the temperature gradients on the disc friction surface were shown to
be greater in the radial direction than in the circumferential direction. FE analysis proved the
most sensitive to the friction materials Young’s modulus and thermal expansion coefficient. The
former drastically impacted the maximum temperature reached whilst in the range of 0.5 GPa to
2.5 GPa; higher values gave less significant variations and lower values produced results

matching a uniform pressure distribution test.

Lee and Dinwiddie (1998) conducted research on the friction coefficient and thermal
instabilities whilst investigating brake judder for passenger vehicle disc brakes. With the use of
a IR camera capturing the disc temperatures when subjected to drag brake loading, they showed
that below the critical speed hot bands (or fire rings) are present around the effective radius with
a uniform temperature distribution in the circumferential direction. The hot bands are caused by
the brake pad bulging due to the thermal expansion, meaning contact will be more localised
towards the centre radial position. However, above the critical speed, antisymmetric hot spotting
occurred on either side of the disc due to the thermal instabilities created, shown by Lee and
Barber (1993). Temperatures between individual hot spots and their adjacent cooler areas,
within the same circumferential plane, showed differences of over 200°C. The finding by
Dufrénoy and Weichert (1995) that the radial thermal gradients are more important than the
circumferential thermal gradients appears be inaccurate in the light of Lee and Dinwiddie’s
work. For the friction pair tested, the critical speed was 95 km/h (60mph), suggesting a high
possibility that drivers are frequently experiencing brake judder whilst driving on both rural

roads and motorways.

Detecting hot spots can be difficult. A spot on a disc spinning with high rotational velocity will
merge into a single ring of high temperature with the human eye. Hartsock et al. (2000)
compared two methods of capturing hot spots with contactless technology, the first being the
standard IR camera used by many authors. This piece of equipment is expensive, difficult to use
during post processing and has accuracy errors associated with the emissivity. Although, it does

provide real-time visual results showing varying disc temperatures that can be recorded as still
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pictures and/or films for future use. The second method was an IR sensor system which
included an array of fibre optics correlated with a two-colour IR detector. Advantages of this
second system are that the variability of the emissivity has a reduced factor as a ratio of the
logarithms of the IR detectors has a near independence from emissivity, the instrumentation is
cheaper and data matrices recorded make outputted data easily transferable to other programs
such as EXCEL and MatLab for post-processing purposes. The setup of the fibre optics would
be far more complex and time consuming, plus any data taken cannot be used until the

experiment was finish as results are not given in real-time but do deliver less error in the results.

Panier et al. (2004) used experimental investigation, by means of a IR camera using a constant
emissivity of 0.75, to explore the emergence of microscopic hot spots (MHS). It was shown that
MHS transpire most frequently in a three stage process; firstly a ‘hot” band forms around the
disc with a relatively uniform angular temperature distribution, then the band acquires its own
thermal gradient across it that leads to the development of microscopic hot spots, seemingly due
to thermoelastic instabilities and dynamic brake loading. Additionally, MHS emergence was
observed simultaneously with the thermal band but this was less frequent. The observations
made by Panier et al. gave rise to the conclusion that it is the amount of energy dissipated into
the pads that give rise to the formation of MHS. In total, five classification for hotspot
formation was proposed by Panier et al. based on this work and previous findings by Dufrénoy
and Weichert (1995); captured in Figure 4.12. Type 1 is the Asperity type hotspot where only
small areas of rapid temperature rise are seen; type 2 have gradients across a hot band rings due
to small contact areas from a single rubbing path. Hot bands are then formed from pad
expansion causing a larger contact patch in the circumferential plane (type 3). Buckling effects
cause the fourth type of MHS with regional hotspots being the final type generally seen at the

end of a braking application.

2y (3)
Figure 4.12: Hotspot classifications (Panier et al. 2004)

Further investigations by Panier et al. (2004) found a softer pad material will produce larger
areas of MHS at lower temperatures, suggesting that the interface pressure distribution is more

uniform with a softer pad material, which in turn will produce a reduction in thermal stresses.
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Previously, FE modelling will generally use either one of the two common techniques when
modelling the sliding contact at the disc/pad interface. Perfect contact assumes the temperature
at the disc and pad friction surfaces are equal, whilst imperfect contact says there is a
temperature gradient across the friction interface caused by TCR. Recent developments by
Majcherczak et al. (2005) question the precision of either of the two aforementioned modelling
techniques. The introduction of a thin layer between the disc and pads revealed that not all the
thermal energy is dissipated into the disc and pads with some being stored in this layer, known
as the third body. Third body modelling proved highly dependent on the layer thickness and
thermal conductivity values used. Too thin a thickness will lead to over estimating the pad
surface temperatures, values around 0.05 mm seems reasonable, whilst a value of 0.07 W/mK
was reported to agree well with the literature. Effusivity is a material’s ability to share heat with
its surroundings. Majcherczak et al. found that the maximum temperature reached was actually
in the third body rather than on either surface, closer to the pad surface than the disc. Effusivity
values are lesser for brake pads compared to disc effusivity. Therefore, the disc pulls the heat

from the third body layer better than the pad.

&= (kpCp)l/ 2 (4.33)

Majcherczak et al. (2007) continued their investigations on the occurrence of hot spotting and
the third body theory by utilising thermocouples and infrared camera technology on controlled
steel and Sapphire cylinders in sliding contact. Two types of third body were identified;
compact and smooth micro-plates and granular micro-plates. The former is a result of real
contact area between the disc and pad, supporting the work of Qi and Day (2007). Numerical
modelling suggested that the real contact area varies during a single brake application between
the 1/1000™ and 1/2000™ of the disc friction surface area. Heating zones detected around the
disc surface had a direct correlation to surface depressions. Surface depressions leave open areas
for wear debris to cluster and create granular micro-plates above the disc surface meaning
contact between the pads and the disc occurs on these micro-plates, increasing the thermal
loading at a single points, which consequently increase surface temperature. According to the

work of Panier et al. (2004), this type of hot spotting corresponds to asperity or focal hot spots.

The conductive effects through the disc and pads were studied by Talati and Jalalifar (2009). A
mathematical model was derived to predict the distribution of the generated heat energy into the
disc and pads. Two distinct pressure distributions at the disc/pad interface were modelled;
uniformly distributed pressure and a pressure to give uniform wear of the pads. The former is

representative of new pads whilst the later portrays the pressure distribution seen after numerous
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braking cycles, therefore it is more characteristic of the pad performance seen for the majority
of a pad lifecycle. It was found that uniformly distributed pressure at the disc/pad interface will
cause considerably greater temperatures in both the disc and the pads. With the uniform
pressure distribution, the friction force increases with radial distance meaning more work is
done towards the OD. Greater work done towards the OD gives rise to the additional
temperatures not seen from the uniform wear pressure distribution, due to the frictional force
not being dependent on radial distance. Additionally, a thermal gradient of approximately
600°C was calculated between the disc and pads; pad temperatures were the reason for the
gradient as temperatures reaching above 800°C for uniform wear and over 900°C for uniform
pressure whilst. Such a gradient is unrealistic, giving further evidence to support the third body

layer theory.

4.9 Friction Pair Materials and Friction Coefficient Studies

The effects of friction coefficient during sliding has been studied for many years, for example
the known stick-slip relationship which occurs from a difference between static and dynamic
friction coefficients. Gao and Kuhlmann-Wilsdorf (1990) evolved this theory further with the
introduction of the negative stick-slip phenomena; once the static friction force has been
overcome, the u level drops significantly before increasing with relative slip velocity until the
dynamic friction coefficient is reached. Thereafter the p is independent of relative sliding speed
as described in Figure 4.13. Minor changes in density and/or chemical compositions were

observed to impact the u level with the dynamic and static y values typically varying by 10%.

Grey cast iron is the general material of choice to fabricate a CV disc brake. High thermal
conductivity characteristics enable the disc to remove thermal energy away from the friction
interface and into the disc quickly whilst having a good level of damping properties to weaken
the braking force vibrations. Hecht ef al. (1999) looked at the former characteristic with respect
to the diffusivity and how graphite flakes affect it. The flash laser method was used to measure
the thermal conductivity of various samples of disc brake material with consisting of varying
graphite flake lengths. A general observation that the diffusivity decreases with temperature was
seen. It was also found that at low temperatures, the different alloys tested showed large
differences in diffusivity but they became more aligned with a rise in temperature. Large
graphite flakes within the structure increased disc diffusivity but they also increase the surface

area where oxidation to occur and penetrate the disc.
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Figure 4.13: Negative stick-slip phenomenon (Gao and Kuhlmann-Wilsdorf 1990).

Metallic materials such as Copper, Aluminium, Steel, Brass, Iron, and Bronze have become
common in brake pad materials. Brake pad properties can be modified depending by
inclusion/removal of metallic fibres. Generally, there are two types of friction material
compositions used in CVs, a low-steel (also known as low-met) friction material that can have
up to 15% steel fibres whilst the other is a non-asbestos organic (NAO) material that uses a
small mixture of the metallic fibres dependent on the braking duties they will be subjected to.
Kim and Jang (2000b) demonstrated that the introduction of a mixture of metallic fibres in CV
brake pad materials can give a more stable u level during a brake application compared to the
low-met material, which has a negative yu — v gradient; as speeds increase, the braking force
reduces. Resultantly, vibrations are created and exerted to the driver through the chassis. Torque
stability is also a source of vibration. Friction surface pressure was also proved by Kim and Jang

to be insignificant on the u level.

Kim and Jang (2000a) continued their investigation into the performance characteristics of
friction material components with respect to the resin properties by replacing a small volume of
the phenolic resin with aramid pulp. It was observed that a stronger resin material produces
superior wear resistant properties compared with a softer equivalent. Interestingly, it is the
softer resin which produces better heat resistance and friction stability, signifying a trade-off

between these braking aspects. The ability to maintain the p level at high temperatures for the
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duration of a braking application means the pad is exposed to higher stresses for longer as
friction force maintained. Porosity was also linked to heat resistant properties of the friction
material with a lower porosity giving a better thermal stability and heat dissipation, preventing
brake fade; brake force (i level) decreasing with a temperature rise. Replacing some of the resin
mixture with aramid pulp improved the stability of the friction force generated up to a certain,
undetermined point. Further increases only increased the u level without altering the friction

stability further.

Friction materials can be manufactured with an excess of 20 separate constituents to find the
balance between the desired u level performance and wear rate. Lu et al. (2002) used the golden
section principle of optimisation on a base line CV brake pad consisting of seven materials (plus
the phenolic resin) to increase the friction coefficient from 0.357 to 0.419 whilst drastically
reducing the wear rate by a factor of 2.16 for only a small 20% manufacturing price increase.
Benefits are consequently delivered to the user as brake pads will need changing less often, for
only a small increase in price. During this process, Lu et al. were able to show steel wool
reinforcing metal material delivers a greater u level and wear rate than its iron powder
alternative, resulting in the optimised friction material having approximately six times the
volume of steel wool to iron powder. Table 4.4 ranks the seven materials used in the CV pad
(excluding the phenolic resin) for their abilities to decrease the wear rate and increase the
friction coefficient. A trade-off between wear rate and p level is well demonstrated by the
material Coke, as it has the greatest effect on reducing pad wear but generates the poorest

friction coefficient.
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Table 4.4: Order of wear rate and u level influences for CV brake pad materials (Lu et al.

2002).
Wear Rate Friction Coefficient
Coke Steel Wool
Strong Influence ! !
MgO Iron Powder
! l
Styrene-butadiene BaSO,
Rubber (SBR)
! l
Steel Wool Graphite
! l
Graphite SBR
! l
BaSO, MgO
Weak Influence l l
Iron Powder Coke

The effects on the u level and stability at high temperatures with the inclusion of Copper,
Aluminium and low carbon steel fibres was investigated by Jang et al. (2004). Brake pads were
fabricated with 15% volume of one of the metallic fibres; the full pad makeup is shown in Table
4.5.

Table 4.5: Brake pad makeup (Jang et al. 2004).

Function Material Volume
(%)
Organic Fibre Aramid pulp 15
Binder Phenolic resin 20
Solid Lubricants Graphite 7
MoS, 4
Abrasive ZrSi0y
Friction Modifier Cashew dust 5
Fillers BaSO, 26
Ca(OH), 4

At low temperatures, a negative relationship was presented between the friction level and
sliding disc/pad velocity when both the copper and steel fibres exist in the pad matrix, whereas
aluminium fibres cause p levels to remain constant with various rotation velocities. Temperature
investigations also proved interesting with steel fibres keeping the u level relatively constant

with an increasing temperature. Copper also showed good thermal characteristics as only a
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relatively small drop in p level, for a lower wear rate, compared to steel. Finally, Jang et al.
recorded wear rates with both aluminium and copper fibres remain constant when thermally

tested against both grey cast iron and aluminium discs.

According to Abu Bakar et al. (2005), brake pad surface topography has a major importance
when considering pressure distribution. A number of brake pads were examined and found to
have a unique surface topography, slightly altering the pressure distribution from one pad to the
next; new pads having rougher surfaces than worn pads. Greatest pressure was constantly
observed towards the OD of the pad regardless of the condition. A method of validating the
contact pressure was suggested by Abu Bakar ef al. which is to compared the FE static
distribution before attempting dynamic FE analysis as they successfully attached their FE
results to experimental. Smooth surface assumptions have therefore been shown inaccurate to

use when modelling with FE.

Another trend in brake research presently is to do with brake squeal. Consumer perception is the
driving force behind this trend as brakes are commonly assumed faulty if brake squeal is
detected, resulting in the user having the brake pads replaced. If the car is still under warranty
then the OEM is obliged to pay for this replacement. Work carried out by Majcherczak and
Dufrénoy (2006) has shown that the friction coefficient increases with the presence of brake
squeal, showing the consumer perception to be mistaken. However, it is difficult to change the
perception of the consumer in safety critical systems. Huge levels of research is being

undertaken to eliminate brake squeal.

4.10 New Technologies

For many years annular disc brakes have been utilised in the aerospace industry. Recently,
Erlston and Miles (2005) have attempted to apply this braking structure to automotive
applications. With an annular brake pad, the pad contact area spans the entire disc friction
surface. Advantages gained are a full 360° uniform pressure distribution around the disc/pad
interface, a reduction in actuation force is needed to generate the equivalent braking force
leading to longer pad life and better conductive heat dissipation through the pad material to the
backplates and surrounding caliper components. Complex design of such a system (Figure 4.14)
would surely increase manufacturing costs, although Erlston and Miles claim otherwise.
Another disadvantage would be the weight gain from such a substantial caliper design,

diverging from the current trend of weight reduction in the automotive industry.
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Figure 4.14: Annular disc brake design for automotive use (Erlston and Miles 2005).

Tretsiak and Kliauzovich (2006) have examined the possibilities of using self-boosting disc
brakes on CVs as ‘intensifying plugs’ are inserted in the pad/carrier interfaces to prevent the
pad’s motion in the circumferential direction. The effort which is usually used to move the pads
whilst in contact is directly used as braking force instead, increasing the brake performance. A
design like this enables less air pressure to be put into the service chamber for the same level
brake torque, resulting in a smaller air reservoir being needed, consequently reducing the

vehicle weight.

To maximise the returns on investment, many companies are using common components across
entire product ranges to capitalise on economies of scale. ArvinMeritor gain economies of scale
by using 80% of common products in all-but-one of their brake assemblies (Thomas and
Jackson 2007). Current development of an auto adjuster is also planned to be used across the
ArvinMeritor product line. Significant gains can be achieved through the auto adjuster as the
brake pedal feel will always be the same with the clearance gap being kept constant for every
braking application. Also, the thermal expansion of a pad will become less significant in the
design as residual braking effects can be eliminated whilst making it quicker and easier to
maintenance during pad changes. Parked braking will still be affected as the opshaft input from

the mechanism will be the same.

119



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

Segl6é and Svendenius (2010) demonstrated the capability to decrease the braking distance of a
CV by implementing an electro-mechanical brake system. The traditional service chamber, as
seen in Stevens (2009) was replaced by a motor actuator coupled with a self-enforced
mechanism to reduce the power requirements from the motor. Such a design is excellent for
reducing vehicle weight as the need for pneumatic air lines and pressure reservoirs are
minimised. Segl6 and Svendenius claim an EPB is implemented in such a brake system without
mention to the thermal effects or the secondary brake actuation in the event of electrical failure.

Courtesy

Traditional design methods are now under threat with the introduction of commercially
available optimisation software. Tirovi¢ and Sergent (2010) optimised the topology of a high
performance racing car brake caliper using the OPTISTRUCT software package. The standard
and optimised calipers were structurally tested for deflections under loading via FE modelling.
A 29% weight reduction was achieved whilst delivering a similar structural rigidity. The
importance of boundary conditions in such a technique can determine the effectiveness of the
procedure, with incorrect information leading to high levels of error and a poor design. Due to
the optimisation process only being set to minimise the volume for the same structural rigidity
with no thermal analysis incorporated, the true stress and deflections from the new caliper
design are unknown under operating conditions. Nevertheless, the power of optimisation

software for the speed of design was shown.

Digital image correlation (DIC) is a new process recently developed which can be implemented
for to measure structural displacements without contact. Two separate cameras are placed at
different angles around the test specimen that has a white bass coat with randomly applied black
paint spots over the top. Displacement is calculated by measuring the relative movement of the
spots. Tirovi¢ et al. (2012) demonstrated the capability of such a technique, as a validation tool
for FE modelling by comparing results for a CV brake caliper when the user defined boundary
conditions are correct. Results of a static experiment at ambient temperature and without torque
were presented showing good agreement between the two. A demonstration of the possibilities
of the DIC method was successfully achieved, however, meaningful results, such as the
displacement with thermal affects and/or when a brake torque is applied, are yet to be

investigated. The possibility for future work involving such a method is therefore obvious.

Electro-mechanical braking systems are fast becoming a hot topic in brake research due to their
ability to be incorporated into a brake by wire (BBW) system, saving on vehicle weight faster

response times. The potential of BBW systems is being explored. Integration of the brake ECU
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with the main vehicle ECU gives the opportunity for information such as vehicle speed and
weight to be available to the BBW ECU, enabling accurate calculation of the brake force
necessary for a desired deceleration. Hirose et al. (2010) have capitalised on this to produce a
system of warning the driver that they are close to a collision via a light in the driving
compartment, before applying the brake automatically 0.8 seconds later. A time to collision of
2.3 seconds was found to give a good deceleration from 30 km/h to stationary, without

unacceptably interfering with the majority of drivers’ braking action.

4.11 Literature Review Summary

A detailed search of the literature has been presented here which spans a large proportion of the
braking topic, focusing principally on the thermal aspects. Brake simulations have become
common place amongst brake designers with maximum temperatures and cooling performance
showing to have a high importance. Heat transfer coefficients have frequently been considered
constant for these calculations to reduce computational time and in some cases a lack of reliable
data. Lumped coefficients only seem useable when dealing with early stage designs to get a
feeling of the temperature distribution as their inaccuracies hamper their precision. With the
exception of the natural convection studies investigated, authors are interested in the dynamic
effects of the brake during applications to evaluate the performance characteristics or structural
integrity whilst the brake is retarding the vehicle. Parking applications have previously been
ignored but the introduction of an EPB has generated a need to understand the thermal

interactions during the stationary brake applications.

Breaking the three heat dissipation modes down into their individual factors, each has been
shown to have significant effects on the brake temperatures in certain conditions. Convection is
widely seen as the greatest contributor to brake cooling with the vehicle speed being
proportional to the convection rate. Historically, CFD and numerical modelling have been used
to find h,,p, values with the former recently becoming the most favourable with increasing
ease of usability. More air flowing through the vane will positively impact on the convective
cooling rate, whilst any rise in air pressure has a detrimental effect from the conservation of
mass law. Fluid recirculation within the vane also hampers the cooling rate although tumbling
fluid from formed vortices can reduce the recirculation area minimising the impact. Thus far,
little to no work has been published regarding the fluid flow properties through and around a
disc brake with the flow being driven by buoyancy affects only. In this scenario, fluid
interactions with the wall will be critical. For dynamic modelling, the k-& model has been shown

to insufficiently predict the heat transfer properties with a heavily turbulent flow. Natural
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convection flows will be much closer to laminar flows in comparison, resulting in a more
complex model being needed. Also, the inclination angle influences the number of vortices
present, how this discovery relates to the individual in-vanes flows during the cooling phase is

undetermined and is a potential area of research for this project.

Determining the rate of conduction has also been proved difficult. Accurate material property
data is needed to determine the thermal contact resistance, which is used to find the conductivity
coefficient. Four methods to measure thermal conductivity has been presented with the Laser
Flash method appearing to be the most useful for finding friction material data although the
technique is complicated. Contact pressure is said to have a linear relationship the h.,,4 but his
observation has only been shown at room temperature. How conductivity changes with both
temperature and pressure for various friction materials and disc brake conditions is a research

opportunity for this project.

The amount of thermal energy dissipation via radiation is dependent on the emissivity of the
material. Where conduction and convection are usually kept constant for heat dissipation
modelling, radiation is often overlooked completely as it is insignificant compared to convective
cooling during high speed testing. Even when it is included, the variability in the literature
values is considerable. For low speed and stationary testing, whilst the disc is still extremely
hot, the radiative effects will potentially be having the largest effect on the disc cooling as well
as caliper component heating. Emissivity variations with temperature are needed to fully
understand the role of radiation for the entire cooling phase with an IR camera commonly used

to capture such data.

Different friction material matrix compositions produce differing pad and friction pair
interaction characteristics. Metallic fibres are used to change the wear rate and thermal stability
of a pad to suit the drive conditions the particular pad will be used in. A negative stick-slip
relation was observed to drop the level of friction drastically before recovering back to the
dynamic p level when a force is applied. In parking, the temperature at the disc is consistently
cooling over time. If the weight of a CV was to reach the static u level under its own weight on
a hill, the sudden drop would allow the CV to start rolling uncontrollably down the hill.
Dependant on the material composition, friction can alter with temperature. The need to

understand the static friction level variation is important in the design of the EPB.

Finally, modelling complexity has increased dramatically with newer technology advancing the
computing power. FE simulations have been useful at predicting hot band developments,

maximum temperatures and the direction of heat flow amongst others. A common feature of all
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the models made is that heat transfer coefficients, friction data and material properties are kept
constant for the duration of the simulation. A few exceptions are presented (for example the
work of Dufrénoy (2004) where the modulus was a function of applied force) yet no model has
attempted vary all three simultaneously. Duration length of the dynamic brake application gives
little chance for some properties to significantly change. Parking applications present an

opportunity to model variations with temperature and contact pressure.
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5 Experimental Equipment and Procedures

Any investigation into a brake system will require an element of experimentation to validate
numerical models produced. Common brake testing is conducted on inertia brake
dynamometers, giving friction and dynamic brake characteristics. This project is different, in the
respect that it is exclusively looking at heat transfer in parking scenarios. Large inertia wheels
are not necessary as the simulation of CV inertia under braking loads is not being investigated.
Therefore, the much simpler Thermal Rig located at Cranfield University, used by Voller (2003)
and Culierat (2008), was used successfully. Details of the Thermal Rig, the instrumentation
used on it, material properties of the brake assembly and the uncertainty associated with the
instrumentation will all be discussed in this Chapter before describing the experimental

procedures used, with a discussion on their development and some initial findings.

5.1 Laboratory Equipment

A standard® 434/234 mm straight radial ventilated disc brake and the Elsa 225 caliper assembly
described in Figure 1.2 were mounted on the modified Thermal Rig. The disc brake was heated
and left to cool, simulating the cooling phase of a parking application. Various instrumentation
was required to capture the brake assembly’s cooling performance, such as a displacement
transducer and multiple types of thermocouples. This section discusses all apparatus used in the

laboratory in conjunction with the Thermal Rig.

5.1.1 The Thermal Rig

The Thermal Rig installed at Cranfield University is an inline arrangement, consisting of an ME
415 V 7.5 kW motor outputting to a dual speed and torque sensor, then to a bearing unit, which
then delivers the torque to the disc brake via a splined shaft, as shown in Figure 5.1. The ME
motor is controlled by a Eurotherm CFW 08 7.5 kW, 3 phase inverter, enabling a disc brake
rotational speed of up to 1,500 rpm, with at a 50 Hz supply. The Eurotherm inverter had the
desired property of external remote control, allowing improved control over the motor. Clearly,
such a low power setup has many disadvantages when compared to a full scale brake
dynamometer as no dynamic friction braking applications can be tested. Yet, the simple setup
does offer advantages too. For example, with the absence of friction braking, there is also the

lack of pad wear. Wear particles on the surface are a cause of surface hot spots, which can make

% It should be noted that the terminology “standard” disc brake is used within Meritor and throughout
this thesis. It refers to this particular disc brakes ability to mount onto either side of the vehicle and onto
any current brake configuration.

125



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

experimental repeatability difficult to achieve. A constant emissivity is able to form across the
disc brake friction surfaces also without the presence of surface hot spots. To get the disc brake
to operating temperature, an induction heater coil was used in the absence of friction heating,

which is described further in section 5.1.6.

Brake Assembly

Splined Shaft

Figure 5.1: Full Thermal Rig

The Thermal Rig has evolved over a number of years. It was initially used by Voller (2003),
where the disc brake mounted directly on the output of the bearing unit. Modifications made by
Culierat (2008) improved the Thermal Rig’s capability by implementing a frame to mount a full
caliper assembly. After Culierat’s development, the Thermal Rig was not commissioned at the
start of this project. The remainder of section 5.1 outlines the equipment sourced (with the
exception of the safety cage) to enable Thermal Rig commissioning for full thermal analysis

testing of a CV brake assembly.

One final modification was planned to which would have seen the installation of a pneumatic
ram designed to introduce static torque. The design of the modification is shown in Appendix F

but it was not implemented due to the change of project priorities.

5.1.2 Temperature Measurements

To measure the temperature of the disc brake, pads and caliper temperatures a range of
thermocouples were used. All of the contact thermocouples used were K type, which are
suitable for measuring a large range of temperatures, from approximately -200°C to 1300°C.
Two different Nickel based alloy wires are used to make K type thermocouples; one with 90%
Nickel, 10% chromium and the other with 94% nickel and the remaining 6% a mixture nickel

alloys that include aluminium, manganese, iron, cobalt and silicon, discussed in detail by Davis
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(1997). For experiments conducted in this thesis, the temperature range thermocouples will be
measuring is from 0°C to a maximum of 500°C, producing a voltage output from 0 mV to 20.6

mV (NIST ITS Thermocouple Database 1999).

There were three different styles of contact thermocouples on the test rig: welded tip PTFE,
probe and rubbing thermocouples. The welded PFTE thermocouples were placed at individual
points around the brake assembly and held in place by heat resistant tape. Probe thermocouples
were placed inside three holes drilled in the brake pads, to enable the transient temperature
difference to be measured through the pads. The three holes had a 1.6 mm in diameter and 10
mm in depth, two in the friction material and the other in the backplate. Likewise, various holes
were drilled in the hat section of the disc brake and the wheel carrier. Finally, rubbing
thermocouples were positioned against the disc brake’s friction surfaces. Rubbing
thermocouples were used as they enable temperature readings to be taken whilst the disc brake

is rotating and during the stationary cooling phase.

The uncertainty associated with thermocouple measurements was investigated in depth by
Nakos (2004). It was found that for uncalibrated thermocouples, the uncertainty in the
measurement was the largest of either +2.2°C or +0.75%. For temperatures below 293°C the
former value shall be used with the latter used for hotter temperatures. Measurement uncertainty

will be returned to in section 5.3.

5.1.3 Measurement and Data Logging Equipment

To collect data from the experiments various measuring instruments were used on or around the
test rig. To collect and control these instruments, a variety of National Instruments (NI)
products were used. The specification sheets for all the NI products can be found in Appendix

G, with the individual modules and their characteristics explained below.

5.1.3.1 CompactRIO

The CompactRIO is an embedded controller which allows real-time data acquisition and
instrumentation control. By combining the CompactRIO with the NI cRIO-9112 chassis, eight
individual modules could be used simultaneously for data logging or control purposes.
Utilisation of on board FPGA processors enables the CompactRIO to sample at multiple

frequencies.
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5.1.3.2 Thermocouple Modules

Three different types of module were used to capture the temperature readings from the
thermocouples in the CompactRIO; they were the NI 9211, NI 9213 and the NI 9214. The
generated signal produced by thermocouples actually follows a 9" order polynomial pattern
(NIST ITS Thermocouple Database 1999). All three thermocouple modules are controller by the
LabVIEW program described in section 5.1.3.5. The linearization of the thermocouple signal is

conducted within LabVIEW, providing an accurate reading of the temperature.

The NI 9211 is the simplest of the three thermocouple modules. It is a straightforward analogue
voltage reader, sensitive enough to detect the small voltages changes generated by the dissimilar
materials in the thermocouple wire. The voltage range for the NI 92111 is £80 mV, making it
incapable of detecting voltage signals from the majority of laboratory instruments, due to these
generally having a voltage range two orders of magnitude larger. Up to four thermocouples can
be logged simultaneously with this module, at a maximum sampling rate of 14 Hz, with a
resolution of 24 bits. According to the specified data sheet, the NI 9211 has a maximum

uncertainty of on 1.3°C (National Instruments NI 9211 Datasheet).

The NI 9213 was the next thermocouple module used in conjunction with the CompactRIO.
Essentially, it is very similar to the NI 9211 but the number of available channels to record is
increased from four to 16. The ability to sample at a higher frequency was also added, 75 Hz if
all 16 channels are being used or 100Hz if 12 or less are used (National Instruments NI 9213

Datasheet). An increase in the uncertainty was also quoted for the NI 9213 to be 1.8°C.

Finally, the improved NI 9214 thermocouple module was also used in the CompactRIO. Like
the NI 9213, the NI 9214 offers 16 channels of instrument recording with a high degree of
accuracy. According to the NIST ITS-90 Thermocouple Database, a K type thermocouple will
output 20.6 mV when heated to 500°C. A stated accuracy range of £36 pV (National
Instruments NI 9214 Datasheet) is representative of an uncertainty 0.85°C, at 500°C.

5.1.3.3 Universal Module — NI 9219

As the name indicates, versatility is the greatest attribute of the NI 9219. The primary function
of the NI 9219 is to detect changes in analogue voltages. The main difference between NI 9219
and the NI 9211 is that the NI 9219 cannot detect extremely low voltage changes outputted by
thermocouple but it does have the ability to operate in the range of £60 V, vastly greater than
the NI 9211. There are four ports on the module allowing four simultaneous voltages to be

recorded at once. Each port is constructed with six pins; two for the input signal, the remaining

128



Experimental Equipment and Procedures

four pins allow the module to supply a maximum excitation voltage of 2.5 V in a quarter, half or

full bridge circuit.

5.1.3.4 Output Voltage Module — NI 9263

The NI-9263 can is designed to deliver a simple analogue output voltage. The operating range
that it can deliver is £10 V, with an accuracy of 1.1%. The NI-9263 has the capability to control

four individual components at once.

5.1.3.5 High Speed Digital /O Module — NI 9401

A digital pulse signal is transmitted by a speed sensor placed on the Thermal Rig’s driveshaft.
To read such a signal, the NI 9401 digital input/output (I/O) module was acquired. Eight digital

signals can be either read or sent with this unit, at frequencies up to 30 MHz.

5.1.3.6 LabVIEW Program

LabVIEW is a software program developed by National Instruments, which can be used
simultaneously with their own instrumentation and equipment produced by other manufacturers.
It was used exclusively in the laboratory for data acquisition and control. The software interface
utilises two separate screens called the front panel and the block diagram. A simple graphically
user interface enables the user to easily write a deployable script file from the block diagram,
whereas the front panel is a real time screen that allows the operator to view measured data and

control systems present in the experimental setup.

Having the CompactRIO in the system enables real-time programming, which is advantageous
when accurate transient measurements are necessary. In preliminary experiments it was found
that as the bearings became warm, the rotational speed delivered by the motor varied as the
resistance in the system reduced, for no change in motor setting. By using Real-time
programming, in conjunction with a speed sensor (located on the driveshaft) connected to the NI
9401, a closed-loop motor controller was created to ensure the rotational speed was kept at the
set target. An inbuilt PID control block was used to automatically calculate change in output
signal. Tuning the PID controller was done by the trial and error method. This was acceptable as
the matching speed was not critical for heating the disc brake in a control manor. If a fast
response matching time is important, other methods such as Ziegler—Nichols method are

available (Haugen 2010).

The closed-loop motor control is displayed in Figure 5.2. Being a digital device, the signal
delivered by the speed sensor is in Boolean form. LabVIEW is set to decode the signal into a

frequency reading, which is then averaged before converted into a speed. After a conversion
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into voltage, the signal is passed into the PID controller, with the output voltage sent to the
motor inverter via the NI 9263 (block AO1). All this occurs inside a “while” loop, depicted by a

grey rectangle, and would continue until the “Stop” button was pressed on the front panel.

A case structure, which acts like an “if loop” in standard programming language, was placed
within the while loop. The motor inverter is unable to work from a zero but from a minimum
speed. Inclusion of this case structure ensures that when the required speed is zero, i.e. no
rotation, the motor is switched off. A 5 V transistor, situated in between the CompactRIO and
the inverter, switches on/off the supply voltage to the inverter. If the requested rotational speed
is zero, or a negative value, the output voltage from the NI 9263 (block AO3) would be zero.
Otherwise, the output voltage from the NI module was large enough to switch the transistor and

allow the inverter to operate.

A second while loop was set to run in parallel with the motor controller loop for data
acquisition. This loop was much simpler, requesting the channels for data collection, the file
they were to be stored in and the sampling rate the second while loop was to run at. The latter

was set to 0.5 Hz (or sample every 2,000 ms), much slower than the motor control loop, set to

sample every 15 ms.
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Figure 5.2: LabVIEW closed-loop motor controller.
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5.1.4 Displacement and Input Force Transducers

Capturing the amount of brake pad displacement is the key measurement in determining how
much thermal contraction is seen in the braking system during the coolback phase. Ideally, a
sensor would be placed inside the pad to measure its movement directly, however, this was not
possible. Subsequently, the amount of pushrod displacement was recorded via a Sensonics
LVDT sr series transducer mounted on the rear of the service chamber; the displacement
transducer provides a voltage of £10 V. When air pressure is supplied to the rear of the service
chamber, the rubber membrane pushes against the pushrod, delivering an input force to the
system. The displacement transducer is located in such a way that it measures the amount of
membrane displacement, and hence the pushrod travel; the pushrod travel is referred to as
actuator displacement. Applying the opshaft ratio to the measured actuator displacement will
give a calculated pad displacement. The pushrod was strain gauged to measure the input force
delivered to the brake system when the air pressure is supplied, again giving a voltage output of

+10 V. Such an arrangement has previously been developed and proved reliable by Meritor.

The output signal from the displacement transducer is not actually a function of displacement
but of velocity instead. To integrate the signal from velocity to displacement, the displacement
transducer was connected to an integration (signal processing) box and then into the NI-9219
CompactRIO module. It was possible to connect the transducer directly to the CompactRIO
system and integrate the logged signal however this option was not taken for two reasons: the
integration box is also able to deliver the excitation voltage of 10 V to the transducer and it also
has a drift reduction feature built in. The strain gauge was also connected to the integration box

before connection to the NI-9219 as it too needs an excitation voltage of 10 V.

5.1.5 Pressure Transducer

The input pressure is measured via a HBM P8AP pressure transducer. It is located at the inlet to
the service chamber. When connecting to the NI-9129 module for the purpose of logging the
data, a full bridge configuration was used to supply an excitation voltage of 2.5 V; Figure 5.3
displays the wiring diagram used. For more information on the workings of the pressure

transducer and the mounting position see Culierat (2008).
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Figure 5.3: Connection between the pressure transducer and the NI-9219

5.1.6 Induction Heater Coil System

The main purpose of a braking system is to convert the vehicle’s kinetic energy into thermal
energy. Ideally, to simulate this situation in the laboratory a high powered motor and/or large
inertia wheels are needed to overcome the frictional torque when the pads are applied to a
rotating disc. However, as discussed in section 5.1.1, the motor on the Thermal Rig produces
only a very small amount of torque, preventing the employment of the drag braking technique to
generate heat into the system. Induction heating was therefore chosen as the alternative heating
method, similar to the methods used by McPhee and Johnson (2007). The advantage of
induction heating is that it is a contactless procedure, reducing mechanical wear of the disc

brake and pads with a quick heating time.

Induction heating works by placing a piece of metal (in this case, the disc brake) inside a coil. A
high voltage and current are passed through the coil at high frequency (100 Hz), causing the
heat generation in the metal components. Modifications made to the Thermal Rig (see Culierat
2008) prohibited the ability to use the simple coil originally used by Voller (2003), meaning a
specialised heater coil shape had to be designed. Furthermore, the ability to experiment with the
wheel shrouding the complete brake assembly was also desired, adding complexity to the coil
design. The induction coil shown in Figure 5.4 was the final coil design produced and installed
on the test rig. This design is improvement on the original design (Culierat 2008) as it benefits

from a smaller inner diameter of 70 mm, leaving only a 12.5 mm gap between the coil and
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surface area of the disc. Using such a small gap reduces the amount of lost energy from the coil,

producing quicker disc heating times.

Both the coolant (deionised water) and electrical current are supplied to the induction coil by the
induction box. It was therefore imperative to decide on the location of the induction box before
designing the coil, see Figure 5.4. The centre of the induction box was installed 259.2 mm away
from the disc ID. A 5 mm gap was left from the edge of the coil to the nearest point on the ID in

an attempt to prevent directly heating the disc bearing. Powder coated copper piping with an

OD of 8 mm was used to fabricate the coil.

Figure 5.4: a.) Installed induction heater coil and b.) the induction box

5.2 Material Properties of Brake Assembly Components

Material properties are crucial to any modelling process. Meritor provided a data sheet
comprising of values for various material properties, these values are given in section 5.2 and

used in all relevant models within this project.

5.2.1 Brake Caliper

The brake system is made up of many parts (Appendix H), however, the main areas of interest
are the caliper, disc brake and brake pads. The caliper used was an Elsa 225 Service caliper

(Figure 1.2). The caliper is constructed by three separate parts; the pad carrier, the bridge and
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the off-centred operating shaft and gearing system housing. The pad carrier locates the assembly
as it is fastened to the vehicle axle and houses the brake pads. Two tappets connect the bridge to
the carrier, allowing the sliding motion in the axial direction. The operating shaft and gear
housing is attached to the bridge such that it moves axially with it. Finally, the service chamber,
with the parking brake, is fixed to the operating shaft and gear housing (see Appendix H for a
section view of the whole brake system). All the properties of the pad carrier, the bridge and the

operating shaft and gear housing are given in Table 5.1.

Table 5.1: Spheroidal Graphite Iron material properties for the pad carrier, bridge and housing
components (from Meritor HVBS).

Value/range Unit

Density 7150 kg/m’
Young’s modulus 170 GPa
Poisson’s ratio 0.275 -
Specific heat capacity

20-100°C 515 J/kgK

100-200°C 530

200-300°C 550

300-400°C 570
Coefficient of thermal expansion

20-100°C 11.2 107K

100-200°C 11.8

200-300°C 12.4

300-400°C 12.9
Coefficient of thermal conductivity

100°C 34.2 W/mK

200°C 341

300°C 33.9

400°C 33.8

5.2.2 Disc Brake

The disc brake design used for the thermal investigations was on a grey cast iron straight vane
ventilated disc brake of anti-coning configuration. It has an OD of 434 mm and an ID of 234
mm, leaving an effective working radius of 100 mm. There are 30 vane channels between the
two friction surfaces, which are vital for cooling. Including the hat section the discs total mass is
35.3 kg. Known disc brake material properties are presented in Table 5.2 and further design
details given in Appendix L.
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Table 5.2: Material properties for the disc brake (from Meritor HVBS).

Value/range Unit
Density 6900 — 7100 kg/m’
Young’s modulus 120 GPa
Poisson’s ratio 0.26 -
Specific heat capacity 470 J/kg K
Coecfficient of thermal expansion 11.7 10°/K
Coefficient of thermal conductivity 48 W/m.K

5.2.3 Friction Materials

Thermal effects of two contrasting friction material, T3016 and FER 4567, were studied in this
investigation. The friction material T3016 is a softer, more compressible pad material designed
for use in vehicles that do numerous stops from low speeds, such as buses. FER 4567 friction
material is a harder material used for driving cycles that are much less frequent compared to
buses but from higher speeds, therefore, they more demanding braking applications, such as
coaches and lorries operating predominately on motorways. Table 5.3 displays the known pad
properties for the T3016 friction material whilst the known FER 4567 friction material

properties can be seen in Table 5.4.

At the beginning of the project, consideration of these two friction materials was deemed
important in order to understand the performance characteristics of the two possible extremities
of brake pad material properties on the EPB. However, in the course of the project, the research
focus shifted from EPB and towards generic heat transfer within and dissipation from a
stationary disc brake assembly. Both friction materials attach onto a generic backplate design,
with steel being the material it is made from. Material properties for the backplate are given in

Table 5.5.
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Table 5.3: T3016 friction material properties (from Meritor HVBS).

Value/range Unit

Density 2500 — 2700 kg/m’
Young’s modulus 8—-10 GN/m’
Poisson’s ratio 0.29
Specific heat capacity 800 JkgK
Coefficient of thermal

Expansion at 190°C 90 mm

Expansion at 260°C 0.33 %
Coefficient of thermal conductivity

100°C 3.10 W/mK

200°C 3.00

300°C 2.60

400°C 1.90

Table 5.4: FER 4567 friction material properties (from Meritor HVBS).

Value/range Unit
Density 3000 - 3100 kg/m’
Young’s modulus 610 MPa
Poisson’s ratio 0.2

Table 5.5: Brake pad backplate material properties (from Meritor HVBS).

Value/range Unit
Density 7820 kg/m’
Young’s modulus 207 GN/m’
Poisson’s ratio 0.29
Specific heat capacity 490 JkgK
Coefficient of thermal expansion 11.7 10°/K
Coefficient of thermal conductivity 43.6 W/mK

In addition to investigating the difference between two friction materials, seven pairs of brake
pads have been supplied for each material with different levels of wear, replicating different
stages of the pad lifecycle. For example, pad sets 1/2 and 3/4 have both been through a fade
tests, which is termed as the “faded state” throughout, whilst sets 5/6, 7/8 and 9/10 have been
through just a bedding in test; two set of brand new pads have also been supplied, termed a
“bedded state” throughout. It should be noted that the numbering convention for each pair of
brake pads is that the inboard pad is given an odd number, with its corresponding outboard pad

given the following even number.
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A bedding test exerts a pair of pads to 200 brake applications at low speed and temperature on a
dynamometer. Brake pads in the bedded state represent new pads recently fitted to a vehicle.
Surface imperfections would not have been removed leaving the friction material thermally

unstable.

Two sets of dummy pads were also fabricated, one set from steel and the other from aluminium.
The dummy pads will have constant known properties throughout so will be used for control

experiments and comparisons.

5.3 Uncertainty analysis

Many laboratory experimentation was conducted throughout this investigation. During the
testing procedure, a variety of measurements were taken, including temperature, pressure and
speed. However, it is inevitable that the measured values for variables were not the “true” value
as an amount of error is always associated with experimentation. As described by Moffat
(1988), “the error in a measurement is defined as the difference between the observed value
and the true value of the intended measurand.” This definition can be defined mathematically

by equation (5.1).

X = X(measured) + 6X (5.1

The true value is represented by the term X, the measured reading is X (measured) with §X
being the difference between the two. Calculation of equation (5.1) delivers a precise value of a
specific reading, yet the value of §X is often never known, making it impossible to find the true

value. A large part of the problem is the correct identification of the type of error.

The meaning of the term “true” value is not as straightforward as one may think, as described
previously by Moffat (1985). Examining the result an instrument produces will highlight the
issue. For instance, taking the use of a thermocouple as an example, the reading at the junction
of the thermocouple and the solid surface can be said to be the estimate of the true value (T;);
this is an intrinsic error. However, there is usually an amount of gas flowing over the surface,
cooling the thermocouple junction slightly. Even though the cooling may be small, the second
estimate of true temperature (T,) should account for this. Interaction with of the measuring
equipment and non-experiment specific conditions (i.e. with the surrounding air) is known as
sensor interaction. Further refinement is made if the amount fluid of air passing over the surface
is calculated as if the thermocouple was not there (T3). At some point a judgement is needed to

say what the true value estimation is being taken as. In the case of this investigation, intrinsic
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errors only for any of the measuring systems will be used as the true value estimation; as seen

for (T).

Uncertainties during experimentation are generated generally in two forms, random
uncertainties and systematic uncertainties. Systematic uncertainties are functions of the
experimental process, producing an element of bias to the results, whereas random errors occur,
as the name suggests, in a random manner. Statistical analysis can be conducted on random
errors, allowing an element of correction or justification to their reading. Conversely, systematic
errors cannot be detected by statistical means and therefore present the danger of generating
conclusions based on inadequate data. Efforts must be taken to ensure all experimental
procedures minimise any systematic uncertainties. Systematic uncertainties that can be
measured are those of created from the experimental instrumentation. For example, if a
thermocouple is measuring the temperature too low, it will under predict the temperature by the

same proportion for every experiment.

With temperature measurements being the predominant experimental reading taken in during
this investigation, it is important to understand the uncertainty associated with thermocouple
system. As stated previously, there uncertainty for individual thermocouples is known.
However, the thermocouple system comprises of more than just the physical thermocouple, with
uncertainties propagating though. The total uncertainty is calculated by addition of the
uncertainties at each stage of the process, generating an overall system uncertainty. In the case
of the thermocouple, there is a junction box coupling connecting the thermocouple and the
cable, 6Xjync, a connection between the cable and the thermocouple module in the
CompactRIO, 86X ,un, the thermocouple module itself located in the Compact RIO, X y1mod» aS

well as the thermocouple, §X¢permo» t0 consider.

X = X t+ (5Xthermo + 5Xjunc + 6Xconn + 5XNImod) (5-2)

Two of the uncertainty terms displayed in equation (5.2) are known from earlier work discussed
in section 5.1; dX¢nermo and 0Xymoq. Through experimentation, Nakos (2004) found that
provided there is no temperature gradient through the thermocouple/cable junction then the
uncertainty in the recorded measurement is so small it can be neglected, due to the connector
pins being of lesser quality material than the thermocouple cable. By assuming that this is the
case for the experiments conducted in this investigation, the §Xj,,. term in equation (5.2) can
be disregarded. This assumption is valid to make as there is sufficient length of thermocouple

wire, enabling the junction boxes to be kept out of the range necessary to produce sufficient heat
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transfer that would cause a gradient across it. Nakos also investigated the uncertainty for the
connection between the cable and a National Instruments terminal block. A conservative
uncertainty value of +0.8°C was suggested. Although the equipment used was different to that
used here, the same value will be used as the connection from the various modules from
National Instruments are very similar, which will cause the uncertainty to be fairly similar. In
addition, as the value was described as conservative anyway, it can account for a potential slight
increase with different modules. The uncertainty in a thermocouple reading can therefore be

calculated as

With three thermocouple modules used in the CompactRIO, there were three different values of
thermocouple uncertainty that needed to be calculated. Stating with the NI 9211, values of
2.2°C, 0.8°C and 1.7°C for 6Xipermo»> 0Xconn and 6Xymmoa respectively, were put into equation
(5.2).

X=X+47°cC (5.3)

A total uncertainty of +4.7°C was found for the thermocouple system, using the NI 9211.
Unfortunately, this value seemed to be too conservative, which could potentially lead to valid
results being rejected on the basis on uncertainty. Thankfully, there was a set of results to
compare to that will clarify whether this uncertainty estimate is indeed too conservative. Figure
5.5 displays the overall thermocouple system error when using K type thermocouples with the
NI 9211 module (taken form the NI 9211 datasheet). Instrumentation used in the production of
this graph were calibrate to a high level. It was shown that the uncertainty range for the
temperatures in this investigation was considering between 2.2°C and 2.5°C, approximately half
the value calculated. Consequently, it is confirmed that the calculated value in equation (5.3) is

too conservative. Therefore, the values shown in Figure 5.5 were used.

It is a similar case for the other two thermocouple modules. An uncertainty value of +4.8°C was
calculated for the NI 9213 module, with the NI 9214 generating an uncertainty of +3.8°C.
Figure 5.6 shows the former configuration has an uncertainty range between 2.5°C to 3.0°C,
somewhat lower than the calculated value. A big difference is found with the final thermocouple
as the uncertainty range displayed in Figure 5.7 is between only 0.35°C and 0.45°C. A
discrepancy is presented here as this value is much lower than what Nakos found for the

thermocouple uncertainty by itself, let alone for the full system.
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Figure 5.5: Thermocouple system error when using the NI 9211 module (National Instruments NI 9211

Datasheet).
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Figure 5.6: Thermocouple system error when using the NI 9213 module (National Instruments NI 9213
Datasheet).

Taylor (1982) describes the benefit of using multiple readings where possible to minimise the

overall uncertainty in the data. In nearly all cases, where multiple data points have been
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collected, taking the mean of the data produces the best estimate of the true value®. Equation
(5.1) has to be altered slightly to accommodate the change to multiple measurements rather than

a single reading. Therefore, X (measured) can be replaced with X, which represents the best

estimate of the true value that can be made from the data.
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Figure 5.7: Thermocouple system error when using the NI 9214 module (Instruments NI 9214 Datasheet).

Likewise, a change in the uncertainty term is also needed. The standard deviation, o, is
calculated from the differences each measurement in the set is from the mean, thus
characterising the average uncertainties. Small values of o show the experiments are precise
whilst large values are obviously not precise. The uncertainty term in equation (5.1) is now

replaced with the o, giving a 70% statistical confidence that the true value lies within this range.

Equation (5.1) therefore becomes (5.4).

