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Performance Investigation of the UTeM Eco-
Car Disc Brake System

M. K. Khalid, M. R. Mansor, S. |. Abdul Kudus, M. .Mahir, and M. Z. Hassan

Abstract—The aim of this study is to investigate the brakig
performance of the UTeM Eco-Car disc brake systemThe disc
brake system utilized a single cross-drilled rotorwith fixed
calliper design. The brake system performance in ten of its
thermal property was determined in transient conditon using
ABAQUS CAE finite element analysis software. Resudtfrom the
thermal analysis showed that the maximum temperatur
generated at the brake disc surface was 119@, which is within
the allowable service temperature of the disc matal. This
indicates that the UTeM Eco-Car disc brake systemsi able to
perform safely as per design requirement.

Index Terms—Perodua Eco-Challenge UTeM Eco-Car, Disc
Brake System, Thermal Analysis.

I. INTRODUCTION

ERODUA Eco-Challenge is a national design compmetiti

organized by Perodua Sdn. Bhd. in 201iniversiti
Teknikal Malaysia Melaka has took part in the evehiere
participants compete in the challenge to design launttl a
working vehicle that can travel the furthest disemising 0.5
liter of RON95 fuel [1]. Among the major system aived in
the design of the eco-car was the braking systdma.braking
system is very crucial in stopping the car on alving stages
including during high speed, sharp cornering andvrduoll
movements [2]. The ability to bring a vehicle safmtrolled
stop is absolutely essential in preventing accilewehicle
damage and personal injury [3]. Thus, in this prhjehe
braking performance for the UTeM Eco-Car brake esyst

to determine its thermal capacity when operateceal track
condition. This is to ensure that the new braketesys
designed for the UTeM Eco-Car is able to operatadtual
condition without failure due to overheating thussering the
safety of the driver involved.

Il. LITERATURE REVIEW

Generally, the main function of disc brake is tansmit
mechanical force and dissipation of heat producadiés to
be functioning at both medium and high temperatQree
rotor provides braking or friction surface for beaads to rub
against when brake force is applied.

As explained by Tirovic and Ali [4], friction brakeare
exposed to high mechanical and thermal loads. Mechha
loads are generated by clamping, friction and deigl
forces, as well as by brake acceleration in diffedirections
whereby thehermal loads are the result of the frictional heat
generation on the brake friction surfaces. They atated that
thermal loads are often much more severe than mesia
loads and also much more difficult to predict aeteiy. As a
result, the design process for most brake concépts
concentrated on thermal loads. In determining
performance of a brake system, the prediction ef ihake
surface temperature is the main problem in the yaislof
thermal dissipation and brake surface degradatiass
highlighted by Dufrenoy [5]. Formation of hot spatse to
excessive increase of surface temperature oftenltedsin

which participated in the Perodua Eco-Challenge 1201brake failure due to premature wear, surface crattiesmal

competition was analyzed using ABAQUS finite elemen

analysis software. The performance investigatios feaused
to the linear thermal analysis in transient modee &im was
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distortion, judder etc [6] especially when the temgture is
near or exceeds the allowable service temperafutedrake
materials. Thus, to gain a safe braking systemopmdnce,
the brake must be sufficiently designed to be &bldissipate
the heat generated from the braking process addguab
that the brake surface temperature is kept withim lbrake
material inacceptable operating range [7].

Currently, there are two types of disc brake rateed in
passenger car which is solid disc and ventilatest @8]. A
solid rotor is simply a solid piece of metal witficfion surface
on each side and this type of rotor is light, siepmheap and
easy to manufacture. A ventilated disc meanwhifersete-a
rotor with various opening profiles (holes, grooets) which
provide better cooling performance (additional ¢heansfer
function) and weight savings as well as aesthegijgearance
[9]. Therefore, it is widely used compared to salisic.

The thermal stability of the disc shape is influeshdy the

the
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quantity of the material and the heat treatmentoteef The disc brake rotor is made from gray cast irorenia
machining as well as the basic design for the diter. Some which provides good wear resistance with high tlrm
of the thermally most important properties of diseke rotor conductivity and the production cost is low complte other
are as follows [9]: high performance disc brake rotor materials suchAladMC,

i) Thermal capacitance (density and specific heat)as carbon composites and ceramic based compositesGtitlve
ability to store the heat. Initially on braking pess, a et al. also highlighted that although advanced &nalaterials
significant amount of frictional heat is stored anduch as aluminium metal matrix composite offer gigant
during short braking, this thermal capacitance isveight advantages compared with the traditionalt ¢em
dominates. rotor, the aluminium metal matrix composite matehas a