X=X+oy (5.4)

Increasing the uncertainty term to +20y improves the confidence that the true value has been
captured, from the measurement set, to 95%. Therefore, the final uncertainty equation for a

multiple data set is outlined in equation (5.5), provided the value of systematic uncertainties is

much lower than this.

* Taylor has numerically justified this statement in Chapter 5 of the 1982 book ‘An Introduction to Error

Analysis The Study of Uncertainties in Physical Measurements’. The reader is directed to this reference if
they are interested further.
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X=X+ 20y (5.5)

The discrepancy between the work produced Nakos (2004) and the NI 9214 datasheet
previously discussed will be countered by using the +20y method of uncertainty calculation.
High confidence is in the obtained results is obtained without over or under predicting the

experimental uncertainty.

5.4 Static Testing Method

To attainment a fundamental understanding of the underlining properties of the CV braking
assembly, and more specifically within the brake pads, static tests were carried out. The term
‘static test’ refers in this report to the process of applying an input force, controlled by a
pressure regulator, when incrementally increasing the actuating pressure from 0 to 7.5 bar and
then return to 0 bar. The aim of these tests was to discover the compression properties of the

friction materials.

Before the Static testing method can be explained, it is necessary to have an appreciation of the
opshaft ratio. Both the actuator displacement and input force were measured from the relevant
pieces of instrumentation. However, the transfer of actuator displacement and input force are
applied through the opshaft (see Figure 1.3), which does not deliver a linear relationship with
the brake pad contraction/expansion or clamp force respectively. Accordingly, they were
calculated by the relevant factor (or opshaft ratio), determined by the amount of actuator travel.
Figure 5.8 shows the non-linearity provided has a third order nature and is calculated by

equation (5.6).
Aopt = 2.23E — 05x3 — 1.989F — 03x2 + 0.1181x + 13.54 (5.6)

Where the amount of pushrod displacement is x and the opshaft ratio is @,y,;. By using this

equation, pad displacement can be calculated from the pushrod displacement. The clamp force

can also be calculated by relating the opshaft ratio to the recorded input force.
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Figure 5.8: Internal caliper output ratio as a function of pushrod travel

The compressibility of the friction material can be investigated with this testing method, by
comparing the calculated total brake assembly displacement of the two friction materials and
compensate against results produced for the steel and aluminium dummy pads. As part of the
experimental setup, a technique for setting the initial pad clearance, known as “the clearance
gap”, was conducted. It starts by applying a small input force to the caliper, which presses the
pads against the disc brake. Actuating pressure is then removed, leaving the pads in contact with
the disc brake when the pistons retract, resulting in a large gap being then left between the
inboard backplate and the pistons. This distance created between the inboard backplate and the
piston surface is the clearance gap. It represents the total running clearance of the brake system

necessary for the disc brake to rotate without residual drag.

The pistons were then closed by turning the control screw until enough contact was made to feel
friction when attempting to rotate the disc brake, but not enough to completely prevent rotation.
It was important that the same operator conducted this step due to the level of judgement needed
when determining the set point, as different operators will sense the set point differently,
causing a large source of systematic error. To measure the clearance gap, metal plates with a

defined thickness were manufactured and inserted in between the inboard backplate and the

143



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

pistons, as in Figure 5.9. Once the set point had been achieved by the operator, the plates were

removed to leave the defined clearance gap. A digital vernier caliper, with a measuring accuracy

of 0.005 mm, was used to confirm the thicknesses of the setting plates.

L |

Figure 5.9: Correctly fitted plates (1) between the brake pads (2, steel dummy plates in this instance) and

the pistons (3), to create the gap clearance.

5.5 Equipment Calibration

All readings for force, displacement and pressure were taken with transducers, with output
readings in the form of voltage changes. To reliably convert the delivered voltage signal into an
accurate physical value a suitable calibration technique was needed. This section describes the

techniques used and how they were verified.

5.5.1 Displacement Transducer Calibration Method

To calibrate the Sensonics LVDT sr series transducer, the hydraulically actuated Instron
machine, available at Cranfield was utilised. It is able to control its displacement to within an

uncertainty range of £0.005 mm and therefore, could generate an accurate calibration curve. A
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fixture had to be built to enable the service chamber and transducer combination to work in the
Instron machine, shown in Figure 5.10a. Connection between the pushrod and the Instron head
unit was done via a locating pin with a cone-shape milled into its lower surface. Subsequently,

the pushrod was able to self-locate in the pin (see Figure 5.10b).

The pin was lowered onto the end of the pushrod with no pressure supplied to the service
chamber until there was just enough force acting on the pushrod for a reading to be measured by
the strain gauge; this position was deemed the zero displacement position. In increments of 5
mm, the pin was raised to 75 mm, resulting in defined actuator displacements. Displacement
readings were taken only once the pressure within service chamber had settled and returned to 2

bar.

Figure 5.10: Displacement transducer (1) calibration equipment, incorporating a self-locating pin (2) to

locate the pushrod from the service chamber (3) in the Instron machine head unit (4).

It can be seen in Figure 5.11 that there is a positive linear trend between the displacement
transducer output voltage and the known actuator displacement. The calculated gain from the
calibration procedure determined that for every 1.00 V increase in displacement transducer
voltage signal, represents a 15.24 mm of actuator displacement. Due to the mounting position of

the transducer on the chamber, a drift of 46.12 mm was observed.
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Figure 5.11: Calibration results of the displacement transducer

5.5.2 Strain Gauge Calibration Method

Calibration procedure of the load cell installed on the service chamber’s pushrod is now
discussed. Ideally, the same Instron machine would have been used for calibration purposes but
at the time of experimentation, the load cell in the machine was faulty. Therefore, a simpler
two-stage method using a load cell was derived. First, calibration of a 2.5 kN load cell would be
conducted, then would itself be used as the calibration tool for the pushrod strain gauge. A
simple tension/compression load cell, with a maximum load rating of 2.5 kN, was used to
measure the input force delivered by the service chamber. The load cell was connected to the

CompactRIO system for excitation and for voltage logging.

Seven weights varying in mass, ranging from 1.00 kg to 10.00 kg, were compression loaded on
the load cell to mimic the loading condition the service chamber would apply to it, as shown in
Figure 5.12. The output voltage from the load cell was linear, illustrated in Figure 5.13. A 1.00
V change in the output load cell voltage signal represents a decrease in force of 1,740 kN. The
sensitivity of the load cell readings was tested by two separate sets of weights having just 0.02
kg difference in mass between them, both small changes are evident and lie on the best fit line

in Figure 5.13.
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Figure 5.12: Use of weights to exert a known compression load on the load cell

Even with the maximum 10.00 kg weight the maximum force exerted on the load cell was only
0.098 kN. Considering the operating input force from the service chamber is approximately of
10 kN, the calibration was dramatically out of the operating range by three orders of magnitude.
Unfortunately, due to a deficit of larger weights, more realistic load cell comparisons were
prevented. By making the assumption that the linear trend seen at low loads would remain linear

at higher loads, allowed a calculated gain value for the load cell to be made.
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Figure 5.13: Calculated gain from the load cell

Now with an appreciation of the load cell output signal, it could be used in conjunction with the
service chamber to calibrate the pushrod strain gauge. To do so, an additional part to the fixture
was manufactured to house the load cell, shown in Figure 5.14. An M16 bolt runs through the
top surface to locate the centreline of the load cell with the service chambers. Using a bolt in
this manner makes changing the distance between the load cell and pushrod straightforward, as
bolts above and below the top plate are loosened, allowing the load cell height to be adjusted
manually. A vernier caliper with an error of £0.005 mm was used to measure the change in

height between the load cell top surface and the top plate lower surface.

Location of the load cell was achieved by an M12 screw, therefore a modification to one end of
the M 16 screw was needed. In the opposite end of the load cell was a hex head M12 screw. Like
with the locating pin used in the Instron machine, a cone shape was milled into the screws head
for the purpose of pushrod self-location. To calibrate the equipment, the load cell was lowered
until the M12 screw was placed on the pushrod and locked in place by the two bolts on the
upper plate; this was the zero position. A height reading was taken before the actuating pressure
was increased. In total, four heights were used and at each position the actuating pressure was

raised to 1.0, 2.0 and 2.5 bar.
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Figure 5.15 demonstrates that the strain gauge has a linear relationship between the output
voltage signal to an increasing load, with a gain value of 4.02 kN/V. In total, this calibration
method was conducted three times, with a variance of less than 1% from the quoted gain. The

experimental equipment was now calibrated and ready for testing.

Figure 5.14: Fixturing used to calibrate the strain gauge located on the pushrod, housed in the service

chamber (1), using the load cell (2) and displacement transducer (3)
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Strain Gauge Calibration
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Figure 5.15: Calibration graphs used for the second set of static tests

5.5.3 Calibration Validation

To test the validity of the calibration, the static test procedure described in section 5.3 was
performed. Both friction materials were tested as well as both pad conditions, as well as the
steel and aluminium dummy pads. The validation procedure was a comparison between the
experimental results and a results set provided by Meritor for the same procedure. Calibration

would be deemed acceptable if there is a match between the two sets of data.

Measured gradients for the static tests are displayed in Table 5.6, with Meritor’s results shown
in Table 5.7. These gradients represent the amount of total brake assembly deflection generated
for a given force. Clearance gap sizes of 0.0 mm, 0.4 mm and 1.0 mm were used to match the
procedure conducted by Meritor. By changing the clearance gap, the position the system is on
the opshaft ratio changes also, modifying the amount of system deflection. The 0.4 mm was
used instead of the 0.5 mm clearance gap, as per the Meritor results, as there was no readily
available material that could be used to fabricate the setting plates. To save on experimental

time, 0.4 mm thickness plates were made as there was an abundance of this available.
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As the Steel dummy pads were used as a reference, discussion will start with this material. With
a nominal elastic modulus of 210 GPa, the dummy steel pads could be considered infinitely stiff
in comparison to the friction material pads. As a consequence, the measured deflection when the
steel dummy pads are inserted can be considered as the elastic deformation of the caliper. Being
a stiffer material than the others, the recorded gradient values considerably lower than those for
the friction materials. With no clearance gap, the lowest gradient is produced, a finding common
amongst all results, due to being lower on the opshaft ratio and therefore the actuating force is
amplified less. Although difficult to claim from only three points, the increase in gradient
appears linear, starting from 1.30 mm/kN at a 0.00 mm clearance gap to 1.49 kN/mm with the
maximum 1.00 mm clearance. The former value is 10% smaller than Meritor’s result and rises
to an 18% difference for the 1.00 mm clearance. Both friction material results show a contrary
story as all 0.00 mm and 1.00 mm clearance gap results fall within 4% difference, inside the

calibration acceptance limit.

Table 5.6: Experimental results of the static tests.

Clearance FER 4567 13016
Gap Steel Aluminium Fade Fade
(mm) (mm/kN) (mm/kN) (mm/kN) (mm/kN)
0.00 1.30 1.45 2.26 2.54
0.40 1.39 1.52 2.34 2.67
1.00 1.49 1.65 2.56 2.94

Table 5.7: Meritor’s static test results.

Clearance FER 4567 T3016
Gap Steel Fade Fade
(mm) (mm/kN) (mm/kN) (mm/kN)
0.00 1.43 2.27 2.55
0.50 1.57 2.57 2.81
1.00 1.78 2.66 2.87

Gradient values for the middle clearance values, although cannot be directly compared, indicate
that there is a slightly bigger difference between them. Figure 5.16 and Figure 5.17 show the
comparison graphs for the friction materials FER4567 and T3016 respectively. It can be seen
from these figures that the relationship between input force and actuator displacement is
actually nonlinear, although a linear approximation would still be valid as the degree of
nonlinearity is small. Since the two middle clearance gap were different, measurements would

have been taken different points on the opshaft ratio, causing the greater difference between the
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gradients. Still, the differences were only 9.8% and 5.2% for the FER 4567 and the T3016

measurements respectively.

Strain gauge calibration results have been shown to be fairly accurate, with like-for-like
measurements comparisons to Meritor’s results having only a 4% difference. Large differences
were present between the Steel dummy pads however. With the closeness of the friction
material results, the difference in steel experiments was attributed to likely surface flatness
issues. To reduce cost and speed up the manufacturing time required to produce the dummy
pads, no flatness requirement was placed on the manufacturing drawing. The effect of this is
that control has been lost over the contact regions between the disc brake’s friction surfaces and
dummy pads, as well as with the pistons/bridge. Consequently, it can be concluded that the
results obtained using the static testing method with the load cell method of calibration,
achieves good correlation with the Meritor’s results and therefore, the results obtained are of

sufficient accuracy to continue the experiments.
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Figure 5.16: Third static test comparison of FER 4567 friction material
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Static Testing — FER 4567 Fade — Comparison
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Figure 5.17: Third static test comparison of T3016 friction material

5.6 Cooling Test Methods

The primary aim of the cooling tests was to simulate the thermal effects within the disc, pads
and caliper once the parking brake has been applied and left on for a long period of time. As the
current specification for the EPB allows a maximum of 1 mm actuator displacement during the
coolback phase, the cooling tests will help to determine whether this is enough to sufficiently

prevent roll away.

Data taken by thermocouples attached on a CV, which was driving on demanding hill roads
within South Wales are presented in Figure 5.18 (data supplied by Meritor). This unique data set
gives the opportunity to understand temperatures reached during a challenging operation. It is
seen that disc brake temperatures can reach in excess of 500°C after heavy brake applications
although it is very unlikely that a CV is parked after such an application. Less severe braking
applications, on the other hand, frequently reach and exceed 400°C. Consequently, it was
decided that a parking application simulation would begin with a disc brake surface temperature

of 400°C, representing a realistic but harsh case.
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Figure 5.18: Disc Brake temperatures taken from an actual drive cycle (Data provided by P. Gibbens,
Meritor H.V.B.S)

Replication of this braking application was to be carried out on the Thermal Rig. To capture

surface temperatures,

A total of 28 thermocouples could be measured for any one experiment, limited by the space
available in the CompactRIO”. Initially, nine rubbing thermocouples were attached to measure
the disc temperatures, six on the outboard side split with three high and three low, all positioned
as centrally as possible (Figure 5.19), with three probe type thermocouples were placed in each
brake pad (Figure 5.20). Multiple caliper temperatures were also be recorded to generate
realistic boundary conditions to input into the predictive model and to detect the heat flow path
through the caliper. Eight welded PFTE thermocouples were located on the caliper, as shown in
Figure 5.21 with a further eight in the reciprocal positions on the lower half of the caliper. The
final two thermocouples were used to measure the temperature of the pushrod within the

actuator and the ambient air temperature.

* At the time of these experiments, 16 channel thermocouple modules were not available from National
Instruments. This value was increased at a later date once new modules had been acquired.
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Disc Out High Top

Disc Out Mid Top

Disc Out Low Top

Disc Out Low Bottom

Disc Out Mid Bottom

Disc Out High Bottom

Disc In High Top

Disc In Mid Top

Disc In Low Top

Figure 5.19c: Three rubbing thermocouples above the horizontal centreline on the inboard side

Figure 5.19: Rubbing thermocouple placement on the disc brake.
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Pad Out Pad In Pad In
Pad Out Front Front Back
Back
Pad Out FPad In
Backplate Backplate
Figure 5.20: Positions and labels of thermocouples in the pads
PCOExTop PCIl Ex Top
PC O Ex High Br Mid Ex High Top
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Top
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Upper

Figure 5.21: Positions and labels of thermocouples on the caliper

In order to heat the disc uniformly the motor was set to rotate at a low rotational speed of 50
rpm, such that all the disc mass was exposed equally as possible to the inductive field generated
by the heater coil. Rotation also prevented a single segment of the disc brake being over-heated
whilst the rest of the disc still cool. Due to conductive properties, a temperature gradient will be
present over the friction surfaces. It was decided therefore that a reference thermocouple would

be used for experimental control. Once this reference thermocouple (chosen to be the Disc Out
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High Top thermocouple position) had reached the prescribed 400°C temperature, the induction

heater and the motor were turned off.

Simply applying an actuating pressure at this stage would not provide reliable results because
both the pads and caliper were at room temperature. Preheating clamps were necessary to
transfer heat into the rest of the assembly. A preheating clamp is an application of the brake
once the induction heater and motor have been turned off, to promote conduction effects from
the disc brake to the pads. Each clamp was held on for five minutes to allow the heat to
penetrate through the pads then removed. The motor and heater coil were then switched on
again to reheat the disc back to the desired temperature. Initially, two preheating clamps were
used, both at 6 bar input pressure. After the second release of the pads a final reheat of the disc
was completed, the pads were clamped with a 6 bar parking pressure and left to cool; at this

stage the cooling test began.

5.7 Experimental Methodology Development

The classification of the cooling test experimental procedure was set out in the previous section.
A sequence of preliminary tests was conducted to refine the procedure before detailed disc
brake cooling experimentation started. Section 5.7 discusses the development procedure and

some initial conclusions found during this process.

5.7.1 Influence of the Wheel on Disc Brake Cooling

When attached to a CV, the LM 120 Offset D-Elsa brake assembly is mounted within the wheel,
shrouded from the open air. Whilst the wheel is in motion, the shrouding prevents the flow of
cool ambient air into the disc vanes, reducing the convective cooling capability. When parked,
assuming the wheel is sufficiently shrouded from the wind, any resulting air flow around the

brake will be from buoyancy effects only.

Initial investigations tested whether the wheel affected this natural air flow and if there was
significant amount of heat reflection back to the disc brake from the wheel, using the
instrumentation set out in section 5.6. The disc brake was heated by the induction heater until all
rubbing thermocouples read at least 300°C°. Two preheating clamps were then applied, allowing
heat to soak into the pads. After which, the actuating pressure was set to 7 bar and left to cool.
Both the preheating and coolback phases are presented in Figure 5.22 for the thermocouples

present in the experiment, which were Disc Out High Top, Pad Out Surface, Pad Out Back and

> Note that this experiment was conducted before the experimental data shown in Figure 5.18 was
collected, therefore the 400°C target had not yet been set.
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Pad Out Backplate. As a CV will undergoes many low torque braking cycles during operation,
the pads will not be cold when the parking brake is applied, making these preheating section

vital for generation of realistic experimental conditions.
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Figure 5.22: The full cooling test time cycle with two preheating clamps and the wheel present

Angelinas et al. (2012) showed the wheel strongly affected the disc brakes cooling
characteristics by blocking air from entering into the wheel cavity whilst in dynamic (driving)
conditions. By conducting two cooling tests, one with and one without the wheel attached to the
wheel carrier, a comparison between the results should detail whether a similar effect occurs
whilst under stationary conditions or whether the wheel could be removed from the

experimental procedures.

Results of the two cooling tests are shown in Figure 5.23. Only the Disc Out High Top
thermocouple reading is shown for the two test, with the red curve representing the no wheel
experiment and green for when the wheel was present. The graph shows the temperatures as
soon as the thermocouple readings had dropped below 300°C and for the following eight hours.
Little difference between the two sets of data is seen as they lie approximately on top of one
another. It can be concluded then that the wheel has little effect on the disc brake cooling on the

Thermal Rig. Therefore, future cooling tests were all conducted without its presence. As only
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one experiment was carried out for each test the results will not have statistical significance. It
was deemed acceptable in this case as the experiments were devised to simply to understand if

the wheel significantly impacts on cooling, with further tests planned if this result emerged.

Cooling Test

Wheel Influence
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\.\\-\
0 ' ' ' ' ' ' ' '
0 1 2 3 4 5 6 7 8
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Figure 5.23: There is a negligible difference in the cooling phase when the wheel is attached and when

not attached

5.7.2 Input Force Readings

A set of cooling tests were conducted with the three separate actuating pressures, to test the
effect of various input forces on the disc brake cooling rate. During these cooling tests, a record
of the actuating pressure supplied to the service chamber was taken; the results for the 7 bar
experiment is displayed in Figure 5.24. A slight drop in pressure of approximately 0.1 bar can
be detected over the first hour of the cooling phase. Interestingly, this pressure drop was a
common feature in all three experiments. The manually operated pressure regulator was used
during these experiments and it was this piece of equipment that was attributed to the pressure
drop. As a consequence, an electro-pneumatic pressure regulator was later sourced and installed
to eliminate this effect. Unfortunately, air leakage in the pneumatic supply line caused the
pressure built-up by the compressor to drop over time. The compressor automatically turned

back on once the pressure drop was greater than 0.5 bar. This continual change in supply
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pressure is the reason for the pressure reading in Figure 5.24 appears to have noise within the

signal.
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Figure 5.24: Presence of a pressure drop during the cooling tests

During the coolback phase, the total displacement of the disc brake and pads should reduce as
the thermal expansion effects begin reduce. For the cooling test run with 7 bar input force, a
clearance gap of 1.70 mm and with the FER 4567 friction material, the total amount of
contraction in the disc brake and pads caused the actuator displacement to increase from 51.7

mm to 56.1 mm, a total of 4.4 mm (see Figure 5.25).

According to the nonlinear relationship of the input force to actuating displacement, described
in Appendix J, the service chamber should have delivered a reduction in input force for the
entire measured range of actuator displacement. A reduction of input force can be distinguished
initially in Figure 5.26 lasting approximately 30 minutes before the input force increases
steadily for an hour towards a peak, before decreasing again for the remainder of the coolback
phase. There were three possible reasons that could help explain the increasing input load;
firstly, heat input into the caliper had reached a maximum, resulting in the caliper starting to
contract as well as the disc brake and pads. As the Elsa 225 caliper utilises a sliding mechanism,

whilst the caliper contracts it actually pushes harder against the outboard pad, creating a greater
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clamping force at the disc/pad interface. Secondly, there could have been a problem with the
instrumentation causing the increased input force. Finally, thermal soaking through the caliper,
via conduction, could have increased the pushrod temperature. With the strain gauge fixed to the
pushrod, its readings would have altered and therefore could require compensating. All three of

these possibilities are investigated.
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Figure 5.25: Measured actuator displacement during the coolback phase of the cooling test for FER 4567

pads, total initial clearance gap of 1.70 mm and an input pressure of 7 bar

161



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions
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Figure 5.26: Measured input force during the coolback phase of the cooling test for FER 4567 pads, total

clearance gap of 1.70 mm and an input pressure of 7 bar

Additional thermocouples were placed on the on the pad carrier, bridge and piston components.
By monitoring their temperatures during the cooling phase, especially the bridge, the first
possibility for the increasing input load could be tested. Figure 5.21 shows the position and the
reference names given to the newly added thermocouples, on the top half of the caliper only;

reciprocal thermocouples were also placed on bottom half of the caliper.
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Figure 5.27: Bridge temperatures during the cooling phase.

5.7.2.1 Thermal Loading of the Caliper

Figure 5.27 shows contrasting evidence to both support and deny the first possibility. Two
thermocouples do indeed show that the bridge does increase in temperature for approximately
30 minutes. Whilst the temperature increases, the bridge would be expanding, causing a
reduction in clamp force as some of the generated input force will be used to counter this
expansion. After the temperature peak, the bridge cooling will have the opposite effect,

increasing the clamp force.

Alternatively, the Br O Ex High Top and Br Mid Ex High Top thermocouples show a
continuous decrease in temperature throughout the cooling phase. This evidence suggests the
caliper would be contracting throughout the whole period, only increasing the input force.
Having such vastly different temperature profiles existing in a single component exposes the
complex nature of the thermal loading and its interactions. The bridge’s impact on clamp force
change is therefore inconclusive. Recently, Tirovi¢ et al. (2012) demonstrated the ability to use
the DIC method to measure the displacement over a large area of a CV caliper. A similar
technique would be needed to prove or disprove the coolback of the caliper has an effect on the

clamp force.
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Figure 5.28: Positions and labels of thermocouples on the caliper

5.7.2.2 Integration Box Reliability

Suspicions about the integration box’s ability to keep a zero value over a sustained period of
time arose during testing. A simple experiment was conducted to see if this was the case. A log
of the output voltage from the integration box was kept when no actuating pressure is applied to

the service chamber. As this was a static situation, no voltage change should have occurred.

Figure 5.29 shows a vast amount of unwanted zero shift. For the hour period indicated on the
graph, the amount of zero shift recorded can be calculated as much as a 0.9 kN reduction in
clamp force. Using the opshaft ratio on the recorded input force for the results shown in Figure
5.26 calculated that there was a 7 kN drop in clamp force during the cooling phase, from 168
kN to 161 kN. Consequently, the recorded zero shift could have accounted for up to 12.8% of
the change in clamp force, presenting an unacceptably large amount of uncertainty into the

results.

A second zero shift test was done, to confirm the repeatability of the zero shift, with results
shown in Figure 5.30. A dramatic change in nature is evident between the two experiments as
the second experiment showed a more variable zero shift change, compared to a more common
decreasing pattern like originally recorded. Unfortunately, the lack of similarity between the two
sets of results signifies that the shifting pattern is random and therefore cannot be accounted for.
It becomes impossible then to discount the increase in input force shown in Figure 5.26 being a

function of instrumentation error.
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Figure 5.29: Zero shift from the integration box produces a large effect on the calculated clamp force
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Figure 5.30: Second zero shift test confirming randomness of the shifting

165




An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

5.7.2.3 Strain Gauge Temperature Correction

A final possibility was that after 30 minutes heat had reached the pushrod by conduction,
increasing its temperature. As the strain gauge transducer is fixed on the pushrod, its
temperature will also increase. A temperature increase in the pushrod will cause a change in
resistance within the strain gauge, due to it gaining heat via conduction. Additional strain is
therefore placed into the strain gauge as a direct consequence of heat. The thermal output
function, &7, can be calculated by equation (5.7) and can be used to determine the correct the

strain reading.

As the additional strain is purely a factor of temperature, it is known as thermal output. The

thermal output can be calculated from the thermal resistance from the equation:

AR
erjo = (R_O)T/O 5.7)
Fy

where F; is the gauge factor of the measuring instrument, usually given a value of 2.0 for

AR

Vishay instrumentation (Vishay Micro-Measurements 2007) and ( ) is the amount of
T/0

0
thermal resistance. The change in thermal resistance due to the thermal output can be calculated
by:

(AR) = [ﬂc + Fg (11+—Kt) (as — 065)] AT (5.8)

RO T/0 - VOKt

Where f3; is the coefficient of temperature resistance, Fy; is the gauge factor of the stain gauge,
K; is the transverse sensitivity of the strain gauge, v, is the Poisson’s ratio taken as 0.285,
(as — ag) is the difference between the thermal expansions of the substrate (pushrod) and the

grid (strain gauge), and AT is the change in temperature.

By substituting equation (5.7) into (5.8), the amount of additional strain due to temperature

effects is calculated by (5.9).

[:BG + Fg (11—+—V£<It(t) (as — “G)] AT

5.9
r/o = F, (5.9)
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It was possible to find values of f; and a; values in the literature, however, this was not
possible for the F;. The gauge factor is a ratio of electrical resistance to mechanical strain. A
change in temperature alters the electrical properties of the strain gauge, making calculation of
the F; value difficult. As the focus of this thesis was to investigate thermal properties, it was
decided that no further effort would be spent attempting to find this value. Consequently, the
third reasoning for the increasing input force could not be confirmed or denied. Figure 5.31 is
taken from the technical support document supplied by Vishay Micro-Measurements; it
indicates a large potential for additional strain to be recorded by the strain gauge transducer,
severely altering the results. Thermocouple readings in Figure 5.32 show that the temperature of
the pushrod does not exceed 40°C, rising less than 20°C. Figure 5.31 would suggest that only a
small temperature induced strain should be present for such low temperature rises. However, it
was after approximately 30 minutes that the pushrod temperature increased sharply, coinciding
with the rise in input force. Perceivably then, the additional strain induced by temperature rises
is having greater effect on the strain gauge readings than Figure 5.31 would suggest. Before any
further force reading are taken the three unknown strain gauge properties must be found to

dispose of the thermal output effects, enabling accurate clamp force calculations.
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Figure 5.31: Graph taken from the Vishay technical support document Tech Note TN-504-1 displaying
the amount of additional strain generated in the strain gauge from the effects of temperature (Vishay

Micro-Measurements 2007)
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Cooling Test - FER 4567 Pads 3-4 - 7 bar - 0.85mm - No Wheel
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Figure 5.32: Temperature rise of the pushrod during the coolback phase.

Experimental results have shown that input force varies during the coolback period. However,
these results were proven inconclusive due to potential apparatus errors in the form of a random
zero shift, which suggests differing force patterns would have been measured for individual
experiments. This was not what happened in reality as the increasing input force was consistent.
The effect of thermal output is still a mystery as missing material properties prevented suitable
analysis. Furthermore, new techniques are available to measure the coolback -caliper
displacement to understand if this is having an effect on the input force. It is a necessity to
eradicate these areas of uncertainty related to the strain gauge measurements before a torque
mechanism is introduced to the cooling tests to distinguish the EPB capabilities to prevent roll

away.

The main aim of this investigation is to understand the thermal aspects of the disc brake
assembly during the cooling phase of a stationary parking application. The issue surrounding
the input force measurements impacts any testing related to mechanical effects and therefore the
erroneous measurements had little impact to this research. Consequentially, a decision was
made to concentrate effort on determining the thermal effects on the brake system rather than
finding a solution to the apparatus issue. New equipment and validation techniques could have
procured to accurately calculate the input force yet, it has been shown already that there are very

complex thermal interactions occurring in the brake system during a stationary parking
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application that currently unknown. By investigating these interactions, a full understanding of
the heat paths through the brake assembly can be achieved and used to develop a full brake
assembly FE model. Having a fully functioning thermal FE model is advantageous as it will
allow a sequentially- or a full-coupled thermomechanical FE model to be produced, which will

act as a key design and analysis tool for the EPB development.

5.7.3 Thermal Set in the Brake Pads due to Preheating Input Pressure

In contrast to the measured input force measurements, it was possible to take accurate
contraction readings as the confidence level in the displacement transducer was a lot higher, due
to no instrumentation issues being detected. Conformation is shown in Figure 5.25 where the
actuator displacement measurement showed clean and repeatable results. Initially, when the
temperature difference between the disc brake surface and the surrounding ambient air was
large, there was a sharp increase in displacement, leading to 75% of the total pad movement

occurring in the first 30 minutes. Afterwards, the contraction rate falls drastically.

During a typical CV journey a driver will repeatedly use relatively low speed, low deceleration
braking applications to reduce the vehicle speed. For example, a typical in-city bus journey has
a maximum speed of only 30 mph but constantly braking the vehicle back down to stationary,
for the purpose of picking up and dropping off passengers. The deceleration rate must be low to
accommodate the standing passengers, meaning the braking application will be conducted with

low actuating pressures and consequentially, low input forces.

The current test procedure uses the same actuating pressure for the preheating and cooling
phases. A typical parking input pressure is 6 bar, which is described in Appendix J to deliver an
input force greater than 8 kN. Evidently, there is a contrast between the pad heating procedures
seen in the laboratory to how they are heated in operation. To test whether the preheating cycle
affects the cooling rate of the pads, three separate preheating cycles were used on a cooling test.
The FER 4567 friction material pads, in the faded state, were used for three experiments, with a
clearance gap set to 1 mm and a parked input pressure of 6 bar. The preheating cycles were:

1. Asin section 5.6 above, a 6 bar input pressure was applied for two preheating clamps.
2. A1 bar input pressure was applied for two preheating clamps.
3. A1 bar input pressure was applied for five preheating clamps.

The aim of the experiment was to determine whether the disproportionately high preheating
pressure caused a semi-permanent thermal setting effect in the pads, and if so, what was the best

procedure to use in future cooling tests. As the temperature in the friction material increases, the
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molecules within the pads will want expand. However, a high compression level generated by
the high input force prevents natural expansion. An unnatural contraction ultimately transpires,
causing a temporary alteration in the thermo-mechanical characteristics of the material until the
pad cools back to normal. As the alteration is usually temporary, the process is known as semi-

permeable set.

Figure 5.33, Figure 5.34 and Figure 5.35 display the full range temperature results, including the
preheating and cooling phases, for the conducted cooling tests with preheating cycles 1, 2 and 3
respectively. An important observation is made that there was a larger temperature difference in
the backplate between the start of the cooling phase and the previous preheating clamp when
only two preheating clamps are used. Pad temperatures were much closer to reaching an
equalised state when using five preheating clamps, increasing the experimental repeatability.
Temperatures are also more likely to match those found during operation as the bus operation

example outlines, the pads can be used frequently, absorbing large amounts of heat.
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Figure 5.33: Cooling test with 2 preheating clamps at 6 bar
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Figure 5.34: Cooling test with 2 preheating clamps at 1 bar
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Figure 5.35: Cooling test with 5 preheating clamps at 1 bar
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Figure 5.36 looks closely at the cooling rates at the Pad Out Backplate thermocouple position
(see Figure 5.20), from 150°C down to 50°C, for the three different preheating sequences. A
large distinction can be made between procedures using two preheating clamps to the procedure
that used five preheating clamps. A slower rate of cooling is the result of more realistic energy
storage in the brake pads, taking the backplate 15 minutes longer to cool from 150°C to 50°C.
This pattern was common amongst all thermocouple reading through the pads. Obviously, more
energy in the system will lead to a longer amount of time to dissipate the energy from the same

geometry.

However, by comparing preheating sequences using 6 and 1 bar actuating pressure for the 2
preheating sequences, evidence of thermal setting is presented in the form of the cooling rate
being slower for the higher actuating pressure. By using the lower actuating pressure, faster
cooling rates are achieved, which is an advantageous result for EPB design as it reduces the
amount of time rollaway is possible for once a parking application is applied. Modelling
procedures and prototype testing are therefore somewhat simplified. An opportunity for an
investigation into the changes in friction material molecular structure and/or properties under
various thermal and mechanical loads is presented. However, the suggested research is outside
the scope of this investigation so was not pursued here as this thesis concentrated on thermal

aspects, in relation to stationary cooling rather than material properties and EPB aspects.
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Figure 5.36: Cooling rates in the backplate from 150°C.

From the results of all the experiments discussed, the final cooling test procedure used for all
subsequent cooling tests had the more realistic five preheating clamps at 1 bar actuating
pressure, before using a constant 6 bar during coolback. Even though full equalisation did not
fully occur with five preheating clamps, this is the number that was used to allow good results
to be achieved without elongating the time necessary to complete a single cooling test.
Furthermore, the pads used a standard total running clearance of 1 mm and the wheel was
disconnected from the brake assembly (as shown to have very little influence on stationary

cooling).

5.7.4 Worst Case Pad Conditioning Testing

A total brake system expansion of 0.198 mm was previously measured in Figure 5.25, after
applying the opshaft ratio. Meritor’s current design requirement specified a maximum brake
assembly contraction of 1.00 mm. Although these results clearly show the total assembly
contraction was comfortably inside the set criteria, it cannot be said that the EPB will
successfully hold a CV under all conditions as this particular test was conducted under the best
case set of conditions i.e. the pad material used was the less compressible FER 4567 friction

material, in the thermally stable faded condition. It was therefore necessary to conduct a set of
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experiments that investigated brake assembly contraction with both friction materials, with

differing thermal conditioning.

To test the maximum pushrod displacement condition, experimentation using the newly defined
cooling test procedure was conducted with both friction materials at various thermal loading
states. Red lines in Figure 5.37 represent the results using the FER 4567 friction material with
green lines for the T3016 material. In both cases, sets that were in the brand new, faded and
bedded states were used. The latter were subjected to three full cooling tests, for the purpose of
finding how the thermal loading affects the contraction properties experienced by the friction
material. Continuity between the two friction materials is shown in Figure 5.37, as each
subsequent cooling test with a set of bedded pads reduced the total amount of brake assembly
contraction. This result is a function of the friction material behaviour rather than any other part
of the caliper as no other component changes made between experiments. As the caliper
components had all been subject to many thermal applications prior to starting the cooling test,
they were all in a thermally stable condition. Therefore, any changes in the actuator
displacement measurement, and hence the total brake assembly contraction, can be attributed to

changes in the friction material.

The largest amount of brake assembly contraction was calculated at 0.65 mm from the
displacement transducer measurement when using the FER 4567 friction material, in the freshly
bedded condition. Interestingly, there was nearly 5% more total contraction than the equivalent
brand new pad, a result echoed with the T3016 friction material, although there is only a 1% in
this case. This is an interesting result as it details that the most severe case is not with a brand
new set of pads, but once the pads have been through an initial bedding in process, putting the
material through a defined number of heating cycles. Consequently, the worst case scenario will
occur once the CV has left the maintenance unit with new pads and is an uncontrolled number
of miles away. The maximum recorded contraction was 0.35 mm less than the design limitation,
allowing up to a further 50% contraction before the restriction is reached. A large safety factor

is therefore presented.

It should be stressed that these results do not show that the EPB design will prevent a CV from
rollback, they show that the current design has sufficient compliance for the amount of possible
contraction before losing all input force. Further development work is necessary to determine
the change in friction force during a parking application before stating rollback will not occur.
For this, an in-depth study into the variability of p (and therefore the change in clamp force)

during the cooling phase of a parking application. This package of work will focus on the
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mechanical aspects of the brake assembly rather than the thermal aspects, which are outside the

scope of this investigation and, as discussed previously, remains as further work.

Cooling Test
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Figure 5.37: Total measured brake assembly contraction using various pad materials, in various thermal

states.

Another interesting result was that the FER 4567 showed more cooling contraction than the
softer T3016 friction material, which has a 10% lower density. However, compressibility can be
defined as the change in volume with pressure, or stress. This result would appear to show the
thermal stresses induced in the FER 4567 friction material are larger than in the softer T3016,
allowing for more thermal expansion during heating, and thus, more contraction during

coolback.

This result is something of a self-safety feature of friction materials as the majority of hot
parking applications are likely to be in the faded state, which contract least. Provided the CV
does not rollaway on after the first few applications, the pads will contract less, reducing the
chances of vehicle rollaway. By designing the EPB to hold the CV with new or just bedded

pads, the risk of rollaway will be reduced.

Figure 5.37 shows the full cooling data taken during the 10 experiments. The amount of time

the experiments were allowed to run for varied lengths of time, dependent on how long the
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operator was available for. Remembering the five preheating clamp sequence was used, which
adds nearly an hour on top of the shown cooling time to each experiment, the total duration for
the cooling test took approximately 9 hours (a whole day including setup time). Measured
actuator displacement (total assembly contraction) was negligible after 6 hours, with the
majority of the cooling and contraction happening in the primary 2 hours of the cooling phase.
Similarly, the temperatures of the disc brake also returned approximately back to ambient after
6 hours of cooling (Figure 5.23). Consequently, the final adaptation to the cooling test was to

limit the cooling time to 6 hours.

176



FE Thermal Modelling of a Parking Application

6 FE Thermal Modelling of a Parking Application

One of the key research objectives for this project was to produce an FE model capable of
accurately predicting temperatures throughout the cooling phase of a parking brake application.
An incremental approach was taken to achieve this objective, as there is high complexity in such
a system, requiring further understanding of all the thermal interactions between components.
This section discusses the construction of a simplified disc brake and pads only FE model,
before presenting results generated from it. Ultimately, Chapter 6 demonstrates that the standard
method of brake modelling commonly used within the industry is unsuitable when simulating

stationary parking applications.

6.1 FE Model Creation

To model a stationary parking brake application, the FE programme ABAQUS was used. The
full CAD brake assembly was provided by Meritor in the widely used data exchange step file
format, to allow the files to be opened by all CAD and FE programmes. Figure 6.1 shows the
complexity of the disc brake geometry is maintained using such a file. However, creating an FE
mesh capable of preserving all the intricate geometric detail would need an element size so
small that the simulation runtime would become practically unacceptable. Consequently,
modelling simplification was a necessity for the majority of brake assembly components before

FE analysis could be run.

Figure 6.1: CAD model of the disc brake provided by Meritor

6.1.1 The Disc Brake

Getting an accurate representation of the disc brake, close to the geometry depicted in Figure

6.1, was important as this was the most significant component in the brake assembly. Typically,
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over 90% of the generated thermal energy enters the disc brake before being transferred to other
components and dissipated because of the higher effusivity in the disc brake pulling heat from
the third body layer (Majcherczak et al. 2007). The closer the geometric approximation, the

more accurate the result will be to reality, but with the longer computer runtimes.

Figure 6.2 shows the simplified 3D disc brake model created in ABAQUS. A major omission in
the FE model was the removal of the bolt holes that attach the disc brake to the wheel carrier.
Indeed, the presence of holes will amplify the stresses in this vicinity, but with clamp loads
approaching 160 kN at the disc brake/pad interaction, which will generate vastly greater stress
levels, significant stresses will be present elsewhere in the model. Yet, as structural significance
is not an issue in thermal modelling, this simplification will cause minimal effect on the results
by increasing the bulk material slightly. For the same reason, all small fillets located inside the
hat section, towards the flange face, were replaced with a single step from the hat ID to the
flange ID. Likewise, all small radii located on the transition of the friction surfaces were also

replaced with sharp corners for modelling simplicity.

Figure 6.2: Fully simplified disc geometry used for FE analysis — ID side.

It is important to consider the type of mesh required for the assembly at an early stage as
different elements require differing techniques to be performed. In three dimensional FE
analysis, it is common for continuum elements to be used. Structured, sweep and bottom-up
meshing techniques can all be used to create continuum elements. Considering the disc brake is
not a continuous shape in the circumferential plane (due to the vanes not being in the pure radial
plane), the sweep technique was rejected. With the relative ease associated with using a
structured technique, it was preferred over bottom-up meshing; it places a defined arrangement

of elements on a surface and extrudes the pattern through the cell volume, creating a series of

178



FE Thermal Modelling of a Parking Application

elements. Hexahedral elements were used in the assembly for their stability when modelling

contact.

Even for the simplified disc brake, the geometry was too complex for ABAQUS to
automatically generate a structured mesh. By sectioning the disc brake into smaller, simpler
geometry segments, localised structured meshes could be generated. Figure 6.3 demonstrates
the sectioning of the disc brake’s friction surfaces with the internal vanes. A common edge was
generated between the friction surfaces and the vanes, where shared nodes are placed
automatically. Strategic placement of the segment boundaries like this increases the mesh
efficiency as fewer nodes are required, keeping computational time to a minimum. For this
reason, each vane was projected onto the friction surface to ensure that nodes within the vanes
would be aligned to those on the friction surface. Furthermore, three sectioning cuts were made
on the rotor section, being representative of the outer vane edge, inner vane edge and the friction

surface ID, shown in Figure 6.3.

Figure 6.3: Disc segmented by simplified vane shape.

6.1.2 Brake Pad Friction Material — T3016

As explained in Chapter 5, there were two different friction materials being used in this
research; the FER 4567 and T3016 materials. Initial FE modelling was conducted using T3016
pads despite them contracting less during cooling, due to having more known information
(thermal properties, from Table 5.3). The part was made from a 22 mm extrusion of the friction
material shape. Generally, braking simulations require contact analysis between the disc brake
and pads. High importance was placed on obtaining node-to-node contact when modelling
multiple components, as it ensured the forces and temperatures are exerted by one element are
completely received by the other. When nodes are misaligned, ABAQUS uses a lumped model

technique to interpolate the proportion of the force/heat going into the nearest nodes.
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Computational time is consequentially increased with additional mathematical operations, as

well as errors being introduced to the simulation.

Figure 6.4 demonstrates the measures taken to create node-to-node contact between the disc
brake and friction material. As discussed, the vane shape had to be imprinted on the friction
surfaces to control node locations. By precisely drawing the vanes, and other disc brake
geometry, on the friction material surface, nodes created on the disc brake would also be

generated on the friction material in exactly the same location.

Figure 6.4: Sectioning pattern placed on the T3016 pad friction material.

An iterative approach was taken when developing the friction material shape. The extruded
shape had subtle modifications to that in the design drawing but remained within the allowable
manufacturing tolerance limits, to enable edges in close proximity to share a common node. For
example, the two pad grooves were moved slightly inwards, towards the centre of the pad to

intersect the inner radius.

The presence of both the grooves and vanes resulted in triangular shaped segments being
created. By default, hexahedral elements are rectangular in shape. By creating triangular
segments, deformation (or skewing) of the hexahedral elements must occur to fit them within
the cell. Small levels of skew have little impact on result reliability, however, the analysis can
become unstable with large amounts of skew. The skew angle is calculated by ABAQUS, with a
warning outputted when it reaches a designated figure. The generally accepted value of 20° was

used throughout, according to the ABAQUS User's Manual (2004).

A total of 6,176 elements were used to construct the friction material, of which none had errors
and only 420 (6.8%) elements produced skew warnings. If mechanical modelling were being

conducted, it would be advisable to use wedge elements in triangular regions. The additional

180



FE Thermal Modelling of a Parking Application

level of mesh complexity was not justified for thermal analysis FE simulation, therefore

tetrahedral elements were used to ease the model creation.

It is important in contact analysis that the two surfaces in contact are meshed correctly,
ABAQUS uses a master-slave relationship for the surfaces. It has already been said that node-
to-node contact is necessary for accurate results but the same importance is also put on defining
the master-slave relationship correctly. The master surface is typically selected to be the
component that is the stiffer of the two. The slave surface must have a finer mesh than the
master, or at worst match on a 1:1 ratio. This ensures that the master surface can protrude into
the slave surface and not the reverse, because the contact algorithm used by ABAQUS only uses
the master as a surface. The slave is seen as a series of nodes, with the associated surface area
assigned to each node but without a normal. By imprinted the friction surface sectioning pattern

directly on the disc brake, as shown in Figure 6.5, node-to-node contact could be guaranteed.

Figure 6.5: Pad section put into disc as well.

The grey cast iron disc brake has an E value approximately 10 times greater than the friction
material. Coupling the difference in the two materials Young’s moduli with the fact that the
thicknesses of the friction material and the disc brake friction surfaces are similar, resulted in
the disc brake being made the master surface. With the friction material being the slave surface
in the disc brake/pad interface, a finer mesh was used (where possible) than on the disc brake.
There was predominately a 2:1 ratio for pad to disc brake elements, with only a small section

towards the OD where the ratio was reduced to 1:1

On the left-hand side of Figure 6.6 is the fully meshed disc brake. It can be seen that a fairly
course mesh was used in these preliminary simulations, with 11,195 elements. As described
above, the hexahedral elements were the main type of element used to fabricate the mesh,

depicted by the green cells on the right-hand side of Figure 6.6. Cells coloured pink illustrate
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where a free mesh was necessary to join two dissimilar mesh patterns together, with tetrahedral
elements used in these sections. Triangular segments formed during the sectioning process
fortunately did not cause any meshing errors, meaning the model would run, although 730, or

6.5%, of the disc brake’s elements were skewed.

Figure 6.6: Fully meshed disc

6.1.3 The Backplate

The meshing of the backplate component in ABAQUS was more straightforward than the
previous two parts. An 8 mm extrusion of the backplate shape, obtained from the CAD file
provided by Meritor, was used to generate the 3D volume. A perfectly flat backplate was the
result of this procedure, a slight change to reality as the backplate was slightly curved at either
end. Contact between the backplate and friction material dictated the same sectioning pattern
seen on the disc brake and friction material be placed on the backplate as well, shown in Figure

6.7.

Depending on whether the backplate was located on the inboard or outboard side of the disc
brake, contact would occur either with the pistons or bridge to the backplate respectively. As a
result, a similar sectioning procedure was be needed on both backplates to maintain the node-to-
node mesh assembly. This required imprinting both shapes through the both backplates, the
friction material and disc brake. Due to the complexity of the segmented geometry of the disc
brake and pads already, it was decided to split the backplate up into three sections instead,

reducing the amount of triangular elements. The division closest to the disc brake had the same
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sectioning as the friction material, as in Figure 6.7a. Surfaces contacting either the bridge or
pistons were the third section, with Figure 6.7b demonstrating the latter. Two circles
represented the piston contact area, which were sub-sectioned further to help ABAQUS with
meshing a circular pattern with hexahedral elements. A secondary, intermediate section was

located between the two backplate extremities that acted as a joining layer.

Figure 6.7: a.) The brake pad and disc sections put into front side of backplate, and b.) piston rings

located on the rear of the backplate

To complete the assembly mesh, a combination of hexahedral and tetrahedral elements was used
to mesh the backplate; the former for areas of contact and the latter used everywhere else.
Figure 6.8 shows the meshing techniques used to create the backplate’s mesh. A higher
proportion of elements in backplate produced skew warnings, compared with previous
components; 1,209 (14.1%) out of 8,562. Differences in the first and third division caused

distorted elements in the joining segment.
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Figure 6.8: Mesh techniques for various backplate divisions.

6.2 FE Model Preparation

Confidence was gained in ABAQUS’s ability to accurately simulate thermal models prior to
creating the simplified assembly model by conducting a simulation and comparing results to
theoretical bulk temperature rise. With confidence in the FE program, setup of the constructed
brake assembly model could happen. Before any simulations, the initial temperatures of the
assembly components and any relevant boundary conditions were inputted into the model.

Section 6.2 details the model setup process.

6.2.1 Initial Parking Application Conditions

To perform a cooling test simulation, an estimation of the heat distribution at the start of the
parking application was first made. Two methods were used to generate high initial temperature
distributions, either by inputting a single temperature for each component, like in Robinet
(2008), or to generate the temperature distribution via a primary, heating simulation. The former
is unquestionably the easier method and reduces computational time. However, the assumption
that every part of a component is at the same temperature is unrealistic. It was therefore decided
that the brake assembly’s initial temperatures would be achieved via the second, more complex
heating method. Preheating data was collected during the cooling experiments conducted in
section 5.7.3, so modelling of the full preheating sequence was conducted, due to the actual

experimental data being readily available.

Figure 6.9 and Figure 6.10 each show three measured thermocouple temperatures located on the

outboard disc brake friction surface and in the outboard pad respectively, during the preheating
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sequence. Initial temperature modelling objectives are to match the temperature profiles within
the standard +20% limit. The acceptance range is large as thermal experimentation often causes
variability, even under the controlled conditions of the Thermal Rig. Small changes in ambient
temperature, air flow conditions plus others all impact experimental conditions making it

extremely difficult to create perfectly repeatable results.
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Figure 6.9: Outboard disc friction surface temperatures during the preheating sequence.
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Figure 6.10: Outboard pad temperatures during the preheating sequence.

At the beginning of the simulation, the temperature of every element in the model was set to
ambient temperature, taken to be 20°C. Heating on the Thermal Rig was done via the IHC. To
replicate, a surface heat flux was used on the contacting disc brake and pad surfaces, like in

Figure 6.11.

Figure 6.11: Uniformly distributed heat flux into the disc friction surface.
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According to Callebaut (2007), 87% of the energy delivered by the IHC penetrates into the disc
brake down to a depth of §, which diminishes in intensity away from the surface. For grey cast
iron, this value is typically around 9 mm. Body heat flux simulations can be conducted in
ABAQUS but it was rejected. Grey cast iron is a good conductor of heat, having a high C,
value, resulting in heat energy to quickly penetrate through the disc brake, making the more

complex body flux unnecessary.

From Figure 6.9, the disc brake heating time from ambient to 400°C was approximately nine
minutes. After numerous iterative thermal analysis, a heat flux value of 55,000 W/m® gave a
close approximation to this. Figure 6.9 also demonstrates the presence of a thermal gradient

radially across the friction surface of approximately 80°C.

Simultaneous to the heating input, all three modes of heat dissipation will be occurring. To get
the correct temperatures in the disc brake, pads and caliper, correct simulation of the heat flows
in both the preheating and cooling phases were necessary. It is discussed below how each heat
dissipation mode was setup in ABAQUS with corresponding heat transfer coefficients, followed
by other boundary conditions placed on the assembly that were related to thermal interactions.
ABAQUS uses a standard notation with regards to the degrees of freedom (d.o.f), with number
1-3. In a purely thermal simulation, d.o.f 1-3 are all set to zero allowing for no displacement
within the assembly. The flow of thermal energy within brake components can be investigated

with only the temperature d.o.f (number 11 in ABAQUS) free.

6.2.1.1 Radiation

Being able to consider radiation purely as a surface phenomenon drastically reduces FE
computational time as only nodes on the external surfaces need calculating. The amount of
radiation at any one surface is governed by the emissivity value. From Voller et al. (2003), a
disc brake fabricated from cast iron, in the fully oxidised condition, has an emissivity value in
the region of 0.9; this will be validated later in Chapter 9. As this condition matches the disc
brake used on the Thermal Rig it was used in the simple assembly FE simulations. The same
emissivity value was used for the friction material and the backplate, due to both being black in

colour, so are expected to produce radiation levels approaching those of a black body.

There are two types of radiation modelling interactions used in an FE simulation; “To Ambient”
radiation and “Cavity” radiation. As the name suggests, To Ambient radiation is where surface
temperature is lost directly to the ambient air as no other components are in the vicinity of the
emitting surface to accept this heat. Cavity type radiation is a three-dimensional interaction as

where one surface emits energy to another surrounding surface. The amount of absorbed energy
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by the receiving surface is a function of temperature difference between the emitting and
receiving surfaces, the view factor and the distance between them. A view factor calculates the
percentage of energy emitted by a surface which can be accepted by the receiver. For example,
two perfectly parallel plates of the same size will have a view factor of 1 (100%) as all the
energy emitted can be absorbed whereas, if one is at an angle, a percentage of that radiation will

be lost to the environment, leaving a reduced percentage of the energy being absorbed.

Both types of radiation interactions have been used in the FE model assembly. A number of To
Ambient radiations are present with the omission of the wheel around both the disc brake and
the pads. Only two examples are presented in Figure 6.12.a and Figure 6.12.b, with the
circumferential disc brake edge (located at the OD) in the former and the friction surfaces

(minus the actual pad contact area) in the latter.

Figure 6.12: Surface radiation boundary conditions set on the disc brake a.) OD axial surface and b.) disc

brake friction surface

The exclusion of the pad contact area in Figure 6.12.b was important because energy here is not
being radiated to the atmosphere but to the friction material, until the pads are pressed against
the disc brake. Therefore, during heating stages only, a Cavity type radiation was used between
the disc brake and pads. By default, ABAQUS calculates the view factor from the normal of the
master surface (disc brake) to the slave surface (friction material). With no deformation in a heat

transfer model, the surfaces are perfectly parallel, creating a view factor equal to one.

6.2.1.2 Convection

By inputting a h.,,, value, ABAQUS calculates the convective heat dissipation from the

surface nodes, by using equation (4.8). Prediction of h,,,,;, is found through CFD analysis,
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experimental testing and/or taken from the literature. As no CFD work has been conducted thus
far, values of h.y,, were taken from Figure 4.7. During the heating phase, the disc brake was
rotated at approximately 50 rpm, corresponding to a h.,,, value being assigned to the surfaces
highlighted in Figure 6.13, of approximately 5.0 W/m’K (taken from Voller 2003). In the
absence of experimental value, the extrapolated 0 rpm speed of 2.5 W/m’K was used when
simulation the stationary cooling. The same heating and cooling stage h.,,,, values were used

for the internal vane channels surfaces, as those used on external surfaces.

The values of h in all these areas will be studied later in great detail in Chapter 8. However,
some initial values had to be adopted at this stage. It should be noted that accuracy of the h
values during the heating phase actually had very little influence on temperature predictions
since heat input was higher by many orders of magnitude. Additionally, heating times were
much shorter, typically only 10 minutes long and therefore, not allowing inaccuracies due to

incorrect h values to manifest.
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Figure 6.13: Standard convection from highlighted surfaces.

6.2.1.3 Conduction

Thus far, there were only two sources of conduction in the model; between the disc
brake/friction material interface and the friction material/backplate interface; Figure 6.14 a.) and
b.) respectively. Gap conductance usually refers to the microscopic gaps left between two

surfaces in contact. However, as Lang (1962) states, a gap smaller than 6 mm will demonstrate

189



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

the occurrence of gap conductance with the absence of convection, providing the surface is
much larger than the gap. A total pad clearance of 1 mm was used as a test standard for cooling
tests, meaning an ideal clearance gap of only 0.5 mm was seen between both disc brake/pad
interfaces. Table 6.1 presents the h.y,q used in the simulations, found by an iterative approach.

For the purpose of initial modelling, the same value was assumed for the friction

material/backplate interface.
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Figure 6.14: Conduction interaction at the disc/friction material interface

Table 6.1: h¢ynq values for the disc brake/friction material interface

hcond Gap
(W/m’K) (mm)
250 0
150 0.5
0 1000

6.2.2 Preheating Results

Construction of the simple brake assembly FE model was now complete. As previously stated,
prior to cooling test simulations the preheating sequence had to be modelled to calculate
realistic initial temperatures within the assembly. Section 6.2.2 looks at the preheating and the

validation of the model.

On the Thermal Rig, the positions of the thermocouples were previously shown in Figure 5.19.

For direct comparisons between the two sets of data, nodes had to be created in ABAQUS in the
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approximate locations of these thermocouples. ABAQUS gives each node a number, with

Figure 6.15 displaying the node numbers closest to the equivalent thermocouple positions.

Figure 6.15: Approximate thermocouple node positions in ABAQUS

The FE results of a full preheating sequence are given in Figure 6.16. A good match is seen
qualitatively between the FE results and the measured data presented in Figure 6.9. There is a
noticeable difference between the two sets of results though, which is the time taken to complete
the preheating sequence, with the FE under predicting by approximately five minutes. The
difference is due to experimental error as additional time is taken to physically retract the pads
off the disc brake after air pressure is released. The electric motor does not produce sufficient
torque to overcome the static friction, unlike a CV engine, forcing the process to be done
manually. Further time is taken to move between the brake, IHC control and air supply as they

are located in different areas of the laboratory. Whilst all this is occurring, the disc brake

191



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

temperature drops more than the FE prediction, meaning the IHC must heat the disc brake for a
little longer than the predicted FE results. All these incremental time differences sum to the
additional five minutes seen during experimentation. It is the summation of all these small but

incremental physical actions that are partially attributed to the difference in times.
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Figure 6.16: FE model results for the preheating sequence for the thermocouple position Disc Out High
Top (see Figure 5.19 and Figure 6.15)

To further investigate the accuracy of the FE model, data were compared for the first heating
cycle during the preheating sequence. Modelling accuracy was evaluated by comparing the
thermocouple temperatures’ to the comparative FE node temperatures directly. Usefulness of
the data comparison at the DOHT thermocouple position was somewhat limited as this was the
position of control in the experiment, with both the FE and physical heating procedures being
stopped once 400°C was reached in this location. The remaining two Disc Out Top positions
were not controlled so their temperatures were functions of the energy input and heat flow from

around the disc brake, making the comparison much more useful.

Figure 6.17 shows the temperatures reached by the Disc Out Top thermocouple during the
preheating sequence, with the purple lines indicating the temperatures reached at the end of the

first heating cycle. In this particular experiment, the final DOHT temperature reached was a
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little over 400°C, whilst the DOMT and DOLT thermocouples measured temperatures were
339°C and 305°C respectively. Cooling temperature predictions are the key focus of this
project, with modelling of the preheating sequence to generate a realistic temperature
distribution. Therefore, provided the temperatures matched within an acceptable tolerance,
taken to be +20% then the model was accepted and considered reliable. For early modelling

simulations, Apte and Ravi (2006) demonstrated that a +20% range was adequate and therefore

was deployed.
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Figure 6.17: Predicted temperatures reached at the end of the first heating sequence (see Figure 5.19 and

Figure 6.15 for thermocouple positions)

Figure 6.18 compares the FE results for the duration of first heating procedure to those recorded
by the Disc Out Top thermocouples. Initial inspections show a high level of similarity between
the two sets of results with very little difference between DOHT temperatures. Likewise, the FE
results match the measured data well at the ID but the middle values have been slightly over
predicted by the FE to a temperature of 371°C, although this prediction is an increase of 9.4%,
which is considered to be within the acceptable range. However, the results are potentially
masking errors in the FE model. Looking more closely the three comparisons in Figure 6.18, the
FE model does not follow the same heating curve as the experimental data. At higher

temperatures, by using a constant heat transfer coefficient, the FE prediction does not diminish
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as strongly as the experimental results. It is expected that the total heat transfer coefficient is too
low towards the end of the heating cycle, with insufficient energy being dissipated from the disc
brake/pad assembly, explaining the lower cooling rate. Additionally, considering the cooling
rate diminishes with temperature would suggest that varying heat transfer coefficients should be

used rather than constant values.

Figure 6.19 shows calculated temperatures from the FE modelling were higher than the
measured results. Temperatures 5 mm from the pad surface (thermocouple position POS) were
167°C and 194°C for the measured and FE respectively; a 16% over estimation was predicted.
Interestingly, an over estimation of 16% was also calculated for both the POB and POBp
positions. Sufficient evidence is therefore presented to claim the simple FE model is accurate

throughout the preheating stage.

Considering the generated FE values were within the acceptable limits, the FE analysis can be
considered of sufficient accuracy for modelling of the heating phase. However, the possible
sources of error that have been identified may prove to have greater significance during the
cooling experiments, due to having a longer time to manifest and becoming increasingly

pronounced throughout.
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Figure 6.18: First heating procedure comparisons for the Disc Out Top positions (see Figure 5.19 and

Figure 6.15)
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Figure 6.19: First heating procedure comparisons for the Pad Out positions (see Figure 5.20 and Figure
6.15)

6.3 Cooling Test Simulation Results

With realistic initial temperature values achieved and heat transfer characteristics inputted for

boundary conditions, full cooling tests simulations could commence. No changes were made to

the model from switching to the cooling simulation from the preheating sequence, other than

completely removing the heat input.

Figure 6.20 shows the predicted temperatures for the six hour cooling FE simulation. Only three

minutes pass before the FE simulation predicts all temperatures on the top half of the outboard

disc friction surface become uniform. Hereafter, the temperature gradient across the contact disc

surface is negligible. The fact that FE modelling does not support buoyancy driven flow, this

outcome is unsurprising. Nonetheless, comparison with cooling test data will still be made.

Furthermore, the time taken to return to 50°C was calculated to be two hours 22 minutes.
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Figure 6.20: Outboard disc cooling results from FE (see Figure 6.15 for thermocouple positions)

Predicted outboard pad temperatures are shown in Figure 6.21. A large difference in cooling
rates was predicted for the two nodes situated within the friction material. Initially the warmer
of the two, the node closest to the friction surface (node 248) cools faster than its counterpart
positioned towards the backplate, taking the same amount of time to cool down to 50°C as the
friction surfaces. With all the thermal energy entering the pads comes from the disc brake, it is
unsurprising the cooling rate of the surface node matches this. In contrast, the back friction
material node matches the slower cooling rate of the backplate, taking an additional 22 minutes

to return to 50°C.
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Figure 6.21: Outboard pad cooling results from FE (see Figure 6.15 for thermocouple positions)

To test the accuracy of the FE results, a series of 10 cooling tests were conducted, with
temperatures taken by the 32 thermocouples placed around the brake assembly. The aim was to
develop a temperature range representative of a typical brake application that could be used to
validate the FE simulation. During the cooling phase, temperatures at 10 points in time, in
addition to the initial temperatures, were found and used to generate the FE validation band. To
reduce the amount of data displayed, only the maximum, minimum and an average temperature

(from the 10 experiments) are given in Table 6.2, for the DOHT thermocouple.
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Table 6.2: Average, maximum and minimum temperatures for the Disc Out High Top thermocouple

Time Disc Out High Top
Max  Min  Average
(h) °C)  (°0) (°C)

0.00 408 394 401
0.25 299 282 288
0.50 240 226 232
0.75 202 189 193
1.00 172 162 165
1.50 133 120 126
2.00 108 96 102
3.00 80 70 75
4.00 65 55 61
5.00 56 45 51
6.00 50 38 45

The average temperatures calculated for each thermocouple became the target temperatures to
which the FE simulation needed to match to be considered reliable. Figure 6.22 displays the
average DOHT thermocouple temperatures with the arbitrarily set +20% band.
Disappointingly, when adding the FE simulation temperatures to the graph (green line), it is
clear that the match is poor as they remain inside the +20% boundary for only the first 15
minutes. Although the temperature differences may not appear too large, there is a difference in
cooling times. FE predictions suggest it should take the disc brake 2 hours 22 minutes to cool
down to 50°C, which is less than half the time taken for the average thermocouple reading,
recorded at 5 hours. Over-predictions of this nature was not a onetime occurrence as every node

in the FE simulation produced the same outcome.
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Figure 6.22: Average friction surface experimental data with the corresponding FE predictions

With temperatures being accurate at the start of the cooling phase but quickly drops out of the
acceptable range, there was evidence to suggest that the used heat transfer coefficients were
inappropriate for the scenario being modelled. Heat Transfer coefficient values were deduced
from previous experimental data (Voller 2003) that were not representative of a parking
situation. Instead of a forced convection, the flow was buoyant around the brake assembly,

resulting in natural convection values of h.,,,, vastly changing with temperature.

To improve the accuracy of the FE model, an investigation was needed to find the representative
values. The importance of this work is highlighted by Figure 6.23 as inaccurate disc brake
cooling characteristics is the root cause of inaccurate pad temperatures to also be predicted. Due
to the greater thermal mass of the disc brake, it influences largely on the cooling rates of all
assembly components. Without an advanced understanding of the buoyant cooling
characteristics of the disc brake, it will be impossible to generate an accurate full brake
assembly FE model, as demonstrated here by a simplified FE model. For this reason, subsequent

chapters focus on the thermal aspects of a stationary parking application.
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Figure 6.23: POS average temperature with erroneous results omitted.

6.4 Chapter Summary

In Chapter 6, the fabrication of a simplified FE model was described with details of the
boundary conditions used. Within the braking industry, it is common for brake application
modelling to be conducted using constant heat transfer coefficients. This is acceptable when the
braking times are short and the amount of heat inputted into the system far outweighs what is
being dissipated. Matching FE temperature predictions with experimental data were achieved
during the heating stage, with short cycle times. However, poorly matching predictions for the
parking applications provided substantial evidence to conclude that these common assumptions
are inappropriate to make for the much longer scenarios. Further work is required to find more

suitable heat transfer coefficient values that will allow more accurate predictions to be made.
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7 Analytical Investigation into Disc Brake Cooling

Thus far, modelling of heat transfer from stationary disc brakes has proven a more complex task
compared to modelling a dynamic scenario. In the latter, symmetry about each vane channel and
constant HTCs are valid assumptions to make with disc rotation and short braking times.
However, because airflow is driven purely by natural convection and cooling times are much
longer in stationary parking applications, heat transfer coefficients can no longer be assumed
constant. Having previously investigated the global heat transfer between brake assembly
components, Chapter 7 aims to understand the variability in convective heat transfer from the

disc brake.

To achieve this aim, analytical modelling of a simplified disc geometry was conducted to find
the local convection heat transfer coefficients across segments of the surface. These values were
then averaged across the whole surface area to generate an equation for the average h.,,, over
the specific temperature range relevant to CV parking applications. Using the energy balance
equation, three cases were inspected numerically with the modelling assumptions increasing in
complexity; section 7.2 discusses only the more difficult case where convection is allowed to
vary with temperature alongside radiation, by using the previously derived h.,,, equation. It
was found that by allowing both of these heat transfer modes to vary, a more representative
cooling profile can be determined. Chapter 7 is concluded by applying the same analytical
method to the hat region by replacing vertical wall theory with the theory of heat dissipation

from horizontal cylinders, to complete a full disc brake analysis.

To simplify the process, the work presented in this chapter assumes all cooling transpires on the
two friction surfaces, without conduction passing heat to the wheel carrier. These assumptions
mean the equations derived directly relate to the results presented in section 9.2.1, where the
disc brake vane channels were blocked and had a gasket acting as a thermal barrier between the
disc and wheel carrier. Subsequently, validation and accuracy testing will be conducted by

comparing the analytical results with these measured results.

7.1 Analytical Modelling of a Vertically Positioned Disc

Heat transfer research on natural convection has throughout history been completed on bodies
with simple geometry. For example, McAdams (1954) showed the generation of the thermal and
hydrodynamic boundary layers of free air from a flat plate placed vertically and horizontally
whilst Morgan (1975) conducted similar work but with cylindrical geometry in free air. Despite

all the research, there is still no defined way of calculating the heat dissipation from a CV disc
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brake in stationary conditions, where buoyant flow will be affected by the intricacies of the

complex geometry.

It would be very convenient to model the disc brake as a series of concentric cylinders placed in
free air as equations are already available to find the heat transfer properties. The thickness of
the rotor section is much smaller than the OD, meaning the majority of convective cooling
transpires from the vertical friction surfaces. Therefore, it would be a more reasonable to
assume the disc is two vertical plates in free air. Using standard equations proposed by both
McAdams (1954) and Churchill and Chu (1975) would be difficult to justify as they calculated
their equations based on rectangular plates in free air, where their characteristic lengths are

considered constant.

Considering the friction surfaces of the disc brake are essentially hollow circles, using the
straight vertical wall equations would also be inappropriate as the characteristic length changes
continuously around the disc. Simplified disc geometry was necessary to enable an estimate of
the heat dissipation patterns from the disc brake, with section Figure 7.1 outlining the
generation of the simplified geometry, followed by the subsequent flow analysis. The
assumption that the friction surfaces could be separated into the four separate regions was made
and demonstrated in Figure 7.1. On either side of the disc, an area is made by an arc starting and
finishing directly above and below the ID, located on the horizontal centre line (black centreline
in Figure 7.1). The height of the arc above the horizontal centre line, y,,., was found using

equation (7.1), based on Pythagoras’s theorem.

dAgrc
dx

= Yarc = (roz - x2)1/2 (7.1)

To find the area of the arc section, integration of equation (7.1) was completed. Limits of the
integration were in the x direction, along the horizontal distance from the inner radius, r;, to the
outer radius, 1,. Obviously, the total arc area is the summation of the area above and below the
horizontal centreline but equation (7.1) only calculates the height from the horizontal centreline.
As the areas are symmetrical above and below, a doubling compensation factor has been added
to the integration in equation (7.2). Integration was conducted by using the trapezium rule with
a step size of 1 mm. Figure 7.2 shows the area for each segment of the arc as equation (7.2) is
integrated. Summation of the individual areas gave the total arc area of be 0.0258 m”.

To
Agre = zf (n° = xZ)l/de (7.2)

Ti
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Figure 7.1: How the contact face surfaces area was broken down into simplified geometry (not to scale).
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Figure 7.2: Arc area integration results.

With arc geometric properties now known, attention turned to the airflow patterns and heat
dissipation across the arc, the first action was to access the heat transfer mode within the fluid.
Figure 7.3 shows that the Pr value remains constant across the wall surface. This is unsurprising
as it is function independent from any wall interaction. Increasing temperatures do however
decreases the Pr value. It should be noted that the fluid used throughout was air with the
properties outlined in Appendix L. The highest Pr value was generated at a temperature of 20°C
equalling 0.703, with the lowest value of 0.688, a 2% drop at the maximum 400°C air
temperature. These Prandtl numbers are below unity and is therefore considered a low value,
specifying that convection is the main heat dissipation mode within the air passing over the

solid disc brake.
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Figure 7.3: Prandtl number across the arc section at different temperatures.

The next dimensionless number investigated was the Grashof number. Unlike the Prandtl
number results, a significant change is seen across the horizontal centreline (Figure 7.4). At the
1;, where the local characteristic length was greatest, a value 5.08x10® was calculated. This
figure reduces in the x direction across the arc, down to zero at the r,, because the characteristic
length is zero. This is a very interesting result as it shows that airflow over parts of the arc could
have transitioned into fully developed turbulent flow, or at least into the transitional phase,

whilst laminar flow is existing further towards the OD.
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Figure 7.4: Grashof number across the arc section at different temperatures.

The values of Gr assume the flow over the local vertical surface, with a specific characteristic
length are independent of the flow horizontally adjacent to it. Eddy currents created by the
perturbing flow towards the turbulent 7; cannot be expected to be only influencing the air
perpendicular to the surface. Perturbations will create some lateral flow motion, affecting some
of the laminar flow regions towards the laminar 7,. Without CFD analysis this effect cannot be
investigated further due to the added difficulty in the mathematics and the time constraints
associated with the project. For now, the assumption that the any flow turbulence will be

confined perpendicular to the horizontal position on the disc brake surface will remain.

Interestingly, looking at a single point on the horizontal centre line, as the temperature drops the
magnitude of the Grashof increases until a maximum is reached at the temperature 255.6°C.
Afterwards, the Grashof number falls until it reaches zero at ambient temperature when there is
no thermal gradient present. This result is somewhat a surprise looking at equation (4.11) as the
change in temperature is directly proportional to the Grashof number. The occurrence of the
peak Gr value is attributable to the change in kinematic viscosity as Gr is inversely proportional
to its square. As the temperature of a fluid increases, its density drops as thermal expansion

occurs. Lower density fluid results in reduced friction within the flow, lowering the kinematic
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viscosity. Above the critical temperature of 255.6°C, the changing kinematic viscosity effects

surpass the thermal gradient, thus and reducing the Gr value hereafter.

Rayleigh Number
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Figure 7.5: Rayleigh number across the arc section at different temperatures.

Considering the Rayleigh number is a function of the Grashof number, it is unsurprising that the
results seen are of the same nature. A value of 3.49x10® at 400°C corresponds to turbulent flow
according to McAdams (1954). The results show the flow trips into a turbulent state just 8§ mm
from the OD. In contrast, the critical Ra value proposed by Necati Ozisik (1985), albeit for a
different geometry, would suggest that the flow perpendicular to arc surface would be in a
laminar regime throughout. Neither value derived was for the same surface geometry as the arc,
making it impossible to tell by numerical calculation whether the flow has fully tripped into a
complete turbulent regime. Ambiguity with the airflow state has made definite heat dissipation
conclusions impossible to state, although the evidence would suggest the flow, at very least, will
have reached the transitional period in between laminar and turbulent flows when the disc brake

is at its hottest.

Having completed the study into the fluid properties flowing over the arc surface, focus was
placed on understanding thermal interaction from the wall to the fluid. Determination of the

Nusselt number over the arc region will help describe the dominant mode of heat transfer. Two
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separate correlation equations have been presented by Churchill and Chu (equation (4.14)) and

McAdams (equation (4.15)) to calculate the Nusselt number; both were used and compared.
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Figure 7.6: Mean Nusselt number for temperature and horizontal position for Churchill and Chu (1975)

relationship.
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Figure 7.7: Mean Nusselt number for temperature and horizontal position for McAdams (1954)

relationship.

Two ways of calculating the Nusselt number given in section 4.2.2.6, one from McAdams
(1954) and the other by Churchill and Chu (1975). Both methods produce a mean Nusselt
numbers across the thermal boundary layer. A comparison of the two methods was completed,
with the Churchill and Chu method examined first. Nusselt numbers above 100 relate to a
surface to fluid regime dominated by convection, whereas it can be said that conduction through
the fluid and away from the surface is represented by values of one and below. It can be seen in
Figure 7.6 that the Churchill and Chu equation predicts a value of 70.7. Keeping with previous
patterns, this value is somewhere in between the two critical values, demonstrating a transitional
state. However, the value is still high, signifying that convection dissipates the majority of heat
from the arc surface but with conduction still having an influential effect. The maximum
calculated was 72.4, located at the r; where the characteristic length is greatest and when the
temperature dropped to 251.8°C. This nonlinear characteristic fall shows that the Nusselt

number is dependent on both the temperature and the location.

In comparison, the correlation equation derived by McAdams (1954) produces a similar looking

Nusselt number pattern across the arc surface (see Figure 7.7). However, with Nu values
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calculated to be 80.6 at the maximum temperature, with a maximum of 82.5 at 251.8°C show
the McAdams equation produces values 14% higher. Even with the large increase in Nu, the
heat transfer process from the arc surface still cannot be characterised as convection dominated.
With both equations being based on experimental data, it was expected that a closer alignment
between the generated results than what was actually achieved. According to Necati Ozisik
(1985), the McAdams equation is a closer approximation to actual value so will be used in all

further calculations regarding vertical wall heat transfer calculations.

Having established that convection dissipates the majority of heat from the arc surface to the air,
calculation of the convective HTC could transpire. Firstly, it must be stated that any calculation
of h.yny Will encompass the conduction effects from the surface to the air. In Figure 7.8 the
locally calculated mean h,,, values, established from equation (4.13), are presented for
different locations across the disc brake arc section. High variability is seen for h.,,,, values,

ranging from zero to a maximum of 14.4 W/m’K at the maximum temperature.
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Figure 7.8: Calculated h.,,,, values for the arc section - Churchill and Chu relationship.

An increase in the thermal conductivity with temperature prevents the occurrence of a peak
hcony value as seen of the Nusselt number, at least within the region this project is concerned

about. One pattern that is equivalent is the magnitude reduction as the characteristic length
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(height from centreline to the arc) decreases towards the OD. This is an expected result because
the characteristic length of the thermal boundary layer shortens, reducing the amount of heat

transfer taking place.

With the data shown in Figure 7.9, it was possible to derive an equation relating to convective
HTC with both temperature and location. It was unnecessary to develop such a complex
equation as the aim was to produce a total surface relationship for a convective HTC. A single

average h.on, value spanning the entire arc section was found through the use of equation (7.3).

To
_ Zizrl- hconviAarci (7.3)

hconv - A
arc

Results of equation (7.3) were plotted against temperature in Figure 7.9, showing a highly
nonlinear reduction in h.,,. A regression analysis was conducted on the results, using the post-
processing program DIAdem, to obtain a relationship relating h.,,, to temperature. A quadratic
relationship, with a natural logarithm correction term, was found to deliver the optimum

estimation as nearly 98% of the data was captured (see (7.4)).

Reony = @1 + @ Ty + asTy? + asin(T,) (7.4)
The natural logarithm term was required to account for the decay as temperatures approached
ambient. A regression equation describing over 99% of the data was achievable when ten higher
order terms were included but it was decided the added accuracy was not justifiable considering
the additional computational time that would be needed. Coefficients for equation (7.4) have
been determined for the arc section and given in Table 7.1. The only caveat when using this
equation is that is does not pass through zero at exactly at the point of ambient temperature.
Therefore, for the purpose of future FE modelling, the user must manually input a zero h.ypy,

value for the ambient temperature and then allow equation (7.4) to predict thereafter.

Table 7.1: Coefficients relating to equation (7.4)

Coefficient Arc Area Rectangular Area Disc surface Mean Cylinder
a, -10.65 -10.22 -8.07 -7.37
a, -0.0251 -0.0240 -0.0189 -0.0100
as 3.42E-5 3.28E-5 2.56E-5 1.22E-5
ay 4.56 4.37 3.45 3.13

211



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

Mean h Variation With Temperature
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Figure 7.9: Mean h,,,, values across the arc for various temperatures

7.1.1 Rectangle Section Properties

Of the four sections on the simplified disc brake friction surface geometry, convective heat
transfer from the two rectangular sections remained undefined. By completing a similar
procedure for the rectangular sections as for the one just completed for the arc sections, a disc
brake friction surface h.,,,, equation could be made. An advantage of being able to assume a
rectangular shape is that the boundary layer on the surface normal would develop evenly across
the surface, in the horizontal direction. Consequentially, the airflow and hence, the heat transfer
properties across the section would be constant; this lack of dependency on local horizontal

position greatly simplified the process.

Due to the construction of the simplified geometry, the base length of the rectangles were equal
to the r; dimension. Rectangle height, y,, would be analytically calculated by equating the
whole disc surface area to the four sections then rearranging for y,.. By doing so, the area of the
simplified geometry was equal to the standard geometry, making them equivalent. Through the
use of equation (7.5), the rectangle height was found to be 114.1 mm. A resultant rectangle

surface area, A, , was calculated to be 0.0267 m”.
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Asurf = 2Agrc + 247¢c

n(r,? — r;?
((04 l>_2Arec>

2 T

(7.5)

Yr =

Dimensionless numbers were calculated for the rectangle using y, as the characteristic length of
the wall. The temperature range being investigated will remain from 20° to 400°C with the air
properties changing described in 0. Figure 7.10 shows the change in Prandtl, Grashof, Rayleigh
and Nusselt numbers with temperature. Prandtl values decrease with an increasing temperature;
as air remains the fluid, the values match those given for the arc section. The Grashof, Rayleigh
and Nusselt numbers all show the same fundamental characteristics as they started at zero and
raised in a nonlinear fashion to a peak value before falling away thereafter; peak values were
1.68E7, 1.16E7 and 34.5 for the three varying dimensionless numbers respectively.
Dimensionless values are much lower than those realised for the arc section as the maximum
characteristic length is much smaller. In contrast to the arc, flow representative of laminar
conditions is suggested for the air flowing over the rectangle surface. Larger hydrodynamic

boundary layers would be present here, resulting in lower HTCs than for the arc.

It was no surprise to find the convective HTC result demonstrating the same pattern seen for the
arc section, because the same equations and fluid properties used. The variability of the mean
convective HTC with temperature is shown in Figure 7.11. Indeed, with a maximum value of
11.4 W/m’K at 400°C, the h,yy, value was lower than the arc section by a difference of 4.1%.
The regression equation that predicts the h.,,,, values was in the same format as equation (7.4),

with its coefficients also given in Table 7.1.
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Figure 7.10: Calculated dimensionless parameters for a rectangular section.
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Mean h_ . Variation With Temperature
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Figure 7.11: Mean h.,,,, values for the rectangle area against various temperatures

7.1.2 Disc Brake Friction Surface Convection Heat Transfer
Coefficient

Simplifying the disc brake geometry allowed two separate heat transfer investigations to be
conducted for the disc brake surface. By taking a weighted average of the equivalent h.yp,
values, a generalised appreciation of the heat transfer variation with temperature was realised
for the whole disc brake surface. The contribution of the arc surface area to the whole surface
contact face area is 51%, making its weight function 0.51 with 0.49 being the resultant rectangle
weighted function. A final disc surface regression equation is presented in Figure 7.12. Again,
nearly 98% of the data is represented by the corrected quadratic equation; coefficient values

available in Table 7.1.
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Mean h__ Variation With Temperature
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Figure 7.12: Mean h_,,,, values for the full simplified geometry with various temperatures

Section 7.1.2 was successfully devoted to achieving an equation that describes the convective
heat transfer from the disc brake friction surfaces but the need for four terms in the h.ypy,
equation describes the relative complexity of the behaviour. Many factors that influence the
hconv Value were overlooked to produce the relationship. For example, it was mentioned that
relative position on the surface was ignored. The presence of the hat section on the outboard
side has been shown to affect the flow over the surface. Incorporating this effect would have
dramatically increased the mathematics difficulty. A final effect that was neglected was the air
flowing over the top rectangle would be hotter than the bottom rectangle. Identical figures
where used to calculate the top and bottom rectangle heat transfer values. Clearly, the
symmetrical results generated will not be true to nature. Because all the simplifications made
and interactions ignored, the h.,,, equation made should be used for relatively crude
calculations of heat transfer. However, this approach is much improves the cooling temperature
prediction processes currently used for disc brakes under parked conditions. Furthermore, the
convective heat transfer properties have been investigated from a generic disc shape geometry

thus far in Chapter 7, orientated vertically in free air. Consequently, this technique can be used
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to find the h.,,,, value for the free end surface of all thin, hollow cylinders placed horizontally

placed in free air.

7.2 Numerical Modelling

To build on the information gained from the analytical modelling, section 7.2 generates a
numerical model to predict the heat dissipation from the full brake disc. Modelling of three
individual cases was conducted, all of which were for the scenario of the disc brake only. For
each case, the initial differential equation started from the energy balance equation (equation
(K.1)). Different assumptions were then applied to create three separate cooling cases. Case 1
used the standard brake assumptions as a baseline result, i.e. the heat transfer coefficients for all
modes of dissipation were held constant. Case 2 increased the analytical models complexity by
allowing the radiation to vary with temperature of the cooling range, whilst Case 3 allowed

variability in radiation and convection.

Using MatLab to solve the derived 1* ODE for Case 1, it became apparent that constant HTCs
did indeed lead to inaccurate results (see Appendix K) as predicted in Chapter 6. Predicted
cooling profiles, from the differential equation, failed to accurately recreate the experiment data
profile. By integrating the differential equation, an exact solution was able to be generated for
the cooling profile. Temperature predictions under-estimated the convection HTC from the disc

brake during the cooling phase, making the derived equation not useful to the design Engineer.

Allowing radiation to vary with temperature did produce an improvement in Case 2 as the rate
of heat dissipation was be increased at the higher temperatures. However, the ability to integrate
the improved cooling equation was eliminated by the increased equation complexity, which
prevents a mathematically exact solution. Alternatively, an approximation equation was derived
instead (equation (K.30)) of an exact solution by using an asymptotic expansion. This
assumption equation was found useful only for a specific temperature range, much lower than

what was being investigated in this project.

Due to the demonstrated importance of convection variation throughout the cooling phase, only
the results of Case 3 are presented in section 7.2; the reader is directed to Appendix K if they are

interested further in the mathematical derivations and results from Cases 1 and 2.

7.2.1 1st ODE Generation

Permitting radiation to vary achieved greater accuracy from the numerical analysis. It was then

predicted that by having variable convection coefficient simultaneously with variable radiation
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coefficient would further increase the accuracy of the analytical analysis (Appendix K). Having
found a relationship for convection with temperature above, it was now possible to test this

hypothesis.

The energy balance shown in equation (5.1) was used as the starting point for determining the
differential equation for the third case. Differences between Case 2 and 3 emerge when equation

(7.4) is substituted in rather than holding hyy,,, constant. The corresponding 1** ODE was:

mgCpq ddltd = _[hconvAsurf (Tq — Too) + hraaAsury (Tg — Tm)]
mdcp,ddd% = —[ (a1 + a2Tq + asTe? + a4in(Tq) ) Asury (Ta — Teo)
+ 0eAgurs (Ta* = T")|
dd% =-y [(al +a,Ty +asTy% + a4ln(Td)) (Ty — Ty)

+ os(Td4 — TOO4)]
(7.6)

Figure 7.13 shows a comparison of the three numerical analysis results to the experimental data;
10% error bars have been inserted to represent the desirable accuracy level. In Cases 1 and 2,
where convection is being held constant, a value of 10 W/m°K was chosen as it gave a

reasonable relationship to both low and high temperatures.
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Figure 7.13: Comparison of the three different cases shows the fully variable case to be superior.

For the first hour very little difference between the predicted temperature profiles was seen for
Cases 2 and 3, whereas the lumped case clearly over predicts the temperature by more than the
required limit. The main difference between Cases 2 and 3 occurs after the hour mark, when the
two profiles separate. For Case 2, using a constant h.,,,, forced the temperature profile gradient
to change less quickly than Case 3 once the disc brake had fallen below 125°C. Both methods
remain within the 10% error limit but the ability to vary the convection made Case 3
qualitatively match the cooling profile better than Case 2. It can be concluded that having a
variable convection coefficient is important for maintaining the surface temperature cooling
profile integrity during the transition from hot to cold temperatures. To reiterate, the geometry
used in this study was for disc brake analysis, but it is also representative of any generic hollow

disc in free air and therefore this method can be used for alternative applications.

7.2.2 Inclusion of Hat Section

To complete the convection study on the CV disc brake, the same dimensionless number
investigation, undertaken for the disc brake friction surface, was be repeated on the hat section.

Numerical analysis was not performed on the hat section however, due to its temperature being
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dependent on the rotor temperatures. An FE modelling solution would is required for this type
of temperature prediction, conducted later in Chapter 10. An FE model boundary condition will
be the h.,,,, values over the hat, section 7.2.2 aims to determine appropriate values to use over

this surface.

Starting with the hat geometry, Figure 7.14 shows the cross section of the disc brake. The hat
was assumed to be constructed of two separate cylinders located in free air allowing convective
HTCs to be found by using the Morgan equation (equation (4.17)). Cylinder 1 has a diameter of
220 mm and a length of 73 mm whilst Cylinder 2 has a diameter and length of 283 and 32 mm

respectively.
A
Cylinder 1
32mm | 73 mm
< \/ >l< >
AN : Cylinder 2
|
|
P T
N R -
@283 mm
0220 mm

Figure 7.14: Simplified hat geometry.
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Figure 7.15: Dimensionless parameters for both cylinders representing hat geometry
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Figure 7.16: Variable convective HTC over both cylinders.

Calculated values for the four dimensionless numbers for both cylinders are shown in Figure
7.15. The larger diameter of the second cylinder causes greater magnitudes for each of the
dimensionless numbers except for the Pr number due to being a function of fluid properties
only, independent of surface interaction. The larger diameter is offset by the long length of the
first cylinder when calculating the convective HTC as Figure 7.16 shows virtually no difference
for the two. Only a single h.y,, equation was created by averaging the Figure 7.16 results.
Continuity was kept with the equation format as it once again matches equation (7.4); cylinder

coefficients are shown in Table 7.1.

7.3 Chapter Summary

Analytical modelling of a disc brake in a stationary parking application was conducted in
Chapter 7. From first principles, three 1% order differential equations were created that
calculated the heat transfer rate from the surface. The first simulated the reference model, where
all HTCs were held constant, the radiation was permitted to vary with temperature in Case 2

with convection also varying for Case 3. The inability to integrate the 1% ODEs, for Cases 2 and
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3, made it impossible to develop a tool that produces an exact solution, which could be used by

a designer in the early design stages.

To enable the 1** ODE to vary with temperature in Case 3, a method of calculating hyy,, Was
established, which was based dimensionless analysis. This involved using simplified friction
surface geometry, making the results generic to any disc positioned vertically in free air. A non-
linear relationship was found for a vertical disc surface h,,,, with temperature. Numerical
solutions were calculated in MatLab, which demonstrated that having this fully variable
boundary condition produces not only accurate results, but also generates a cooling profile of
the right qualitative nature as well. Temperatures investigated in this chapter were for average
surface temperatures only. Although this method has its uses, localised deviations in hgpny
values are not explored. To enhance heat dissipation knowledge from a CV disc brake, the
following chapter utilises CFD technology to explore h.,,,, variation over the whole disc brake

surface area.
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8 CFD Modelling of Airflow and Heat Transfer from a
Stationary Ventilated Disc Brake

Convective dissipation in a 2D plane was the focus of the previous chapter, finding average
surface values of h.y,, over the disc brake. Chapter 8 aims to progress the knowledge
previously acquired by focusing on the 3-dimensional flowfield generated around the disc brake
subjected to natural convection. The standard CFD modelling approach to such problems was
utilised, with airflow and h,,,, distribution results presented. A qualitative validation procedure

was developed to confirm the predicted results.

8.1 Validation Equipment and Procedure

In order to validate the CFD work, practical experiments were undertaken on the Thermal Rig.
A common technique to validate CFD modelling is the hot wire anemometry method, which
measures air speeds and compares them to the CFD calculated speeds, as used by many
previous authors such as Galindo-Lopez (2008). In buoyant conditions, the air speeds will be a
whole order of magnitude lower than in dynamic applications so it was not possible to use the
hot wire anemometry validation technique. Alternatively, a method based on air temperatures

rather than speeds was devised.

Numerous thermocouples were installed into the Thermal Rig and situated around the disc
brake. Rubbing type thermocouples recorded the friction surface temperatures whilst 7 probe
type thermocouples recorded air temperatures. The position of the probe thermocouples along
with their corresponding reference names used in this report are identified by red markers in
Figure 8.1. The air thermocouple naming convention starts with the circumferential angle the
thermocouple is positioned relative to the vertical centreline, when looking from the outboard
surface. Positive angles represent a clockwise position from the vertical centreline, whist
negative values are anti-clockwise positions. The relative angle is followed by AO (standing for
Air Outside) with the final value describing the thermocouple radial distance from the disc

brake OD surface.
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Figure 8.1: Thermocouple names and positions.

As the IHC was located on only the one side of the disc, to ensure an even distribution of heat,
the disc was rotated at 100 rpm through the induction field during the heating phase. Thermal
equilibrium was achieved by holding the disc brake friction surfaces at 400°C for 30 minutes,
allowing the conduction process to heat the entire disc brake volume to a uniform temperature.
After this time period, the IHC and motor were turned off to replicate the stationary disc brake

cooling scenario.

To detect the airflow movement, neutral buoyancy smoke was introduced to the air. An ATE
Smoke Generation unit was used to control the flow of smoke via a swan-neck probe. As the oil
passed through the probe it was inductively heated beyond its flash point to vaporise it, which
for the used Ondina EL oil was 159°C. Consequently, the smoke exiting the probe was hotter
than the ambient but cooled quickly due to it being relatively low in volume in comparison to
the surrounding air. Being low in volume prevents the storage of thermal energy so it is
dissipated quickly. Provided the probe tip was sufficiently far away from the surface when
introducing the smoke then the elevated smoke temperatures had minimal effect on the flow

patterns.

To aid the smoke visualisation process, a low power constant beam laser was used in
conjunction with a beam splitter to create a plane of light, as demonstrated in Figure 8.2a. For

greatest effect, the light plane needed to be in the same direction as the particle flow, giving
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maximum photon exposure to the flowfield — vertically positioned in this case. The laser was
placed in three subsequent positions, allowing a large amount of data to be captured and
analysed. As seen in Figure 8.2b, two of these light planes are parallel to the friction surfaces
and above the midpoint of the disc brake, the first was on the flange surface (A), with the
second light plane located at the centre of the vane channels (B). The final light plane was
rotated through 90°, such that it captured the airflow through the disc brake’s centreline, in the

axial direction and below the midpoint (C).

Beam
Splitter

Swan-nheck /

Figure 8.2: Smoke machine testing with light planes to aid flow visualisation.

8.2 CFD Model Construction

CFD has been developed and used for many years now, becoming common practice when
conducting airflow analysis. The greatest asset of CFD for this study is the ability to produce
flow predictions within channels, where it would be otherwise impossible to see the effects of
geometry on temperature and airflow patterns. From the literature, it appears Olphe-Galliard

(2011) is the only author who has attempted to use a generalised CFD program to predict
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airflow around a stationary passenger car disc brake. A discussion on the CFD model generation
process is presented before the results of a test into the relative effectiveness of four generalised

CFD turbulence solutions are examined.

8.2.1 Volume Mesh Generation

Initial modelling of airflow around a complex shape, such as a ventilated disc brake, driven
purely by buoyant affects has proven difficult. Olphe-Galliard (2011)found that a much larger
volume has to be considered, compared to the axisymmetric models often used in dynamic
braking simulations, such as Voller (2003) and Galindo-Lopez (2008). Furthermore, a much
finer volume mesh was required, including prism layers close to the surface boundaries, giving
greater near-wall shear stress evaluation. Building on the previous work, Figure 8.3 shows the
rectangular geometry encased around a standard 434/234 mm radial vane CV disc brake,
making the CFD volume mesh. The geometry extended 1.0 m downwards in the negative Y
direction and in both the positive and negative X directs from the origin (located on the flange
face plane, on the disc centreline), 0.5 m from both the flange and the inboard contact faces (Z
directions), whilst extending a further 2.5 m above the disc brake (positive Y). The consequence
of such a large area is that the CFD solver had to make calculations for a total volume of 3.795

m’. Having to use a relatively fine mesh over such a large volume will inherently cause the

computational time until convergence to rise.

Figure 8.3: CFD model domain.
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The mesh used for the duration of the CFD investigation is presented in Figure 8.4; a cut
through the centre of the YZ plane is shown for all three sections. Figure 8.4.a displays the full
volume mesh that was created by a total of 9.2 million elements. Of these, 6.3 million were
tetrahedral, 2.8 were wedges and the final 0.1 million were the near-wall prism elements. As
seen in Figure 8.4.b, the mesh density gets finer towards the disc brake surface boundary, with a
part of the prism mesh displayed in Figure 8.4.c. Olphe-Galliard (2011) conducted a grid
convergence study to show the mesh quality generated was adequate; this investigation used the

same meshing strategy and therefore also generated an adequate mesh quality.

The prism layer itself was extended around the entire disc boundary surface. There are two
methods of creating a prism (or inflation) layer, the first is to set the thickness of the first layer
only and the other is to set the total thickness of the prism layer. With the former, there is a
smooth transition between the prism layer and the tetrahedral elements and has superior
capabilities when meshing with complex geometries, but does have the disadvantage that the
number of layers used does vary. Alternatively, the constant layer thickness option keeps the
same total thickness the inflation layer thickness around the surfaces but can change the number

of prisms in the layer. To understand why this might be an issue, the y* term is discussed.

o000

szo

055D

i
006

Figure 8.4: Mesh generated for CFD investigation, with a.) the full volume mesh, b.) finer mesh around
the disc brake and c.) prism layer close to the surface
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Near wall interactions are always important, however often in turbulent flow the near wall
interaction is less important than the free stream flow because of the small boundary layer. In
these cases, the first element in away from the wall is treated as the laminar near wall region
with the remaining elements in the turbulent region. Special near wall functions are built into
CFD programs to deal with these laminar regions differently than in the turbulent regions. To
calculate the distance the first node needs to be away from the wall, Ay, the follow equation is
used.

- 8.1
py = Ly* |(74Re, " 14) &1

Where L is the flow characteristic length scale, Re; is the Reynolds Number based on the flows
characteristic length and y™ is the desired value of y*. Using equation (8.1), taken from Release
Notes for FLUENT 6.3 (Fluent Inc. 2006), the thickness of the first prism layer can be
determined by using a desired value of y*, which is a non-dimensional distance. High values,
above 100, are for turbulent flow, it can be into the thousands for high speed aerofoils. A high
value of y* describes laminar flow is present throughout the first wall element, with no laminar
flow in the following element. Having a too high a y* value will result in the first element being
placed too far outside the boundary layer and subsequently using laminar wall functions on
regions of turbulent flow. Conversely, by using a value that is too small a value under predicts
the size of the boundary layer, introducing errors into the simulation; values smaller than 11 are

generally deemed as too low (Jerhamre and Bergstrom 2001).

However, wall functions are only important when the flow regime is turbulent. In the previous
chapter it was concluded that the flow regime will be in a transitional phase over the disc brake.
This lower velocity flow driven under natural convection, will require a small y* value to
capture the more significant shear stress factors associated with natural convection flow all the
way through the boundary layer, resulting in y* values below 11 are likely to be needed.
Standard wall functions therefore cannot be used. Scalable wall functions allow the flow to be
resolved all the way through the boundary with a finer near wall (prism layer) mesh and

consequently, one was used throughout this investigation.

With the flow not expected to be fully turbulent, a smaller first layer thickness of 0.075 mm was
used with an exponential growth rate to ensure the laminar effects were captured; this relates to
an estimated y T value of five. A maximum of 10 layers was set but as the first layer thickness
prism layer meshing scheme was used, this number was able to reduce in complex geometry

regions. The advantage of a smooth transition from the prism layer and the tetrahedral elements
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was one reason for using first layer thickness meshing scheme, but it was the guaranteed smaller
size of first layer thickness which was the main factor behind the using the scheme. The

software used to produce this mesh was ANSY'S Mesh version 12.1 solver.

8.2.2 CFD Model Setup

With a completed mesh, attention turned to setting up the CFD model. Parameters that needed
defining were the open surfaces temperatures, disc brake surface temperatures, which
turbulence model would be used in the solver and what was the desired convergence target.
Starting with the temperatures, the open type boundary surfaces (displayed in Figure 8.5) were
set to an ambient 20°C. As the disc was heated to 400°C initial temptation was to match the disc
brake surface boundaries with temperatures. However, as the disc brake had to rotate during
heating, air temperature measurements were recorded after the disc brake friction surfaces had
been allowed to cool to 350°C, ensuring no rotational effects remained from the heating
process. All resultant airflow was then a function of natural convection. CFD surface
temperatures were therefore set at 350°C on the rotor. Conduction to the hat section of the disc

brake would cause its temperature to rise, but dissipation by radiation and convection will result

in the temperature being less than the friction surfaces; the hat was assumed to be at 200°C.
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Figure 8.5: Open surfaces set to 20°C.