i) Heat dissipation becomes important consideration atuch lower maximum operating temperature which tlis
long braking times (between 2 to 3 minutes). Thapplication [12]. The UTeM Eco-Car was installedhwall-
convection is occurring for more than 90 percent oivheel disc brake system to maximize its brakingabdjy
the total heat dissipation in most of the brakingnd provide higher safety to the driver throughthg race.
condition, whereby radiation is almost negligible.  The vehicle is estimated to weigh approximately k60

iii) Thermal conductivity is the ability to re-distrieuthe  including the driver.
thermal energy. During long and low intensity During the performance evaluation stage, 3D modiehe
braking, the peak temperature is depends largely aiisc brake selected was developed based on itst exac
the disc material's conductivity. However, thedimensions measured using the Coordinate Measutemen
thermal conductivity has a little effect during sho Machine (CMM) equipment. The disc brake 3D modekwa
braking. later imported in ABAQUS CAE finite element analysi

iv) Thermal expansion coefficient (related to locatodn software as the geometry model to perform the perdnce
friction contact due to the thermal deformationjnalysis. Load analysis was also performed to deter the
affects the tendency towards hot spotting and teermheat flux and convection heat transfer coefficfentthe brake
disc thickness variation (DTV) generation. Thesystem during its operation. Thermal analysis tesabtained
temperature gradients of the disc brake can causedt the end of the analysis were validated and coscpt the
temporary DTV owing to the uneven thermalallowable material specification for the rotor.thfe selected
expansion of the material. disc brake failed the thermal analysis process) thaew disc

brake design will be selected as the replacememe T

Heat transfer is energy in transit, which occursessilt of a performance analysis is repeated until the dis&éraet the
temperature gradient or difference. This tempeeatudesign requirement and the disc brake will be llextaon the
difference is thought of as a driving force thatises heat to actual UTeM Eco-Car later on. The research flowrtclar
flow. Heat transfer for a ventilated disc brakeoradccurs by this project is summarized in Fig. 1 below. Figstibws the
three mechanism or modes: conduction, convectiod aB8D model of the UTeM Eco-Car disc brake system gsrd
radiation. Ventilated disc brake generally exhitonvective using CATIA V5R16 software while Table | summarizé
heat transfer coefficient that is approximatelycevas large as overall disc brake design specifications.
those associated with solid discs. During a coetihraking,

a ventilated disc usually tends to reach a temperathich is TABLE I

OVERALL SPECIFICATIONS OF THE UTEM DISC BRAKES

approximately 60% of the temperature of a solidc.diBhe Disc Geometry
effect of radiation however are usually neglecteanost disc Ssc outer dameter e
brake analysis since the only contributes around®%)% of '
the total heat transfer from the disc (in casesraliee brake Disc inner diameter 0.22m
is subjected to normal operating temperature) [10]. Disc thickness 0.036 m
Cross drilled hole diameter 0.007 m
Ill. RESEARCH METHODOLOGY Total disc surface area 0.038 m
There are two major stages involved in this projedtich Disc rotor material properties [13]
are disc brake design and performance evaluatiothd disc Material type Grey cast iron (BS220)
bra!<e desigr_l stage, suitable type of c?lisc brakgswhxted to Density 7.1 to 7.2xTkgIn?
be installed in UTeM Eco-Car. Selection criteriarevéocused = roondagtvi TSR WImK
on price, system compatibility, and lightweight.ush in the ermat conductivity ° m-
end of the selection process, a commercial YamaBa3hb Specific heat 460 to 500 J/kg.K
motorcycle disc brake system was selected for #tcle. Service temperature 19D to 550C
The reasons are due to compatibility to the 13 inchused

for the vehicle, as well as lightweight propertyddawer cost
compared to a passenger car disc brake systendi3thérake
system utilized a cross-drilled rotor with fixedliggr design
for better heat dissipation.
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Fig. 1. Overall project flow chart

Fig. 2. UTeM Eco-Car 3D disc brake model
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IV. LOAD ANALYSIS

The load analysis was performed to determine tlagibg
load and disc brake rotor cooling characteristidsenv the
brake system is in operation. As stated in the dRexdEco-
Challenge 2011 rules and regulations, all partiaiga car
must be able to stop without failure at given alitspeed of
50km/h [14]. Thus, this value was used to simuthteworst
case condition for the car in order to determire iiaximum
braking load subjected to the brake rotor.

A part from that, based on the track layout for ¢éivent as
shown in Fig. 3, it is estimated that a total of @) repeated
numbers of braking are needed for the UTeM Eco-ar
safely manoeuvre through the entire 1.6km coursi& &lso
assumed that for each corner, the driver requirescdnds of
braking time. Fig. 4 shows the summarized schenddtithe
braking characteristic need to be completed by UEd-Car
for the whole track.

i A L& A
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o i B_~TIRCUIT
a
-
Vg ;
- % A%
— 'I — —
@ Braking point Start/End point
— Race direction GRAND STAND PIT PADDOCK

Fig. 3. Braking points based on race track layout
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o |\ \/ \/ \/ /
10
Note: e brakiing time.