Convergence levels from a CFD model is determined by the size of the residual values produced
from the solver compared to a predetermined target value. A model is said to be complete once

all the governing equations have reduced to the specified value. The residual values are a
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resultant of the truncation error generated in the solver when truncating the numerical
approximation series equations. Convergence analysis has been covered in-depth (Galindo-
Lopez 2008) and was found that to achieve good agreement between CFD and experimental
results, for both momentum and heat transfer, a convergence target of le™ should be used,

which was subsequently selected and used in this investigation.

Selecting the turbulence model was somewhat less straightforward. The amount of work readily
available in the literature on natural convection airflow around a stationary disc brake is
minimal. Subsequently, there is little advice readily available as to which turbulence method is
most suited for stationary braking applications. Numerous authors have published work using
the k — ¢ model in dynamic scenarios because of its robustness and quick convergence times
associated with it, whilst kK — w models have been used for wall-bounded flows. As Figure 8.4
and Figure 8.5 demonstrate, the volume is partially wall bounded (in the vane channels) and
partly free stream so either of these turbulence models could be used. Also, with the flow
regime possibly transitional, a simple laminar model may well prove to the most appropriate to

use.

In response to the lack of published work, CFD predictions were generated with four separate
models. Each simulation used a different turbulence, with the purpose of determining which
turbulence model is most appropriate to use when modelling stationary braking applications. A
short discussion is offered first about the three mentioned turbulence models, as well as a fourth

(being the Shear Stress Transport (SST) model), before the results are presented.

8.2.2.1 Laminar Model

In all CFD generalised code, the fundamental equations that are being calculated are the

unsteady Navier-Stokes equations, which is given in the general form in equation (8.2).

p(ﬁ+17-V17> =-Vp+V-T+f
ot (8.2)
Where ¥ is the flow velocity vector, T is the stress tensor and f is a single representation for
other forces that may be acting in the system. For simple laminar flow, the Navier-Stokes
equation breaks down into the continuity equation and the conservation of momentum. The
former calculates properties related to the mass within the system whilst the latter calculates the
3-dimensional flow properties. This process requires four equations to be solved for each node.

If heat transfer is present in the simulation, a conservation of energy is also calculated. In this

case, diffusion is the mechanism for energy transfer within the fluid. The laminar model can be
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used for high Reynolds Number flow but with additional terms are required as there are no

mathematical terms to deal with the added energy components.

8.2.2.2 k — £ Model

The k — ¢ turbulence model is by far the most common model used when conducting CFD
analysis. To aid the governing Navier-Stokes equations with the presence of flow turbulence,
the k — & model calculates two additional equations, or transport equations, at every element.
The first is to calculate k, the amount of turbulence kinetic energy. The second € equation is for
the turbulence eddy dissipation rate. One disadvantage of this model is that it was derived for
purely turbulent models only so will produce inaccurate results if used for any other flow
regime. Robustness is achieved when using the two additional equations that generates
reasonable accuracy (provided in turbulent conditions), for economical computation times.

These factors are the source behind why it is commonly used throughout research and industry.

8.2.2.3 k — w Model

Like with the k — &, the k — w turbulence model uses two transport equations to calculate the
additional turbulent energy; the turbulent kinetic energy, k, equation remains with the specific
dissipation rate, w, replacing the turbulence eddy dissipation rate. Terms in the w equation
allow molecular viscosity effects to be calculated, giving the desirable characteristic of

accurately calculating near-wall boundary layer flow.

However, the main problem with the standard k — w model is that it is extremely sensitive to
free stream flow. The baseline (BSL) model is a slight derivation of the original k — w, it was
established to give the robust and accurate near-wall region flow predicts generated by the
k — w but with the advantage of also delivering the free-stream properties of the k — € model.
To do this, the k — ¢ equations are transformed and added to the k — w equations. By
implementing a blending function, the BSL model differentiates between the two sets of
equations with respect to each elements relative position. In near-wall regions, the blending
function is one and zero in the free stream, the reverse is true for elements in the free stream
region. Consequently, k — w based models are widely used for simulations where the flow is

constrained by walls.

8.2.2.4 SST Model

The SST turbulence model theoretically improves on the BSL models as it introduces terms to

the transport equations that calculate the transportation of turbulent shear stress. The omission
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of turbulent shear stress in the BSL model prevent accurate predictions of flow separation under

pressure gradients and/or from smooth surfaces (Menter 1994).

8.2.2.5 Turbulence Modelling Comparison

To test the validity of the four discussed turbulence models, temperatures were recorded during
the practical experiment from the thermocouples positioned in Figure 8.1 and compared to the
four CFD models. Table 8.1 shows the amount of time each model took to reach convergence.
Having to calculate the fewest number of equations per iteration, it was unsurprising that the
laminar model was the quickest to complete. It transpired that the SST turbulence model is the
quickest out of the remaining three to converge for a disc brake CFD simulation. The effects of
having turbulent shear stress terms in the SST model greatly improve the time to convergence
when compared to the other k — w derivative as the BSL model took virtually double the

amount of time, whereas the k — € model was approximately 11.5 hours longer than the SST.

Table 8.1: CFD model tests — convergence times.

Turbulence Time to
Model Convergence
(days hr:min:sec)
Laminar 2 04:58:04
k—c¢ 2 21:24:02
BSL 4 05:39:36
SST 2 09:57:15

It should be noted here that none of the models fully converged to the le™ limit set. Instead, this
time was until the limit of 1,750 iterations was reached. In all cases, the mass and three
momentum equations did indeed reach the residual limit in the allowable region (Figure 8.6a),
what prevented full convergence was the heat transfer properties (Figure 8.6b). The residual
values in each of the models quickly reduced to le” before plateauing and remaining constant
for the remaining calculations. Clearly, limitations of the current solver capabilities for such a
complex problem were reached. However, considering all the momentum equations successfully
converged with the heat transfer residuals all converging to a similar satisfactory level, albeit
not to the desired level, the results could still be acceptable if the predicted temperatures were

close to the measured.
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Figure 8.6: Typical convergence graphs for a.) mass and momentum, and b.) heat transfer.

The predicted air temperature values for the laminar and the three separate turbulence models
under investigation are compared to the measured air temperatures in Table 8.2. It is interesting
to see that no turbulence model can claim superiority over the others for all thermocouple
positions. For example, at thermocouple +000 AO 010mm the SST model produced the closest
match to the measured data with only a 4.1% overestimation, as well as being best matched at
two other locations, whereas it was considerably poorer than the laminar prediction at position
+045 AO 010mm. Little differentiation is seen from the results for the air temperatures on the
lower half of the disc. Generally, the SST results approximately differ by 10% to the measured
data in absolute terms, and less than 20% in when temperatures are converted into relative
terms. With good agreement between the SST model and the measured data, the CFD modelling

can be described as accurate even with the reduced heat transfer CFD convergence level.

It can be concluded from this investigation that the SST turbulence model was the most
appropriate when simulating natural convection around a disc brake for both accuracy and
computational time advantages. However, it should be noted that the laminar model results
produced satisfactory values too. By using equation (4.9) an estimate of the Re value can
calculated at 2.2 x 10%, taking air property values from Appendix L at 100°C and assuming a
velocity of 1 m/s. According to Allen (1982), this value falls within the unsteady laminar
region, where the flow is transitioning from laminar to turbulent. This prediction matches well
with the analytical modelling in Chapter 7. A laminar or early stage transitional period over the
disc brake friction surfaces is detrimental to brake cooling as the additional turbulent energy

helps to increase flow velocity, which in turn increases the amount of convection. It can be
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concluded that of the four models used, it is the SST model that is the most appropriate to use in
stationary parking applications to ensure the low energy inflow turbulence is captured.

Table 8.2: CFD model results compared to experimental results - % difference from measured.

Thermocouple Measured Laminar k—e¢ BSL SST
Temperature

K A% A% A% A%
+000 AO 010mm 528 9.2 -9.8 8.4 4.1
+000 AO 215mm 391 -13.7 -18.5 -13.8 -12.3
+000 AO 395mm 340 4.1 -8.7 -5.2 -3.8
+045 AO 010mm 322 1.9 -3.7 7.4 7.1
+090 AO 010mm 327 -10.3 -10.5 -10.3 -10.3
+135 AO 010mm 324 -9.6 -9.6 -9.6 -9.7
+180 AO 010mm 326 -10.2 -10.1 -10.1 -10.2

8.3 CFD Results

Having defined the CFD setup procedure in section 8.2, results of the CFD simulation are now
presented. The results have been broken down into three subsections and discussed individually;
they are an air temperature based validation technique, predicted airflow patterns and concluded

by further CFD validation, this time via the qualitative smoke machine method.

8.3.1 Flange Airflow and Heat Plume Existence Testing

The first results discussed are at the flange position. Predicted air streamlines, which originated
on this plane, are shown in Figure 8.7. A distinct velocity plume is clearly generated directly
above the disc, which does not extend to the extremities of the disc brake width. As the air is
accelerated around the hat section, gaining heat as it does so, a plume of this nature would be
expected. Nonetheless, four further thermocouples were positioned on the Thermal Rig, located

in accordance with Figure 8.8, to test the validity of CFD results.
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Figure 8.7: Predicted plume presence from CFD modelling located on the flange face

Results are displayed in Table 8.3. Once again, CFD predictions matched well to the measured
data, showing the existence of the predicted plume. Air temperature remained at ambient for
three of the four additional thermocouple locations with only the outboard side temperature
rising by a marginal amount, which was not captured by the CFD simulation. This results was
attributed to the fact that only the disc was in the model, whereas in reality the wheel carrier

component was also attached to the fixture, increasing the length of heat source in that direction.
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Figure 8.8: Additional thermocouple positions for plume existence test.

Table 8.3: Plume test results (Ambient temperature set at 20°C)

Thermocouple Position Measured Temperature CFD
°C AT (°C)
+000 AO 395mm 67 -13
+000 AO 395mm +22.5mm Outboard 28 -8
+000 AO 395mm +22.5mm Inboard 21 4
+000 AO 395mm +22.5mm Vanes Left 20 1
+000 AO 395mm +22.5mm Vanes Right 20 1

Figure 8.9 depicts the airflow pattern around the hat region. Results show there is no Karman
Vortex Street formation at this region, however, there are two weak vortices evident at the
trailing side (upper half) of the hat section. Although it is not uncommon for vortices to exist in
laminar flow, their presence is usually associated with turbulent flow, where the Re number is
high, due to the high fluid velocity. Low airflow speeds have been predicted, with the maximum
from the flange plane to be in the region of 1.3 m/s, indicating that brake cooling under
stationary conditions does in fact produce the more uncommon low power vortices. Both points
provide evidence that supports the idea that there is insufficient energy in the flow to trip into a

fully developed turbulent regime.

238



CFD Modelling of Airflow and Heat Transfer from a Stationary Ventilated Disc Brake

o L e
[m s"-1]

QYR
y

Disc Only Model

—Turbulence: SST Hat T emperajqk"’;

»

Velocity
Streamting 2

Streamlines P Resolution: High
Velocity [m s*-1]

Light Plane: Flange /

Figure 8.9: Close up view of velocity streamlines on the flange surface light plane

8.3.2 Airflow Results

Having analysed the CFD procedure in terms of temperature at specific points, results of the
CFD simulation will now be presented. Results are given in the plane located at the centre of the
vanes, parallel to the friction surfaces; the plane is depicted by the red surfaces shown in Figure

8.10.
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Figure 8.10: The plane used at the vanes centre to analyse CFD results.

The inspected plane was at the centre of the vanes, with the CFD results, in the form of
streamlines, presented in Figure 8.11 and Figure 8.12. It is clear that only a limited amount of
air that started on the plane remains on, or even remains close to the plane of origin. Deflection
of the air streams happens in two forms, the first being the influence of the outer disc brake
surfaces. Accelerating air below the disc brake rises vertically and is forced to deflect when it
comes into contact with the relatively bluff circumferential surface. Considerably more air is
deflected around the outside of the disc brake than what enters the lower vanes (90° to 180°).
Air exiting from these lower vanes, at the ID, accumulates some axial momentum in addition to
the vertical momentum, due to the disc brake geometry, providing the second source of airflow
deflection. Exiting airflow subsequently travels over the hat section, producing the fastest

predicted air speeds of anywhere in the domain, with values reaching 1.7 m/s.
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Figure 8.11: Velocity streamlines from the central vanes light plane

For analytical calculation purposes, buoyant airflow over a disc brake surfaces has historically
been considered as two-dimensional. Using this assumption enables the friction surfaces of the
walls to be treated as flat plates, allowing dimensionless analysis of Rayleigh and Nusselt
numbers to provide an end convective heat transfer coefficient value. Coupling 2D flow with
the ideal gas laws suggests that as the air gains thermal energy, the density drops and rises over
the surfaces and through the vanes. CFD results in the form of streamlines present evidence in
both Figure 8.11 and Figure 8.12 that only a small volume of air enters or exits the vanes at the
OD, in the region between 45° and 135° from the vertical centreline, when compared to the

amount exiting at the ID from the lower vanes.
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As the highest air speeds are not seen at the highest point on the disc brake, a more sophisticated
approach than the simplified 2D approach to disc brake cooling must be adopted. Subsequently,
the traditional methods can be used successfully to predict basic flow properties, but do not

have sufficient power to accurately predict the highly complex 3D airflow patterns for

stationary, ventilated disc brake applications.

Figure 8.12 divulges a little more information to what was shown in Figure 8.11, as the walls of
the disc brake have been removed, allowing visual access to the in-vane flow. The in-channel
velocities are lower than on the outer disc surfaces, with the maximum channel speed being
only 0.8 m/s. As flow recirculation is a function of low flow energy, the rate of thermal energy

transfer to kinetic energy from the channel walls to the flowing air must be low for the

occurrence of these recirculation regions to develop.
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Figure 8.12: Velocity streamlines within the vane channels (surfaces have been removed)
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Energy is conducted from the wall surface, through the boundary layer and into the free stream.
As already stated in section 4.2.2, cooler upstream air then replaces the now hot air to re-
establish a high thermal gradient. Greater flow velocity allows for a quicker replenishment of
the cooler air, increasing the convective heat transfer, making convection highly speed
dependent. Figure 8.12 shows that air replenishment is not happening in large channel areas,
causing the air temperatures in the vanes to be high. Figure 8.13 offers further proof since there

is little difference between the vane surface and in-channel air temperatures.
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Figure 8.13: Central vanes located plane demonstrating high in-vane upper temperatures.

The disadvantageous effect of recirculating low density air at the channel OD is that these
regions act as barriers for the free air entering the channels. A detrimental cycle arises where

recirculating air is formed due to the low energy air flow, but the low density recirculation
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blocks higher energy flow from entering the vane. Consequently, the cooling performance of the

ventilated disc brake under stationary conditions is compromised.

Remarkably, dual recirculation is present in the vane channel located 36° from the vertical
centreline, as blockages prevent air from entering or exiting the vane at either the OD or ID (see
Figure 8.12 and Figure 8.13). Convective cooling in these channels is negligible with almost no
airflow transpiring through it. External flow is the greatest cause for this, as the angle that the
air has to deflect from the free stream and into the vane channel OD is now too great. External
airflow has been shown to cause dual recirculation regions before (Angelinas ef al. 2012) but
only when the wheel is attached during rotational simulations. A simplified scenario is
simulated here with no caliper components or a wheel, which are likely to further hinder the
channel airflow, suggesting the anti-coning disc brake design may cool even worse than what is

depicted.

The final streamline results discussed are in the axial (YZ) plane, on both the lower half (Figure
8.14) and the upper half (Figure 8.15) of the outboard friction surface. Starting on the lower
portion of the disc brake, it can be seen that accelerated air within the vane turns 90° on exit and
flows axially along the hat section, as previously stated. This exiting axial airflow entrains the
air on the outside of the vanes, taking the main stream away from the ID. It is the effect of this
entrainment process that prevents the airflow from entering the upper vanes ID, creating the

entrance blockage.

An apparent flow characteristic that is also shown in Figure 8.14 is the propagation of an
external recirculation region. The cause of this region is the axially moving air coming into
contact with the bluff surface of the bolt fixing section. The kinetic energy after impact with the

surface is not sufficient to re-join the main stream, resulting in the flow folding back in on itself.
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Figure 8.14: Airflow streamline CFD results in the axial plane at the outboard friction surfaces on the
lower half of the disc brake (cross section view).

The airflow on the upper section (Figure 8.15) is the opposite of what occurs on the lower
section. Airflow into the vanes now transpires at the ID, with the OD becoming the outlet, but
the volume of entering air is much reduced. Airflow leaving the vane channels at ID is a clear
differentiation between stationary and dynamic flows as this phenomenon does not occur in the
latter. At the 0° position, air is drawn downwards off the outboard surface, towards the hat. A
stagnation point is subsequently created approximately 3 of the way up the upper outboard
friction surface, with most of the downwards drawn flow moving away from the ID entry, due
to flow entrainment by the fast moving air flowing around the hat. This only leaves a little

volume of air to be taken into the 0° vane, reducing the in-vane cooling potential once again.
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Figure 8.15: Airflow streamline CFD results in the axial plane at the outboard friction surfaces on the
upper half of the disc brake.

Only a small amount of air is drawn into the ID of the 0° vane and its adjacent neighbours.
Reasoning behind the low volume entering these vanes is similar to the 36° vane (with dual
recirculation) as the suction from the vane is weaker than the entrainment by the free stream.
With a lack of air in the vane channel, the in-channel pressure is also low, creating a gradient
between the higher external and lower in-vane pressures. It is the formation of this pressure
gradient that draws some airflow into the 0° vane, which creates the stagnation point on the
friction surface. The reason a dual recirculation region is not present between the 0° and 30°
vanes is that the airflow drawn down from the friction surface is now far enough away from the

lower ID vane exit airflow, like seen in the 36° vane.
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Figure 8.16 also illustrates why the exiting lower ID airflow had a greater amount of molecules
passing through a smaller area. Heat energy transferred to the air via convection causes the air
to increase in temperature. As it does it expands, reducing in density. However, the lower vane
channels are shaped like a converging duct, causing a greater amount of air molecules to pass
through a smaller cross-sectional area, which increases the in-channel pressure and ultimately
the air velocity. Low pressure air external to the vanes are consequently not able to enter the

vanes in this location, causing the blockage effect previously discussed.
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Figure 8.16: Pressure change from atmospheric conditions.

8.3.3 Qualitative Airflow Validation

Thus far, CFD results for a disc brake only model have been presented, with validation of air

temperatures given and shown to fall within an acceptable accuracy tolerance. To confirm the
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nature of the flow, hot wire anemometry experiments are usually conducted to find air
velocities, which are then subsequently compared to the CFD. Although the hot wire
anemometry equipment was available at Cranfield University, it was not used as there was no
capability of calibrating the apparatus to such low speeds; within the region of 1 m/s. To install
further confidence in the CFD results, a qualitative validation process was devised to confirm
the airflow characteristics rather than the traditional quantitative approach. Firstly, this approach
will be used to investigate the flow regime in operation before moving onto the validating the
CFD results, with a final section investigating how the reinstallation of the caliper affects the

buoyant airflow.

8.3.3.1 Flow Regime Around the Hat Section

A degree of uncertainty as to which flow regime the air is in over the disc brake surfaces, was
generated by both the analytical work in Chapter 7 and the results in presented Table 8.1, where
laminar and SST turbulent models predicted temperatures closest to those measured at different
thermocouple positions. By combining a light plane, created from the low power laser, and the
introduction of the neutral buoyancy smoke to the airflow, photographic snapshots were taken
and compared with the CFD results. The light planes were orientated in the vertical position to

maximise the photon exposure in it, maximising the potential for effective visualisation.

Figure 8.17: Light plane in the Flange location, suggesting flow over the hat is the laminar regime.

From Figure 8.17, it appears that a laminar flow regime is present over the flange/hat region.

There are no large eddy formulations seen on the trailing side, which would be expected if fully
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turbulent, with the flow streams appearing to smoothly converge. However, this finding was not
permanent. Large periodic fluctuations within the flow were consistently seen, as per Figure
8.18. The presence of fluctuations describe the internal flow forces dominate the viscous forces,
a typical characteristic of a turbulent regime. In low turbulent flow, fluctuations of this nature

are can be the result of a Karman Vortex Street formation.

According to Cengel and Cimbala (2004), the formation of a Karman Vortex Street only occurs
when the flow Reynolds number is between 40 and 400. Using equation (4.9), the flow over the
hat region was calculated at approximately 19,000 when taking the maximum velocity predicted
in Figure 8.11 (1.7 m/s) and the air properties values presented in Appendix L, taken at 100°C.
Recorded flow fluctuations are consequently a function of flow turbulence rather than a Karman
Vortex Street. Subsequently, both laminar and turbulent flow regimes were simultaneously
recorded over the same geometry. This proved further evidence showing that the regime was in

a transitional, unsteady laminar state between the two.

In light of this, it is no surprise that no CFD model proved more accurate than any of the other
substitutes as they were derived for either the laminar or turbulent regimes, not specifically
designed for a transitional period. Complications when attempting to model transitional flow
regimes with general-purpose CFD code were shown by Di Pasquale ef al. (2009). The problem
is not the turbulence models used per se, but the inability of the CFD code to reliably calculate
local operations. Further development by authors such as Menter et al. (2006) have improved
the transitional modelling with general-purpose CFD codes, however these transitional models
were not sufficiently advanced to be included in the software package used at the time on
conducting the work. At this time, the required localised operation for buoyant flow could only

be achieved via specifically written code, which is deployed in specialist subroutines.
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Flow Fluctuations
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Figure 8.18: Light plane in the Flange location showing flow fluctuations.
8.3.3.2 CFD Qualitative Validation

Numerous flow features that are specific to the stationary CV disc brake were discussed in
section 8.3.2. The aim of section 8.3.3.2 is to provide sufficient evidence to prove that general-
purpose CFD is capable of defining the global flow field, even with the inherent transitional
regime issues found by Di Pasquale et al. (2009) and hence, further validate the work presented
in this Chapter. Further validation procedure will be performed by comparing the CFD results

with photographs from the smoke machine testing.

Two ‘holes’ are evident in the light plane when the laser was positioned at flange position (light
plane A), displayed in Figure 8.19. As the light planes have all been positioned vertically,
results are limited to motion in the vertical direction only. These ‘holes’ were created by air
having momentum in a non-vertical direction. Results from the CFD analysis predicted the
presence of vortices in the same locations, clearly visible (Figure 8.9, Figure 8.11 and Figure
8.12), which does provide an adequate explanation of their presence. Circular momentum is
hindering the light plane from detecting airflow in these regions, but providing further

confidence in the CFD results.
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Figure 8.19: The presence of weak vortices creating holes in the light plane.

Figure 8.20 shows the results from smoke machine testing in the light plane B position (central
vanes). To test whether the predicted deficiency of the upper in-channel convective cooling does
indeed occur in reality, the smoke probe was positioned such that the smoke was channelled
directly into the ID, at the mid (90°) position. The laser beam edge is visible on the disc brake
but the lack of smoke leaving the channels prevents the light plane from being observed. Yet,
smoke was deflected to an area outside the light plane in sufficient volume to demonstrate a
clearly emerged airflow pattern. A blockage to the vane inlet was predicted by the CFD (Figure
8.11) and Figure 8.20 demonstrates that this phenomenon does indeed transpire in reality. The

smoke was heavily deflected away from the vane inlet and pushed over the hat section.
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Resultant airtlow
direction

Direction of
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Figure 8.20: Airflow forced into upper ID regions does not travel through the vanes channels.

Remaining on the same light plane, Figure 8.21 captures the airflow when the smoke machine
probe tip is positioned directly below the disc brake, at the 180° position. Some of the smoke is
passed directly into the lower vanes, with the remainder deflected over the friction surfaces. On
exiting the lower channels, the airflow is projected axially across the hat section, in the same
fashion as the predicted in Figure 8.11, creating the blockage effect to the mid and upper vane
channels described previously. Supporting evidence of the blockage effect has been achieved

through the combination of evidence shown in Figure 8.20 and Figure 8.21.
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Figure 8.21: Evidence of exiting ID airflow causing the upper inlet blockage.

The final validation picture to be discussed is Figure 8.22, with the aim being to confirm the
presence of predicted recirculation regions in slow speed flows. Obviously, it is impossible to
observe the in-vane airflow, but the CFD analysis did predict multiple recirculation regions
within them and this phenomenon needs evaluating. The presence of low speed, external

recirculation region predicted by Figure 8.14 was investigated by smoke machine testing.

With the probe head again positioned directly below the 180° vane channel, smoke was forced
to travel through it. Again, the majority of the smoke was dispersed around the sides of the hat
with the quickly moving bulk flow, leaving no visible trace due to an insufficient volume in a
signal region. Nevertheless, a small cloud was detected on the neighbouring bolt surface. The
existence of the smoke cloud was constant for the entire time the probe head was positioned,
signalling that the cloud was not an instantaneous occurrence. The reason why the cloud did not

disappear was that it was a flow recirculation region, previously predicted in Figure 8.14.

In conclusion, the described recirculation region predicted by the CFD analysis has been shown
to exist, confirming the coding within the CFD programme had the ability to accurately predict

low energy level recirculation regions. Therefore, it can be concluded with a high confidence
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level that the in-channel recirculation must also exist, creating the channel entry barriers, seen at

the OD locations, resulting in the adverse flow characteristics described in section 8.3.2.

Figure 8.22: Existence of an external region.

A combination of CFD analysis and smoke machine visualisation testing has confirmed that the
airflow around the stationary disc brake actually hampers the overall cooling capability. With
the thermal mass of the disc brake being an order of magnitude greater than that of a passenger
vehicle, the cooling time is significantly enlarged. The consequences of the presented results are
that the unoptimised cooling design of an anti-coning, straight vane CV disc brake will keep the
it is temperatures hotter for longer, which will resultantly increase the maximum temperatures
seen in the caliper components. This is the real risk associated with poor disc brake cooling as
potential overheating issues with seals and electrical components housed within the caliper may
occur from these elevated temperatures. This fear is greatest on applications where the parking
brake is consistently applied, for example bus routes where ambient temperatures are high, or
parking after long gradient descents. Both of these scenarios will be very challenging for a CV
EPB.
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8.3.3.3 Effect of the Caliper on the Airflow

Having successfully generated and validated a basic disc brake only CFD model, the initial
intention was to increase the modelling complexity by conducting a full brake assembly model.
However, considering the basic disc brake only CFD model had over 9 million elements, taking
more than two days to complete, it was decided the meshing process and the time to
convergence needed to conduct the full simulation would not be justified by the generated
results. Instead, the relatively quick smoke machine testing was conducted with the caliper

attached to the Thermal Rig to allow more qualitative analysis to be conducted.

To begin, the volume of air passing over each side of the friction surfaces was investigated by
again placing the smoke machine probe below the brake. Although it has not been shown here,
when the caliper was not installed on the Thermal Rig, an approximately equal amount of
smoke passed around either side of the hat section, causing an equal amount of airflow over
both sides of the disc brake. A definition of the two sides of the assembly, termed caliper side
and free side, is given in Figure 8.23. An equivalent degree of heat transfer therefore transpires
from both halves of the disc brake. As seen by Figure 8.23, the symmetry is broken when the
caliper is present. With the probe tip located underneath the caliper, air is entrained from the
caliper side to the free side of the disc brake. Subsequently, the greater volume of air passing

over the free side will increase its h.,,, value, compared to the disc only CFD results.
' _

Vertical

Centreline
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Entrained Y - | Smoke

Flow Machine
Direction Probe

Figure 8.23: Caliper presence causes more air to be entrained over the free side of the disc.
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The Elsa 225 brake caliper is of a sliding type configuration, constructed of multiple
components. Small air passages are created between the gaps in caliper components in which
the flowing air could take to help re-establish a small portion of the convective heat transfer
from the caliper side of the friction surfaces. With the smoke machine placed below the pad
carrier outer surfaces (Figure 8.24), it was possible to demonstrate that the majority of the
airflow passed directly over these gaps rather than flowing into them. This has implications long
term during the cooling phase as practically no airflow is reaching the caliper side friction
surface, reducing the convective dissipation further and increasing the importance of the less

proficient conductive cooling.

" Flow
direction

Figure 8.24: Passages between caliper not providing air passages to vane inlets.

By moving the smoke probe around to the side of the caliper, the influence of the caliper on the
airflow was further investigated. In Figure 8.25, the probe was positioned such that smoke was
projected towards the opening between the circumferential disc brake surface and the bridge.
According to the predicted disc brake only CFD results, the inlet to the vane channels are on the
OD. By introducing the caliper, the gap created by the bridge will have one of two potential
effects. Firstly, it is feasible the bridge could act as an air splitter, forcing an increased amount
of air into the upper OD channels. The increased amount of air would improve the airflow
through the channels, increasing the convective heat transfer from the disc brake, which is a
favourable outcome. Alternatively, the caliper could act as a barrier to the channel entrances. In
this latter case, the airflow into the upper channel OD inlets was reduced from the presented

CFD results, negatively impacting heat transfer capabilities.
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As depicted in Figure 8.25, the result is that the bridge does not act favourably for heat transfer.
Airflow passes straight over the bridge and not into the channels, which will cause low pressure
recirculation regions to occur in these upper channels, on the caliper side of the disc brake. The
realisation of this result is that the possibility of multiple dual-recirculation regions is high on
the caliper side, when the caliper is attached. This differs significantly from the disc brake only
CFD modelling results, where only a single dual-recirculation region was predicted. The
presented evidence suggests that the caliper negatively influences the disc brake’s cooling

characteristics.

According to the CFD results (Figure 8.12) a small proportion of the smoke should be seen
flowing into the disc brake, at the OD, before reaching the bridge. However, no smoke could be
seen entering at the OD. Either the direction of the airflow through the channels had changed
with the attached caliper or the dual recirculation regions are present as far round as the 90°
vanes, possibly further. There is little chance of the former happening due to the existence of the
axial airflow exiting the lower channels, at the ID. Subsequently, the results presented suggest
that the cooling properties of the standard straight vane, anti-coning disc brake design are
hampered further when the caliper is attached, with multiple dual-recirculation regions likely to

be present in the caliper side.

Figure 8.25: Bridge component acting as a barrier to upper OD vane channel inlets.
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8.4 Distribution of Heat Transfer Coefficients

Presented here is the first attempt at understanding the distribution of the h,y,, values in
stationary conditions. The results are split into two sections, the first being the generated
convective heat transfer coefficients from the CFD modelling. Section 8.4.2 develops the heat
transfer distribution discussion further by investigating the change in h.,,, values as surface

temperatures drop.

8.4.1 Convective Heat Transfer Distribution at High Temperatures

Distribution of the h.,,,, values around the disc brake investigations shall begin at the vanes
region. By removing the outer disc brake faces, Figure 8.26 shows the variability in convective
dissipation from channel-to-channel. Wall effects aside, the largest values are seen on the lower
channel walls, reaching 5 W/m’K. Reasonable values are maintained for the middle section (45°
to 135°), except in the regions of recirculation, where heat transfer is reduced. Low heat transfer
is also seen for in the vanes between 0° and 45°, attaining only 3 W/m°K at the OD. For the dual
recirculating channel at 36°, the heat transfer via convection is negligible, as predicted by the

velocity streamline results.
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Figure 8.26: h,,,, distribution of the in-vane surfaces when the friction surfaces are at 350°C.

Looking now at external surface heat dissipation, Figure 8.27 shows that there is only a small
amount of variation in h.,y,, values between the upper and lower sections of the outboard
friction surface. Values generally remain close to 11 W/m’K throughout the entire surface,
increasing only slightly towards the OD. A sharp increase is evident directly at the OD, with
exceptionally high values greater than 30 W/m’K displayed. Values of this magnitude are
common when the disc brake is rotating at 500 rpm (Figure 4.7). The model was simplified at
the disc brake edges by removing the chamfers and a finer mesh was not used in this region
either. These actions were necessary to prevent the computational time from extending further,
thus the high local values produced in Figure 8.26 and Figure 8.27 can be attributed to these
actions. Indeed, high heat transfer coefficient values is a characteristic of a the start of a

boundary layer, however these extreme values are present on both the beginning and ending

259



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

regions of the flow and are an order of magnitude larger than the average across the friction
surface. For these reasons, it was correct to consider these values as erroneous. Since the total
area where the error occurs is less than 2% of the total surface area, their influence on the global

cooling pattern is minimal.

Disc Only Model .
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Figure 8.27: h,,,, distribution off the outboard friction surface at 350°C.

There is an omission to the generalisation made of a relatively constant outboard h,,,, value,
and that is in the 0° vicinity. The stagnation point on the outboard friction surface, discussed in
section 8.3.2, is the cause of this h,y,, drop-off. The absence of air movement inhibits the
convection process from occurring, hence the predicted low coefficient value. Interestingly, the
same distribution pattern is seen on the inboard friction surface, but with a reduced area of low
heony values. Being of an anti-coning configuration, the suction from the low in-channel air

pressure cannot be the cause of the reduced h.,,,, region like on the outboard surface. Instead, it
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is a simple function of geometry. Vertically travelling air comes into contact with the bluff ID
surface, forcing it to dramatically change direction rather than having a smooth transition to the

friction surface; the latter would eliminate the area of low convection.

To complete the HTC distribution study, h.,,, values over the hat section are discussed. Setting
the surface temperature across the hat section to a constant 200°C should result in reduced hgpy
values when compared with the disc brake friction surfaces. Indeed, this is the case for the most
part, shown in Figure 8.28; values are around 3 W/m’K. There is a sharp rise in R pp;, towards
the 0° circumferential position. Air flowing around the hat section, with an Re value
approximately 19,000, detaches prior to this point to create a low pressure region. Air is
resultantly pulled down off the outboard surface, forming the stagnation point displayed in
Figure 8.15. This sucking effect increases the axial velocity component in the air, increasing the
localised h,yy,,, value. With the largest thermal gradient present between the friction surfaces
and air, rather than between the hat and air, the greatest potential for convective heat transfer is
away from the hat surface. The suction effect is therefore an undesired effect on disc brake

cooling.

Interestingly, the discussed effect of axially travelling airflow, promoted by the exiting air at the
ID of the lower channels, influences the highest predicted region of h.,,, on the disc brake; at
the outboard side of the hat. The effect of the axial airflow was that it leads to a larger volume
of air passing over the increased hat diameter (Cylinder 1 in Chapter 7). Equation (4.13) states
that the characteristic length (or diameter in the case of a cylinder) has an inversely proportional
relationship with heat transfer. If everything remained unchanged, a drop in h.,,, would occur.

Conversely, a peak value of 17 W/m°K shows the dominance of the increased airflow volume.
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Figure 8.28: Convective heat transfer distribution over hat section outer surface.

8.4.2 Changes in Convective HTC Values During Cooling Phase

To conclude Chapter 8, the change in the predicted CFD h,,,,, values, as the friction surface
temperature drops towards ambient, was investigated. An advantage of CFD utilised for this
investigation is that the same CFD model, including the mesh, used previously could be
deployed once again by simply modifying the disc brake surface temperatures. Three further
friction surface temperatures were used, based on the bulk rotor temperature found
experimentally, shown in (Figure 9.13); which were 213°C, 112°C and 49°C. An estimation of
the hat temperatures could also be made from this graph, which were 175°C, 112°C and 49°C
respectively. Noticeable changes in the airflow patterns and the distribution of convective

dissipation will be discussed prior to making a comparison between the CFD h_,,,,, values and
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those predicted analytically in Chapter 7. The same modelling setup was used as before to allow

direct comparisons of the results, i.e. the SST turbulence model was used throughout.

i

\
Ui

Figure 8.29: The recirculation region in the axial plane, on the lower half of the disc (Figure 8.14)

By looking at the new CFD results in descending temperature order a sense of how the airflow
changes as the disc brake cools will be achieved, starting with the 213°C friction surface
temperature simulation. Airflow in the axial plane, on the lower half of the disc brake is shown
in Figure 8.29. A direct comparison can be made with the same airflow picture when the friction
surfaces were set at 350°C (Figure 8.14). Previously, a large recirculation was present towards
the bluff surface at the bolt fixing section. It can be seen that the reduction in temperature causes
this region to be virtually eliminated. With the surfaces being cooler, the amount of energy
transferred to the air is reduced, resulting in the exiting air at the ID having a reduced velocity.

Ultimately, this reduces the amount of entrainment of the external airflow in the axial direction.
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With air having less axial momentum at the bolt section, there is less energy in the free-stream
flow to force the exiting ID airflow to fold in on itself after impacting the bluff bolt fixing

surface, thus removing the potential for recirculation.

Figure 8.30: Upper velocity streamlines in light plane C at 213°C (can compare with Figure 8.15)

Further evidence of the reduced entrainment is seen in Figure 8.30. Airflow is again in the axial
plane, but on the upper half of the disc brake. Comparisons with Figure 8.15 can be made,
starting with the stagnation point still present on the outboard friction surface. Originally, low
energy air near the stagnation point was pulled down, with a proportion going into the channel.
The channel presented the low energy airflow an alternative route. At a lower friction surface
temperature, the axial velocity is lower, enabling virtually all the air on the outboard surface to
join the free-stream. Subsequently, there is a reduction in air flowing through the central, upper

vane channels, which will reduce the h,,,,, value.
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However, when the friction surface temperature reduces further to 112°C, the situation reverses.
Figure 8.31 demonstrates air flowing around the hat section has little to no axial momentum.
This is true until the air approaches the top of the hat (the 0° position), where it is drawn from
the bolt section back across the hat and into the vanes. The pull from the in-channel low

pressure is now stronger than the external flow entrainment.
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Figure 8.31: Velocity streamlines in light plane B at 112°C

Finally, airflow characteristics for the lowest friction surface temperature simulation (49°C) will
be examined. Starting in the axial plane once again, Figure 8.32 shows a significant change to
previous airflow patterns. The recirculation at the bolt fixing section has now completely
disappeared, with a new recirculation appearing at the ID, in the vane channel exit. This has a
hugely contrasting effect to previous temperatures because the external free-stream flow now

has a higher amount of energy than the exiting airflow from the vane channel. In fact, instead of
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the airflow having axial momentum away from the outboard friction surface, the reverse is seen
with air flowing inwards, towards the rotor ID, although the predominant motion is vertically

upwards.
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1] -

JITTCRS

Figure 8.32: Lower velocity streamlines in light plane C at 49°C

Changes in the airflow around the hat also caused changes to the convective HTC surface
dissipation patterns. Although air speeds are extremely low, approximately 0.5 m/s, Figure 8.33
indicates that the area of high h,,,, values around the hat is much larger than for any other
friction surface temperature. The lack of an axial momentum allows the airflow to be much
more uniform across the hat rather than being pushed across to one side. The maximum A, is
therefore somewhat reduced in magnitude to approximately 15 W/m°K. This is still higher than

on the friction surface.
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Figure 8.33: Increased area of high convective heat dissipation over the hat section, at 49°C

The large h.yny, area is however, a local occurrence as it is restricted to the bottom half of the
hat section. On the upper half, convective HTC values are close to zero, due to insufficient
airflow in this region. With such a small volume of air flowing around from the bottom side of
the hat, there is little air available to flow over the upper outboard surface. Resultantly, the
stagnation point on the outboard friction surface, originally shown in Figure 8.15, shifts to the
OD position at these lower temperatures (see Figure 8.34). A much larger area of zero

convective HTC is produced when compared to Figure 8.27.
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To complete section 8.4.2, the predicted average values of hg,y, produced by the CFD
simulations for the inboard, outboard, hat and vane surfaces are presented in Figure 8.35.
Predictions of the rotor values (inboard, outboard and vanes) are coloured in red whilst hat
predictions are green. To begin, it can be seen that there is little difference between the h.yy,
values on the inboard and outboard friction surfaces when heated to 350°C, as there is only a
small amount of additional dissipation occurring from the inboard friction surface. Decreasing
the friction surface temperature to 213°C sees the outboard surface value of h,,,,, reduce at a
faster rate than the inboard. This increased rate of h,,, reduction was common throughout. It
has already been shown that as the temperature reduces, the axial velocity component of the air
flowing around the hat reduces, pushing the localised outboard stagnation point towards the OD.
Below the stagnation point, there is a volume of low energy air, which isn’t joining the free-

stream flow, causing an area of low heat convective dissipation. Hence, as the stagnation point
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increases in height, the area of low dissipation increases and ultimately reduces the total
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Figure 8.35: CFD h,,, values compared to the analytical values predicted in Chapter 7.

Another interesting observation that can be made from Figure 8.35 stems from the airflow
through the vane channels. Analytical modelling was used to predict the average rotor h.ypy
value, based on idealised friction surface data leading to a smooth decrease in h,y,, With
temperature. Looking at the vane wall h.,,, values, a decrease in h,,,, was predicted between
350°C and 213°C, as would be expected. However, when looking at the next temperatures
decrease, from 213°C to 112°C, an increase was predicted. This irregularity can be attributed to
the phenomenon already discussed in Figure 8.31. Ejected air from the lower vane channels, at
the ID, flows around the hat section close to the bolt fixing section before being sucked back
into the central vanes ID, on the upper half of the disc brake. This favourably impacts the
amount of heat dissipation as there is more air flowing through the upper channels. Having the
ability to calculate the airflow in three dimensions, CFD has produced a more sophisticated
result compared to the 2D analytical results, which was validated against experimental results.
Only a few temperature points were investigated here. Further modelling would be needed to
find the temperature where the air starts to get pulled back across the hat and into the upper

channels.
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Analytical h,,, values produced in Chapter 7 are also shown on Figure 8.35, allowing a direct
comparison to be made. In a qualitative sense, CFD predictions match well with the analytically
predicted values, demonstrating a similar form, with regards to the decrease in value with
temperature reduction. CFD results plateau at higher temperatures slightly more than the
analytical results, suggesting less h.,,,, variation with temperature. at low temperature there is a
difference of approximately 70% at 49°C, for the inboard surface, which reduces to only 17% at

350°C.

The complex three dimensional flow predicted from the CFD ensured a difference between the
two sets of values would be present, yet there were limitations in the simulation process
preventing the result from matching better numerically. Two reasons have been identified as
potential discrepancy sources. The first relates to the areas of extreme h.,,, values consistently
located towards the edges of the model. It was said originally that these areas will have little
impact on the predicted airflow predictions because of their relatively low surface area. This
still holds true for the predicted airflow patterns, as proved in the smoke machine validation
process. However, calculations of the mean h,,,, will be drastically hampered by the recorded
edge errors as these localised values, in excess of 120 W/m’K, increased the total surface
average somewhat beyond the analytical values. Again, the only feasible way to remove this
error from the simulation process would have been to increase the mesh density at the geometry
edges. This was not done due to the computational power and time constraints associated with

making these changes.

The second source of error is more fundamental as it is an error built into the CFD coding. To
calculate the h.,,,, the temperature gradient between the wall surface and the ambient air must
be found. Both the wall temperatures and the ambient temperatures are user defined values
inputted during the CFD setup process. Like most CFD codes, Ansys CFX calculates the
temperature gradient component of Newton’s law of cooling, between the inputted wall and
ambient temperatures. This is reasonable to do for external surfaces exposed to the fast flowing
air. Within the channels however, the air speeds were shown to be extremely low and in a few
cases, virtually stationary throughout. In turn, this caused the air temperatures within the
channels to severely increase. In these cases, where the air in close proximity to the surface is
flowing slowly and at a high temperature, it is argued here that the air temperature value taken
should be the in-channel air temperature, not the ambient air temperature, a distance from the
surface. In-channel h,,,, values would therefore decrease significantly. To apply these
changes, a separate subroutine would need to be written to bypass the standard CFD coding, so

was not conducted during in this investigation.
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8.5 Chapter Summary

In Chapter 8, the focus was to better understand the cooling performance of the disc brake when
the flowfield investigation is enhanced to a 3-dimensional analysis. To do so, the popular CFD
modelling technique was employed. As very little work of this nature had previously conducted,
there was little advice in the literature as to how to setup the model. Thus, an experiment to find
the greatest compromise between accuracy and computational time was conducted. An air
temperature based validation method was devised that numerically assessed the results of the
CFD simulations by comparing them to measured data, achieved through the cooling test
procedure. It was found that of the commonly used turbulence models, the Shear Stress

Transport model is the most appropriate to use when modelling stationary parking applications.

Stationary braking airflows were proven to have a complexity level of at least dynamic braking
application, if not more complex. Confirmation that an alternative modelling approach is
required when investigating such an application, as discussed in Chapter 6. Fast moving air
exiting the lower vane channels at the disc brake ID, travelling axially, creates a blockage to the
upper channel inlets. With the lack of air entering the upper channels, heat transfer capabilities
are vastly reduced. Air flow restriction was found so severe in one particular case that a dual-
recirculation was predicted within a single vane-channel, stifling all the flow through the entire

channel.

Predicted airflow patterns were backed up by the smoke machine testing, coupled with the light
plane; the use of this technique was novel within the braking sector. A lack of detected smoke
detected on the upper channel exit light plane proved the inability of the disc brake geometry to
funnel airflow through these channels. Combining the smoke machine testing with the CFD
flow simulations lead to the conclusion that the CV anti-coning, straight vane disc brake design
does not cool optimally during a parking application. Consequences of this are that the disc
brake remains at a hotter for an extended period of time, transferring surplus amounts of heat
energy into the caliper. Elevated caliper temperatures can lead to secondary brake failure
problems as thermally sensitive components, located within the housing, can be affected.
Moreover, the smoke machine testing was able to capture both laminar and transitional flow
regimes simultaneously on over the hat section, showing the flow is in a transitional state.
Reynolds numbers were calculated above the known range for Karman Vortex Street, which

indicated that the fluctuations in the flow are a function of turbulence.

CFD simulations also produced predictions of surface h,yn,, distribution. Inboard and outboard

friction surfaces distributions were both relatively constant, at approximately 11 W/m?K, at high
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surface temperatures. In channel values were just under half of those predicted the friction
surfaces. Coding of the CFD uses takes the temperature difference between the inputted wall
and ambient temperatures rather than the localised air temperatures, leading to an
overestimation of channel h.,,, values. In reality, the disc brake is likely to cool worse than the
predicted CFD modelling suggests as the caliper negatively impact airflow around the brake

assembly, shown by smoke machine testing.
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9 Detailed Thermal Analysis of Disc Brake Cooling

FE modelling in Chapter 6 predicted disc brake and pad temperatures which were different to
measured values. Identification of the HTC values which should be used for convective disc
brake cooling was the subject of the two subsequent chapters. Attention now focuses on
developing a method for distinguishing the thermal interaction between components and
determining appropriate coefficient values for the other two modes of heat dissipation.. In
Chapter 9, Thermal Rig modifications and the associated analysis technique for disc brake

cooling and energy flow between it and the wheel carrier will be discussed.

9.1 Component Analysis Experimental Method

Experiments conducted as part of Chapter 9, termed Component Analysis Testing, were
fundamentally the same as the cooling test experiments presented in Chapter 5, with disc brake
heated to 400°C and then left to cool for six hours. The main difference lay in the heating
process. In the cooling tests, the induction heater was turned off once the temperature at the disc
OD had reached 400°C, whereas for the component analysis tests, it remained at 400°C until the
disc had reached thermal equilibrium. The criterion for the disc brake to reach thermal
equilibrium was that no thermocouple reading varied by more than £2°C over a five-minute

period.

To gather disc brake surface temperatures during the cooling tests, rubbing thermocouples were
used, which were mounted to the Pad Carrier. By removing as many components as possible,
including the Pad Carrier, modifications to the Thermal Rig were necessary to enable disc brake
temperatures to be recorded. With the reduction in assembly components, an opportunity had
presented itself to measure numerous surface temperatures at different locations, which would
have usually been obscured by caliper components. Because of the disc geometry, monitoring
temperatures in both the radial and circumferential directions was desirable. Yet, with the Pad

Carrier removed there was nothing to mount the rubbing thermocouples.

After much iteration, a design to hold a maximum of 42 thermocouples against the disc was
fabricated and is outlined in Figure 9.1 and Figure 9.2. A 30 mm aluminium profile frame, made
of five straight profile sections with four 135° angles in between, was bolted onto the top and
bottom of the caliper axle mount. Seven thermocouple holders were located in the frame,
constructed from a yoke section and an attachment bar (both made from steel). Each yoke held
six thermocouples, three on either side, placed at the OD, middle and ID positions. The

attachment bars were braised to the yokes and go through the frame and held in place by grub
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screws. The holes in the frame were positioned such that the rubbing thermocouples were
aligned radially with disc brakes axis of rotation. Five were separated by 45°, starting from the
0° reference line; defined as being a vertical line, rising from the disc brake axis of rotation
through the upper portion of the disc. Positive angles are those which are positioned
circumferentially clockwise from the reference line when viewing the disc brake from the
outboard side, round to an angle of 180°, whilst negative angles are those positioned in the
reverse direction. Two further yokes are positioned either side of the 0° reference position by
+15° which would be used to test the assumption of symmetrical heat distribution through disc

centreline.

The naming convention for the thermocouples starts with their circumferential position,
followed by a series of letters to describe its position; the first letter (D) represents it is a disc
temperature being recorded, followed by either I or O standing for Inboard or Outboard
respectively. The final letter outlines the thermocouple radial position so the rubbing
thermocouple. For example, the thermocouple positioned circumferentially 90° around the disc,

located in the middle of the inboard surface has the name +090 DIM.

+090 DIM

Figure 9.1: Position of the disc brake thermocouple holders

Keeping the speed constant for a prolonged period of time was a necessity if the component

analysis tests were to be successful. As Angelinas (2009) found, the speed controller on the
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Thermal Rig produces unreliable speeds that lead to incorrect results. During the experimental
setup process, it was found that as heat passed through to the wheel carrier and into the wheel
bearing, although the output of speed controller remained constant, the actual disc speed

increased. Resistance in the bearings actually decreases with temperature.

A solution to the problem was found by using a closed loop control within the LabVIEW
program. To adequately control a motor, a high frequency sampling and writing rate was
necessary otherwise lag is produced in the system, potentially resulting in the desired speed to
never be reached. The National Instruments NI 9401 module, used to measure the speed by
counting the frequency of pulses generated by the IML speed sensor, was required to log data
simultaneously as the thermocouples. Over the six hour period, the thermocouples were set to
record data at a frequency of 0.5 Hz to prevent large amounts of unnecessary data from being
logged. Unfortunately, this low frequency was too slow for acceptable speed control. Two
separate “while loops” were therefore required to allow multiple data sources to be logged at
different frequencies. The CompactDAQ system which was being used to record the data
regrettably did not support multiple frequency logging. Consequently, a CompactRIO, with the
ability to record data in real-time replaced the CompactDAQ and removed the speed variance

issue. A 15 Hz sampling rate was used to record speed measurement.

An inbuilt PID controller preinstalled in LabVIEW software was used for the closed loop
control system; the values 1.4, 0.3 and 0.015 for the proportional, integral and derivative terms
respectively were used. These values were found experimentally through the trial and error
method. Desired speeds were not reached instantaneously. For example, it took approximately
30 seconds for a stationary disc to speed up and remain steady at 100 rpm. Once the disc speed
was settled at the requested velocity, deviation from the set value is no more than +2 rpm. This
level of speed control was sufficient for the designed analysis tests so the more complex
Ziegler—Nichols and the Cohen-Coon methods of setting the PID control values were

unnecessary, as recommended by Svrcek ef al. (2007).

In addition to the friction surface temperatures, probe type thermocouples were used to record a
combination of six hat temperatures 5 mm from the surface, three temperatures in the wheel
carrier and up to nine air temperatures to enable a full field temperature distribution
understanding. Three slots in the CompactRIO were reserved for speed control and voltage
readings, leaving five slots open for thermocouple readings. Deployment of the N19213, N19214

and three NI9211s meant a maximum of 44 thermocouples readings could be taken during every
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experiment. Due to the space limitations not all thermocouple locations could be recorded for

every experiment, resulting in a chosen selection being used.

In one set of experiments, five probe thermocouples could have been placed 10 mm radially
away from the outside rotor edge, located centrally between the two contact faces and aligned to
the rubbing thermocouples separated circumferentially by 45°. Also, two probe thermocouples
were placed at the vane inlets at angles of 0° and 180°. A second set of air temperatures were

taken by replacing the 45°and 135° probe locations with two points 210 mm and 395 mm from

the disc brake OD, on the 0° reference (see Figure 9.2).

IE SENNNEE

|
| +000 AO 395mm
e

Figure 9.2: Thermal Rig modifications showing a.) the vertical air thermocouples and b.) the three hat

thermocouples

9.2 Disc Only Experimental Cooling Temperatures

Energy transfer from the disc brake to other brake assembly components has already been
attributed to being one of the main causes of error in FE modelling. Initial investigations were

conducted on the disc only. Being the component that holds the greatest amount of thermal
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energy, it is important to understand the cooling characteristics of this component in greater
detail. As the IHC requires the disc brake to rotate, it was impossible to completely isolate the
disc brake from other components (remembering the driveshaft is attached to the wheel carrier
on the Thermal Rig). By inserting a gasket in between the flange face of the disc brake and
wheel carrier (Figure 9.2), the assumption could be made that no thermal conduction occurred
between the two components. Experiments were also conducted with the ventilation channels
both open and blocked, with results from each scenario being discussed in turn. These

experiments match the three cases explored analytically in Chapter 7.

9.2.1 With Gasket and Blocked vanes

Discussions on these “Disc only” experiments starts with the case where heat dissipation is
limited to radiation and convection from the external surfaces only (gasket in place with blocked
ventilation channels). The disc was rotated and kept at a constant 100 rpm throughout the
duration of the heating process. Although situations where the disc brake is rotating are not so
relevant to the EPB, an opportunity to discover the ratio of external convective cooling to in-
vane cooling presented itself. An appreciation of the ratio of in-channel to external surface
convective cooling at slow speed could subsequently be achieved. All the necessary data to
complete the additional investigation was already being recorded as part of the Component

Analysis testing.

From the differentiated energy balance, given in equation (9.1), disc brake thermal equilibrium

is reached when the energy supplied by the IHC is equal to the total energy dissipated, creating

. ar
a zero temperature gradient, d—td.

. dr,
Q =mG, Tt 9.1)

In the experimental procedure above, it dictates that thermal equilibrium is reached once each
rubbing thermocouples vary its temperature by less than +2°C. Figure 9.3 shows the final five
minutes of the heating stage, for the thermocouple located in the +000 DOO thermocouple,
before the cooling phase begins (denoted as t = 0 in Figure 9.3). The average temperature
(depicted with a dashed line) was measured to be 401.0°C over the five minute period with the
thermocouple reading (solid line) not veering outside the +2°C limitation. Although only a
single thermocouple result is shown in Figure 9.3, all temperatures were monitored and

complied with the £2°C boundary limitation.
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Figure 9.3: Temperatures varying less than £2°C before cooling starts, thermal equilibrium conditions

Thermal equilibrium was reached for the external surfaces cooling scenario when the control
unit of the IHC was set to deliver 177 V, at 100 Hz, corresponding to a power rating of 6.20
kW. From the work of Adloff (2007), the actual power delivered to the disc brake could be
calculated to be 5.70 kW. Consequently, the sum of the radiation and external surface

convection is equal to 5.70 kW, as expressed in (9.2).

Qin = Qraa + Qconv

Qin = 5.70 kW
9.2)
External convective power can be worked out by substituting the radiation Fourier cooling
relationship in place of the Q,.,4 term in equation (9.2), forming (9.3). A total disc brake energy
change is being investigated here, therefore a bulk temperature for the disc brake was needed.
During heating only the disc surface temperatures were the only temperatures recorded as it was
impossible for probe type thermocouples to be in place when the disc is spinning. Slip ring
thermocouples are needed for this measurement type. In their absence, a bulk temperature was

taken by averaging just the surface temperatures, producing a value of 385.2°C. An average
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ambient temperature for the same period was 22.2°C and the disc brake external wetted area

was 0.336 m’.

Qin = UgAsurf(Td4 - Too4) + Qconv (9.3)
Stevens et al. (2010) showed that the emissivity value of a grey cast iron CV disc brake varies
insignificantly during long cooling periods so can be assumed constant at a value of 0.92.
Consequentially, the amount of dissipation via radiation at thermal equilibrium was calculated
to be 3.73 kW, leaving 1.97 kW of convection dissipation from the external surfaces at a disc
rotational velocity of 100 rpm. The total change in disc brake internal energy by heating the disc
up to 385.2°C, from the initial 19.2°C, was calculated to be 5.97 MJ using the internal energy

balance equation (9.1).

The transition from the heating to the cooling phase is displayed in Figure 9.4 where the
outboard, 0° thermocouple recordings are displayed. A 10 minute time period is shown; nine
minutes before and the first minute after the full cooling phase began. All three thermocouples
demonstrate an initial rise in temperature once the IHC and the motor were turned off. The
peaks take two differing forms, the first being a sudden temperature jump and a second, much
slower temperature increase. The former is common for all thermocouples located closer to the
IHC as a result of electromagnetic interference (EMI) given off by it. The effect of EMI
increases the readings by 2.0°C as soon as the motor and IHC are powered down. Considering
2.0°C is approximately 0.5% of the recorded temperature, it was anticipated that any
investigation into the EMI effect would result in an insignificant outcome so it was therefore

ignored.
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Figure 9.4: Temperatures prior to and including the start of the cooling phase

Whilst the EMI temperature increases were seen for thermocouples in close proximity to the
IHC, the second peak type, seen only by the +000 DOI thermocouple in Figure 9.4, was mutual

for the thermocouples positioned at ID only.

Whereas the first peak was a function of EMI, the second peak type is a conduction
phenomenon. As the disc rotates through the IHC, the middle section of the disc has a
continuous arc through the electromagnetic field, getting a large exposure time to the energy
source. Likewise, the OD may not have a continuous path through the electromagnetic field but
its exposure time is still large enough for substantial amount of heating to transpire. In contrast,
the ID never enters the field as the IHC was designed such that it is position 5 mm away from
the ID. A resulting temperature gradient is generated along the surface. Once the IHC is
switched off, the source creating the surface thermal gradient is removed and conduction effects
bring the disc to a natural state. A small period of time is required for both a buoyant air current
to manifest and for the disc brake to come to a balanced thermal state. For this reason, and
because additional probe thermocouples needed to be inserted into various places within the hat

section, the cooling phase for all component analysis tests were started once the +000 DOO
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reference thermocouple fell below 350°C. To differentiate the full cooling phase it shall be

referred to from here on as the 350°C cooling phase.

Each component analysis cooling test was conducted five times with an average taken for the
final temperature curve for each thermocouple. Five experiments were required to ensure there
was experimental repeatability and to help remove subjectivity from the results as outlier
visibility is enhanced. To save time during the analysis process, not every data point was used.
Instead, 17 points in time were chosen and processed; these time points were the beginning of
the 350°C cooling phase, five, 10, 15, 30 and 45 minutes after it, then on every hour and half

hour from thereon. An accurate representation of the 350°C cooling phase was still achieved.

An example result is displayed in Figure 9.5 with temperature plots for all five experiments at
the +000 DOO thermocouple position. In this case, all results show close alignment to each
other. Examining all other graphs for the various thermocouple positions, it was clear that the
rubbing thermocouples +135 DOO, +135 DIM and +135 DII generated erroneous data. All three
recorded temperatures, when the disc was at its hottest, in the region of only 150°C. Reasoning
for the unrealistic temperatures were that all three thermocouples made insufficient contact on
the disc surface and consequentially, all recorded extremely low surface temperatures. When
investigating the issue, it became clear that that the screw holding the +135 DOO thermocouple
had untightened, presumably through vibrations being subjected to it from the disc rotating. The
remaining two thermocouples were impeded by the fixings of the Thermal Rig modification
frame that held the rubbing thermocouples, making it impossible to position the thermocouples

correctly. All results from the three thermocouples were omitted from the analysis.
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Figure 9.5: 350°C cooling profiles for all five experiments from the +000 DOO thermocouple - for case 1

Visual inspection of the five experiments is reasonable for determining whether a single
experiment was invalid. What cannot be determined through inspection is whether there is too
much variation within the recorded data, meaning the taken average is statistically
representative of what is actually happening. Standard deviation, gy, analysis is commonly
adopted by technical disciplines when establishing the degree of dispersion within experimental
data. Thermal experiments are difficult to control, even with apparatus such as the Thermal Rig.
Rickard (2008) has shown that if all data points from a set of experiments fall within a +20,,
range from the mean, the averaged data can be considered representative for a 95% confidence
interval. This approach was adopted, with any temperature measurement calculated outside the

+20,,4 limit was rejected.

Standard deviations for each of the experiments are shown in Figure 9.6, excluding the three
erroneous thermocouples already identified. The maximum dispersion is seen for the
thermocouple located in the +045 DOM position, having a standard deviation value of 3.0°C,
making the allowed variation from the mean value (337.8°C) to be +£6.0°C. All five temperature
recordings fell within the confidence limit set, with the maximum difference being only 3.3°C,

therefore the average data could be accepted. However, a more stringent test would be to
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investigate the lowest standard deviation value because the allowable variation range will be
greatly reduced. The smallest standard deviation was seen for the thermocouple position
positioned +090 DOO, setting a 2c limitation of +0.2°C about the calculated mean of 162.8°C.
Again, all measured values fall within the +20,; constraint, representing good repeatability and

generates confidence in the results.
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Figure 9.6: Standard deviation values for the average blocked vanes, with gasket experiments

Figure 9.7 shows the position of all 30 rubbing thermocouples (highlighted in red) with the
corresponding averaged thermocouple recordings for the outboard side of the disc brake. These
temperatures were recorded when the +000 DOO thermocouple dropped below 350°C for the
first time in the cooling phase. Presenting the results in such a way helps develop a visual
understanding of the thermal pattern present on the disc brake surface. Although not all shown,
a series of these pictures were made and used as the base for further analysis; one for each of the
17 time samples, on either side of the disc. Empty boxes represent the locations of faulty

thermocouples.
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Figure 9.7: Averaged outboard disc brake surface temperatures, at the 350°C reference
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Figure 9.8: Averaged inboard disc brake surface temperatures, at the 350°C reference
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A comparison between the inboard and outboard results (Figure 9.7 and Figure 9.8) can be
made. With internal conduction effects pulling heat from the rotor to the hat section, it was
expected that the inboard surface to be cooler than the outboard, due to being of anti-coning
configuration. For all thermocouples positioned in the 0° radial plane this is true, but nearly all
other temperatures show the reverse. For this finding to be true, the outboard surface must
dissipate heat better than the inboard surface. Localised areas of high convective heat transfer
from the friction surfaces are the cause of this phenomenon. Supporting evidence for this has
already come been presented in the Chapter 8, in the form of CFD simulation results. High
velocity air exiting the channels at the ID causes high convection rates on the outboard friction
surface, around the 90° central position, with low velocity air at the 0° position causing a region

low h.onp > causing a warmer outboard friction surface.

Circumferential heating patterns at the start of the cooling phase are better displayed in Figure
9.9; temperatures for the five thermocouples placed at the same radial location circumferentially
around the disc are grouped together. Temperatures are generally high at the 0° position and
decrease moving around the disc brake. Interestingly, the temperature starts to increase towards
the lower half of disc brake, after the 90° position. Studying all the produced line graphs, the
temperature increase was a common occurrence for all circumferential results. Again, the faster

flowing channel exiting flow is the cause of this midpoint dip in temperature.
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Figure 9.9: Averaged circumferential temperatures at the start of the cooling phase

9.2.2 Further Disc Only Experiments

Both the second and third disc only experimental cases (open vanes with the gasket and open
vanes without the gasket) were conducted and analysed in the same manner as the first. Thermal
equilibrium was reached before turning the IHC and motor off to let the disc brake to cool.
Table 9.1 summaries the heating results generated for the disc only experiments. Removing the
blockage from the vanes elevated the required actual input power from the IHC to reach thermal
equilibrium by an additional 0.74 kW. With no other aspect of the experimental procedure

changed, in-channel convection was attributed to the additional power increase.

A surprisingly low ratio of nearly 1:4 for internal to external convection cooling was achieved,
for disc brake rotational speeds of 100 rpm. A comparison of this ratio can be made with the a
ratio found by McPhee and Johnson (2008), on a passenger vehicle disc brake fabricated with
straight vanes, which was 9:11 when the rotational velocity was 342 rpm. Increasing the
rotational velocity raised the proportion of internal vane convection. Values calculated here
would appear to match those of McPhee and Johnson well as lower speeds would produce a
lower internal convection ratio, similar to that of the calculated ratio; experimental confidence

was gained from this result. This was anticipated as McPhee and Johnson’s experimental
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procedure was very similar the one presented and conducted for this project. Higher speeds
create greater pumping through the vanes, making flow velocities higher and increasing the

cooling properties.

Table 9.1: Summary of the rotational thermal properties at 100 rpm.

Case 1 Case 2 Case 3

Gasket Yes Yes No
Open Vanes No Yes Yes
Bulk Disc temperature at thermal 385 396 386
equilibrium [°C]

IHC power input (set / actual) [kW] 6.20/5.70 7.00/6.44 7.00/6.44
Total convective power output [kW] 1.97 2.71 2.71

In vane convective power output [kW] 0 0.74 0.74

A surprise result was found when exploring the power input from in the third disc only case
with the removal of the gasket making little difference to the total disc brake dissipation.
Without a gasket between the disc and wheel carrier a marked increase in conduction was
expected, resulting in more power being needed from the IHC to reach thermal equilibrium. In
fact, no increment from the 6.44 kW of power from the IHC was still sufficient to reach the
specified criteria. What this result suggests is that conduction has little influence on heat transfer

between these two components, making a different mode of heat transfer predominant.

Figure 9.10 displays the cooling profiles of all three cases for comparison. The first case does
portray a lower cooling rate than the other two, confirming that airflow through the channels
impacts the heat dissipation during the cooling phase. The difference between the cooling
profiles of cases two and three was minimal, so they can effectively be perceived as equivalent
to each other. Consequentially, it can be concluded the presence of the gasket had little impact

on the flow of thermal energy.
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Figure 9.10: Comparing the averaged cooling data for the three disc only cases.

Temperatures in close proximity to the disc brake/wheel carrier interface were captured by
placing three probe type thermocouples in each component; 2.75 mm, 5.85 and 9.22 mm away
from the disc flange surface and 2.05, 3.88 and 6.10 mm from the wheel carrier interface. As
temperatures couldn’t be measured whilst the disc was spinning, cooling data was used. Like
before, the average temperature from five individual experiments was taken for each of the

thermocouples.

It was essential to get at least three temperature readings for both components to enable
reasonable approximations of the heat profiles through them. From Figure 9.11, some
interesting results were found for the experiments without the gasket. Heat profiles in both the
disc brake hat section and wheel carrier could be assumed linear to a 90% regression
confidence. The gradient of each line describes amount of thermal energy passing through the
respective bodies, if the heat is assumed to travel in a single dimension only. By extrapolating
the lines of best fit back to the interface, estimation of the friction surface temperatures could be
made. At the start of the of the 350°C cooling phase, the disc brake was 11.5°C warmer than the

wheel carrier.
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A thermal flow through the grey cast iron disc brake material was calculated at 17,904 W/m®, as
per the calculation method set out in Voller (2003). Knowing the temperature drop across the
interface was 11.5°C and the contact area between the drake disc and wheel carrier was 5.94E-3
m’, the thermal resistance was 0.642E-3 m*K/W, or more favourably 1,557 W/m’K. It is argued
that this method of finding an interface h.,,q value is insufficient as only a single material is
analysed and that there a lack of insulation is used, making it impossible to isolate the
conduction affects from the other dissipation modes. For this reason, a separate method of

calculating h.,,4 values was used and will be discussed in section 9.3.
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Figure 9.11: Thermal gradient across the disc brake/wheel carrier interface.

The temperature difference reduces with time and after 40 minutes, the gradient reverses as the
wheel carrier becomes hotter than the disc. The greatest temperature differential whilst the
wheel carrier was warmest was only 2.7°C, reached 2.5 hours into the 350°C cooling phase. It
was not until a further 2.5 hours had passed before the disc brake becomes hotter than the wheel
carrier. Significance of this result is that for the first time, the disc brake is no longer the most
important component in the assembly, in terms of its thermal behaviour. As the disc cools, the

warmer wheel carrier is pushing heat back into the disc rather than receiving it. The more
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energy absorbed by the wheel carrier in the early stages of the cooling phase, the longer it will

take for the full brake assembly to return to ambient conditions.

The findings produced in section 9.2.2 are very interesting and could have a significant impact
on future design of relevant brake assembly components. Before this is implemented however,
the results need to be clarified and confirmed that the measured temperature gradient is indeed
present and is not just a function of experimental uncertainty. Uncertainty in each temperature
reading, when taking the average of five or more experiments, was shown by Taylor (1982) that
the true value of the reading is captured to within a 95% confidence level when the upper and
lower temperature boundaries are defined by +2¢ (see section 5.3 for more details). By using
the upper and lower boundary values for each temperature reading taken, upper and lower
boundary conductivity lines were found and drawn on Figure 9.11, extending back to the
interface. Unfortunately, it can be seen that at the 95% confidence level, the lower boundary
disc brake flange surface temperature is cooler than the upper boundary wheel carrier flange
surface temperature, creating an overlapping temperature region. Consequently, there is a lack

of evidence to disprove the results from being within experimental error.

Taylor also showed that by calculating the uncertainty bands within the reduced +o limits, a
reasonable 70% confidence level is still achieved. Figure 9.12 again shows the averaged
temperature readings for the three probe thermocouples located in each of the disc brake’s hat
section and the wheel carrier, with the associated average conductivity line and the upper and
lower boundary conductivity lines calculated using the *o criterion. With the reduction in

confidence level, it is shown that the measured temperature gradient is present.

A 70% level is not usually accepted within scientific and engineering disciplines due the large
degree of error possible. However, only three temperatures points were taken on each
component here, with a linear tend assumed. Although three points are the minimum amount
necessary before a linear trend can be assumed, a better understanding is achieved when at least
five point temperatures are taken. On the limited space available on the geometry, very fine
thermocouples would be required to allow additional recordings to be made. At the time of
experimentation, there were no finer probe type thermocouples available to repeat the
experiment. By default then, the amount of experimental error will be larger, making it
unrealistic to state 95% confidence in the experimental procedure. Resultantly, the 70%
confidence limit is more appropriate in this case and therefore, it can be stated that the measured

thermal gradient is a physical occurrence.
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Figure 9.12: The results of disc brake/wheel carrier testing confirms the thermal gradient between the pair

to a 70% experimental confidence level

Furthermore, even at the 70% confidence level, the gradient is only present for the first 15
minutes of cooling, before the upper and lower boundaries overlap once again. A deficient of
evidence prevents the statistical conformation of the previously discussed phenomenon, where

the wheel carrier becomes warmer than the disc brake.

9.2.3 Hat Temperatures

To complete the experimental study on disc brake temperatures, throughout the cooling phase,
an examination of the hat temperatures was conducted. This was done by comparing the three
probe thermocouples inserted into the hat to the bulk rotor temperature, found by taking an
average of all the working rubbing thermocouples. In Figure 9.13, a sample result is presented.
The rotor part of the disc always starts as the hottest but its increased energy slowly erodes and
after a period of time, the rotor section becomes the coolest. This is a common characteristic for

all three disc only cases.
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Figure 9.13: Bulk rotor temperatures drop below hat temperatures during the cooling phase (see Figure

9.2 for thermocouple positions)

For the rotor to become the coolest part of the disc brake, the temperature profile recorded by all
three hat thermocouples had to intersect the cooling bulk rotor profile. Table 9.2 expresses the
times when each thermocouple surpasses the bulk rotor and the temperature when it did so.
Evidence of a temperature wavefront progressing through the hat is presented. The change
transpires sequentially, starting with the thermocouple closest to the rotor (Hat 1) through to the
outer brake thermocouple located close to the disc/wheel carrier interface (Hat 3). When air was
allowed to flow through the vanes, the time until the outer Hat 3 thermocouple to become
warmer than the rotor was just under an hour. In comparison, the blocked vane meant a further
19 minutes was needed for this to happen. If the significance of the airflow through the vanes
had not fully been proven, the evidence here leaves no doubt; without the ability to dissipate

heat to the flowing air in the vanes, thermal energy is blocked and retained in the rotor.

For the second experimental case, where the gasket was present, it only took 43 minutes for the
first thermocouple to be hotter than the bulk rotor temperature. It was a further 16 minutes
before the heat wavefront reached the outer hat thermocouple. Higher hat temperatures were a

function of the inability to conduct energy out of the hat, causing the larger initial temperatures.
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A shorter time was subsequently recorded as the Hat 1 section had to heat up less before
matching the bulk rotor temperature. Although in the third experimental case it took longer for
the Hat 1 thermocouple to match, the effect of conduction can clearly be seen as rate at which
the heat wavefront moves through the hat section was much faster; it only took 9 minutes for the
outer thermocouple to become higher than the bulk rotor temperature. Confirmation that the
gasket did in fact reliably prevent conduction in the first two cases is gained, validating earlier

results.

Table 9.2: Times and subsequent temperatures when the hat thermocouples become higher than the bulk
rotor temperature

Hat 1 Hat 2 Hat 3
Time Temperature Time Temperature Time Temperature
(mins) (°O) (mins) (°O) (mins) (°O)
Case 1 56 104.0 70 87.5 78 78.5
Case 2 43 116.0 51 102.0 59 91.0
Case 3 50 101.0 55 92.0 59 86.5

9.3 Conduction Coefficient Calculations

When two surfaces are in contact, thermal energy is transferred from one body to the other via
conduction. As explained in section 4.2, the mechanism of the energy transfer is lattice
vibrational waves and/or free flowing, highly energised electrons. Thermal contact resistance is
the property that describes the resistance to energy transferring between the two mating
surfaces, with its inverse being called conductance. Tirovi¢ and Voller (2005) conducted
extensive research into the amount of energy transferred by conduction between two surfaces.
On the back of this work, they were able to find equation (4.23), which calculates the average
pressure distribution across mating surfaces being held together via a set of bolts. By using

calculated P,y values in equation (4.24), for surfaces either with or without bolts connecting

them, will result in specific h.,,4 values to be found for each mating pair.

Tirovi¢ and Voller’s method of finding h.y,q values was used in this investigation to find
relevant values to use in the full brake assembly FE model, shown in Table 9.3. Unlike the
variable h.,,,, values found in previous Chapters, constant values of h.,,; were used in the FE
modelling process. Tirovi¢ and Voller’s concentrated on finding the spatial h.,,4 variability
rather than its dependency on temperature. With time constraints placed on this investigation, no
theoretical or experimental testing was completed, to understand the feasibility of this possible
source of simulation error. Therefore, the constant values shown in Table 9.3 were used

throughout the heating and cooling stages of the following FE simulations.

293



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

Table 9.3: Calculated h,,4 values for all assembly contacting surface, using equations (4.23) and (4.24)

Contacting Surfaces Surface Area Pavg hecona
(mm?) (MPa) (W/m’K)
Disc To Wheel 739 4.06 2,625
Carrier
Disc To FER 4567 14,764 10.16 3,113
Disc To T3016 20,989 7.15 2,872
FER 4567 To Backplate 14,764 10.16 3,113
T3016 To Backplate 20,989 7.15 2,872
Backplate To Pistons 3,019 24.84 4,287
Backplate To Bridge 3,119 24.04 4,224
Bridge To Housing 1,600 0.36 2,330
Housing To Mechanism 9,534 0.25 2,320
Piston To Mechanism 800 93.75 9,800
Pad Carrier  To Chassis 5,038 0.18 2,314

Average pressure distribution on a surface is inversely proportional to the size of the surface in
contact under a given force; the larger the contact region, the lower the average pressure. As the
average pressure being one of the key variables in determining the h.,,4 value, it is important
that accurate values of surface area were used. By using the surface area calculation feature

within the CAD package NX 7.5, precise area values were determined for the mating pairs.

9.4 Emissivity

Heat dissipation by the mode of radiation, by definition, is highly variable with temperature, as
there is a fourth order relationship between the surface and ambient temperature. By combining
the Stefan-Boltzmann law with Newton’s law of cooling, equation (4.22) was derived for the
radiation HTC. Calculating the h,,4 value is relatively straightforward as it is dependent on
surface area, surface temperature, the Stefan-Boltzmann constant (o) and the emissivity (¢)
values only. A simple cooling test was conducted to experimentally determine surface and air
temperatures to place into equation (4.22) for the entire cooling period. With the ¢ value being
constant, the only outstanding property needed in the h,.,4 calculation is the emissivity of the
disc brake. As previously shown, Voller et al. (2003) have demonstrated the large range of
emissivity values used in the literature, for multiple disc brake materials and conditions. In this
section, the procedure undertaken to identify the appropriate & values to use for the fully

oxidised, 434/234 mm grey cast iron disc brake, as used on the Thermal Rig.
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Emissivity is a property that describes a body’s ability to accept and radiate electro-magnetic
waves. An indirect measurement technique was therefore used to generate reliable values for
this property. By utilising a FLIR A320 infrared camera in conjunction with temperature

measurements, the emissivity of the disc brake could be determined.

The FLIR processing software ThermaCAM Researcher was utilised for emissivity calculations,
which required the physical temperature readings to be imported into the software. By using an
iterative method of selecting a value of emissivity, the IR camera temperatures from the location
SPO1 (shown in Figure 9.14) could be matched to the recorded physical temperatures from the
+000 DOO thermocouple. A limitation of the FLIR A320 camera and its corresponding
processing software was that the temperature ranges it was capable of recording were from 0°C
to 350°C and 200°C to 1000°C. Seeing as the temperature range under investigation throughout
this project is from 20° to 400°C, the cooling test had to be conducted twice to capture data over

the entire cooling phase.

G100 ol

— 300

Figure 9.14: Thermal image of the initial parking application, showing the Spot temperature SPO1

position (located on the outboard 0° friction surface) and the adjacent +000 DOO thermocouple

Figure 9.15 displays the results of the emissivity testing, with the red markers for the higher
range and green markers for the lower. Emissivity changes with temperature as the potential to
accept electromagnetic waves diminishes as a body gets hotter. Figure 9.15 does indeed show
this pattern, but the decrease with temperature is so minor, the difference it will make for

calculation is negligible. Therefore, it can be assumed that the emissivity of the grey cast iron
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disc brake is constant throughout the stationary parking application. It should be noted that this
test was only conducted on the one disc brake, which was in the fully oxidised state.
Consequently, this assumption can only be made for disc brakes that match this condition.
Emissivity values shown in Figure 9.15 were taken at 10°C intervals, starting from 50°C up to
400°C. By averaging all the values, a mean emissivity value of 0.92 was found. The minimum

and maximum emissivity values calculated were 0.912 and 0.946 respectively.

ThermaCAM Researcher required a set of parameters to feed into the software to help it
decipher the image taken by the FLIR A320 IR camera. For instance, the intensity of the light
received by the camera is a function of how far the camera was away from the targeted surface.
For the photo taken in Figure 9.14, the camera was position 0.9 m away from the outboard disc
brake fiction surface. Other important factors the software needed was the ambient temperature,
relative humidity and the reflected temperature. Ambient temperature in the laboratory was
approximately 20°C on the day of testing, so this value was used. It was also used for the
reflected temperature value. From Chapter 8, it is known that the heat dissipating from the disc
brake has little effect on the air temperatures away from the disc other than directly above it,
allowing the same temperature assumption for the reflected temperature as that of the ambient to

be made.

To test the importance of the humidity reading, the change in calculated emissivity readings was
assessed when values of 50% and 90% were used. A difference of less than 0.5% in emissivity
values were calculated for the 400°C surface temperature, indicating that calculations are
insensitive to the humidity. A predicted value of 70% relative humidity was used in the end

calculations.
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Figure 9.15: Emissivity results over the full cooling phase

9.5 Chapter Summary

Chapter 9 closely examined the manner of disc brake cooling after reaching a state of thermal
equilibrium. It is common practice in brake FE modelling to ignore conduction to the wheel
carrier as the applications times are short, preventing the heat from reaching the interface. For
stationary parking applications, it was shown the wheel carrier impacts the disc brake
temperature, discrediting this assumption. Consequently, this effect keeps the disc brake hotter
for an extended period of time, making the inclusions of the wheel carrier essential when
simulating the longer parking application. However, conduction is not the dominant mode of
heat transfer to the wheel carrier. Regardless, values of h.,,4; where found for all contact

interfaces within the brake assembly.

Radiation was the last heat transfer mode to be investigated. By employing the use of a thermal
imaging camera, a technique was developed and used to find the emissivity value of the fully
oxidised grey cast iron disc brake located on the Thermal Rig, over the entire parking
application cooling phase. An assumption of a constant emissivity value throughout the cooling
phase could be derived from the procedure, at a value of 0.92. Reliable radiation calculations are

therefore possible as an outcome of this finding.
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Furthermore, temperatures during the heating phase were also recorded. By comparing results
from a disc brake with and without its vane channels blocked, at rotational speeds of 100 rpm, it

was found that 80% of convective cooling is done on the external surfaces.
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10 Full Brake Assembly FE Analysis

With a good understanding of the three modes of heat transfer found in the previous chapters,
reliable boundary condition values can be entered into a full brake assembly thermal FE model.
Starting immediately with a full brake assembly FE model would have been perilous though, as
thermal interactions between the various caliper components were not well recognised, leading
to probable erroneous results. Instead, the FE model was built slowly, adding only a single
component (where possible) to the assembly, in an attempt to capture correctly all heat flow

interactions.

The importance of getting the initial temperatures correct was demonstrated by the results
produced by Robinet (2008) and in the previous FE modelling presented in Chapter 6. Incorrect
initial settings can lead to unacceptable errors in temperature predictions. By repeating the
experimental methodology conducted in section 9.2, it could be estimated how much energy
enters each component and its corresponding surface temperatures, when in a state of thermal
equilibrium. As the only source of energy entering the assembly came from the IHC, which
entered the disc brake, any heat present in the other assembly components will be a result of

heat transfer originating from the disc brake.

Five further heating tests were therefore planned, in addition to the brake “disc only” scenario
presented in Chapter 9, to capture the thermal interactions. Components present in each
experiment were:

1. Disc

2. Disc and FER 4567 pads

3. Disc and T3016 pads

4. Disc and Pad Carrier

5. Disc, Pad Carrier, Bridge and Housing

6. Disc, Pad Carrier, Bridge, Housing, Mechanism and Pistons

As the Wheel Carrier component was also present in every experiment by default, it was
omitted from the list. Although it was planned to be carried out, experiment 3 three was
abandoned due to the time restriction placed on the project. It was decided that having
experimental data for a single brake pad friction material would be sufficient to demonstrate the

reliability of the modelling process.
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Discussion will be based on the experimental results produced from the six experiments
outlined above, to find the initial surface temperature distribution at thermal equilibrium and
how they were modelled. The presence of additional components has already shown to impact
on the airflow around the disc brake during the smoke machine airflow testing. Inevitably, the
disc brake cooling characteristics will change from those presented in section 8.3 when
additional components are incorporated into the assembly. For this reason, the discussion will

therefore transpire on a component-by-component basis, rather than for each individual test.

10.1 Disc Brake Temperatures

For two reasons, the disc brake is the most important component in the modelling process of the
brake assembly, the first being that it has the highest thermal mass and secondly, it is where all
the energy entered the system on the Thermal Rig. The experimental procedure conducted in the
section 9.2 was not only used to find the surface temperatures during the cooling phase, but also
during the heating stage. By using the data recorded when the disc brake was in the thermal
equilibrium state, initial temperatures could were found and will be used to validate the FE
modelling. A discussion on the physical temperatures recorded will be delivered prior to
introducing the modelling techniques used to match the FE simulation results with the

experimental data.

10.1.1 Experimental Disc Temperatures

Measured temperature data recorded by the rubbing thermocouples, located on the outboard
friction surface, are shown in Figure 10.1. Red dots indicate the outboard thermocouple
positions with the reciprocal inboard friction surface thermocouples and corresponding
temperatures are shown in Figure 10.2. Many of the pictures displayed in Chapter 10 are in the
same form as Figure 10.1, with each displayed thermocouple position presenting the average
recorded temperature for each of the six scheduled experiments. A colour scheme is used in
these figures to indicate when a significant change in temperature has occurred from the
previous experiment, defined by a minimum of a £5% temperature variation. In section 5.3 it
was shown the worst case experimental uncertainty of the temperature measuring system can be
considered as +2.2°C at the 100°C. By making a significant change +5%, the recorded
temperature change will always be at least double the experimental uncertainty and will
therefore be a physical occurrence, not a function of experimental error. Values shown in red
indicate that the temperature change from the subsequent experiment had significantly increased

and blue values demonstrate a significant temperature reduction.
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Figure 10.1: Outboard brake “disc only” thermal equilibrium temperatures
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Figure 10.2: Inboard brake “disc only” thermal equilibrium temperatures
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As six experiments were scheduled, each thermocouple had the potential to be used up to six
times. Three spaces in the CompactRIO were dedicated to non-thermocouple modules for the
purpose of the closed-loop motor controller. Consequently, only a selection of the

thermocouples ran through every experiment.

Capturing the friction surface heat distribution pattern was obtained by deploying 30 rubbing
thermocouples during the disc only experiment. From Figure 10.1 and Figure 10.2, a relatively
even distribution of heat was seen whilst the disc was heating. The outboard friction surface was
generally warmer than on the inboard, the difference typically staying within a 35°C range. A
wider temperature difference was seen across the inboard friction surface, peaking at just over

80°C.

10.1.2 Initial Disc Only Modelling

The simplified CAD model developed in Chapter 6 was used again here and throughout the
remainder of the project. The addition of the wheel carrier can be seen in Figure 10.3, along
with 10 highlighted surfaces, to indicate the contact regions between the two components.
Conduction therefore occurs through these surfaces in accordance with the h.,,4 value outlined

in Table 9.3.

Figure 10.3: Highlighted conduction path for the simplified disc brake and wheel carrier model

Heating the disc brake was done, as previously mentioned, with the disc brake rotating at a

constant speed of 100 rpm. As the IHC was set to input 7.00 kW of power into the disc brake,
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efficiency losses resulted in the disc brake only receiving 6.44 kW (see Table 9.1). Calculations
determined that the resultant heat flux into the each friction surface was 30,687 W/mz, assuming
it is spread evenly between the inboard and outboard surfaces and across the entire friction

surface.

Air was be pumped through the vanes and over the external disc brake surfaces during rotation,
causing a degree of forced convective cooling. Constant values of h.,,,, were used during the
heating simulations for simplicity. The aim was to achieve realistic final heating temperatures
(or initial cooling temperatures), not to necessarily match the heating profile making it possible
to simplify the model in this manner. External h.,,, values used during the heating simulation
are shown in Table 10.1, based on the Voller (2003) for the friction surfaces and an iterative

approach was used to find the vanes and hat values.

Table 10.1: hyyy, values used during heating stage of FE simulation, based on 100 rpm rotational speed
from Voller (2003) and iteration results

Component Surface Region heonw
(W/m’K)

- Outboard 10
Friction Surface

% - Inboard 10

—

m

Q Hat 10

a Vanes 15
Wheel Carrier All External 15

Being a large component itself, the wheel carrier will receive and then store a large amount of
the heat energy from the disc brake. If the total amount of heat dissipation from the wheel
carrier 1s lower than from the disc brake, there will be a reverse direction of heat flow; from the
wheel carrier to the disc brake. Two cooling interactions were resultantly created in the FE
model. Highlighted surfaces shown in Figure 10.4 are those chosen for both a radiation and
convection purposes. Due to a lack of data, h.,,, and h,,4 values for the pad carrier, and all
other caliper components coincidently, were based on engineering judgement. An emissivity
value to match that of the disc brake was also used. Although the surfaces were not corrodes,
the did have a rough, dark coating that would be relatively close to the friction surface value,

making this assumption viable.
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Figure 10.4: Cooling from wheel carrier external surfaces.

One final interaction required with the wheel carrier in the assembly was an open type cavity
radiation interaction. Heat exchange in the form of radiation between the two components can
therefore be captured. Energy will be emitted from the inner hat disc brake surface and accepted

received by the cylindrical, bearing housing section of the wheel carrier (Figure 10.5).

11

n

Figure 10.5: Surfaces selected for a radiation interaction between the disc brake and wheel carrier.
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A mesh containing 111,516 elements was used for the disc brake, with only 0.48% of them
generating skew warnings. Where possible, hexahedral elements were used to create a
structured mesh. Contacting surfaces between the disc brake and wheel carrier (Figure 10.3)
were forced to contain a structured mesh, with a small region on the flange region requiring
tetrahedral elements to connect the two dissimilar meshes together. There was a slight increase
in the proportion of skewed elements in the wheel carrier, with 1.83% of 405,508 predominately
tetrahedral producing warnings. More complex geometry was the driver for the increased

element count in the latter component, requiring a much finer mesh.

Starting from an ambient temperature of 20°C, the heating simulation was run for a two hour
time period, making temperature calculations in increments of 10 seconds. In total, the
simulation took 14 hours and 19 minutes, using 16 processors on a high power computing
cluster, which is based on a dedicated Linux platform. For what is essentially a very simple
model, as only the temperature degree of freedom is active on two components, this simulation
is very computationally expensive. Developing the mesh to such a fine degree, particularly the

wheel carrier, is the primary reason for the vast computation time.

Nevertheless, predicted results from FE modelling generated a temperature distribution, shown
in the contour plot in Figure 10.6. The rotor section of the disc brake has a fairly evenly
distributed surface temperature, as would be expected from the model setup. A small band
depicted in grey surpasses the contour limit, set at 400°C to represent the target heating
temperature, with the maximum temperature within the hot band reaching 401°C. Heat soaking
through the hat and into the wheel carrier is also evident, with a predicted temperature gradient

of 46°C between the thermocouples positions Hat 1 and Hat 3 (see Figure 9.2.b).
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Figure 10.6: Predicted FE disc brake and wheel carrier temperature distribution at thermal equilibrium

(initial cooling temperatures)

Accuracy of these temperature predictions can be compared to the experimental heating data
taken during the disc brake only testing (experiment 1). Table 10.2 displays the experimental
and the FE generated temperature predictions, along with the percentage difference between the
two, for all 30 locations (these are the same temperatures as those displayed in Figure 10.1,
Figure 10.2 and Figure 10.6). It was shown in Chapter 9 that three thermocouples have been
deemed faulty, reducing the number of thermocouples available for FE validation down to 27.
All thermocouples conformed to the desired +£20% accuracy limitation. Encouragingly, 23
predicted node temperatures matched the measured data to within £10%, in relative terms.
Confidence is further gained with 22 of these thermocouples matched recorded data within only

+5%.
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Table 10.2: Final heating (initial parking) temperature comparisons — 01 Disc.

Component Thermocouple Position Measured FE Prediction  Difference
Temperature
°C) (°O) (%)
Disc +000 DOO 403 405 0.5
+000 DOM 400 409 2.3
+000 DOI 379 404 6.5
+045 DOO 396 405 2.2
+045 DOM 405 409 1.1
+045 DOI 355 404 13.6
+090 DOO 413 404 2.1
+090 DOM 398 409 2.8
+090 DOI 354 404 13.9
+135 DOO / 405 /
+135 DOM 383 409 6.9
+135 DOI 341 404 18.5
+180 DOO 414 405 2.3
+180 DOM 395 409 3.6
+180 DOI 382 404 5.8
+000 DIO 408 395 -33
+000 DIM 405 397 -2.0
+000 DII 344 370 7.4
+045 DIO 392 395 0.7
+045 DIM 390 397 1.9
+045 DII 365 370 1.3
+090 DIO 405 395 2.6
+090 DIM 384 397 33
+090 DII 334 370 10.8
+135 DIO 414 395 -4.6
+135 DIM / 397 /
+135 DII / 370 /
+180 DIO 414 395 4.6
+180 DIM 408 397 -2.8
+180 DII 360 370 2.6

10.1.3 Effect of Additional Brake Components on the Disc Brake

Before moving onto the next experiment, where attention will be focused on the pad carrier
temperatures, an examination of how the disc brake temperatures change as a result of adding
caliper components to the assembly. Of the 30 rubbing thermocouples used in the initial
experiment, only nine were used for more than just the disc only experiment. Placement of the

pad carrier onto the Thermal Rig eliminated the possibility of mounting any thermocouples in
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the 45° and 135° positions, as well as the 90° ID thermocouples; introduction of the bridge and

housing also required further disassembly of the latter thermocouples.

A comparison of disc brake temperatures can be made between the experiment one (disc only)
to experiment four (with the pad carrier). The first observation to point out with the caliper
experiments is that to reach the thermal equilibrium position, the input power setting of the IHC
had to be lowered to 6.4 kW, whilst the reference thermocouple remained at approximately

400°C.

When the disc brake was allowed to spin in free air, the flowfield generated around the disc
brake were smooth and repeatable. Consequently, airflow into the will transpires uninterrupted,
allowing for maximum cooling. Disruption of the flowfield must occur with the introduction of
the pad carrier, causing a reduction in the convective cooling. This statement is reflected in the

results as less power was required to heat the disc brake to the same temperature.

Introducing the pad carrier to the assembly interrupts the airflow around the disc brake.
Angelinas et al. (2012) showed that the unified airflow stream exiting the channels, whist in a
dynamic scenario is hindered when the wheel is in close proximity to the disc brake OD
creating secondary recirculation regions. With the design of the caliper being such that it must
fit inside the wheel when assembled, the pad carrier is likely to have a greater local stifling
effect than the wheel, preventing the air from exiting the channel. Consequently, the disc brake
was unable to dissipate heat energy as effectively on the caliper side, causing the rise in
temperature seen as the disc brake rotates through the caliper components. Adding more caliper
components worsens the disc cooling as half of the outboard thermocouples demonstrate a
significant rise, without any reductions for experiment five. Only three inboard thermocouples

were used on the disc brake, two of which showed no significant change in temperature.

An area of further investigation has subsequently been developed here. Standard brake assembly
development is usually focused on minimising component weight for an equal performance
level. The challenge set out here is to develop caliper components that not only reduce weight
but to also improve assembly cooling characteristics by minimising the impact on the flowfield,
whilst maintaining the stiffness required to deliver the high clamp forces needed during a

braking application.

10.2 Brake Pad Temperatures

Experiment two was for the FER 4567 pad friction material. A slight modification had to be

made to the practical procedure, outlined earlier in the chapter, for the second experiment. As
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the pad carrier was removed from the assembly, the pads were kept in contact with the disc
brake with a G clamp, tighten by hand with just enough force to prevent the pads from falling
(Figure 10.7). Clamp force has already been shown to impact the thermal properties of the brake
pad (see section 5.7.3). However, considering the caliper provides a clamp force in the region of
150 kN, hand tightening the G clamp will put an insignificant amount of force through the pads,

resulting in a negligible effect on the pad conduction properties during the cooling phase.

[ = e T — ;
"‘(’F "’ s — - | !

Figure 10.7: FER 4567 brake pads being held against the disc brake with a G clamp — experiment two

A change in procedure which did impact the experimental result is the fact that the pads could
not be attached to the disc brake during the heating phase. On the Thermal Rig, heating of the
pads can only be done via conduction from the disc brake. With the G clamp method of
securing the pads, it became impossible to rotate the disc brake as the pads would come into
contact with the IHC. Consequently, the pads were clamped against the disc brake immediately
after the disc brake had reached the thermal equilibrium state and the motor and IHC had been
switched off.

The pads were only at room temperature rather than a realistic operational temperature so no
experimental heating results will be shown. However, the initial FE disc brake and wheel carrier
temperatures could be taken from test one, with the pads set to the ambient 20°C. As with all
boundary conditions, inputting accurate material properties is essential for accurate temperature
predictions, demonstrated already in section 10.3. Material properties supplied by Meritor for

the FER 4567 friction material (Table 5.4) were incomplete; most significantly, no value of
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thermal conductivity was supplied. Without it, the FE coding would be unable to determine the
internal heat flow through the material and therefore, it was necessary to use the method of
iteration to find a suitable value. Considering peak surface temperature was not the focus of this
model, the proposed actual contact ratio, proposed by Qi and Day (2007), was not used. Instead,
the idealised smooth contact interaction was applied between the disc brake and friction

material surfaces.

10.3 Pad Carrier Temperatures

Returning to the initial temperature analysis, section 10.3 will now focus on initial pad carrier
temperatures. A similar layout will be used as before with the surface temperatures explored
first, then the corresponding thermal interactions used in the FE modelling process and finishing

with the effects of introducing additional brake assembly components.

Surface temperatures are presented in Figure 10.8 and Figure 10.9, for the outboard and inboard
sides respectively. To reiterate, these surface temperatures are the average of five individual
experiments. Upon inspection of the results, a temperature distribution indicates that the upper
half of the pad carrier is warmer than the lower half by an approximate 20°C. The close
proximity of the pad carrier’s internal surfaces to the heat source (disc brake) enables a large
proportion of the heat dissipated from the disc brake to be absorbed by the pad carrier. With the
disc brake shown to be hottest on the upper section, more heat is transferred to the upper half of
the pad carrier and hence, the thermal gradient recorded. To a lesser degree, as the pad carrier is
stationary, internal buoyancy effects are able to materialise, increasing to the measured thermal

gradient within the component.

Another noticeable pattern derived from the experimental results was that the outboard pad
carrier side had consistently higher temperatures than the opposite, inboard side. For example,
when only the pad carrier was introduced (experiment four) the maximum temperature on the
upper outboard internal surface (PC O Int Top) was 240°C, compared to 220°C for its inboard
counterpart (PC O Int Top). The former was actually the highest recorded on the pad carrier
during that particular experiment, with the minimum recorded at 153°C on the lower inboard
external surface, on the bottom of the pad carrier (PC I Ex Bottom). In general, the temperature

difference between the two sides of the pad carrier is approximately 10°C.

Differences in the opposing sides arise because of the asymmetry in the component geometry.
When fixed onto either a CV or the Thermal Rig, the caliper assembly is mounted onto the

chassis via six bolts from pad carriers, which are broken into two sets of three. Each set of bolts
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fasten on the inboard side of the pad carrier through two flanges. A conduction path is created,

taking heat out of the inboard side. Additional mass is also added to the inboard side for these

flange surfaces, providing additional thermal mass for the heat to be dissipated to, resulting in

the temperature differences recorded.
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Figure 10.8: Average outboard pad carrier surface temperatures.
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Figure 10.9: Average inboard pad carrier surface temperatures.

10.3.1 FE Model Alterations

With the pad carrier now in the brake assembly, the FE assembly model (presented in section
10.1.2) was developed further. Discussions shall start by describing the changes made before
assessing the final heating (initial cooling) predicted temperatures. Starting with the
fundamentals, during testing, thermal equilibrium was achieved from a reduced IHC power
setting (and all subsequent experiments). The new value was set to 6.40 kW of heating power,
with the disc ultimately receiving 5.76 kW. Using this value of input power, the new input flux
was calculated at 27,447 W/m>. An evenly distribution of the input energy was once again

assumed.

Assuming an even distribution of radiation and convection coefficients across the disc brake
friction surfaces is no longer a viable option. Results have shown the impact of the pad carrier
on the disc brake’s cooling characteristics, previously attributed to disturbing the airflow
pattern, whilst the physical presence of the pad carrier blocks the radiation path to free air.
Actions were taken to incorporate this into the FE model. Figure 10.10 shows the reduction in
friction surface area devoted to dissipation via the radiation mode (highlighted in red). Where

the pad carrier overlaid the friction surfaces, the radiation to air interaction was removed,
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creating two separate areas on either side. The h.,,, value used for both sections remained at

10 W/m’K (from Voller, 2003).

Figure 10.11 displays a new interaction added to capture the heat transfer between the disc
brake friction surfaces and the pad carrier. An open type cavity radiation interaction was set for
these surfaces, allowing the disc brake to radiate heat to the pad carrier. It was not just on the
friction surfaces where the area of radiation had an alteration, due to the pad carrier
introduction. In a similar fashion, an interaction was added for the outer disc brake
circumferential surface. Again, an open type cavity radiation interaction was used for the

surfaces depicted in Figure 10.12.

Figure 10.10: Reduction in disc surface area available for radiation with installation of the pad carrier
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Figure 10.11: Radiation interaction between the disc and the pad carrier surfaces.

Convective heat transfer between the previous two sets of surfaces was much more complex to
model. ABAQUS is an FE program, energy leaving a solid surface can be calculated. However,
this type of heat transfer requires energy to be transferred through a fluid medium, a process
outside the capability of FE analysis. During heating, warm air exiting the vane channels comes
into contact with the pad carrier’s internal surfaces. In an attempt to capture the convective heat
flow within ABAQUS, gap conduction interactions were used on between the surfaces (Figure
10.11 and Figure 10.12). This approach was used simply to simulate the fluid heat transfer so
was therefore adequate to use. A list of all the h.,,4 values used for the fourth experiment are

shown in Table 10.3.
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Figure 10.12: Surface area used for both the radiation and gap conduction interactions between the disc

brake circumferential surface and the pad carrier

Table 10.3: Gap conductance values used — 04 Disc, Pad Carrier

Introduced Gap Conductance Interaction heona Figure
(W/m’K) Reference
Experiment Disc Circumferential Surface to Pad Carrier - Top 50 Figure 10.12
4 Disc Circumferential Surface to Pad Carrier - Bottom 50 Figure 10.12
Friction Surface To Internal Pad Carrier - Inboard - Top 50 Figure 10.11
Friction Surface To Internal Pad Carrier - Inboard - Bottom 50 Figure 10.11
Friction Surface To Internal Pad Carrier - Outboard - Top 50 Figure 10.11
Friction Surface To Internal Pad Carrier - Outboard - Bottom 50 Figure 10.11
Experiment Disc Circumferential Surface to Bridge Internal - Top 100 Figure 10.19
5 Disc Circumferential Surface to Bridge Internal - Bottom 100 Figure 10.19
Friction Surface To Internal Bridge 100 Figure 10.20a
Friction Surface To Internal Housing 100 Figure 10.20b
Pad Carrier To Housing — Top (Tappet) 100 /
Pad Carrier To Housing — Bottom (Tappet) 100 /
Experiment  Friction Surface Inboard to Piston — Top 50 /
6 Friction Surface Outboard to Piston - Bottom 50 Figure 10.23
Friction Surface To Internal Mechanism 400 /

The final interaction between the disc brake and the pad carrier is shown in Figure 10.13, where

another open type cavity radiation interaction was added between the surfaces. Unlike the
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previous component interactions, no gap conductance was placed between the hat and the pad
carrier. Although it was tested, FE results matched the experimental better when the gap
conductance was removed. It was found in Chapter 8 that the airflow exiting the vanes in this

region will have a degree of axial velocity, preventing fluid interaction here.

Heat transfer specifically from the pad carrier to the surrounding air was also included. A
radiation to air interaction was given to all external surfaces without a cavity radiation
interaction already attached to it. The emissivity value used once again matched the value found

for the disc brake.

Figure 10.13: Radiation interaction between the hat and pad carrier

It was found experimentally that the pad carrier had an internal temperature gradient, making
the top warmer than the bottom. Another superficial modelling technique was attempted to
simulate this temperature distribution. Figure 10.14 has the bottom pad carrier surface, located
in the X — @ plane, highlighted. All external pad carrier surfaces were initially given a h.onyp
value of 20 W/m’K, except the highlighted bottom surface and the reciprocal top surface. To
make the bottom cooler than the top, an increased value hy,,, equalling 40 W/m’K was used on

the bottom, whilst on the top the value remained at 20 W/m’K.
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Figure 10.14: Surfaces used in attempt to artificially create a vertical thermal gradient

The final interaction added to the FE model was to simulate conduction from the two pad carrier
flange surfaces to the axle. Importance of the additional mass in this area has already been
shown to cause the inboard pad carrier side to be cooler than the outboard side. As the FE model
does not include the axle attachment plates, a conduction interaction cannot be made. Instead,
an artificial convection interaction was added to the model to capture the axial thermal gradient.
Figure 10.15 displays the flange surfaces where this convection interaction was placed.
Calculations were made initially to find the value of h,,,, that would generate an equivalent
amount of heat transfer as the actual conduction process did on the Thermal Rig. Fourier’s law
of cooling for convection and conduction were equated and rearranged to make h.,,4 the
subject of equation (10.1), subsequently ensuring the convective and conduction dissipation are

equal. As the same surface area is used in both they cancelled and were removed.

hcondAT

10.1
(Tsurf oo) ( )

hconv -
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Figure 10.15: Pad carrier flange surface thermal boundary conditions

Evaluation of equation (10.1) requires the temperature difference between the mating surfaces
to be known. As this was not recorded, it was assumed 1°C initially simulating a low thermal
contact resistance. Using Tirovi¢ and Voller’s method, the h.,,4 value was calculated at 2,314
W/m’K. An estimation of 180°C could be made for the flange surface temperature, based on the
results presented in Figure 10.9. Placing these values into equation (10.1) generated an initial
Reony Value of 14.5 W/m’K. This value was rounded up to 15 W/m’K, which delivered well

matched results.

10.3.2 Pad Carrier Final Heating FE Temperatures

Once again, predicted temperatures produced by the FE modelling are shown in Table 10.4, and
match well with the experimental data. Of the nine rubbing thermocouples used on the disc
brake, seven nodal positions predicted temperatures within +8% of the measured data, with two
predictions being slightly less accurate but still within +14%. Pad carrier temperature
predictions also proved to have a close match. In total, of 11 thermocouples placed on the pad
carrier surfaces, only one nodal temperature had a temperature difference larger than +20%

with the measured data, generally showing a good agreement.
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Table 10.4: Final heating (initial parking) temperature comparisons — 04 Disc, Pad Carrier.

Component  Thermocouple Position Measured FE Prediction  Difference
Temperature
O O (%)
Disc +000 DOO 403 390 -3.3
+090 DOO 387 396 2.1
+090 DOM 383 398 4.1
+090 DIO 378 395 4.6
+090 DIM 350 396 13.1
+180 DOO 367 384 4.6
+180 DOM 371 388 4.6
+180 DOI 341 388 13.9
+180 DIO 401 385 -4.0
+180 DIM 358 385 7.6
+180 DII 359 363 1.2
Pad Carrier PC O Ex Top 171 205 19.7
PC O Ex High 181 200 10.3
PC O Int Top 240 209 -12.8
PC O Pad Top Vert 183 190 3.9
PC O Pad Top Horz 201 204 1.5
PC O Ex Mid 163 156 -4.1
PC O Pad Bottom Vert 193 181 -6.0
PC O Pad Bottom Horz 196 192 2.2
PC O Ex Low 168 187 11.1
PC O Int Bottom 222 197 -11.7
PC O Ex Bottom 156 182 16.1
PCTEx Top 166 206 24.4
PC I Int Top 220 219 -0.5
PC I Pad Top Vert 175 199 13.8
PC I Pad Top Horz 195 207 6.3
PC I Pad Bottom Vert 181 192 6.5
PC I Pad Bottom Horz 186 196 5.6
PC I Int Bottom 211 206 2.3
PC I Ex Bottom 153 183 19.7

Making the pad carrier match was not straightforward. Paying close attention to the top and
bottom surfaces in the X — @ plane (see Figure 10.14), nodal temperatures here were less
accurate than the other locations. Early modelling trials utilised the SG Steel properties given in
Table 5.1. Produced results had the X — 8 surfaces overestimating by 100%, whilst the
remaining nodal temperatures were significantly underestimating the temperature. The material

properties were individually increased and decreased in 5% increments but ultimately,
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modelling proved insensitive to individual property changes. These large differences were the
main reasoning for implementing the bolt fastening flange surface gap conductances. By
lowering the inboard temperature, axial heat flow took some of the excess heat away from the

pad carrier top surface.

10.3.3 Influence of Other Caliper Components on Pad Carrier

Similarly with the disc brake, adding additional caliper components altered the average surface
temperatures. Referring back to Figure 10.8 and Figure 10.9, the same colour coding scheme
has been used to easily distinguish significant temperature changes. This section will briefly

describe how adding the remaining caliper components influence pad carrier temperatures.

The outboard side of the pad carrier was most affected by the introduction of the bridge and
housing (experiment 5). Six of the eight outboard thermocouples used in all the experiments
showed significant increases. Conversely, there were no significant temperature changes on the
inboard side of the pad carrier. By enclosing the pad carrier’s outboard surface, the ability to
convectively dissipate heat away is limited. The location of the bridge also restricts the radiation
dissipation mode. Surfaces on the inboard side of the pad carrier, however, remain relatively

open to passing airflow, keeping the convection rate relatively high.

A different pattern is seen when the pistons and mechanism component are placed inside the
housing unit (experiment 6). Seven out of the eight inboard pad carrier thermocouples produced
significant temperature changes compared to just three on the outboard pad carrier side.
Introduction of the mechanism and pistons gives additional thermal mass to the housing unit,
providing a greater sink for heat to be conducted away from the pad carrier. However, the

opposite occurs, demonstrated by the pad carrier temperature rises.

A change to convection is attributed to this temperature increase. The bridge has been shown to
act as an airflow barrier for the friction surfaces (see smoke machine testing, section 8.3.3.3),
explaining the temperature rise. Further reduction of friction surface airflow once the
mechanism has been installed can be explained by the schematic diagram shown in Figure
10.16. In the absence of the mechanism, air can funnel through the opening in the inboard
housing side and over the friction surface as well as the internal bridge surfaces. Once installed,
this airflow path is blocked, further reducing the convection potential. The situation is likely to
be worsened by the presence of the pistons, as they will further impede the airflow within this

channel.
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Figure 10.16: Schematic diagram of airflow a.) flowing through the housing or b.) being blocked by the
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mechanism.

10.4 Bridge and Housing Temperatures

In the fifth experiment, both the bridge and housing components were installed onto the
Thermal Rig together. Discussion will continue on an individual basis, with attention focused on

the bridge temperatures first.

10.4.1 Bridge Final Heating Temperatures

Recorded temperatures are presented in Figure 10.17. Like with the pad carrier, a temperature
gradient is present between the upper and lower half of the component, albeit not a considerable
one. For example, the external outboard temperatures only differ by 9°C, with the internal

surfaces measuring a difference no greater than 5°C.

However, the difference between the internal surfaces, located directly over the vane channel
exits (Br Mid Int Top/Bottom), and the immediate external surface only a few millimetres away
(Br Mid Ex Top/Bottom) produces a far larger gradient, which were 34°C and 56°C on the
upper and lower bridge parts respectively. Exiting air being pumped out the vane channels
impact these internal surfaces, heating these regions up beyond any other point on the bridge.

Conduction then disperses the heat around the remaining areas of the bridge.
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Figure 10.17: Average recorded bridge temperatures

It can also be seen in Figure 10.17 that installation of the mechanism and pistons does indeed
impact on bridge temperatures. Of the four thermocouples located on the outboard side, three of
them display a rise greater than 5°C. The remaining bridge temperatures remain approximately
equal apart form a single thermocouple showing a decrease in temperature (Br I Ex High Top)

by 6°C.

10.4.2 Housing Final Heating Temperatures

Next is the turn of the housing unit. Only six thermocouples were used on the housing, reducing
to three when the mechanism was added. Figure 10.18 demonstrates that there is a temperature
gradient on the flange (internal) surface, but it has a slightly different characteristic than what
has been seen on previous components. Indeed, the top of the flange is warmer than the bottom
by 8°C, yet the difference is much less than that from the central flange thermocouple to either
of the top or bottom, 32°C and 24°C respectively. This result is a function of conduction from
both the bridge and the pad carrier. Heat from the bridge predominately enters the housing
through two individual contact regions, warming both the upper and lower sections of the

component. Likewise, heat leaves the pad carrier through two tappets, which is then conducted
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through to the housing. Thermal energy therefore enters at two extremities of the housing and

hence, generating the displayed heating profile in Figure 10.18.
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Figure 10.18: Housing final heating (initial cooling) temperatures

An obvious but important result is shown in Figure 10.18, with regards to the change in heating
profile when the mechanism and pistons are installed on the assembly. Heat appears to be drawn
from the housing’s external surface and into the mechanical parts, due to the additional thermal
capacity offered by their presence. With more heat going into the mechanism components rather
than the housing unit, the chances of the secondary brake failure increase (a concept introduced

in Chapter 8).

10.4.3 FE Model Development — Bridge and Housing

With the addition of the bridge and housing to the assembly, additional interactions and further
changes were needed to the FE model. Interactions specific to the bridge will be discussed first
before moving onto the housing unit. In a similar fashion to the pad carrier, placement of an
open type cavity radiation interaction was placed between a section of the disc brake’s outer
circumferential surface and the internal top and bottom bridge surfaces (Figure 10.19). As

before, the local ambient temperature used for this relationship remained at room temperature.
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Both the bridge and housing unit had a rough, painted surface finish over the external surfaces.
The emissivity would therefore be high, approaching unity and so the same emissivity value for
the bridge and housing unit external surfaces were given the same emissivity value as the disc
brake. Pumping of air through the channels also required a gap conductance interaction here to

account for fluid interactions (see Table 10.3 for h.,,4 values).

Figure 10.19: Radiation and gap conduction surfaces between bridge and disc brake outer surface

This was not the only place where radiation energy dissipated by the disc brake was captured by
the bridge. Without a set of brake pads present in the assembly, there was a direct path between
the disc brake outboard friction surface and the internal bridge surfaces (Figure 10.20.a). Again,
a cavity type radiation interaction was placed on these surfaces with the same ambient
temperature and emissivity values used as before. Interactions were set up the same for heat
being passed from the disc brake inboard friction surface to the housing flange surface (Figure
10.20.b).
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a.) b.)

Figure 10.20: Radiation from disc brake friction surface a.) outboard to internal bridge surfaces, and b.)

inboard to housing flange surface

The final alteration to the FE model was to add convection cooling to the inboard internal
bridge surfaces, as described by the schematic diagram (Figure 10.16). Air being sucked
through the housing meets the deflected exiting vane channel air and passes under the bridge.
Therefore, it was necessary to add a high h.,,,, value to these surfaces. All other bridge and
housing external surfaces were subject to both a radiation to air and standard convection
interactions, for both the bridge and the housing. The same emissivity and convective

coefficient values were used as with the pad carrier.

10.4.4 Bridge and Housing Heating FE Results

By this stage, the modelling procedure for the disc brake components had become relatively
mature. It is therefore unsurprising that good agreement was generally found between the
experimental data and FE predictions for the disc brake as only one of the seven nodal
temperatures were misaligned to the thermocouple reading. The same can be stated for the pad

carrier as all 16 predicted nodal temperatures match very well to with recorded data.

Unfortunately, even with all the global and localised thermal interactions placed on the bridge, it
proved extremely difficult to achieve accurate bridge temperatures. This is reflected in Table
10.5 as only one of the eight nodal temperatures matched recorded data relatively well. It would

appear that the global bridge temperature is too high as six nodal temperatures differences are in
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excess of 20%, with only one below. Values presented in Table 10.5 were the best results after

32 attempted simulations.

Modelling of the housing was somewhat more successful. Three of the five node temperatures
showed good agreement, with two having differences greater than 20%. It can be assumed
therefore that the global heating profile is approximately correct for this component. It was
decided that the investigation would continue without rectifying the bridge modelling at this
stage, since additional components (mechanism, pistons, pads) may introduce difference

thermal interaction mechanisms.
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Table 10.5: Final heating (initial parking) temperature comparisons — 05 Disc, Pad Carrier, Bridge,

Housing
Component Thermocouple Position Measured FE Predicted Difference
Temperature Temperature
(°O) (°O) (%)
Disc +000 DOO 400 383 -4.2
+180 DOO 378 378 0.2
+180 DOM 386 383 -0.8
+180 DOI 340 378 11.1
+180 DIO 395 380 -3.9
+180 DIM 301 381 26.9
+180 DII 344 352 24
Pad Carrier PC O Ex Top 195 190 2.7
PC O Int Top 254 215 -15.3
PC O Pad Top Vert 210 196 -6.8
PC O Pad Top Horz 230 214 -6.8
PC O Pad Bottom Vert 206 173 -16.1
PC O Pad Bottom Horz 215 180 -16.0
PC O Int Bottom 232 187 -19.5
PC O Ex Bottom 178 179 0.6
PCIEx Top 175 182 4.2
PC I Int Top 218 186 -14.5
PC 1 Pad Top Vert 179 171 4.5
PC I Pad Top Horz 191 180 -5.6
PC I Pad Bottom Vert 181 163 -10.3
PC I Pad Bottom Horz 188 166 -11.5
PC I Int Bottom 214 174 -18.9
PC I Ex Bottom 159 177 11.1
Bridge Br O Ex High Top 119 147 23.7
Br Mid Int Top 193 141 -26.5
Br O Int Top 160 187 16.8
Br O Int Bottom 159 199 254
Br O Ex High Bottom 111 181 63.3
Br I Ex High Bottom 105 146 39.0
Br Mid Ex Low Bottom 141 230 63.1
Br Mid Int Bottom 190 233 22.9
Housing H Ex Top 87 89 1.5
H Ex Bottom 85 103 21.0
H Int Top 131 97 -25.8
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H Int Mid 101 105 4.7
H Int Bottom 124 112 9.5

10.5 Piston Temperatures

The brake assembly initial temperature analysis and FE model development work was
completed by introducing the mechanism and the piston, which were the final components in
the assembly. Figure 10.21 indicates that only pistons temperatures were recorded during the
experimental process. It was hoped that surface temperatures on the mechanism would be
investigated but unfortunately it proved physically impossible to secure any thermocouples to it.

Consequently, it was only able to monitor piston surface temperatures.

Results show there is little temperature difference between the two pistons. The top piston is
marginally warmer by only 7°C, at 162°C. Having previously noted that there is little airflow in
the region between the inboard friction surface and the mechanism, which is also encased by the

bridge, it is reasonable to assume that radiation is the dominant source of piston heat input.

Component Analysis T
< . . 5 . 3 Disc: Yes
Disc - Pad Carrier - Bridge - Housing - Mechanism - Pistons Gasket No
< Blocked Vanes: No
Pistons
Heati T3016 Pads: No
eating FER 4567 Pads: No
1 Pad Carrier: Yes
2 Bridge: Yes
3 Housing: Yes
4 Pistons:. Yes
e Mechanism: Yes
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Figure 10.21: Piston temperatures from experiment 6
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10.5.1 FE Development and Results

FE model development started with modelling the mechanism and piston components. No CAD
model of these parts were supplied, consequently simplified geometry models for both parts
were made. To ensure the simplified parts were representative, the mechanism and both pistons
were weighed, giving a combined mass of 2.8 kg. Volume was added the components such that
when the material density was inputted into the NX modelling software, the correct combined
mass was achieved. This was important ensure the thermal heat sink added to the assembly was
representative. With all components completed, the final FE model could be meshed, presented
in Figure 10.22. In total, the mesh contained 1.15 million elements for the eight components it is
assembled from, remembering there are two pistons. From Table 10.6 it can also be seen that
the mesh quality is generally good, with only a low percentage of skewed elements in each of
the components. The piston mesh does have a slightly proportion of skewed elements but being

the smallest component in the assembly, it has minimal impact.

Figure 10.22: Full FE caliper assembly model — experiment 6
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Table 10.6: Breakdown of the number of elements in the full FE model.

Component Number of Skew

Elements Warnings
Disc 113,893 0.47%
Wheel Carrier 405,523 1.83%
Pad Carrier 166,916 0.15%
Bridge 217,450 1.20%
Housing 241,027 1.46%
Mechanism 8,442 0.17%
Piston 1,312 7.32%
Total 1,155,875

Only two new radiation interactions were necessary to develop the FE model for this section.
Both were from the disc brake’s inboard friction surface, firstly to each of the pistons surfaces
and also to the surface region of the mechanism, which is not being block by the pistons. This
latter interaction is demonstrated in Figure 10.23. From the experimental results, it has been
implied that there is little airflow within the space between the inboard friction surface and the
mechanism, which is encased by the bridge. Consequently, there was no need to add a gap
conduction interaction. Furthermore, despite the overheated bridge predictions in the previous
section, a lack of airflow required removal of the high h.,,, values placed on the inboard
internal bridge surfaces. Brake assembly temperatures in the thermal equilibrium state are

shown in Table 10.7.

Figure 10.23: Radiation interaction between inboard friction surface and the mechanism
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Table 10.7: Final heating (initial parking) temperature comparisons — 06 Disc, Pad Carrier, Bridge,
Housing, Mechanism, Pistons

Component Thermocouple Position Measured FE Predicted Difference
Temperature Temperature
(°C) (°C) (%)
Disc +000 DOO 399 377 -5.6
+180 DOO 392 376 4.1
+180 DOM 399 380 4.7
+180 DOI 347 364 4.8
+180 DIO 412 361 -12.4
+180 DIM 292 378 29.7
+180 DII 352 373 6.0
0.0
Pad Carrier PC O Ex Top 198 289 46.4
PC O Int Top 258 249 -3.8
PC O Pad Top Vert 208 228 9.6
PC O Pad Top Horz 230 241 4.8
PC O Pad Bottom Vert 212 219 33
PC O Pad Bottom Horz 227 229 1.3
PC O Int Bottom 239 233 2.4
PC O Ex Bottom 187 273 45.8
PC 1 Ex Top 182 287 58.1
PC I Int Top 233 242 4.0
PC I Pad Top Vert 191 227 18.8
PC I Pad Top Horz 212 233 10.0
PC I Pad Bottom Vert 192 216 12.9
PC I Pad Bottom Horz 205 218 6.1
PC I Int Bottom 232 232 0.1
0.0
Bridge Br O Ex High Bottom 115 169 47.8
Br Mid Ex High Top 146 135 -7.3
Br Mid Ex High Bottom 151 136 -9.6
Br O Int Top 178 217 21.3
Br O Int Bottom 169 215 26.9
Br I Ex High Bottom 105 111 54
Br Mid Ex Low Bottom 145 137 -5.2
Br O Ex High Top 122 169 38.2
Br I Ex High Top 108 106 -1.2
Br Mid Ex Low Top 159 136 -14.4
0.0
Housing H Ex Top 82 89 8.3
H Ex Mid 72 86 18.4
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H Ex Bottom 79 94 19.6

0.0

Piston Piston Top 162 160 -1.3
Piston Bottom 155 163 53

10.6 Full Assembly Cooling Temperatures and FE Predictions

In Chapter 6, the complexity associated with thermal modelling a stationary, parking brake
application became apparent. The use of dynamically derived heat transfer coefficients for these
long scenarios was identified as the greatest source of error. Subsequently, the following
chapters were devoted to finding accurate convection data, which could be inputted in to the FE
model as boundary conditions. Thus far in Chapter 10, values for h.y,4 and the emissivity were
identified before generating representative initial values for the FE, validated against
experimental results. This final section attempts to improve the stationary parking application
modelling by pulling together all the technical research presented in this thesis, completing the

research aims for the project.

Altering the previously made heating FE model into the cooling FE model was relatively easy.
Removal of the thermal fluxes placed on the friction surfaces and changing the convective
interaction properties was all that was required complete the modifications. The former was a
trivial operation, however, the latter proved more problematic. CFD analysis work, presented in
Chapter 8, generated variable values of h,,,,, over the four separate disc brake surface area
regions. When these values were compared to the analytical values produced from in Chapter 7,
it suggested they were too high with edge effects being attributed for high surface average h.ony,

values.

Regardless, the first attempts at modelling a stationary parking application used the CFD
average surface h.,,, values displayed in Figure 8.35. Indeed, it was proven that the cooling
rate was too quick with these figures. In an attempt to reduce the disc brake’s cooling rate, the
CFD generated h,,,,, values were reduced in increments of 5% until experimental results match
was achieved. Table 10.8 presents h oy, values that have been reduced by a factor of 15% from
the original CFD estimates, which is close to the calculate 17.5% difference. Both CFD and the
analytical modelling were completed for a free disc in open air, whereas the FE model impairs
some of the surface cooling with the caliper, making neither set the true values to use for the full

brake assembly.
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Table 10.8: Final h.,,,, values used in the stationary parking simulations — reduced values by 15%.

Friction Surface Inboard Outboard Hat Vanes

Temperature (°C) (Wm’K)  (Wm’K) (W/m’K) (W/m’K)
20 0.0 0.0 0.0 0.0
49 8.9 73 3.4 5.3
112 9.5 8.7 3.9 5.7
213 10.2 10.0 5.2 5.6
350 10.1 10.4 5.3 6.1
500 10.2 10.9 5.4 6.0

Figure 10.24 displays the results from the FE modelling. As can be seen, the temperature

prediction for the +000 DOO thermocouple now matches the experimentally found cooling

profile, a common result for all rubbing thermocouple locations. A temperature difference of

approximately 11% between the 0.5 and 1.0 hours is seen, which is considered within the

allowable region. Although the h.,,, values used were defined for a different scenario, it can be

concluded that they are appropriate to use as the predictions match well.
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Figure 10.24: FE modelling of a stationary application — experiment 06

It should be noted that two separate step times were use in the modelling. Initially, temperatures

were calculated at five second intervals at the beginning of the cooling phase, as the greatest
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temperature changes are seen here. Using such a fine step time caused the computational time to
be extremely large and it was therefore decided that after 30 minutes it would be reduced. Using
equation (4.7) was used to determine an acceptable step time. With the target Fourier number
set at unity, the step size was calculated to be 390 seconds. For post-processing convenience, it
was reduced to 360 seconds. Being only a small change, the value remained in the identified

acceptable range of values, ensure conduction was calculated adequately.

The next FE model saw the introduction of the brake pads against the held against the friction
surfaces. As described previously, a slight change to the experimental process was necessary for
experiment number two and therefore the modelling procedure had to reflect this. The same
initial temperatures for the disc brake and wheel carrier were used, with the brake pads set to
20°C. Confidence will be gained in the modelling conditions if both the heating and then the

subsequent cooling of the pads were aligned to experimental data.

Figure 10.25 was produced by applying the same variable h.,,, value to all external brake pad
surfaces as the inboard friction surface, a h.,,4 value at the friction interface in line with Table
9.3 and using a conductivity value of 6 W/m K for FER 4567 friction material. The predicted
nodal temperature profile, for the back friction material thermocouple location (POBT), matches
impeccably with experimental data throughout the simulation; this was common amongst all
nodal predictions. Evidence is therefore presented to confirm that the method of finding h.y,q4
values, derived by Tirovi¢ and Voller (2005), is accurate and it can be used for the longer

parking application simulations.
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Experimental vs FE Cooling Components In Use:
. Disc: Y
Disc - FER 4567 - Set 03 POBT  Gasket No
450 Blocked Vanes: No
T3016 Pads: No
FER 4567 Pads: Yes
400
Pad Carrier: No
Bridge: No
350 Housing: No
Pistons: No
Mechanism: No
300
¥ Averages
FE - Run 03
250
200 I
150 @ l
100 l
1+
I €
50 T %
ol - E ¥ ¥ 4 ]
I3 -+ =+ 3 X E
0 ,[ + + + + +
0 1 2 3 4 5 6
Time [h] Cranﬁg{ggm

Figure 10.25: FE modelling of a parking— 02 Disc, FER 4567

A similar high degree of accuracy can be described when discussing the modelling results from
experiment four. Again, very little work was involved in in transforming the heating FE model
into a cooling simulation. Once removal of the thermal flux had been completed, all that was
required was to modify the h.,,, values again. Like with the brake pads, external pad carrier
surfaces used the same h,,,,, profile as the inboard friction surface, whilst the internal surfaces
had no convection attributed to them as it is likely there would be a lack of airflow in this

region.

Figure 10.26 validates the assumption made as the internal pad carrier surface temperature
profile, for the PC I Int Top thermocouple, is aligned to the experimental data extremely well.
Keeping the thermal fluid interaction (gap conduction) would have seen an increase in nodal
temperatures towards the early part of the simulation, or at least maintaining its initial

temperature for longer.
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Figure 10.26: FE modelling of a stationary application — 04 Disc, Pad Carrier

In total, 15 of the 19 pad carrier nodal temperatures matched the thermocouple profile for the
entire cooling phase. This result proves that the global temperature distribution can be accepted
as accurate, due to the majority of nodal temperatures conforming to the prescribed standards.
Four pad carrier predictions altered slightly from the pattern displayed in Figure 10.26 and they
were the X — 6 plane. Predicted node temperatures increased sharply for the first five minutes
of the simulation before decreasing and realigning with the thermocouple within the first hour
of cooling. Slight localised inaccuracies in the initial temperatures are shown here to have little
impact on the global simulation accuracy. The amount of energy in the system was
approximately correct at the start of the cooling phase. Equalisation of the thermal energy
occurred after a period of time, bringing the predictions back in line with the measured cooling

profile.

The penultimate FE simulation was for experiment five; inclusion of the bridge and housing
components. Results from the initial temperature modelling procedure were less accurate than
for other models, specifically the bridge temperatures. Similar model alterations were made as
before, turning the previous heating FE model into the cooling model that will simulate the

parking application.
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Surprisingly, temperature predictions from the parking application FE model are shown in
Figure 10.27 to match those of the middle internal bridge thermocouple (BR Mid Int Bottom)
exceptionally accurately. Within the first five minutes the initial excess heat is dissipated and
thereafter, the cooling profile remains within the modelling limitation. Having identified the
thermal interactions between the components relatively well, component temperatures were able
to stabilise once the heat flux was removed. During the early stage of the cooling application,
having approximately the correct amount of heat in the system allows the model to self-

compensate for the localised high/low regions of initial temperature.

Correspondingly, the housing unit surface temperature distribution also demonstrated
conformity with the experimental data; one of the six thermocouple profile predictions is shown
in Figure 10.28. Of those nodal positions that had poorly matched initial temperatures, like with
the bridge component, all temperature prediction were accurate within an hour of the cooling

application started.
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Figure 10.27: Predicted bridge temperatures compared to experimental data — experiment 5
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Experimental vs FE Cooling
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Figure 10.28: Predicted housing temperatures compared to experimental data — experiment 6

The final graph presented was created using FE predicted temperature results from the final full

assembly model (experiment 6). Displayed results in Figure 10.29 are those for the lower piston

surface. For completeness, results for the reference thermocouple (+-000 DOO) have also been

included. Evidence presented here therefore proves that the addition of caliper components and

the reduction of surface cooling from the disc brake still enabled an accurate disc brake cooling

profile prediction.
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Experimental vs FE Cooling Components In Use:
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Figure 10.29: Piston and disc brake predicted temperatures from the final FE model — experiment 6.

10.7 Brake Assembly Showcase Model

To complete the research objectives in this investigation, one final FE model was run. A set of
FER 4567 friction material brake pads was added to the last model presented in the previous
section, making the simulation representative of a full stationary parking application. As stated
previously, limitations of the Thermal Rig prevented model validation. However, confidence in
the parking simulation is gained through the successful development of previous modelling that

incorporated the specific heat transfer coefficients for this modelling scenario.

Figure 10.30 displays brake assembly temperature contour plots at various points throughout the
cooling phase. The same preheating step was used to generate the initial model temperatures.
Only a slight modification was necessary as the pads were not in contact with the disc, resulting
in a gap conductance being used at the disc brake/friction material interface; the same value of
150 W/m2K, found in Chapter 6, was use. It is interested to see the temperature development in
the pad carrier, becoming the hottest component in the assembly between 45 minutes and hour.
It was shown experimentally in Chapter 9 that other brake components become hotter than the

disc, matching the displayed prediction.
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Figure 10.30: Temperature contour plots of brake assembly during the first 2 hours of the cooling phase

An observation from Figure 10.30 that could impede the EPB performance is the surface
temperatures of the housing unit. The maximum housing temperature predicted was 178°C, with
the internal surfaces that surround the mechanism approximately 150°C. The advanced heating
is a result of the additional heat able to conduct into the component through the pads and
pistons. Consideration of the thermal effects on the other components located inside the housing
unit at these temperatures and how their failure would impact the EPB; as in the slack adjuster

example presented in Chapter 8.
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In conclusion, what has been demonstrated in this Thesis is a method of developing an
engineering tool that will aid the design process. To enable this, a complete investigation into
the heat dissipation from the disc brake was necessary, as well as the thermal interactions of the
between the caliper components. Resultantly, a combination of practical experimentation and
modelling, in the form of numerical and CFD, generated a complete set of boundary conditions
for the CV parking brake application. These boundary condition values, and the method of

obtaining them, are unique to this project.

10.8 Chapter Summary

In Chapter 10 a method was developed for generating reliable temperature predictions for the
complete brake assembly, over the entire cooling phase of a parking braking application, using
the ABAQUS FE program. Model complexity was increased slowly by adding caliper
components separately. Thermal interactions between components could therefore be captured
with this technique. At each stage temperature predictions were validation was conducted by
comparing the surface heating temperatures of the assembly, which had the added advantage of
generating an accurate initial cooling temperature distribution pattern. It was found by this
process that slight inaccuracies in the initial temperature distribution are naturally overcome
early in the cooling stage provided the total amount of energy in the assembly is approximate
correct. Ultimately, the complete assembly model will aid Meritor in their development of the

EPB and to identify ad investigate possible situations where secondary brake failure may occur.
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11 Summary and Conclusions

11.1 Summary

Introduction of the EPB into CV’s necessitated the completion of the presented research. With a
strong business case submitted internally, research commercial aspects focused on discovering
the EPB advantages offered to the various benefit segments. A recommendation as to how to
successfully market the EPB to the different segments was made based on the research results.
The most valuable benefit of the EPB is that it partially separates the braking assembly from the
common pneumatic airlines, which are susceptible to air leakage and ultimately causes brake

failure.

Technical aspects were focused on heat flow through the brake assembly. Chapter 5 discusses
the experimental apparatus used throughout this investigation for testing and validation. Using
the developed Thermal Rig, it was discovered that the condition of the brake pads affect the
total amount of brake assembly contraction during a parking application. A new set of pads

having been through a complete thermal cycle delivers the most contraction.

Chapter 6 attempted to model a parking brake application with the FE technique. In the absence
of superior information, the same modelling assumptions were used as dynamic brake
modelling. Inaccurate results were the outcome as the heat transfer coefficients were not free to
vary with temperature, over the full cooling range. Consequently, Chapter 7 developed a unique
equation that predicts the average surface h.,,,, for a standard disc, positioned vertically in air
and subjected to natural convection, by using a simplified geometry assumption. The derived

equation is not limited to disc brakes, but to any generic disc under this condition.

Chapter 8 continued to examine the convective properties of the disc brake by utilising CFD
capabilities, to analyse the airflow through and around it. A study into the effectiveness of a
laminar and a number of turbulence models was undertaken. It was that the SST model is the
most appropriate to use when modelling parking applications as it provides a good combination
of accuracy and computation time. Airflow simulations required a new validation technique to
be developed as the commonly used hot wire anemometry technique available was not
sufficiently sensitive to detect the low flow velocities resulting from natural convection.
Through the CFD modelling and then validated against the novel flow visualisation technique, it
was shown that the straight vane, anti-coning disc brake does not cool optimally during a
parking brake application as large recirculation regions form, preventing convective cooling.

Further heat transfer properties were found in Chapter 9 with the emissivity of the fully oxidised
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grey cast iron disc brake shown to remain approximately constant over the cooling temperature
range, at a value 0.92. This finding simplifies modelling complexity, reducing computational

time.

To complete the undertaken thermal interaction investigation, Chapter 10 outlines the
production of a full CV brake assembly FE model. It was developed using an iteration technique
and incorporated the newly discovered heat dissipation knowledge for boundary conditions.
Temperature predictions obtained from the model were proved accurate to within +20% against
experimental validation. Ultimately, this investigation has demonstrated a complete process for
developing a tool that accurately predicts the temperature of all the brake assembly components,

over the entire cooling phase of a parking brake application.

11.2 Discussion

Work presented in this investigation was separated into two subdivisions, commercial aspects of
the CV EPB and technical aspects based upon heat transfer. An individual research aim
underpinned the direction of work conducted in each of the sections. It is discussed here how

these aims were achieved.

11.2.1 Commercial Aspects

The research aim of for the commercial aspects was:
To understand the benefits of the EPB and how to successfully market them.

A benefit analysis was undertaken in Chapter 2 based on the author’s knowledge of the product
and the market where it wold be sold. Eight end benefits were found, however, the total number
of possible benefits was constrained as opinions from all segments were not considered.
Resultantly, two questionnaires were conducted in Chapter 3 to examine whether any further
benefits could be identified. Each questionnaire was sent to the three benefit segments
downstream of Tier 1 suppliers for opinions which had thus far not been interrogated. It proved
to be a successful approach as the benefit of pneumatic independence was found from the
downstream beneficiaries. This ultimately proved to be the most important benefit to all

beneficiaries and it was suggested any marketing campaign should be anchored against this.

The limitations of this procedure were also explained. Power analysis calculated the sample size
used was too small for high statistical confidence to be generated in the results. Results obtained
from the questionnaires may not have been representative of the total population. The only

method of improving the statistical confidence in the results would have been to obtain results
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from a larger sample. Getting responses to the questionnaires proved difficult, especially with
the End Customer segment as a people in specific roles were requested to respond rather than

asking a larger quantity.

The structure of the questionnaire can have a large impact on the results offered by an
individual. A large amount of consideration was given to the structure of the questionnaires in
an attempt to prevent bias from affecting the results given by a respondent and to retain their
attention by including a mixture of open ended and closed questions. The chances of a

respondent completing the questionnaires were therefore maximised.

Two approaches were adopted for administering the questionnaires; self-completion
questionnaires and web-based self-completion questionnaires. Merits of other questionnaire
types were discussed and dismissed in preference for these two because of the ease of
distribution and cost advantages. A deeper understanding of respondents’ opinions in the End
Customer segment would have been achieved via face-to-face interviews and/or telephone, due
to the personal interaction and further probing of questions these methods allow. Time and
monetary constraints prevented these preferential methods. However, the results attained still
proved successful in achieving the first commercial research objective and hence, the research

aim, at the expense of gaining additional knowledge.

Additional conclusions could be made as a result of this finding. A lack of confidence in the
current technology was one of the identified factors that have the potential to break technical
lock-in. Numerous reports of failure of the braking system caused by a faulty pneumatics were
reported in the questionnaire responses. The presented evidence suggests the market does
indeed lack confidence in the current technology and it is therefore ready to adopt a new
solution. Barriers to market can resultantly be removed and thus, the second research objective

was achieved.

11.2.2 Technical Aspects

The research aim of for the technical aspects was:
To understand the heat flow around a stationary brake assembly.

To achieve the aim, a full FE model was created and validated against experimental results,
which can predict the temperature of the entire brake assembly to within +20%. Although

being able to predict these temperatures is useful, it does not constitute a full understanding of
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the occurring heat flow. This aim was realised by developing the understanding of the

variability in the heat transfer coefficients over the temperature range of a parking application.

Change in the convection heat transfer coefficient was the subject of Chapters 7 and 8. A
numerical approach was taken in the former, using assumptions of simplified geometry to allow
existing vertical wall equations for flat plate to be modified for a disc. From this, it was possible
to demonstrate the non-linear nature of the average h.,,,, value for the disc surface, in the 20°C
to 400°C temperature range, when subjected to natural convection. The accuracy of the derived
equation was limited as all 3-dimensional effects were neglected, which ignores flow

interactions between the individual sections of the simplified geometry.

By implementing a CFD study on a straight vane, ventilated anti-coning disc brake the 3-
dimensional effects were found and compared to the analytical derived solution. It was found
that the equation over-predicted the in-channel average h.,,, value whilst under-predicting the
friction surface values. However, good agreement was achieved in the general shape of the
mean h.,,,, against temperature curve, demonstrating the nature of the cooling disc cooling was

well understood.

Experimental validation of thermal modelling throughout this investigation used an acceptance
criteria of £20%. The validation range was selected as heat transfer knowledge between brake
assembly components prior to the presented work being conducted was scarce, giving the
modelling processes no basis to start from. There is no standard within the literature that
establishes what the acceptance criteria should be for a given situation. The selected range was
therefore wide enough to allow modelling processes to develop maturity whilst maintaining a
reasonable degree of accuracy to produce useful temperature predictions. CFD and FE
modelling methods were improved such that they both realised the accuracy necessary for the

early stage of product development, justifying the decision to use the +20% range.

During the CFD method development process, three turbulence models were selected and tested
for its ability to predict natural convection flow, along with a laminar model. The three
turbulence models were selected because of their ease of use, as only limited data needed
inputting into the model during the setup process, and for commonality with previous CFD
models presented in the literature. Other turbulence models were available but are much more
complex in their setup and calculations. As only a tool to aid the early design phase of product
development was required, these alternative turbulence models were discarded as being

unsuitable due to the setup and computational time they demand.
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How the change in temperature affects the friction coefficient was not investigated here due to it
being out of scope of the project. Friction properties are dependent on the individual
constituents that make up the friction material. Heat into the friction material was shown to alter
the brake pad mechanical properties as different amounts of thermal contraction was recorded,
depending on how many heat cycles the pad has been exposed to. The ability to accurately
analyse the friction materials was not readily available at Cranfield University. It was therefore

correct not to include this package of work as results could not have been validated.

Four technical research objectives were identified and were subsequently completed in this
project. A deeper understanding of the heat transfer coefficients allowed an FE model to be
created to examine the heat paths in the brake assembly, which completed the second and third
technical objectives. The experimental technique developed was used to validate all models
created, as well as discovering the scenario where the most pad contraction occurs and
therefore, the greatest amount of variability in clamp force the CV EPB has to overcome and

thus, completed the first and fourth technical research objectives.

11.3 Conclusions and Research Contributions

This investigation has produced a number of conclusions relating to scientific contributions that
have not previously been shown in the literature. These are:

1. It is now possible to predict the average h.,,,, value over the surface of a vertically
suspended disc situated in air by using equation (4.12). Although found in a braking
context, it is appropriate this equation in any scenario where an ordinary disc is
subjected to natural convection. This equation holds true for cylindrical surfaces too,
provided the correct coefficients are used.

2.  When modelling cooling scenarios, where the body is subjected to natural convection, it
has been shown that the heat transfer coefficients must vary over the specific
temperature range to generate accurate results. This conclusion is relevant when the
temperature range is large during the cooling period. Subsequently, the common
assumptions used during dynamic brake modelling cannot be used for park braking
applications.

3. The emissivity of a fully oxidised cast iron disc brake can be assumed approximately
constant throughout a parking brake application.

4. When using generic CFD programmes for simulating natural convection applications, it
was shown that the most appropriate turbulence model to use is the Shear Stress
Transportation model. Of the ones tested, the combination of accuracy and
computational time to convergence offers the best compromise to the user.
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5. Initial temperature distribution on large FE models was proven relatively insensitive to
the final accuracy of the predicted cooling profiles, provided the initial amount of
energy in the assembly is approximately correct. Temperature equalisation occurs
quickly, relative to the total time of a parking application.

In addition to these generic scientific conclusions, specific technical conclusions relating to CV
EPB design and operation have also been made; which are:
1. The FER 4567 pad material gives the greatest amount of pad contraction during a
parking application.

2. It takes four hours for contraction in the brake assembly to cease completely post
application of the parking brake. It is the first hour after application that is most critical
to the EPB design as 75% of the total contraction occurs during this period.

3. The amount of thermal contraction has been shown to be directly related to the thermal
conditioning of the friction material. New pads having been exposed to a full thermal
cycle produce the greatest amount of contraction. The total amount of contraction
reduces and stabilises wears to an operational state.

4. It was identified that the CV EPB will reduce maintenance costs due to separation from
the current problematic pneumatic system. This benefit should be exploited by making
it the key selling point of the CV EPB.

5. Stationary cooling from anti-coning, straight vane disc brakes is hampered by the
generation of large stagnation regions. Airflow is inhibited by the geometry of the disc
brake, preventing convection and therefore optimal cooling from occurring. Presence of
the caliper is likely to worsen stationary cooling performance further as large flow
barriers are created.

6. An ¢ value of 0.92 was found for the fully oxidised grey cast iron disc brake.

7. Thermal conduction between the disc brake and wheel carrier proved to have a low
influence on the disc brake cooling, with radiation and convection being the dominant
sources of heat transfer to the wheel carrier.

8. The European braking market has been found accepting of electrical products in new
CV’s.

11.4 Recommendations for Future Work

By continuing the development of the FE model to incorporate mechanical effects will provide
Meritor a tool capable of calculating the clamp force variability in all EPB operating conditions,
as well as take into consideration the effects of modern technologies such as intelligent slack
adjusters for low drag calipers. A continuation of the CFD investigation discussed in Chapter 8
is suggested as a disc brake in free air only was modelled, without any caliper components

attached. It was found extremely difficult to mesh even this simplified case using the meshing
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software Ansys Mesh 12.1, thwarting more complex modelling from being conducted. Since the
completion of this study, conversations with an Ansys representative at the Euro Brake
conference in Dresden, 2012, outlined the limitations with software. The author was assured
that the new Ansys Mesh 14.0 software (due for release in quarter 3, 2012) would solve the

issues, making full brake assembly modelling possible.

Performing buoyant CFD modelling of a full brake assembly would be advantageous to brake
designers and researchers alike. Completion of this work would validate the assumptions made
during the FE modelling procedure. Understanding the airflow around the full brake assembly
would be the basis of an optimisation investigation for the caliper cooling performance.
Traditional CFD modelling predicts the airflow around a body by numerically solving the
Navier-Stokes equations. These equations are often unstable and computationally expensive.
New software packages such as PowerFLOW, made by Exa, break from the norm by using the
Lattice Boltzmann Method to analyse flow. Advantages arise with this method by not needing
to full solve the equations for accurate flow analysis, reducing the computational time
(http://www.exa.com/technology-overview.html 2013). No resource was available at the start or
at any stage during this Thesis to use such a software package, restricting any assessment of
generated surface h.,,, values and airflow around a disc brake/assembly in stationary

conditions, which remains an area of future work.

Properties of friction materials and how they changes with temperature is one of the key input
data needed to convert the thermal FE model into a coupled thermomechanical model. Having
such a predictive tool will enable Meritor to determine the EPB performance during
development, making fine-tuning for best performance possible in early development stages.
This will greatly assist in developing new design, its detailed features and allow objective

comparison of different design concepts.

The u level is directly proportional to the amount of disc brake torque delivered but different
friction material constituents change the u level variability with temperature. With this project
investigating thermal aspects during the cooling phase, potential y level drop with temperature
was not investigated as it was a mechanical effect. Static u level change can be pronounced and
affected by atmosphere and other influences to the higher degree than dynamic u levels. With a
sufficient reduction in pu level, and subsequent braking torque, vehicle rollaway becomes a
reality. Designed improvements to the Thermal Rig, shown in Figure 11.1, would allow the
possibility to explore this phenomenon (further information on the proposed Thermal Rig

modifications are given in Appendix F) and to find boundary conditions for a thermomechanical
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FE model. Two pneumatic cylinders (Figure 11.1) apply a force to the bar attached to the wheel
carrier. Initial designs utilise two cylinders with a diameter of 180 mm, capable of delivering a
maximum of 16 kNm of torque, which simulates a brake force subjected by a fully laden CV
parked on an 18% incline. Changes in clamp force, u levels, initial torque slip and its further

changes will be the information ultimately gained through this new testing procedure.

Figure 11.1: Designed pneumatic ram system for friction testing

Furthermore, these rig modifications will enable the Thermal Rig to test the parking
performance on the Thermal Rig in a safe environment before being placed on a CV. Model
validation will be achieved and initial EPB commissioning can be conducted with this setup.
The FER 4567 friction material was identified as the most sensitive out of the two tested, in
terms of thermal contraction. By using various pad configurations (friction material type and
groove design) in combination with an EPB prototype, the full range of brake assembly
combinations can be assessed. Information about the effect on EPB from different friction
material compounds interacting with the disc brake and the amount of subsequent clamp force

variation can also be realised through these tests.

The final extension to this research would be to incorporate software packages to
simultaneously calculate the structural and thermal properties of the assemblies with the airflow
around it. A growing trend over the past couple of years has seen the automotive industry
increasingly utilise this type of prediction software packages. Because the airflow influences the
surface temperatures, which in turn influences the airflow patterns, advantages are realised

using an integrated approach. Modelling complexity vastly increases with such a technology as
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structural and fluid calculations that impact each other are being calculated simultaneously.
Furthermore, an adaptive meshing technique would also need to be incorporated in to the model
at every iteration, as the changes in thermal loads will change the geometry due to thermal
expansion. Basic computer systems will be unable to run such a model, requiring access to a

“supercomputer” similar to the one used during this Thesis.

The latest version of ABAQUS has introduced CFD functionality, which potentially gives it the
possibility of conducting an integrated calculation during parking. Exa’s PowerTHERM could
be combined with PowerFLOW for the same purpose. Before such a technique can be used, the
effectiveness and accuracy of temperature predictions during a stationary application needs
assessing. Careful consideration to which software package needs purchasing, with the
corresponding licences, as well as to what experimental procedures will be needed to validate
predictions. Commercially available packages were extremely limited at the start of this Thesis.

A decision to use such a technique must be made early in a project.
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Appendix A - Minutes Of Meritor Survey Meeting With

Thibaut Grosdemouge

Management meeting: Kevin Stevens, Thibaut Grosdemouge - 27/05/2010

Expectations from OEM - What they want you to do

- From the customer!

- In an industry that doesn’t know what they want
- High level CEOs talking to one another making agreements that might not be possible
- Discussion - we want to save money
- weight etc.
- Added safety, cost + functionality from EPB
- No value, so no air to the cabin — Just a simple wire
- Try to be cost neutral
- Auto parking, bus parking etc. — functionality
- Safety linked to EPB

- “Customer perception is as important as legislation”

Costs
-2 scenarios - System integrator
- Development of 5/6 new systems
- New values, integration of new ECB, etc.
- all at cost neutral

- Development costs = $450k
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- Tooling ~ $100k
- Develop actuators ~ $900k
- Production Line ~$300k
- Testing ~$160k

Safety critical ECER13 regulation (Electronic Control for Brake System)

-ECU ~$900k
- Production Line ~$150k
- Software ~$3.5m

- “M.O.T” — regulator (TUV) company
- Working prototype

- Salaries

Total development cost  =$13.5m

- Design the product first before going to OEM
~$2.5m of investment at this stage
- limits the risk by doing it this way. Maybe able to use competitor technology to drive EPB
- Original design, not fast enough hence needing to change design
- Could use more powerful motor, but at a higher cost
- Threat of new motors — Could produce a product that could rival the EPB design
- APQP - Advanced Planning Quality Planning
- 6 phases

Development - Time — another year
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- Only have 6 potential customers so has to be right when ArM go to them
- Concept Design
- Design for assemble -
-Design for manufacture - Best combination
-FECA - Failure Effect Compound Analysis
- What is the effect of the failure
- How often?
- Must show to customer
- they may find another mode
- 0-10 scale - 10 = Safety critical
-DVP - Development Validation Process
- Layout of initial test plan

- Calcs, FE, Drawings

- ArV don’t really have a supply chain for buying wires, gears etc.
- 252 days of development
- lesson learnt reports

- What was good

- What was bad

- How can we improve - 'z page report if closed (internal) project
- May 2011 - start talking to customers

~$200k investment at this point

- 85% of business comes from sales to Volvo

- Not good customer portfolio
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- want a small supplier portfolio as it is easier to manage

Forecasts
-2020 - estimate 120k vehicles equipped with ArM EPB
-2015-2025 - Sales to Volvo
- 426k sales
- $226m turnover
- $63m gross profit (from 1 customer)
- EPB introduced to Medium sized CVs in 2018

- Competitor will have EPB implemented in 2016, resulting in them having 100% of the market,
leaving ArM with 0% of the market share.

- Gross margin for 10 years ~$140m

356



- Pilot Questionnaire

Appendix B - Pilot Questionnaire

Intro

Thank you for opting to take this questionnaire. Completion of the questionnaire is self-

explanatory and should take you approximately 10 minutes.

This questionnaire is being conducted as part my Doctorate research programme at Cranfield
University. The sponsoring company for this research are currently developing a product that
will be launched into specific market. It may become apparent (depending on your answers)
what the product is during the questionnaire but as my aim is to investigate the current
knowledge in the market, it is imperative from my results that I do not say what it is until the

questionnaire has been completed!

Please be aware that throughout this questionnaire, the following acronyms are used:

e (CV - Commercial Vehicles (all heavy goods vehicles, buses and coaches but not vans)
e OEM - Ordinary Equipment Manufacturer

Thank you again for taking the time to complete this questionnaire.
Regards

Kevin Stevens

Issues:
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Q1 What is your current age?
25 or below (1)

26-35 (2)
36-45 (3)
46-55 (4)

56-65 (5)

©c 0 0 0 O ©

66 or above (6)

Issues:

Q2 What is you gender?
Q Male (1)

O Female (2)

Issues:
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Q3 What industry do you work in?
Logistics and Transportation (1)

Retail (2)
Engineering (3)
Food (4)

Agriculture (5)

©c 0 0 0 O ©0

Other (6)

O Academia (7)

If Engineering Is Not Selected, Then Skip To In your opinion, which of the followi...

Issues:

Answer If What industry do you work in? Engineering Is Selected

Q4 Do you work in the automotive sector?

O Yes(1)
O No(2)

If No Is Selected, Then Skip To In your opinion, which of the followi...

Issues:
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Answer If Do you work in the automotive sector? Yes Is Selected

Q5 Do you work for an OEM?
QO Yes(1)

O No(2)

If Yes Is Selected, Then Skip To Which of the following qualification...

Issues:

Answer If Do you work for an OEM? No Is Selected

Q6 Do you work for an OEM (a Tier 1, 2 or 3 supplier)?
Q Yes (1)

QO No(2)

If Yes Is Selected, Then Skip To End of Survey

Issues:
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Q7 In your opinion, which of the following OEM's produces the best CV's?
DAF (1)

IVECO (2)
MAN (3)

Mercedes-Benz (4)

o

o

o

o

O Renault (5)
Q Scania (6)

Q Volvo (7)

O No opinion (8)
o

Other (9)

Issues:

Answer If In your opinion, which of the following OEM's produces th... No opinion Is Not
Selected

Q8 Please describe the vehicle features, from the selected OEM in the previous question, that

you rate most highly when compared to the other manufacturers?

Issues:
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Q9 How frequently does your company purchase/lease brand-new CV's?

More frequently than every 2 years (1)
Between every 2 and 4 years (2)
Between every 4 and 6 years (3)
Between every 6 and 8 years (4)
Between every 8 and 10 years (5)

Less frequently than every 10 years (6)

©c 0 0 0 0 O ©

Don't know (7)

Issues:

Q10 A 'new feature' adds functionality to a vehicle that was not present in previous models,
delivering an enhancement in vehicle performance. From your experience, how frequently does
your company receive CV's with 'new features'?

More frequently than every 2 years (1)
Between every 2 and 4 years (2)
Between every 4 and 6 years (3)
Between every 6 and 8 years (4)
Between every 8 and 10 years (5)

Less frequently than every 10 years (6)

©c 0 0 0 0 O ©0

Don't know (7)

Issues:
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Q11 Which of the following qualification(s) do you have? Mark as many as necessary.
O 5+ GCSE's (or equivalent) (1)

A levels (or equivalent) (2)

Driving licence: Category ‘B’ (standard passenger car) (3)
Driving licence: Category ‘C’ or ‘C1’ (4)

Driving licence: Category ‘C+ E’ or ‘C1 + E’ (5)
Driving licence: Category ‘D’ or ‘D1’ (6)

Driving licence: Category ‘D + E’ or ‘D1 + E’ (7)
Apprenticeship (8)

BSc (or equivalent) (9)

MSc (or equivalent) (10)

MBA (11)

o 0 U000 U 0D 0 0 O

Other (12)

Issues:
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Answer If Which of the following qualification(s) do you have? Mark... Driving licence:
Category ‘C’ or ‘C1’ Is Selected Or Which of the following qualification(s) do you have?
Mark... Driving licence: Category ‘C + E’ or ‘C1 + E’ Is Selected Or Which of the following
qualification(s) do you have? Mark... Driving licence: Category ‘D’ or ‘D1’ Is Selected Or
Which of the following qualification(s) do you have? Mark... Driving licence: Category ‘D + E’
or ‘D1 + E’ Is Selected

Q12 How many years’ experience do you have driving CV’s?

QO Less than 5 years (1)

Q 5 years or more but less than 10 years (2)
QO 5 years or more but less than 10 years (3)
Q 5 years or more but less than 10 years (4)
Q

20 years or more (5)

Issues:

Answer If Which of the following qualification(s) do you have? Mark... Driving licence:
Category ‘C’ or ‘C1’ Is Selected Or Which of the following qualification(s) do you have?
Mark... Driving licence: Category ‘C + E’ or ‘C1 + E’ Is Selected Or Which of the following
qualification(s) do you have? Mark... Driving licence: Category ‘C + E’ or ‘C1 + E’ Is Selected
Or Which of the following qualification(s) do you have? Mark... Driving licence: Category ‘D +
E’ or ‘D1 + E’ Is Selected

Q13 Do you currently drive a CV on a day-to-day basis?
QO Yes (1)

Q No(2)

Issues:
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Q14 Please read through the list of CV features below then rank their importance to you; where

1 is the most important and 9 is the least important.
Cab ergonomics and comfort (1)
Improved vehicle efficiency and fuel consumption (2)
_____ Reduced CO2 emissions (3)
______ High payload capabilities (4)
_______Vehicle cost (5)
Ease, frequency and cost of maintenance (6)
Manufacturers' reputation (7)
______Ability to customise the vehicle (8)

Quality of driver aids (9)

Issues:

Q15 Over the past 5 years, what new CV feature(s) have you found to be the best or the most

useful, and why? Please identify up to 3 new features.

Issues:
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Q16 Over the past 5 years, what new CV feature(s) have you found to be the worst or the least

useful, and why? Please identify up to 3 new features.

Issues:

Q17 Vehicle systems are increasingly becoming electronically controlled. Do you have any

concerns over the electrification of any of the CV systems listed?

[ Yes (1) | No (2) " Notsure (3)
Clutch (1) o) o) o)
Brakes (2) Q Q o
Engine turbo's (3) Q ©) Q
Steering (4) O ) O
Suspension (5) Q ) O

Issues:

Answer If Vehicle systems are increasingly becoming electronically ... Clutch - Yes Is Selected

Q18 What are your concerns with the electrification of the CV clutch system?

Issues:
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Answer If Vehicle systems are increasingly becoming electronically ... Brakes - Yes Is Selected

Q19 What are your concerns with the electrification of the CV brake system?

Issues:

Answer If Vehicle systems are increasingly becoming electronically ... Engine turbo's - Yes Is
Selected

Q20 What are your concerns with the electrification of the engine turbo's in a CV?

Issues:

Answer If Vehicle systems are increasingly becoming electronically ... Steering - Yes Is
Selected

Q21 What are your concerns with the electrification of the CV steering system?

Issues:
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Answer If Vehicle systems are increasingly becoming electronically ... Suspension - Yes Is
Selected

Q22 What are your concerns with the electrification of the CV suspension system?

Issues:

Q23 Are there any external issues that are currently having a positive effect on the efficiency of
your CV operations? (e.g. government policy)
Q Yes (1)

QO No(2)

Issues:

Answer If Yes Is Selected

Q24 Please explain what these positive external issues are.

Issues:

368




- Pilot Questionnaire

Q25 Are there any external issues that are currently having a negative effect on the efficiency of
your CV operations? (e.g. government policy)
Q Yes (1)

Q No(2)

Issues:

Answer If Are there any external issues currently negatively affect... Yes Is Selected

Q26 Please explain what these negative external issues are.

Issues:

Q27 What are the biggest problems with the CV's in your company? (You may identify up to 3
issues)

U High emissions (1)

U Poor driver comfort (2)

High maintenance costs (3)
Poor fuel economy (4)
Insufficient payload capacity (5)
Initial price (6)

CV performance (7)

0 U O 0 0 O

Other (8)

Issues:
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Q28 Vehicle weight reduction is becoming a key focus on many new CV designs. What do you
believe is the minimum vehicle weight reduction would be before a useful benefit is gained?

Upto 10 kg (1)
11-20 kg (2)
21-30 kg (3)
31-40 kg (4)
41-50 kg (5)
51-60 kg (6)
61-70 kg (7)
71-80 kg (8)
81-90 kg (9)

91-100 kg (10)

©c 0 0 0 0 00 0 0 0 ©

More than 100 kg (11)

Issues:

Q29 How would you use this this weight saving?

Issues:
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Q30 CV brake systems are pneumatically operated. Have you ever had a pneumatic brake
failure?

O Yes (1)

O No(2)

Issues:

Answer If CV brake systems are pneumatically operated. Have you eve... Yes Is Selected

Q31 Please explain what the issues were with the pneumatic braking system.

Issues:

Q32 Have you ever experienced a problem with the parking brake on a CV?
QO Yes (1)

QO No(2)

Issues:

Answer If Have you ever experienced a problem with the parking brak... Yes Is Selected

Q33 Please explain what the issues were with the CV parking brake.

Issues:
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Q34 Which of the following braking features are you aware of?
ABS - Anti-Locking Brakes (1)

ESP - Electronic Stability Control (2)

a
(]
U TCS or ASR - Traction Control System, also known as Anti-Slip Regulation (3)
U EPB - Electronic Parking Brake (4)

(]

BBW - Brake-By-Wire (5)

U Other (6)

If EPB - Electronic Parking Brake Is Not Selected, Then Skip To End of Block

Issues:

Q35 Please describe how you became aware of the EPB.

Issues:
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Q36 Based on your knowledge of EPB's, do you believe the EPB would be a beneficial product
in CV's?
Q Yes (1)

Q No(2)

O Don't know (3)

Issues:

Q37 Do you foresee any benefits being received with the installation of an EPB in CV?
Q Yes (1)

Q No(2)

Issues:

Answer If Do you foresee any benefits being received with the insta... Yes Is Selected

Q38 What do you think these benefits will be?

Issues:
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Q39 Do you think there will be any disadvantages of an EPB ina CV?
QO Yes (1)

Q No(2)

Issues:

Answer If Do you think there will be any disadvantages of an EPB in... Yes Is Selected

Q40 What do you think these disadvantages will be?

Issues:

Q41 Which of the following CV(s) do you have in your business?
U DAF (1)

IVECO (2)

MAN (3)
Mercedes-Benz (4)
Renault (5)

Scania (6)

Volvo (7)

0O 0 0O 0O 0 0 O

Other (8)

Issues:
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Q42 Do you know which company manufactured the brakes on the CV’s in your company?
QO Yes (1)

Q No(2)

Issues:

Q43 To each of these statements, please indicate whether you agree or disagree to each or them.

Strongly Disagree (2) Neither Agree (4) Strongly
Disagree (1) Agree nor Agree (5)
Disagree (3)
The brake
system is
highly
important to O O O o) Q
the overall CV
performance.
(1)

There is little
difference in
quality
between brake
systems from O o o o O
the various
brake

manufacturers.

(@)

Issues:
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Q44 Which of the following CV brake manufacturers are you aware of?
Brembo (1)

Haldex (2)

Knorr-Bremse (3)

Wabco (5)

Other (6)

a
a
a
O Meritor (4)
a
a
a

I'm not aware of any CV brake manufacturers (7)

Issues:

End

You have now completed the questionnaire. On behalf of the sponsoring company, Meritor
Heavy Vehicle Braking Systems, and myself, I would like to thank you for your participation.
Development of a CV electronic parking brake (EPB) will continue. A secondary, follow-up
questionnaire will be sent out in early 2012 that will complete the data gathering process. This
2nd questionnaire should be shorter and more specific on the EPB. I would be grateful if you

would be kind enough to complete this as well.
Thank you once again

Kevin Stevens

Issues:
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END

Any other Issues/comments?
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Appendix C — Pilot Questionnaire Flowchart
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Appendix C.2 New Products
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Appendix C.3 Customer Needs
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Appendix C.4 Direct EPB

Fheumatic brake
failure?

Y
o What happened?
I
Cv parking
brake failure? ®
Ma What happened?
|
EFB aware? BE——
h J

Reazon for EPB
Awarenessy

-

EPB usefulness?

EPB Benefits fes

‘What are the
Mo benefits?

Yes
disadvantages?

What are the
disdvantages

)

382



— Pilot Questionnaire Flowchart

Appendix C.5 Brand Recognition

Cv's in business?

!

Knowr brake
manufacturer?

v

Brake manufacturer
statements

!

Brake manufacturer
awareness?

v

End
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Appendix D - Explanatory Questionnaire

Market Research

Questionnaire

Cranfield

UNIVERSITY
School of Management
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Thank you for opting to complete this questionnaire — your participation is much appreciated and
should only take you approximately 10 minutes.

This questionnaire is being conducted as part my Doctorate research at Cranfield University. The
sponsoring company for this research is currently developing a product that will be launched into the
commercial vehicle market. As this product is to be used in your sector, I would welcome you
responses to this questionnaire.

Please be aware that throughout, the following acronyms are used:

e CV - Commercial Vehicles (buses, coaches and all heavy goods vehicles but not vans)
e OEM - Original Equipment Manufacturer

Instructions:

e There are two main types of questions being asked here; open questions and multiple choice
questions.

» A space has been left for each of the open questions for you to write your answer. If
you need more space, a spare sheet at the back of the questionnaire is provided.

» Multiple choice questions with circular tick boxes () require only one answer from
the list of possible responses.

» Multiple choice questions with rectangular tick boxes (' |) means you can answer
more than one of the options.

e Unless instructed to do so after each question, complete the questionnaire in a sequential
order.

Thank you again for taking the time to complete this questionnaire.

Regards

Kevin Stevens
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SECTION 1: Personal Information

What is your current age?

U 2635

IE_

U 4655

II;_

U 66 or above

ol
[

Female
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What sector do you work in?
b)

Retail

O Eeww

d) Y Food

O e

f.) U Academia
oo

If Other, please specify.

Do you work in the automotive sector?
b.) = No

Do you work for an OEM?
.E
b) -

No
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Do you work for a component or assembly supplier (a Tier 1, 2 or Instruction

3)?

a.) L Yes If a), you
“have

completed the
questionnaire.
Thank  you
for your

participation.

From the list below, which of the job titles is the closest to your Instruction

own?

oo

0

b.)

o b

d.) = Driver

O e

£y UM
» oo

If Other, please specify.

Buyer

Mechanic
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Which of the following qualification(s) do you have? Mark as Instruction

many as necessary.

B soomeen

b.)

o) Drvig o Cogy i)

d.) B Driving licence: Category ‘C’ or ‘C1’

L I

f.) Driving licence: Category ‘D’ or ‘D1’

B Divgleeciy DeBE DT

h.) = Apprenticeship
B el
|
B

1) = PhD (or equivalent)
mooow

If Other, please specify.

U Alevels (or equivalent)

MSc (or equivalent)
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How many years’ experience do you have driving CV’s? Instruction

IIZ;_

5 years or more but less than 10 years

II;_

15 years or more but less than 20 years

II;_

I have no CV driving experience

Instruction
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From your experience, which of the following OEM's produce Instruction

CV's that best satisfy your operating and/or performance

requirements?

woooe
b) U

IVECO

C .

d.) L Mercedes-Benz

O mewo

f.) U Scania
o v
h) " Other

Dootewne

If Other, please specify.

Please describe what are the vehicle features, from the selected

OEM in the previous question, which you rate most highly when

compared to the other manufacturers?
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SECTION 2: New Products

How frequently does your company purchase/lease brand-new Instruction

CV's?

9 Metwelytmonyiis

b.) L] Between every 2 and 4 years

II;_

Between every 6 and 8 years

II;_

= Less frequently than every 10 years

B

An enhancement in vehicle performance is delivered when a ‘new | Instruction
feature’ is added to a vehicle that was not present in previous

models. From your experience, how frequently does your

company receive CV’s with ‘new features’ that do deliver real

enhancements in vehicle performance?

II;_

Between every 2 and 4 years

B

d.) L Between every 6 and 8 years

II;_

Less frequently than every 10 years

B
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Please read through the list of CV features below then rank their
importance to you; where 1 is the most important and 9 is the
least important. (You should use each number between and

including 1 to 9 once only)

Improved vehicle efficiency and fuel consumption

High payload capabilities

Ease, frequency and cost of maintenance

Ability to customise the vehicle

Over the past S years, what new CV feature(s) have you found to
be the best or the most useful, and why? Please identify up to 3

new features.

Instruction
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Over the past 5 years, what new CV feature(s) have you found to

be the worst or the least useful, and why? Please identify up to 3

new features.
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Vehicle systems are increasingly becoming electronically Instruction

controlled. Do you have any concerns over the electrification of

any of the CV systems listed?

If Yes

b

answer Q2.7,

Clutch O O []

otherwise
skip Q2.7.
If Yes,

Engine turbos O 0 N answer Q2.9,
otherwise
skip Q2.9.
If Yes,
answer

Suspension 0 [] [] Q2.11,

otherwise
skip Q2.11.
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What are your concerns with the electrification of the CV clutch

system?

What are your concerns with the electrification of the CV brake

system?
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Q2.9 What are your concerns with the electrification of the engine

turbos in a CV?

What are your concerns with the electrification of the CV steering

system?
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What are your concerns with the electrification of the CV

suspension system?
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SECTION 3: Current Needs

Are there any factors, which are not under your company's Instruction
control, that are having positive influences on your company's CV

operations? (e.g. government policy)

II;_
II;_

Q3.2 Please explain what these positive influences are. -

Are there any pressures or issues, which are not under your Instruction

company's control, that are negatively effecting your CV

operations in any way?
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Q34 Please explain what these negative pressures or issues are.

What are the most important CV selection criteria within your Instruction

company? You may identify up to 3 issues.

II;_

a Poor driver comfort

B

d.) . Poor fuel economy

o oy

£) " Initial price
o e
h) 5 Other

b

If Other, please specify.
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Vehicle weight reduction is becoming a key focus on many new Instruction

CV designs. How much weight has to be removed from a CV

before you receive a useful benefit?

o Cweme

0

b.) 21-40 kg

o lees

d) Y 61-80ke

@ Dw

£y H 101-120 kg

o Cwae

h) 7 141-160 ke

pCeme

U

iB) 181-200 kg
B wewmzow
1) U Don't know

Q3.7 How would you use this this weight saving?
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SECTION 4: CV Braking Systems

CV brake systems are pneumatically operated. Have you ever had | Instruction

a pneumatic brake failure?

Please explain what the issues were with the pneumatic braking

system.

Have you ever experienced a problem with the parking brake on | Instruction

aCv?
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m Please explain what the issues were with the CV parking brake. -

Which of the following braking features are you aware of? Mark | Instruction

as many as necessary.

II;_

ESP - Electronic Stability Control

d.) L EPB - Electronic Parking Brake

II;_

U Other

B I

If Other, please specify.
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m Please describe how you became aware of the EPB. -

Based on your current knowledge of EPB's, do you believe the Instruction

EPB would be a beneficial product in CV's?

Do you expect any benefits to be received with the installation of | Instruction

an EPB in CV’s?
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m What do you think these benefits will be? -

Do you think there will be any disadvantages of an EPB in a Instruction

CV's?

oo

DNo

b.)
© Dy

Q4.11 | What do you think these disadvantages will be? -
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SECTION 5: Brand Awareness

Which of the following CV(s) do you operate in your business? Instruction

Mark as many as necessary.

.

0

b.) IVECO

o luw o

dy U

.

f.) = Scania

olwe

h.) U Other
DDy

If Other, please specify

Mercedes-Benz
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To each of these statements, please indicate whether you agree or | Instruction

disagree

The brake system is

highly important to the a

overall CV performance.

Which of the following CV brake manufacturers are you aware | Instruction

of? Mark as many as necessary.

.

b) U Haldex

o Kewmeme

d.) = Meritor
o e
£) Y Other

© 7 mossotay OV bkt

If Other, please specify
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Do you know which company manufactured the brakes on the Instruction

CV’s in your company?
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Finish

You have now completed the questionnaire.

On behalf of the sponsoring company, Meritor Heavy Vehicle Braking Systems, and myself, I would
like to thank you for your participation. Development of a CV electronic parking brake (EPB) is on-
going. A secondary, follow-up questionnaire will be sent out in early 2012 that will complete the data
gathering process. This second questionnaire should be shorter and more specific on the EPB. I would

be grateful if you would be kind enough to complete this as well.

Thank you once again,

Kevin Stevens
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Appendix E - Knowledge-Based Questionnaire

Cranﬁeld

UNIVERSITY

Market Research
Questionnaire

A questionnaire to assess the advantages of the
electric parking brake on commercial vehicles.
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Thank you for opting to complete this questionnaire — your participation is much appreciated, this will

take you no more than 10 minutes to complete.

This questionnaire is being conducted as part my Doctorate research at Cranfield University. The
project sponsors, Meritor Heavy Vehicle Braking Systems, are currently developing an electric
parking brake for commercial vehicles. As this product will be used in your sector, I would welcome

your responses to this short questionnaire.
A brief introduction to the electric parking brake and how the current air parking system on

commercial vehicles works is given first on the following pages before the questionnaire begins.

Please be aware that throughout, the following acronyms are used:

e CV - Commercial Vehicles (buses, coaches and all heavy goods vehicles but not vans)
e OEM - Original Equipment Manufacturer
e EPB - Electric Parking Brake

Thank you again for taking the time to complete this questionnaire.

Kind Regards

Kevin Stevens
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The EPB is a recent development in vehicle design. It was first introduced back in 2003,
predominately on luxury cars, but recently they have become standard on some small to mid-range
cars as well. They replace the existing handbrake lever with an electrical system, operated by a single
on/off push button. Development of an EPB, to be placed on CV's, is currently being undertaken by
brake manufacturers. The EPB unit attaches to the back of the brake caliper and uses a motor system

to apply the brake.

(source: www.trw.com)
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How Existing CV Parking Brakes Work

Existing CV parking brakes use a pneumatic (air) actuation system and is made up of two parts. The
first is the service chamber, which is used to apply the brakes when the vehicle is in motion. Fixed to
the back of the service chamber is the parking chamber, which holds a spring and a pushrod. As the

name would suggest, the parking chamber is only applied when the vehicle is stationary.

Senvice Parking
Chamber : Chamber

T Thd BYE 4
&G 080 163 4
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- Knowledge-Based Questionnaire

How Existing CV Parking Brakes Work

When the driver first enters the vehicle, the parking brake is in the ON position (see the simplified
diagram below). No compressed air is in the parking chamber, allowing a large spring to fully extend.

This pushes the pushrod out the parking chamber and into the service chamber to apply the brakes.

Once the level of compressed air has reached the required limit, the driver can release the brakes by
moving the lever arm on the dashboard to the OFF position. When in this position, air is forced into
the parking chamber, compressing the large spring and removes the pushrod from service chamber.

The brakes are now released and the driver is free to drive away.

Compressed air in

=

WA

s

When a CV comes to rest, the driver returns the parking lever arm to the ON position. The air holding

the large spring is "dumped" and the parking brakes are reapplied.

Electric brakes do exist in some CVs, but rather than fully embracing an electric braking system, they
use a hybrid system where electronic signals control the air flow to/from the original spring parking

chamber. Subsequently, many advantages proposed by the EPB system have been missed.
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Q.2

Smaller brake component

The new EPB design for CV's would reduce both the size and the
weight of the chamber parking unit.

Do you think this is a useful CV feature?

O Yes
O No

O Don’t know

If yes, could you explain why this would be advantageous to you.
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Removal of Pneumatic Parts

Replacing the pneumatic parking component with an electrical
system will mean airlines are removed and replaced with copper
cables.

Do you think this is a useful CV feature?

O Yes
O No

(O Don’t know

If yes, could you explain why this would be advantageous to you.
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Q4 Smaller Air Reservoir

Reducing the compressed air capacity needed during CV operations
will result in a smaller air reservoir being installed on CVs.

Do you think this is a useful CV feature?

O Yes
O No

O Don’t know

If yes, could you explain why this would be advantageous to you.

421



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in Parked
Conditions

Q.5 Aided Hill Starts

Being connected to the vehicles central electronic control unit (ECU),
the EPB system has the ability to utilise other vehicle
instrumentation. In this instance, when the vehicle sensors detect it is
not moving whilst positioned on a hill, the parking brake will be
applied automatically. Release of the parking brake will only happen
when the accelerator pedal is being pressed by the driver, indicating
they wish to continue driving.

Do you think this is a useful CV feature?

O Yes
O No

(O Don’t know

If yes, could you explain why this would be advantageous to you.
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Immobiliser

The brake system can be forced to remain on until the keys have been
put in the ignition and a driver is requesting power. This function can
be used either as a solitary immobiliser or as a secondary
immobiliser, supplementing the original.

Do you think this is a useful CV feature?

O Yes
O No

O Don’t know

If yes, could you explain why this would be advantageous to you.
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Q.7 Single Button Operation

Being an electronic component, a single push on/off button can be
used to operate the EPB, replacing the lever arm system.

Do you think this is a useful CV feature?

O Yes
O No

(O Don’t know

If yes, could you explain why this would be advantageous to you.
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Independence From Air Supply

The parking chamber will no longer need an air supply to operate.

Do you think this is a useful CV feature?

O Yes
O No

O Don’t know

If yes, could you explain why this would be advantageous to you.
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Can you think of any further advantages the EPB could deliver,

which have not yet been mentioned?

O Yes
O No

O Don’t know

If Yes, please give details of the proposed advantages.

What end benefits would these functions give to you?

.10
Q Having read through the added features offered by the EPB, overall

do you think it would a beneficial product on CV's?

O Yes
O No

O Don’t know
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Finally, just to understand where your views are coming from, [ would

like a little information about yourself.

Q.11 )
What is your age?

25 or below
26-35
36-45
46-55

56-65

O O O O O O

66 or above

Q.12 ]
What is your gender?

O Male

(O Female

Do you have experience driving CVs?

O Yes
O No
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Q.14

Would you consider yourself a CV driver?

O Yes
O No

If you answer “No” to question 14, please move to question 15. Otherwise, you have now completed

the questionnaire, please go to the end.

Q.15

Do you work for an automotive OEM?

O Yes
O No

If you answer “No” to question 15, please move to question 16. Otherwise, you have now completed the

questionnaire, please go to the end.

Q.16

Do you work for an automotive component supplier (Tier 1, 2 or 3 supplier)?

O Yes
O No
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You have now completed the questionnaire.
On behalf of the sponsoring company, Meritor Heavy Vehicle Braking Systems, and myself, I would
like to thank you for your participation. Development of a CV electronic parking brake is on-going

and hoped to be available in the near future.

Thank you once again,

Kevin Stevens
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Appendix F - Designed Pneumatic Ram Modification

Figure F.1: Thermal Rig modification to drawing incorporating the pneumatic ram feature
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Target dellvery date: Quartity: | SS5Y9-MCNIOG |
1 Y
SMC. =

Ref: Quotation Ref: Issue date:
10M12/2009

O

Company: Cranfield University

Contact person: Dr Marko Tirovic

Address:

Town: Milton Keynes Country Code:

Phone: 01234758264 Fax:

Delivery time: 10 days Selling Price: Simple Special Ref: SS5Y9-MCNI06

E_
[ U side |

Description Model Station nr. Qty
Type 43 S$55Y9-43-03DR-C10F-D-Q E
Bar stock type, common external EXH,
individual wining

Silencer for R ports (D side) AN300-KM12 1
EV - 3 position pressure center SY9540R-5L0U-Q 1
Plug connector with lead wire (3 m.) SY100-30-4A-30 [BEEESEEs 4
EV - 2 position single SY9140R-5L0U-Q W | 2
Individual SUP spacer SY9000-38-2FA-Q (IERE: 2
One touch fitting @10 P | 6

2008 SMC Corporation
Frinted on 15/12/2009 Page 10of 2 Valve Configuratorvi 4
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Figure F.2: Designed manifold required for Thermal Rig ram modifications

Target delivery date: Quantity: I AC 40-MCNIOT I
1 -
Special:
SMC. a L

11/12/2009

O

Dr Marko Tirovic

Country Code:

Delivery time: 5 days Selling price: Ref. Simple Special: AC 40-MCNI07

Description Reference Positions Qty
KQ2 Male elbow. KQ2L10-045 5
WHS Shut off valve. VHS40-F04 .
Spacer New Y400T 2
AW Filter regulator AW4D-FO4E 4
EAV Soft start valve. EAV4000-F04-5D2-0 "
Silencer AN300-03 1
Silencer AN400-04 1

*) Be aware that prices might vary depending on your additional requirements.

2008 SMC Corporation
Printed on 15/12/2009 Page 1of 1 Air Line Configurator v1 1
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Figure F.3: Air regulator components required for Thermal Rig ram modifications

Quote
Stock Number Part Number Description Quantity Price Per Unit (£) Discount Total
2000010000 ITV2050-31F2BL3-Q Electro-pneumatic regulator 2 403.89 0.20 646.22
2000010000 AC40-MCMI07 Airline unit 1 242.80 0.20 194.24
2000010000 SS5YA-MCNI06 Manifold 1 393.23 0.20 314.58
2000010000 CDS1DN160-200  >randard Pneumatic 2 605.26 0.20 968.42
cylinders
Heat treated Pneumatic
2000010000 CDS1DN160-201-XB6 oylinders 2 811.37 0.20 1298.19
2000010000 CS1-C16 Single clevis base 2 76.99 0.20 123.18
2000010000 Y-16 Double knuckle clevis 2 135.17 0.20 216.27
2000010000 TH1008B-20 Heat treated tubing 1 320.94 0.20 256.75
2000010000 TU1065B-20 Standard tubing 1 4212 0.20 33.70
2000010000 2530-3/4-1/2 Port reducers 4 2.57 0.20 8.22
2000010000 AS2201F-0a-tog  oreed controllers for 4 10.00 0.20 32.00
cylinders (estimated price)
2000010000 KQ2H10-02S ITV fittings 2 3.08 0.20 4.93
Total 4096.71
VAT 716.92

Total inc. V.A.T 4813.64

Table F.1: Quote received for Thermal Rig ram modifications
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Appendix G - National Instruments Module Data Sheets

Technical Sale
NATIONAL et e
INSTRUMENTS o1ess sz3545

info_ukg@ni.com

NI cRIO-9022
Real-Time Controller with 256 MB DRAM, 2 GB Storage

Embedded controller runs LabVIEW Real-Time for deterministic control, data
lopging, and analysis

533 MHz processor, 2 GB nonvolatile storage, 256 MB DDR2 memony

Dual Ethemet ports with embedded Web and file servers for remote user
mterfacing

Hi-Speed USB host port for connection to IWSE flash and memory devices

R5232 serial port for connection to peripherals: dual 8 to 35 VDC supply
mputs

-20 to 55 °C operating temperature range

Overview

The Ml cRIO-2022 embedded reaHtime controller is part of the high-performance CompactRI0 programmable automation controller
(PAC) platfiorm. It features an mdustnal 533 MHz Freescale MPCE347 realtime processor for deterministic. reliable real-time
applicabons and contains 256 MB of DDR2 RAM and 2 GB of nonvolatle storage for holding pregrams and logging data.

This rugged. reliable controller is designed for low power consumption with dual 2 to 35 VDC supply inputs that deliver power to the
CompactRID chassisimodules and a -20 to 55 *C eperating temperature range. The cRIP-8022 accepts 9 to 35 VDC power supply
inputs on power-up and & to 35 VDC power supply inputs during operation, so it can function for long periods of time in remote
applications using a battery or solar power.

The controller provides two Ethernet ports - 100100 and 10/100/1000 - that you can use to conduct programmatic communication over
the network and built-in Web (HTTP) and file (FTP) servers. The ports also are compatible with the NI 8144 C Series expansion
chassis, so you can achieve more deterministic 10 for your application.

To create additional storage capability for your embedded logging applications, the cRIO-8022 has a Hi-Speed USE host port to which
you can connect external USB-based storage media (flash drives and hard drives). In addition, the controller features a fault-tolerant
file system that provides increased reliability for data-logging applications.

Specifications

Specifications Documents

- Specifications
» Data Sheet

Specifications Summary

General

Product Name cRIO-0022

Product Type Coniroller (Computing Device)
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Form Factor CompactRIO
Part Number THOT13-01
Operating System/Target Real-Time
LabVIEW RT Support es

CE Compliance ies

Controller

Contraller Type High Performance
Processor Core Type 533 MHz PowerPC
CPU Clock Frequency 533 MHz

System Memory 258 MB

Legacy Product Mo

Ethernet (# of ports) 2

Serial Ports (R$232) 1

USB Ports fes
Chassis

Humber of Slots a
Integrated Controller Mo

Input Voltage Range av, v
Recommended Power Supply: Power 55
Recommended Power Supply: Voltage 24
Power Consumption 35

Physical Specifications

Length 77.3 mm
Width 90.2 mm
Height 381 mm
Weight 308 gram
Minimum Operating Temperature -20
Mawmum Operating Temperature 55°C
Maxmum Altitude 2000 m
Pricing
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N.A Technical Sales

TIONAL United Kingdom

INSTRUMENTS 01635522545
info.ukini.com

NI cRIO-9112
8-5lot, Virtex-5 LX30 CompactRIO Reconfigurable Chassis

B-shot reconfigurable embedded chassis that accepts any CompactRIO U0
medule

Xilinx Virex-5 reconfigurable 1'0 (R10) FPGA core for ultimate processing
power

Ability to automatically synthesize custom control and signal processing
circuitry wsing LabWVIEW

*  DIM-rad mounting options
-40 to 70 °C operating range

Overview

The Ml cRIO-2112 eight-shot. reconfigurable embedded chassis is part of the CompactRIO high-perfiormance programmable
automation controller (PAC) platiorm. |t features a user-programmabde Xilinx Virtex-5 FPGA, giving you high processing power and the
ablity to design custom hardware using Ml LabVIEW software. The cRIC-B112 provides bow-level hardware access to any NI
CompactRIC "D module, so you can create unprecedented timing, triggering. control, and synchronization schemes for embedded
and industrial applications.

Panel mounting holes are included in all CompactRIO chassis. For DIN-rail or pansl mounting options, you can purchase a
‘CompactRIC mounting kit separately.

Specifications

Specifications Documents
= Specifications
= Data Shest

Specifications Summary

General

Product Name cRID-B112
Form Factor CompactRIO
Product Type Chassis
Part Number 78091801
perating SystemiTarget FPGA
LabVIEW RT Support ‘fes
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CE Compliance es
Reconfigurable FPGA

FPGA LX 30
Specific FPGA Wirtex-5 LX30
Chassis

Number of Slots 8

Integrated Controller Mo

Power Consumption 26W

Physical Specifications

Length 274 mm
Width 88.1 mm
Height 93.1 mm
Weight 830 gram
Minimum Operating Temperature 40 5C
Maximum Operating Temperature i
Maximum Altitude 2000 m
Pricing

M

Prices shown reflect Academic Discounts.

Mote: All academic discounts are subject to final verification and approval by Mational Instruments. Academic discounts are not
applicable in the Middle East, Morth Africa, and GCC countries.

Part Mumber Description Est Ship Pounds Stering” Oty

78021801 cRI0-0112, 8-slot Virtex-5 LX 30 Reconfigurable Chassis for 1-2 £909.00 O
cRIO £ 89910

19821701 NI 9977 C Series Filler Module for Empty Slot 5-10 £2000 0
£26.10

77047301 NI 2301 Desktop Mounting Kit 5-10 £3000 0
£35.10

77055801 M1 9205 Horizontal Panel Mounting Kit for 8-slot Chassis 5-10 £2000 0
£26.10

77001801 NI 8315 DI Rail Kit for B-sbot Chassis 5-10 £2000 0
£26.10

7o102-01 NI 2210 Industrial Sliding Rack Mounting Kit for cRIO/DAD 5-10 £11900 0
£10710
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NI 9211
4-Channel, 14 S/s, 24-Bit, ¥#80 mV Thermocouple Input Module

4 thermocouple or 280 m\ analog inputs
-40 to 70 °C operating range

24-bit resolution; 50/60 Hz noise rejection
Hot-swappable operation

MNIST-fraceable calibration

Overview

The Mational Instruments Ml 9211 thermocouple input module for wse with Ml CompactDAQ and CompactRIO chassis indudes a
24-bit delta-sigma ADC, antiafiasing filters, open-thermocouple detection, and cold-junction compensation for high-accuracy
thermocouple measurements. The MI 8211 contains NIST-raceable calibration and channelo-earth ground double isolation bammier
for safety, noise immunity, and high common-mode woltage range.

Specifications

Specifications Documents

= Detailed Specifications
» Data Shest

Specifications Summary

General

Form Factor CompactDAQ, CompactRID
Orperating System [ Target Windows, Real-Time
Measurement Type Themaocouple, Voltage
Isolation Type Ch-Earth Ground Isolation
Analog Input

Number of Channels 40

Sample Rate 14 Sis

Resolution 24 hits
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Simultaneous Sampling Mo

Maximum Voltage Range -30..80 mV

Minimum Voltage Range -30..80 mW

Signal Conditioning Cold-junction compensation
Analog Output

Number of Channels 0

Digital KO

Number of Channels i

CounternTimers

Number of CounteriTimers 0

Timing/Triggering/Synchronization

Triggers cDAG Chassis Mo

Pricing

Select one of the following options for product configuration and pricing:

Select Module and Accessories Below » o Configure and Price a Complete
CompactDAQCompactRI0 System »

| —
Module Accessories Chassis, Controllers, Modules Software & Services

Step 1: Verify Device and Quantity Selection
Part Description Est Ship Days Pounds ity
MNumber Sterling®

77800101 Nig211 1-2 £239.00 1
Step 2: Select Optional Accessories
Part Description Est Ship Days Pounds Gty
MNumber Sterling™
Secrew Terminals

T7e017-01 NI 8932 Backshell with 10-pos connector block {giy 1) 1-2 £29.00 i
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NI 9213
16-Channel Thermocouple Input Module

Built-in CJC {codd-junction compensation)

High-speed mode for 75 Sfsich (per channel rate after musx)
250 Vmms channel-to-earth ground safety isolation
Autozere channel for offset emor compensation

24-bit ADC for up to 0.02 *C measurement sensitivity

J, K, T, E, M, B, R. and 5 types supported

Overview

Technical Sales

United Kingdom
01635 523545
info.ukini.com

The Ml 8212 is a high-density thermocouple module for NI C Senes camiers designed for higher-channel-count systems. With this
madule. you can add themmocouples to mixed-signal test systemns without taking wp too many shots.

The NI 8213 is similar to the NI 8211 four-channel thermocouple module except it features four times the channed count and almost
100 times the sample rate. In high-speed mode 2ach channel can sample at 75 S's. When 12 or fewer channels are used, the max

sample rate per channel can increase to 100 Sis.

Wou can use up to eight NI 9213 modules in an NI CompactDAQ chassis or CompactRIO chassis for 128 thermocouple
measurements in a singls chassis. or deploy a single maedule in any of the USE, Ethemet, or Wi-Fi carriers for C Series modules.

Each shipping kit contains:
MI 8213 madule with spring-t=rminal connectivity
-MI 9340 backshell for cabling and stram relief

-Spring-terminal tool for signal wire insertion

Specifications

Specifications Documents
= Specifications
+ Data Shest
Specifications Summary

General

Product Name NI 8213
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Product Family

Form Factor

Part Number

Operating SystemiTarget
LabVIEW RT Support
Measurement Type
RoHS Compliant

Signal Conditioning
Analog Input

Channels

Single-Ended Channels
Differential Channels
Resolution

Sample Rate

Bandwidih

Max Voltage

Maximum Voltage Range
Maximum Voltage Range Accuracy
Simultansous Sampling
Analog Output

Channels

Digital KO

Bidirectional Channels
Input-Only Channels
Cutput-Only Channels
CounterTimers
Counters

Physical Specifications
Length

Width

10 Connector

Industrial 'O

CompactDAQ , CompactRIO
78042301 , 7EO483-02
Real-Time , Windows

Yes

Temperature , Thermocouple
‘fes

Open themocouple , Cold-junction compensation

24 bits

1200 Sis

78 Hz

78125 mV

73125 mV , 78128 mV
3g v

Mo

83.11 mm
22 86 mm

35-position spring temminal
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NI 9214

16-Channel Isothermal Thermocouple Input Module

Isgthemal terminal block (inclueded) for measurement accuracy up to 045 *C
Several coldjunction compensation (CJC) sensors

250 Vrms channel-to-earth ground safety isolation

Autozere channel for offset emor compensation

24-bit ADC for up to 0.02 *C measurement sensitivity

J, K, T,E, N, B, R. and 5 types suppaorted

Overview

The MI 8214 is a high-density thermocouple module for NI C Senes camiers designed for higher-channel-count systems that also need
higher accuracy than the NI 2213 offers.

The MI 3214 has several features that increase overall accuracy including the following:

- Front-mounting metal terminal block (M1 TB-0214}

- Several CJC sensors i the terminal block

- Component layout to minimize thermal gradients

You can use up to eight Nl 9214 modules in an Ml CompactDAQ chassis or CompactRIO chassis for 128 themmocouple
measurements in a singls chassis.

Each shipping kit contains the following:

NI 3214 module with spring-terminal connectivity

-TB-3214 front-mounting terminal block

“Printed manual

Mote that the NI 8214 isothemmal thermocouple module does not work with the begacy Ml cDAQ-2172 chassis or any of the legacy
1-slot & Series camiers (Ml USE-9182, NI EMET-8143, and NI WLS-8163).

Specifications

Specifications Documents

= Specifications
= Data Shest
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Specifications Summary

General

Product Name

Product Family

Form Factor

Part Number

Orperating SystemiTarget
LabVIEW RT Support
Measurement Type
Isolation Type

RoHS Compliant

Signal Conditioning
Analog Input

Channels

Single-Ended Channels
Differential Channels
Resolution

Sample Rate
Bandwidth

Max Voltage

Maximum Voltage Range

Maximum Woltage Range Accuracy

Simultanecus Sampling
Analog Dutput
Channels

Digital KO

Bidirectional Channels
Input-Oinly Channels
Qutput-Only Channels
CounternTimers

Counters

MIE214

Industrial 1O

CompactDAQ , CompactRIC
78151001

Real-Time , Windows

fes

Temperature , Thermocouple
Ch-Earth Ground Isolation
Yes

Cold-junction compensation , Open themmocouple

24 bits
1088 Sis

88 Hz

78.125 m\f

78.125 mV . 78125 mV
25 v

Mo
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NI 9219
24-Bit Universal Analog Input

250 Voms channel-to-channel solation

Built-in quarter, half, and full-bridge support

Built-in woitage and cumrent excitation

Themmocoupde, RTD. resistance, voltage, and current measurements
CJC per channel for accurate themmocouple measurement

100 Ssich simultaneous inputs (505/s/ch for Thermacouple)

Overview

The Mational Instruments 8218 is a 4channel universal C Series module designed for multipurpose testing in any NI CompactDAQ or
CompactRIO chassis. With the NI 8218, you can measure several signals from sensors such as strain gages. RTDs, themmocouples,
load cells, and other powered sensars. The channels are individually selectable, so you can perform a different measurement type on
each of the four channels. Measurement ranges differ for each type of measurement and inchude up to +50 V for voltage and £25 mA
for current. Flease see the manual for detailed specifications and ranges.

Because of the driver design, the NI 2212 doss not limit the overall speed of an NI CompactDAQ system when used with faster
sampling modules.

With 250 Vms of channel-to-channe! isolation, the NI 9219 protects not only the surrounding modules, chassis, and connected
computer system but also the other channels within the same module. In addition o increased safety. channel-to-channel isolation
eliminates problems associated with ground loops.

The NI 3218 uses G-position spring terminal connectors in each channel for direct signal connectivity. You can purchase additional
connectors o reduce signal connection time for multips test wnits. In addition to extra connectors, a strain relief kit is available to
secure the signal wires.

Strain relief backshells for signal wire security and high-voltage protection (gty 4): NI 8872
Exfra connectors for G-pesition connector modules (gty 101 NI 8073

Specifications

Specifications Documents

= Detailed Specifications
= Data Shest

Specifications Summary

General
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Form Factor
Orperatimg System / Target

Measurement Type

Isolation Type

Analog Input

Number of Channels

Sample Rate

Resolution

Simultaneous Sampling

Maximum Voltage Range
Range Accuracy

Minimum Voltage Range
Range Accuracy

Maximum Current Range
Range Accuracy

Minimum Current Range
Range Accuracy

Signal Conditioning

Excitation Voltage
Bridge Configurations
Analog Output
Number of Channels
Digital KO

Number of Channels
CounternTimers

Number of CounteriTimers

Timing/Triggering/Synchronization

Triggers cDAG Chassis

Pricing

CompactDAQ, CompactRID
Windows, Real-Time

Bridge-based sensor, Curment, Resistance, RTD, Thermistor,
Themocouple, Voltage

Ch-Ch Isolation

401

100 Sisfch

24 hits

fes

3080V

243 mV
-0.126.0.125 W
271 pv
-0.0025..0.0025 A
152 pA
-0.0025..0.0025 A
152 pA

0-20 mé& cwment input, Bridge completion, Cold-junction
compensation, Curment excitation, Voltage excitation

25V

Full Bridge, Half Bridge. Quarter Bridge

Mo
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NI 9263
4-Channel, 100 kS/s, 16-bit, #10 V, Analog Output Module

4 simultaneously updated analog outputs. 100 kSis
16-bit resclution

Hot-swappable operation

MNIST-raceable calibration

-40 to 70 *C operating range

Overview

The Mational Instruments NI 2253 is a 4-channel, 100 k3's simultaneously updating analog output modubs fior any NI CompactDAQ or
CompactRIO chassis. The NI 8283 also features £30 V' overvoltage protection, short-circuit protection. low crosstalk, fast slew rate,
high relative accuracy, and MIST-traceable calibration. The NI 8263 module includes a channel-to-earth ground double isolation
lbarrier for safety and noise Immunity.

Specifications

Specifications Documents

= Detailed Specifications
» Data Shest

Specifications Summary

General

Form Factor CompactDAQ, CompactRID
Orperating System [ Target Windows, Real-Time
Measurement Type \oltage

Isolation Type Ch-Earth Ground Isodation
Analog Input

Number of Channels 0

Analog Output

Number of Channels 4
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Update Rats 100 kSi=

Resolution 18 bits

Maximum Voltage Range -10.10w
Range Accuracy [URER"

Minimum Voltage Range -10.10w
Range Accuracy [URER"

Digital KO

Number of Channels i

CounternTimers

Number of CounteriTimers 0

Timing/Triggering/Synchronization

Triggers cDAG Chassis Mo

Pricing

Select one of the following options for product configuration and pricing:

Select Module and Accessories Below » o Configure and Price a Complete
CompactDAQCompactRI0 System »

| —
Module Accessories Chassis, Controllers, Modules Software & Services

Step 1: Verify Device and Guantity Selection
Part Description Est Ship Days Pounds ity
MNumber Sterling®

77801201 NI 8283 1-2 £289.00 1
Step 2: Select Optional Accessories
Part Description Est Ship Days Pounds Gty
MNumber Sterling™
Secrew Terminals

T7e017-01 NI 8932 Backshell with 10-pos connector block {giy 1) 1-2 £29.00 i

77910501 NI 8938 10-pos screw term connector block (gty 10) 1-2 £40.00 0
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NI 9401
Ch, 5 VITTL High-Speed Bidirectional Digital /O Module

B-chann=l, 100 ns ultrahigh-speed digital 1O
5 WTTL, sinking'sourcing digital I'O
Bidirectional, configurable by nibble (4 bits)
Industry-standard 25-pin D-SUB connector
Hot-swappable operation

-40 *C to 70 *C operating rangs

Overview

The M| 2401 is an S~channel, 100 ns bidirectional digital input module for any Ml CompactDAQ or CompactR|0 chassis. You can
configure the direction of the digital lines on the NI 3401 for input or cutput by nibble (4 bits). Thus, you can program the NI 8401 for
three configurations - eight digital inputs, eight digital outputs, or fouwr digital inputs and four digital outputs. With reconfigurable VO
{RID) technology {CompactRIO only), you can use the NI LabVIEW FPGA Module to program the NI 8401 for implementing custom,
high-speed counterftimers; digital comeunication protocols; pulse generation: and much more. Each channel is compatible with 5
WITTL signals and features 1,000 Vs tramsient isolation between the 10 channels and the backplane.

The NI 82834 {or other 25-pin D-5UB connector) is required for use with the M 8401 module. The module includes a screw-terminal
connecter with stran relief as well as a D-3UB solder cup backshell for creating custom cable assemblies.

EMC Performance

T ensure EMC compliance. you must use a fernte bead, such as NI part number T82803-01.

Specifications

Specifications Documents
= Specifications
= Diata Shest

Specifications Summary

General

Product Name NI 8401

Product Family Industrial /0

Form Factor CompactDAQ , CompactRIC
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Part Number

Orperating SystemiTarget
Measurement Type
Isolation Type

RoHS Compliant
Analog Input

Channels

Single-Ended Channels
Differential Channels
Analog Output
Channels

Digital KO

Bidirectional Channels
Input-Oinly Channels
Qutput-Only Channels
Timing

Maximum Clock Rate
Logic Levels

Input Current Flow
Cutput Current Flow
Supports Handshaking VO?
Supports Pattern 107
Maximum Input Range
Maximum Output Range
CounternTimers
Counters

Physical Specifications
Length

Width

M2 Connector

Minimum Operating Temperature

78240101, 779351-11
Real-Time , Windows
Digital

Ch-Earth Ground Isolation

Yes

Hardwars

10 MHz

programmabl=Curment
programmableCurment
fes

fes

0v.525V

oOv.525V

2.3cm
25-pin D-3ub

-40*°C
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Appendix H - LM 120 Offset D-Elsa 225 Brake
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Figure H.1: Elsa 225 brake caliper assembly
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- Standard 434/234 Straight Radial Vane Ventilated Rotor

Appendix I - Standard 434/234 Straight Radial Vane
Ventilated Rotor
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Figure I.1: Standard 434/234 mm straight vane ventilated rotor engineering drawing
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- Service Chamber

Appendix J - Service Chamber
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- Analytical Disc Cooling Modelling, Cases 1 and 2

Appendix K - Analytical Disc Cooling Modelling, Cases 1
and 2

Appendix K.1 - Lumped HTC - Case 1

In this first section, the assumptions regularly used when dealing with dynamic braking
applications will be used to demonstrate its inadequacy for parking applications. Both the
radiation and convection dissipation modes will be held constant, corresponding to a lumped
cooling model. First principles were used to generate the cooling equation. Recalling and
differentiating the energy balance equation (equation (K.1)) where the rate of internal energy
change is directly proportional to the energy entering the system (or work done on the system).

AE = mC,AT
(K.1)

Applying equation (K.1) to a parking application, as no energy is entering the disc during a
parking application (due to the lack of frictional heating) the work done on the system is

negative, hence a decrease in disc brake temperature.

0 0 c dT,
in out d%p,d dt (K2)
dT,
—Qout = mdcp,d dt

With the presence of a gasket conduction can be neglected, allowing the heat dissipation term in
equation (K.2) to be broken down into the two active modes. Consequently, the fundamental
energy balance equation that needs to be solved is:

dTy (K.3)

mdcp,dﬂ = _(Qconv + Qrad)

Fourier’s law of cooling defines the nature of thermal dissipation. By applying Fourier’s law to
each of the dissipation terms in equation (K.3) a first order differential equation (ODE) was
generated. Equation (K.4) is in the time domain with respect to temperature in the time domain.
Because both radiation and convection is assumed constant in this particular case, it is possible

to lump both the terms together into a total disc brake HTC, h;ptq;-

dT,
mdcp,d E = _[hconvAsurf (Td - Too) + hradAsurf (Td - Too)]
dT,
mdcp,d E = _(hconv + hrad)Asurf (Td - Too) (K.4)
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dr,
mdcp,d F = _htotalAsurf (Tq — To)
d& _ htotalAsurf (Td - Too)

dt mgy Cp,d

Appendix K.1.1 - Numerical Solution

By integrating equation (K.4), an exact solution of the first order differential equation that
predicts bulk disc brake temperature drop over time will be achieved. However, before this
process is conducted, a numerical solution to the problem will be presented. When calculating
radiation, by definition the energy change is proportional to the fourth power of disc
temperature, which is highly nonlinear. Subsequently, in anticipation of a more complex
equation than that shown in equation (K.4) when varying HTCs are used, a numerical analysis
for each of the three disc only cases shall be conducted. By completing the numerical study,

comparisons of the equations with varying complexities can be made.

Appendix K.1.1.1 - Solver

To solve equation (K.4) numerically, one of MatLab’s inbuilt differential solvers was used. The
decision to use the generic standard differential solver built into MatLab, rather than writing a
specific numerical code, was made to allow greater effort to be directed towards achieving the
aims of the overall project. MatLab has six inbuilt differential solvers to offer ode23, ode45,
odel13, odel5s, ode23ts and ode23tb. The first three are explicit solvers whereas the later three
are implicit. As implicit methods use both the current time-step result plus the future time-step
to produce the result, they have a higher order of accuracy but inherently require greater
computational resources. With all the assumptions made in the derivation of equation (K.4),
provided that the function is not stiff an explicit method would suffice, rejecting the three
implicit solvers. A function is stiff if a solver is unable to solve the ODE unless the time-step is

sufficiently small, drastically increasing the computational time.

The odel13 solver could also be rejected as it was designed to solve ODEs of multiple orders,
leaving either the ode23 or ode45 1* ODE solver. Both remaining solvers are capable of
estimating the error in the time-step during all iterations, making the solver as efficient as
possible without losing accuracy in the results. This also means that the built-in solver used is
likely to be more accurate than any programmed solver specifically made. Comparing the
remaining two options, the ode45 solver is the more accurate solver as it has 4™ or 5™ order

accuracy whilst the ode23 solver is only 2™ or 3™ order accuracy (depending on the problem).
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For this reason, the ode45 solver was chosen to run the numerical problems presented in

equation (K.4), as well as all future numerical analysis.

Appendix K.1.1.2 - Results

Table 11.1 shows the average rotor, hat and subsequent disc bulk temperatures measured in
section 9.2.1. The bulk disc temperature started at 257.8°C and fellow to 29.5°C over the six
hour cooling period; it should be noted that the average ambient temperature during these
experiments was 24.1°C. An error of £20% from the numerical results when compared to these
experimental results would be deemed sufficiently close to the actual for acceptance but a

desired level of precision was £10% to generate a more accurate outcome.

Table 11.1: Average disc brake temperature taken from averaged experimental data — blocked vanes,
gasket installed. Ambient temperature = 24.1°C

Time Rotor Hat Bulk Disc
Temperature Temperature Temperature
(h) (°C) (°C) (°C)

0 335.3 180.3 257.8
0.08 290.8 176.5 233.7
0.17 255.6 169.8 212.7
0.25 227.3 161.5 194.4
0.5 167.7 136.5 152.1
0.75 130.8 116.6 123.7
1.0 106.3 101.1 103.7
1.5 77.0 79.2 78.1
2.0 60.9 65.0 62.9
2.5 51.0 55.1 53.0
3.0 443 47.9 46.1
3.5 39.5 42.6 41.1
4.0 36.1 38.7 37.4
4.5 33.5 35.7 34.6
5.0 31.5 334 32.5
5.5 299 31.6 30.8
6.0 28.8 30.2 29.5

In the absence of better information, the disc brake specific heat was kept at a constant value of
48 W/m.K instead of varying it with temperature, which would happen in reality. The variation
in specific heat of grey cast iron is likely to be small though, so this assumption is legitimate.
All but one variable in equation (K.4) was known at this point, leaving just the value of h;y¢q;
outstanding. By supplying various h;,¢q; values to the 1% ODE, multiple cooling curves were

generated and displayed in Figure K.1. Although there are a number of different cooling curves

459



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

presented, it would appear the actual cooling characteristics of the disc brake is not captured by
any of the values used for the total HTC. Early on in the cooling phase, the magnitude of h;ytq;

is high, approximately 30 W/m’K but falls below 15 W/m’K towards the end.

Experimental vs. Numerical Results Components In Use:

Disc: Yes

Constant Radiation, Constant Convection, No Conduction - Case 1 Gasket: Yoo
300 Blocked Vanes: Yes

T3016 Pads: No
FER 4567 Pads: No

Pad Carrier: No
Bridge: No
Housing: No
Pistons: No
Mechanism: No

250

h_total = 9.3

h_total = 10.3

———— h_total = 113

h_total = 11.8

h_total = 12.3

h_total = 14.3

h_total = 16.8

h_total = 19.3

h_total = 21.8

50

———— h_total = 24.3

h_total =29.3

wmm= === Experimental Data

Cmnﬁeld

UNIVERSITY

6
Time [h]

Figure K.1: 1* ODE results for case 1, bulk temperature drop

Separation of the radiation HTC from the total HTC was required to find the values of h ynyp.
Remembering h;,:4; is the sum of the convection and radiation coefficients, it was possible to
calculate h.,,, by subtracting a value of h,y4 from the total HTC value. Of course, this relies
on knowing the value of h,,,;. Having completed emissivity work previously, it is known that a
fully oxidised grey cast iron disc brake has an emissivity value of 0.92, which can be assumed
constant throughout the duration of the cooling phase. By using equation (K.5) a value of h,,4
can be calculated for a single temperature only. Simple inspection of equation (K.5) leads to the
conclusion that as the temperature falls, h,,4; will fall nonlinearly with the temperature.
Nonetheless, the procedure in motion for constant HTCs will commence to find the lumped case
1 estimation for a value of h,yy,, using the derived 1* ODE.

Rrgq = €0(T3 + T2 + Ty % T + TyTop?
rad (d d d ) (K.5)
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When calculating the value of h,4, if the initial disc brake bulk temperature value is used then
an accurate value of h,,;4; value will be achieved for the initial instance only, continually
becoming an overestimate of the real value as temperature drops. Overestimating the cooling
values will lead to rapid cooling rate. Conversely, if a value recorded towards the end is used
then an underestimation of h,,4 is made for the majority of the cooling phase, generating an
elongated cooling phase. Consequently, an average of the initial and final temperature was taken
for the calculation in an attempt to counterbalance the changeable radiation effect. The average
temperature 143.7°C (416.7 K) produces a h,44 value of 9.8 W/m’K when emissivity is taken to
be 0.92.

In Figure K.1, the first line corresponds to a hypeq value of 9.8 W/m’K, which can be
considered as pure radiation cooling as the convection HTC equalled to zero. With the radiation
being assumed constant, further incrimination of h;,q,; Will effectively only increase the h.ypy
value. Figure K.2 shows essentially the same data as Figure K.1 but now with different h.;,,
values as the subject of each line. Again, the predicted value h.,,, value is elevated at the
beginning of the cooling phase with a magnitude approximately 15 W/m’K then reduces close

to 5 W/m’K.

Experimental vs. Numerical Results Componens In Use:
. . . Disc: Yes
Constant Radiation, Constant Convection, No Conduction - Case 1 Gasket: Yes
Blocked Vanes: Yes
300
T3016 Pads: No
FER 4567 Pads: No
Pad Carrier: No
250 Bridge: No
Housing: No
Pistons: No
Mechanism: No
200
h_conv =0
h_conv =1
s h_conv = 2
150 7 h_conv =25
h_conv =3
h_conv =5
100 + h_conv=7.5
h_conv =10
h_conv =12.5
50 = h_conv = 15
h_conv = 20
= == Experimental Data
0
6
Time [h] Cm”ﬁ%{gsm

Figure K.2: Effect of increasing the convective HTC on disc brake cooling — Case 1
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When extrapolating the experimental values of h.yn, produced by Voller (2003), it was
expected that a value in the region of 2.5 w/m’K would be found for stationary cooling
application. At the end of the cooling phase the initial estimate was half that of the lumped
numerical value and six times smaller than at the beginning of the cooling phase. Several
reasons for the discrepancy between the expected and computed values of h.,,,, are offered.
Firstly, Voller conducted dynamic cooling tests at various rotational velocities where forced
convection flow eradicates any buoyant airflow through and around the disc. As the rotational
velocity approaches zero, forced convection becomes less dominant with buoyancy driven flow
becoming more pronounced. Unfortunately, Voller did not collect data at sufficiently low
rotational speeds to test the buoyant flow. As a consequence, the conducted extrapolation of

Voller’s results was unreasonable; the airflow in this case relates to unrealistic static air.

Alternatively, a second offered reasoning for the misalignment could be that the buoyancy
effect, ignored by Voller, had a varying magnitude during the experiment. At a high
temperature, the buoyant force driving the airflow could be sufficiently large to deliver much
greater h.,,, value than previously expected, whilst decreasing with temperature with the

reduction in the buoyant force.

Then again, the buoyant force could performance only a minor role in disc brake dissipation,
with radiation being the principal mode. It was previously assumed radiation remained constant
throughout the cooling phase but it is easy to see that in fact, the relationship is highly
nonlinear. By applying a varying radiation with temperature, the cooling characteristics which
the 1* ODE produces may align the numerical data to the experimental data. A final possibility
could be that the physics governing disc brake cooling during the cooling phase is so complex
that a combination of varying radiation and convection may be required to achieve an accurate
temperature profile estimate. Investigations will continue after finding the exact solution to
equation (K.4) into improving the predicted temperature profiles predicted by the numerical
equation, but there is little merit in testing all the above possibilities. It has already been stated
that radiation is highly nonlinear, thus any further numerical analysis holding radiation constant
would be irrelevant, resulting in two potential further experiment; constant convection with a
variable radiation coefficient and if necessary, both variable convection and radiation

coefficients.

Appendix K.1.1.3 - Cooling Equation

Having the ability to produce numerical solutions to differential equations is a powerful tool to

an Engineer as they can find approximations to time dependent problems quickly. The
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disadvantage with ODE solvers in computer packages, such as MatlLab, is the Engineer must
have a computer present and sufficient skill to program it. During the initial design stage, an
Engineer may wish to know the cooling properties without having to go through the process of
programming a computer; it would be more convenient to place values into an equation and get
an indication of how the design will perform. It is easy to integrate equation (K.4) as the only
variable changing with the independent variable (time) is a single first order term for the bulk
disc temperature (the dependent variable). Therefore, the solution will be an exact solution to

the 1* ODE. Standard integration of equation (K.4) gives:
fb de _ ftz _ htotalAsurf dt
a (Td - Too) ty mdcp,d

fb de _ htotalAsurf jtzdt
a (Td - Too) mdcp,d t

1

In (Td,b — Too) _ htotalAsurf

= t,—ty))+K
(Td'a _ Too) mdcp'd ( 2 1)

(K.6)

where K is the constant of integration and can only be determined by substituting known values
into equation (K.6). There was only a single unknown in this equation (K) so only a solitary set
of boundary conditions where needed to complete the cooling equation. By using the initial
temperature in Table 11.1 (257.8°C) for both the start and finish point for the integration, a 0°C
temperature gradient will be present. Consequently, the constant of integration must also be zero
for this to hold true; reducing the Case 1 cooling equation to:

n (Td,b — Too) _ _ heotarAsurs
(Tg,a = Too) MaCp,a

1 (t; — t1)

(K.7)

Limitations of the cooling equation derived in equation (5.1) are that both temperatures T , and

T4, must be greater than T, and Ty , must be larger than Ty ;, to ensure the solution is cooling.

Equation (5.1) was originally developed by Galindo-Lopez (2008) as part of an investigation
into convective cooling optimisation of a disc brake. Galindo-Lopez used the equation in
conjunction with experimental data to determine h,,,, values for rotating disc brakes. By using
the results presented in Table 11.1, the same method can be used to find the exact value of
Rconp- For the entire six hour period, equation (5.1) generates a hypeq; value of 13.7 W/m’K,
which corresponds to a Ay, value of 3.9 W/m’K. Compared to the expected value, the
Galindo-Lopez cooling equation produces a h;,,, value 54% larger. Yet, from the numerical

results, a Rgyny value of 5 W/m’K was shown to be reasonable at the end of the cooling but too
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low for the majority of the cooling time. Considering the Galindo-Lopez equation calculates an
even lower h,,,, value than this, it can be rejected as an accurate method of predicting h.opny

values over long time periods.

Appendix K.2 Case 2 - Variable Radiation

Having proven that assuming static values for both convection and radiation HTC is an
insufficient technique for estimating accurate disc brake cooling, this section incrementally
increases the cooling equation complexity by allowing radiation to vary with temperature whilst
continuing to hold convection constant. This action will test one of the misalignment
possibilities discussed in section Appendix K.1.1.2. Radiation is highly nonlinear with
temperature. It is hoped that by allowing the radiation HTC to alter with the temperature drop

the cooling estimation will be more representative of actual disc brake cooling.

Appendix K.2.1 - Numerical Solution

To begin, let the energy balance shown in equation (K.3) be recalled. With conduction
continuing to be neglected, the energy balance remains unchanged. However, lumping of the
HTCs will not occur, with the thermal work terms replaced by their respective Fourier cooling
equation alternatives. A new energy balance that allows for a varying radiation was created and
shown in equation (K.8).

dT,

mdcp,dﬂ = _(Qconv + Qrad)
dr,
mdcp,dE = _[hconuAsurf (Td - Too) + GEAsurf(Td4 - Too4)]

(K.8)

Multiplying out of the brackets and then separating of the variables signifies two separate
dependent variable terms in equation (K.9); a linear term (from convection) and a nonlinear,

fourth order term (from radiation).

dT, \
mdcp,d E = _[hconuAsurde - hconvAsurfToo + GgAsurde
- O-SAsurfTooﬂ
dT,
MaCpa—= = Asurg (heonvTeo + 0€T0") = Asury (heonvTa + 0€Tq")

(K.9)
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To generate the differential equation for case 2, dividing equation (K.9) through by both the disc
brake mass and its specific heat capacity is required. The resultant 1* ODE is presented in
equation (K.10).

de AS‘U.Tf Agurf
F = m (hCOTwTOO + O'STOO4) — m (hconde + O'€Td4) (K]O)

However, this above equation can be simplified into a more convenient form by introducing a
couple of factors. With specific heat capacity, mass and surface area remaining constant
throughout, the term before each bracket can be lumped together as a single constant, y, which
is a function of the disc brakes physical attributes. Additionally, the product of the Stefan-

Boltzmann constant and the emissivity equate to make the relative constant of proportionality®,

B.

et B =o¢
(§]
(K.11a)
y = Asurf
mgCp g (K.11b)

By placing the two constants from equation (K.11) into equation (K.10), the final 1* ODE is

derived for second cooling case.

dT,
d_td - (hCOanoo + ,8T004) - V(hcoand + ﬁTd4)
(K.12)

Substituting equation (K.12) into the same MatLab ode45 solver generates the results shown in
Figure K.3. The effect of variable radiation has improved the results somewhat as the
nonlinearity of the experimental data is followed better than those in Figure K.2. Initially, heat
dissipates at a rate corresponding to a .y, value of 15 W/m’K and reduces to 7.5 W/m’K at
the conclusion of the cooling phase. The increase in h.,y, at the low temperature end can be
attributed to the variability in the radiation as little energy can be radiated as the temperatures
approach the ambient. Keeping radiation constant in the previous lumped case gave an
overestimation of emitted radiation energy, consequently producing an undervaluation of the
convection. The relative change in h.,y,, is less than for case 1. It can therefore be concluded
that the variation in radiation must be considered highly significant as its presence in the cooling

ODE improved the quality of the numerically generated results.

® 5 is known as the constant of proportionality whilst € is the relative ability of a surface to emit energy.
Combining these two definitions give the name relative constant of proportionality.
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Although an improvement is evident, it cannot be said that the numerically generated cooling
profiles match the experimental profile well. Combining the fact that the numerical data is still
misaligned to that of the experimental data and that the h.,,,, value is falling with temperature,

a final case was necessary where both radiation and convection varied with temperature.

Experimental vs. Numerical Results Components In Use:

. . g . . Disc: Yes
Variable Radiation, Constant Convection, No Conduction - Case 2 Gasket: Yos
300 Blocked Vanes: Yes

T3016 Pads: No
FER 4567 Pads: No
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Mechanism: No

h_conv =0

h_conv =1

———h conv=2

h_conv =2.5
h_conv =3

h_conv =5

100

h_conv=7.5

//

/)

h_conv =10

h_conv =12.5

50

———— h_conv=15

i

h_conv =20

wmm= == Experimental Data

o
-
N
w
E
(o}

Cmnﬁeld

UNIVERSITY

Time [h]

Figure K.3: 1* ODE results for case 2 with variable radiation, bulk temperature drop

Appendix K.2.2 - Improved Cooling Equation

Before pursuing further an ODE with a higher precision output, by allowing more variables to
change with temperature, an attempt to derive a cooling equation that would have higher
accuracy than the Galindo-Lopez cooling equation was made. The integral form of equation
(K.12 would appear at first glance to be solvable via the method of integration factors (Stroud
2001). However, because this method is only applicable for linear, first order equations this
cannot be used. Unfortunately, there is no alternative for exactly solving equation (K.12,

therefore an attempt to find an approximated solution was conducted instead.

Appendix K.2.2.1 - Asymptotic Assumption
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A common technique for determining approximations to ODEs, when it is not possible to
achieve an exact analytical solution, is to deploy an asymptotic expansion. Asymptotic
expansions are functions that describe the nature or an existing function with increasing
accuracy with every term that is added to the expansion. An infinite number of terms are
possible in any expansion, increasing the precision of the function. A disadvantage of increasing
accuracy though is additional time needed to calculate the function. For this reason, the function
is truncated after a desired number of terms, giving the desired level of accuracy whilst

remaining solvable within a respectable time period.

The nature of asymptotic expansions are that the first term is close to the actual result, with
every higher order term acting as correction functions to the initial prediction. Each correction
term has a coefficient, known as a gauge factor, that either tends the coefficient to zero or
infinity depending on what type of function is present. In real thermal problems the correction
terms adjust the initial temperature towards a real temperature, therefore the coefficients should
reduce in size in every term. Equation (K.13) shows a power asymptotic expansion used to
estimate the bulk disc temperature with the f function used as the gauge factor. Raising the
exponential £ value does indeed ted the gauge factor towards zero o is an acceptable expansion
to make.

Tq =Taqy+ BTy, + 0(B?) K13)
Convergence of asymptotic functions is only guaranteed if the power being raised is multiplied
by a sufficiently small parameter, such that their product is less than unity. The relative constant
of proportionality was the gauge factor in the expansion and has an order of magnitude equal to
1078. The bulk disc temperature term multiplying the gauge factor from convection (linear) will
have an order of magnitude of 102, making the product in the region of 1076, clearly much
smaller than one. However, when considering the nonlinear radiation term, which has an order
of magnitude equal to 10!, making the order of the product larger than unity. A working
solution is therefore not guaranteed to be achieved. The investigation continued however, as
there was still a chance the approximate solution would return reasonable results and because no

other known approximation would work for the function derived in equation (K.12.

Considering the expansion in powers of [ was used to approximate disc temperature, the
expansion was truncated after two terms, making the bulk temperature error proportionate to
square of . Multiplying 82 by a third temperature, as shown in the error term (equation

(K.14)), with a magnitude of 10! will result in a correction term in the order of 10~5. With a
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value so small, the 52 term would alter the predicted temperature by a magnitude of 10 pK, so
will have an insignificant impact on the bulk disc temperature. Consequently, truncating the

expansion after only two terms is adequate to achieve a high level of accuracy.
0(B?) = BT,

Using the same logic, the correction term in the order of § will modify the original temperature

by a magnitude of 1000 K, when the bulk disc temperature is at 400°C. As a consequence, the

resultant approximation equation can only be used when initial temperatures satisfy the

inequality shown in equation (K.15).

4

B >Ta (K.15)
Substituting the asymptotic expansion in equation (K.13) into the 1 ODE yields:

de 4

? +y [hconv(Tdo + ﬁle) + B(Tdo + .Ble) ] = Y(hcoanoo + ﬁToo4) (K 16)

Expanding the left-hand bracket creates an equation with multiple terms, most of which

combine Ty, and Ty,. Unfortunately, it is still impossible to integrate equation (K.17) in its
current form as both Ty, and Ty, are functions of dependent variable Tg; without separation,

integration is impossible.
ﬂ+[h Tag + heonvBTay + BTay* + 4Tay > B?Ta, + 6Tay*B3Ta,”
dt Y1 conv do conv[’) dq :8 do do .8 dq do .8 dq

+ 4Td0B4Td13 + BSTd14] = y(hcoanoo + ﬁToo4) (K.17)

Appendix K.2.2.2 - Comparing B Coefficients

It has already been shown that the order of any term including a squared f term would produce
a value of little significance to the overall bulk disc temperature. For this reason, equation
(K.17) can be reduced to equation (K.18) by removing all terms that include a ™ term, where n

is equal to or greater than two.

dr,

? + V[hcoandO + hconv.Ble + .BTd04] = y(hcoanoo + :BToo4)
(K.18)

All the mixed terms containing Ty, and Tz, have been removed, making it possible to integrate

the function. However, the integration is not straightforward due to the dependencies on T,;. By

equating powers of 8 coefficients, it is possible to remove the issues of dependencies and solve
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equation (K.18) (Shivamoggi 2003). Two separate equations will be generated, the first for Ty,

and the other for Ty, .

Appendix K.2.2.2.1 - Order 1

Firstly, let all terms multiplying a 8 coefficient of order one be compared. As only Ty variables

are present, it can replace T as the dependent variable. The resultant is equation (K.19):

Y90 4 heomTa: = YheomT.
0(1) dt + ¥Ylconw do =YNconv!wo (K.19)

The above equation is a linear equation that can be integrated using the method of integrating
factors (Stroud 2001). This method can be used when a linear equation taking the form shown in
(K.20a), where both G and H are constants. Its solution is achieved by completing the integral in
(K.20b).

dr,
ar TCTa=H (K.20a)

T,IF = f H.IFdt
(K.20b)

The integrating factor, IF, is found by integrating the exponent (the G constant) of the
exponential function with respect to the independent variable;.

IF = edet = efyhconvdt = eVhconvt
(K.21)

Having determined the IF, it is possible to solve equation (K.20a) by substituting equation
(K.21) into it.

Tdoeyhconvt = fyhcoanooethnvt dt

Tdoeyhconvt = Tooeyhconvt + Kl

Ty, = To + Kye Vhconvt
do = T T (K.22)

K; is the constant of integration that requires determining from boundary conditions. By using
the experimental data for a bulk disc temperature at a time equal to zero for the initial boundary

condition, it can be found that K; has the value of 233.7. Making the final equation for Ty :
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Tqy = Too +233.77Vcomt K23)

To confirm equation (K.23) produces results of the correct format, a few simple checks were
completed. Firstly, the equation should describe disc brake cooling over time. Inspection
confirms that as time increases, the negative power of e will ensure the disc brake temperature
will always decay. Secondly, the presence of the constant ambient temperature term guarantees
that for any time value put into the equation (K.23), the disc brake temperature can never fall
below the ambient temperature. Resultantly, the equation conforms to the first law of

thermodynamics.

With a reliable first approximation term equation completed, temperatures recorded at the end
of the cooling phase were used to calculate an initial estimate of 13,67 W/m’K value for A yp,
over the entire cooling phase. Based on work previously completed, a value of 13.67 W/m’K
appears much more realistic than previous estimates as the this values falls in the region of 7.5
to 15 W/m’K suggested by the numerical analysis. Evidence supports a conclusion that the
improved cooling equation generates better estimates of convective HTCs than the original

Galindo-Lopez equation does.

Appendix K.2.2.2.2 - Order

By repeating the previous method but for S coefficients of order 3, a correction factor to the
initial estimation could be made. On this occasion, the dependent variable is now replaced with
T4, The comparison leaves:

dT,
O(B) d—tl + thoandl + de04 = yT004
(K.24)

Having already derived an equation for Ty, the fact that there are two separate dependent
temperature variables in equation (K.24) does not cause concern. Substitution of equation
(K.22) into it, formed an equation with only a single temperature dependent variable.
Subsequently, the correction term equation was also linear in Ty, meaning the integration
factors method could once again be used. Equation (K.25) shows linear equation with initial

predictor equation substituted in and the right-hand bracket expanded.
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dTy,
de

_ 4
+ yhcoandl + V.B(Too + Kie yhcom,t) = VBTOO4

dT,,
dt

- 4
+ yhconvﬁle = VﬁToo4' - Y.B(Too + Kle thonvt)

dT,,
dt

+ thoandl
= YT — yToo* — 4y T, 3Ky e 7V heonvt

— 6mi2K126_2thonvt — 4)/’1"00](136 —3Yhconwt

—vK 4 ,—4Yhconvt
yiie (K.25)

Inspection of equation (K.25) will reveal that the G coefficient is identical to that found in the
equation for the order of 5 equal to 1. The solvable integral was therefore:
leeyhconvt = f(_zl.yToo?’Kle_thonvt — 6yTO°2K123_27hconvt

— 4yTooK13e_3thonvt — yK14e_4thonvt) eVhconvt ¢ K26)

To integrate the above equation separation of the variables was required. Multiplying out the

bracket provided four separate terms which could be integrated simply.

Ty eYheont = — f 4yT, 3Ky dt — f 6y T K, 2e Y convt gt

- f 4]/TOOK13€_2thU7Wt dt — ny14e_3yhconvt dt

(K.27)
Conducting the integration gives:
2 2 3
Td eyhconvt = —4)/T003K1t + M e_thonvt + M e_zyhconvt
1 hCOnV conv
4
+ L e—3yhconvt + KZ
3hCO‘er (K28)
Finally, dividing all terms by the IF left equation (K.29), an expression for the Ty, .
2 2 3
le = —4VT003K1 te —Yhconvt + 67‘00—1(1 e_Zthonvt + ZTO.;I{I e_3yhconvt
hCOnV conv
4
— Kl e_4yhconvt + Kze_yhconvt
Bheony (K.29)
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As described in equation (K.13), the bulk temperature approximation can be calculated by a
simple summation. An improved cooling equation that now includes the effects of varying
radiation, was found by substituting both equations (K.22) and (K.29) into equation (K.13). The

final cooling equation derived for the second case is:

2 2
Td = Too + Kle_yhconvt — 4‘8)/7"003](11-8 —Yhconvt + Me_m/hconvt
hCOnV
2:871001(13 -3 ﬁK14 - -
+ h—e Yheonvt _ Te 4Yhconvt + ﬁKze Yhconvt
conv conv (K.30)
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Appendix L - Temperature Dependent Air Properties

Air properties values were been taken from Necati Ozisik (1985). Characteristic property
changes with temperatures were generated from these graphs and used in the MatLab formulae

during the analytical dimensionless number investigations.

Air Properties

Density
1.3
Density, p [kg/m3] T
1.2 N\

1.1 -
— Density

0.9

N

| -

0 50 100 150 200 250 300 350 400
Temperature [°C] Cmnﬁeld

0.7

UNIVERSITY

Figure L.1: Change in density with temperature change
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Air Properties
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Figure L.2: Change in thermal conductivity with temperature change
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Air Properties
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Figure L.3: Change in specific heat capacity with temperature change
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Figure L.4: Change in thermal diffusivity with temperature change
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Air Properties
Dynamic Viscosity
2.6E-05
2.4E-05
2.2E-05
2E-05
1.8E-05
1.6E-05 + + + + + + + +
0 50 100 150 200 250 300 350 400
Temperature [°C] Cranﬁgggmv

Figure L.5: Change in dynamic viscosity with temperature change
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Air Properties
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Figure L.6: Change in kinematic viscosity with temperature change
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Appendix M - Contact Pressure

With an accurate thermal FE model, understanding some fundamental mechanical properties
will enable a sequentially coupled thermomechanical model to be fabricated. The most
important mechanical interaction for any braking scenario is the interaction between the disc
brake and pads. A retarding friction force is generated here, generating heat energy into the
system. Real contact area, as defined by Qi and Day (2007), is the ratio actual contact between
the disc brake and pad, to the brake pad surface area. The lower the real contact area, the more
heat is pushed into the brake pad locally (total energy remains constant) causing extremely high
surface temperatures. Reduced contact also causes the area of friction generation to decrease,

which ultimately increases the local torque applied.

Pressure distribution between the brake pads and the disc brake has been studied numerous
times, for example Vianello (2011). Physical measurements are usually taken by pressure
sensitive paper, which is then converted to a digital image. Once in digital form, the image can
have calculations made on it to produce numerical estimations for the pressure and localised
force magnitudes. This process was used to find the pressure distribution between the disc brake
and both the FER 4567 and T3016 brake pads when a 6 bar pneumatic pressure is applied to the

service chamber.

Figure M.1 shows a scanned copy of the raw image created from the pressure paper when the
FER 4567 friction material was pressed against the disc brake. Many imperfections are present
on paper, for example all the edging has a deeper red from where it was cut to size. To turn the
scanned picture into calculated pressure distributions, a MatLab program was written (see
Appendix N). The basis of how the program works is that the scanned colour image was
converted into a black and white image using the inbuilt rgb2gray MatlLab functions.
Calculations are based on the intensity of the black levels of the image. By having the
imperfections still in the picture during calculations, areas of black will be picked up, showing
contact where there is none. Each image was therefore prepared before being put into the
MatLab program to remove darkened areas. Figure M.2 shows the prepared image of raw

pressure paper scan in Figure M.1.
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Figure M.2: Pressure distribution paper edited and ready for analysis

Pressure paper comes in a variety of predefined pressure ranges. The Medium paper was used
for the 6 bar pneumatic pressure tests, which has a range of 350 to 1400 bar. For each range of
pressure paper, the intensity of the red colouring had a slightly different scale. This was
important when setting up the MatLab program as the intensity level seen on the paper was
required for calculation purposes. Likewise was the humidity of the room when the test was
carried out. Different humidity levels will impact on the light intensity generated on the pressure
paper. A value of 70% humidity was taken for all tests due to having no instrumentation

available at the time of testing to take the reading.
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Figure M.3: Pressure distribution pattern between the FER 4567 friction material brake pads and the disc

brake, subjected to 6 bar pneumatic actuating pressure

The output from the derived MatLab program can be seen in Figure M.3 for the FER 4567

friction material, whilst subjected 6 bar pneumatic actuating pressure.
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Figure M.4: Pressure distribution pattern between the T3016 friction material brake pads and the disc

brake, subjected to 6 bar pneumatic actuating pressure
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Appendix N - MatLab Program

clear all
format long
format loose

%%%% Select Variables
Pad_Type=0; %FER4567 =0, T3016 = 1

%%%% Controlable variables

White Set=220; % make is 255,

Max_Density = double(1.4); % Max density of the PressureX paper - judgement call.
m=10;

n=10;

Conv = 6894.75728; %Conversion rate from 1 PSI to Pa

Pmin_PSI=1400; %Minimum pressure paper rating

Pmax_ PSI set=7100;

P Range PSI=Pmax PSI set-Pmin_ PSI;

Pmin_Pa = Pmin PSI*Conv;

Pmax Pa_set =Pmax PSI set*Conv;

Pixel Area = (0.210/2481)*(0.296/3481); % Area of 1 pixel ---- Did a simple test to see how many pixels
were scanned in from a piece of A4 paper

P_Range Pa=Pmax Pa set-Pmin_Pa;

% if Pad_Type==

% Pad="FER 4567,
% else

% Pad='T3016";

% end

Pad Area FER4567=14764*0.000001; %Actual pad area in square meters
Pad Area T3016=20989*0.000001; %Actual pad area in square meters

if Pad Type==

Pad Area Ideal=Pad Area FER4567;
else

Pad Area Ideal=Pad Area T3016;
end

% Read Image

I1 = imread('Image001 - Cropped and editted.jpg');
figure(1)

imshow(I1); % Display Image

% Convert colour image to grayscale
12 =rgb2gray(Il);

% Make light whites actually white
a=size(12);
for j=1:a(1,1)
for i=1:a(1,2)
if 12(j,i)>=White_Set
12(j,i)=255;
else

483



An Investigation into Heat Dissipation from a Stationary Commercial Vehicle Disc Brake in
Parked Conditions

12(5,1)=12(j,1);
end
end
end
figure(2)
imshow(12); % Display Image
set(gca, 'visible', 'on', 'XGrid', 'on', "YGrid', 'on");
set(gca, 'XTick', 0:(a(1,2)/m):a(1,2), 'XTickLabel', []) % etc.
set(gca, 'YTick', 0:(a(1,1)/n):a(1,1), "'YTickLabel', []) % etc.

% Invert Image
I3 =255-12;

% Increase picture matrix size
XY = size(13);

X =XY(1,2);

Y =XY(1,1);

Xx=X/10;

xx=ceil(Xx); % rounds up to the next integer
Yy=Y/10;

yy=ceil(Yy);

3((yy*n),(xx*n))=0;

Max_Black = double(max(max(I3))); %Finds the maximum black value for percentage

for j=1:yy*n
for i=1:xx*m
r=double(13(j,1));
R=double(r*Max_Density/Max Black); %Puts black into a percentage of paper density
I3a(j,i)=R; %Matrix of colour densities

B=double(I3a(j,i)); %Extracts density figure
S=(2901.5*B*B*B)-(5608.6*B*B)+(8274.2*B); %from excel y =2901.5x3 - 5608.6x2 + 8274.2x ----
-R2=10.9982
I3_PSI(j,i)=S; % Matrix of pressures in PSI
T=S*Conv; % Convert Presure to Pa from PSI
I3 _Pa(j,i)=T; % Matrix of pressures in Pa
end
end

% Apply two-dimensional Gaussian filter

X=2;

y=2;

h = fspecial('gaussian’,x,y); 14 PSI=imfilter(I3 PSLh); % Increase x, y values for reducing detail
Pmax_PSI=max(max(I4_PSI));

h = fspecial('gaussian',x,y); 14 Pa=imfilter(I3_Pa,h); % Increase x, y values for reducing detail
Pmax_Pa=max(max(I4_Pa));

% %Calculate maximum pressure
% max_pressure_PSI = double(max(max(I4_PSI)));
% max_pressure_Pa = double(max(max(I4 Pa)));

for j=1:yy*n
for i=1:xx*m
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if 14_PSI(j,i)<=Pmin_PSI
15_PSI(j,i)=0;

else
I5_PSI(j,i)=14_PSI(j,i);

end

if 14 _Pa(j,i)<=Pmin Pa
I5 Pa(j,i)=0;

else
I5 _Pa(j,i)=I4 Pa(j,i);

end

end
end

% Create Quadrants
for j=1:n
for i=1:m
X=XX*1;
y=x-xx+1;
z=x-y+1;

XX = 15_PSI((G-1)*yy)+D:yy) (=D s+ D:(#x0);
C=find(XX); %Returns the number of 0 values in matrix
A = sum(sum(XX));
D = size(C);
Pixel Count = D(1,1);
if Pixel Count==0
Pixel Count plus one=1;
Value PSI= A/Pixel Count plus_one;
else
Pixel Count plus none = Pixel Count;
Value PSI= A/Pixel Count plus none;
end
Matrix_PSI(j,i)= Value PSI;
Pixel Matrix(j,i)=Pixel Count;

XX =15_Pa(((G-1)*yyr D:Gryy) (-1 0+ D:(i*x00);

C = find(XX);
A = sum(sum(XX));
D = size(C);

Pixel Count = D(1,1);
if Pixel Count==0
Pixel Count_plus_one=1;
Value Pa= A/Pixel Count plus one;
else
Pixel Count_plus_none = Pixel Count;
Value Pa= A/Pixel Count plus none;
end
Matrix_Pa(j,i)= Value Pa;
ForceMatrix_N(j,i)=Value Pa*Pixel Count*Pixel Area;
Surface Area Actual(j,i) = Pixel Area*Pixel Matrix(j,i);

end
end
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Matrix PSI; % m x n matrix of average pressure distribution

Pixel Matrix; % No of pixels which have a value directly relating to the amount of surface contact
Surface Area Actual;

%%% Calulate Mean %%%%

Mean_PSI=sum(sum(I5_PSI))/sum(sum(Pixel Matrix))

Mean Pa=sum(sum(I5 Pa))/sum(sum(Pixel Matrix))

%%% Calculate Standard Deviation %%%%
for j=1:(yy*n)
for i=1:(xx*m)
X=double(I5 PSI(j,1));
Y=double(Mean_PSI);
if I5_PSI(j,1)==0
16_PSI(j,i)=0;
else
16_PSI(j,i)=double((X-Y)"2);
end
X=double(I5_Pa(j,i));
Y=double(Mean_Pa);
if IS_Pa(j,i)==0
16 _Pa(j,1)=0;
else
16_Pa(j,i)=double((X-Y)"2);
end
end
end
Q=sum(sum(I16_PSI));
W=find(I6_PSI);
Z=size(W);,
Standard Dev_PSI=sqrt(Q/Z(1,1));

Q=sum(sum(I6_Pa));
W=find(I6_Pa);

Z=size(W);,

Standard Dev_Pa=sqrt(Q/Z(1,1));

%Calculate Force - Full Matrix
A=find(16_Pa);
B=size(A);
C=max(B);
D=double(Pixel Area);
Contact Area Actual=C*D; %square meters
for j=1:(yy*n)
for i=1:(xx*m)
E=double(I5_Pa(j,1));
Force N_Actual(j,i)=E*Contact_Area Actual,
Force N _Ideal(j,i)=E*Pad_Area Ideal,
end
end
Force N_Actual;
Force N Ideal;
Fmax=max(max(Force N_Actual));
Fmin=min(min(Force N Actual));

%%%% Export to excel
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xlswrite('Pressure Distribution.xlsx', [5S_PSI, 'PSI Full', 'B2");

xlswrite('Pressure Distribution.xlsx', [5_Pa, 'Pa Full', 'B2");

xIswrite('Pressure Distribution.xlsx', Matrix_PSI, 'PSI 10x10', 'B2");
xIswrite('Pressure Distribution.xlsx', Matrix_Pa, 'Pa 10x10', 'B2");
xIswrite('Pressure Distribution.xlsx', Force N_Actual, 'N Act Force Full', 'B2");
xIswrite('Pressure Distribution.xlsx', Force N_Ideal, 'N Ide Force Full', 'B2");
xIswrite('Pressure Distribution.xlsx', ForceMatrix_N, 'N Act Force 10x10', 'B2");

xlswrite('Pressure Distribution.xlsx', Mean PSI', 'Stats', 'B2");
xIswrite('Pressure Distribution.xlsx', Mean PSI, 'Stats', 'C2");
xIswrite('Pressure Distribution.xlsx', 'Mean Pa', 'Stats', 'B3");
xIswrite('Pressure Distribution.xlsx', Mean_Pa, 'Stats', 'C3");
xlswrite('Pressure Distribution.xlsx', 'StDev PSI', 'Stats', 'B4');
xIswrite('Pressure Distribution.xlsx', Standard Dev_PSI, 'Stats', 'C4");
xlswrite('Pressure Distribution.xIsx', 'StDev Pa', 'Stats', 'B5");
xlswrite('Pressure Distribution.xlsx', Standard Dev_Pa, 'Stats', 'C5");
xlswrite('Pressure Distribution.xIsx', 'Actual Contact Area', 'Stats', 'B6");
xlswrite('Pressure Distribution.xlsx', Contact Area Actual, 'Stats', 'C6");
xlswrite('Pressure Distribution.xIsx', Tdeal Contact Area', 'Stats', 'B7');
xlswrite('Pressure Distribution.xlsx', Pad_Area Ideal, 'Stats', 'C7");

9%%%%%%%%%%%%% Just for pictures %%%%% %% %%
for j=1:yy*n
for i=1:xx*m
if I5_PSI(j,i)==0
19 PSI(j,i)=Pmin_PSI;
else
19 PSI(j,i)=14 PSI(,i);
end
if IS_Pa(j,i)==0
19 Pa(j,i)=Pmin_Pa;
else
19 Pa(j,i)=I5 Pa(j,i);
end
end
end

figure(3), imshow((abs(I9_PSI)),[]), colormap(jet(128)), colorbar % Apply 128-level colormap
title('"Pressure Distribution - PSI', 'FontWeight','bold")

set(gca, 'visible', 'on', 'XGrid', 'on', "YGrid', 'on");

set(gea, 'XTick', 0:xx:(xx*m), 'XTickLabel', []) % etc.

set(gea, 'YTick', 0:yy:(yy*n), 'YTickLabel', []) % etc.

colorbar('Ylim', [Pmin_PSI Pmax_PSI], 'YTick', Pmin PSI:((Pmax_PSI-Pmin_PSI)/6):Pmax_PSI)
p = figure(3);

print(p, -r600', '-djpeg', 'Pressure Distribution - PSI.jpeg")

figure(4), imshow((abs(I9_Pa)),[]), colormap(jet(128)), colorbar % Apply 128-level colormap
title('Pressure Distribution - Pa', 'FontWeight','bold")

set(gca, 'visible', 'on', 'XGrid', 'on', "YGrid', 'on");

set(gca, 'XTick', 0:xx:(xx*m), XTickLabel', []) % etc.

set(gca, 'YTick!, 0:yy:(yy*n), "YTickLabel', []) % etc.

colorbar('Ylim', [Pmin_Pa Pmax Pa], "YTick', Pmin_Pa:((Pmax_Pa-Pmin Pa)/6):Pmax_ Pa)
p = figure(4);
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print(p, -r600', '-djpeg', 'Pressure Distribution - Pa.jpeg")

figure(5), imshow((abs(Force N Actual)),[]), colormap(jet(128)), colorbar % Apply 128-level colormap
title('Force Distribution - Actual (N)', 'FontWeight','bold")

set(gca, 'visible', 'on', 'XGrid', 'on', "YGrid', 'on");

set(gca, 'XTick', 0:xx:(xx*m), 'XTickLabel', []) % etc.

set(gca, 'YTick!, 0:yy:(yy*n), "YTickLabel', []) % etc.

colorbar('Ylim', [Fmin Fmax], "Y Tick', Fmin:((Fmax-Fmin)/6):Fmax)

p = figure(5);

print(p, '-r600', '-djpeg', 'Force Distribution - N.jpeg")

figure(6), imshow((abs(Force N Ideal)),[]), colormap(jet(128)), colorbar % Apply 128-level colormap
title('Force Distribution - Ideal (N)', 'FontWeight','bold")

set(gca, 'visible', 'on', 'XGrid', 'on', "YGrid', 'on");

set(gea, 'XTick', 0:xx:(xx*m), 'XTickLabel', []) % etc.

set(gca, 'YTick!, 0:yy:(yy*n), "YTickLabel', []) % etc.

colorbar('Ylim', [Fmin Fmax], "Y Tick', Fmin:((Fmax-Fmin)/6):Fmax)

p = figure(6);

print(p, -r600', '-djpeg', 'Force Distribution - N.jpeg")

%0%%%%6%%%6%%6%%6%%6%%6%%%%6%% %% %% %% %%6%%%%6%% %% %% %% %% %% %% %% %
%%%%%%%%%%%%%%6%%6%%6%%6%% %% %% %% %% %% %% %% %% %%

19 PSI(1,1)=Pmax_PSI set;

19 Pa(1,1)=Pmax_PSI set*Conv;

for j=1:yy*n
for i=1:xx*n
if 19 PSI(j,i)>=Pmax_PSI set
19 PSI(j,i)=Pmax_PSI set;
else
19 PSI(j,i)=19_PSI(,1);
end

if 19 Pa(j,i)>=Pmax_Pa set
19 Pa(j,i)=Pmax_Pa_set;
else
19 Pa(j,i)=I9_Pa(j,i);
end
end
end

figure(7), imshow((abs(I9_PSI)),[]), colormap(jet(128)), colorbar % Apply 128-level colormap
title('Pressure Distribution - PSI', 'FontWeight','bold")

set(gca, 'visible', 'on', 'XGrid', 'on', "YGrid', 'on");

set(gca, 'XTick', 0:xx:(xx*m), 'XTickLabel', []) % etc.

set(gca, 'YTick!, 0:yy:(yy*n), "YTickLabel', []) % etc.

colorbar('Ylim', [Pmin_PSI Pmax_PSI set], 'YTick', Pmin_PSI:(P_Range PSI/6):Pmax_PSI set)
p = figure(7);

print(p, '-r600', '-djpeg', Pressure Distribution - PSI - Scaled.jpeg")

figure(8), imshow((abs(I9_Pa)),[]), colormap(jet(128)), colorbar % Apply 128-level colormap
title('Pressure Distribution - Pa', 'FontWeight','bold")

set(gca, 'visible', 'on', 'XGrid', 'on', "YGrid', 'on");

set(gca, 'XTick', 0:xx:(xx*m), XTickLabel', []) % etc.
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set(gea, 'YTick', 0:yy:(yy*n), 'YTickLabel', []) % etc.

colorbar('Ylim', [Pmin Pa Pmax Pa set], "YTick', Pmin Pa:(P_Range Pa/6):Pmax Pa set)
p = figure(8);

print(p, -r600', '-djpeg', 'Pressure Distribution - Pa - Scaled.jpeg")
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