Fig. 4. Braking characteristics for the whole kac

Throughout the repeated braking condition, the tiske
rotor is subjected to continuous heating and cgofirocess.
During braking, frictional heat load is subjectedthe rotor
surface through conduction. After the brake is asésl, the
rotor is then allowed to cool through convectiongass. The
heat transfer process repeats until the end ofétheycle.
Table Il and Fig. 5 below summarized the overadlufes of
the load analysis conducted.
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TABLE Il

OVERALL RESULTS OF THE LOAD ANALYSIS

Description Value
Braking TimeAt 3s
Kinetic EnergyAE 49268.55 J
Braking Energyl 8129.31J
Braking SurfaceS 38 x 10° m?
Thermal Flowg 1625.86J /s
Heat FIuX,gspecific 42785.8 W /A

Heat transfer coefficient by
convection for cross-drilled holes,
hg (Ain Fig. 5)

Reynolds number = 443.7
hr = 87.65 W/ rAiK

Heat transfer coefficient by
convection for side solid pahiz
(B in Fig. 5)

Reynolds number =27.3 x 10
hs = 22.98 W/ rfK

Heat transfer coefficient by
convection for outer solid pattg
(Cin Fig. 5)

Reynolds number = 27.3 x 4
hs = 22.98 W/ fK

Heat transfer coefficient by
convection for esthetical design
part,hg (D in Fig. 5)

Reynolds number = 2307.83
h: = 743 W/ K

To simplify the analysis, several assumptions lese been

Section A

Section B

Section D

Section C

Fig. 5. Location of cooling characteristic on tlisc brake rotor

made as follows:-

)

i)

All kinetic energy at disc brake rotor surface ageerted

into frictional heat or heat flux.

The heat transfer involved for this analysis only
conduction and convection process. This heat teansf
radiation can be neglected in this analysis becaise

small amount which is 5% to 10% [10]

In this analysis, the ambient temperature and ainiti

temperature has been set t6@25

brake surface

All other possible disc brake loads are neglected.
Only certain parts of disc brake rotor will applyittw
convection heat transfer such as the cross-drilezi,
cooling vanes area, outer ring diameter area and di

V. FINITE ELEMENT ANALYSIS
The performance of the UTeM Eco-Car disc brakeesyst temperature on the disc surface increased as th#etuof

elements. The brake heat flux and convection hesister
coefficient values determined in the earlier loadlgsis stage
were used to define the load and boundary conditfon the
analysis. Finally, linear thermal transient analysivas
performed in this stage to simulate the repeatingkibhg

process of the disc brake system.

Fig. 6. Meshed model of the disc brake rotor

VI. RESULT AND DISCUSSIONS

In practical, typical service condition for autorvet brake
discs consist of frequent and quick engagement esycl
therefore making it predominantly in transient soke Results
from transient analysis are often more desirablpradicting
the actual performance of the disc during operafib].
Result of the finite element thermal analysis fue tlisc brake
rotor in transient condition is shown in Fig. 7 de!

Temperature (°C) Temperature vs Time

140

120 11972 118.6

40.27707 16
100 98.9

92.42
80

54774.98 FEA
68,44
60 62.01

40 367 O

20 25

0

Time(s)

0 3 159 189 24.92 2792 38.72 41.72 46.22 50.22 55.04 58.04 76.04

Fig. 7. Temperature increase due to braking onligebrake rotor surface
for the entire track

The above graph shows the behaviour of the diskebra
rotor during continuous braking, where the surface

was analyzed using ABAQUS/CAE finite element anialys subsequent braking is increased. It can also be deg the
(FEA) software. The 3D modelling of the disc braiaor
which has been modelled using CATIA V5R16 softwaees
imported into the FEA software as the input geoynéir the

maximum temperature generated on the disc surfaedéadthe
repeated braking (for the whole race track) is 2®which is

within the allowable service temperature of theorahaterial
analysis. The input geometry was later meshed uéingde Wwhich is between -15C to 550C. This shows that the disc

linear tetrahedron mesh element (ABAQUS: DC3D4ngsi brake selected for UTeM Eco-Car is able to perform

114305-06-8989 IJET-IJENS @ Decembdrl20ENS

global seed setting of four (4) as shown in Fidieow. The successfully without failure due to overheating.
meshed geometry resulted with a total of 27,953 brarm of
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Fig. 8. Temperature distribution on the disc stefat time= 76.04s {6
braking cycle)

A part from the disc critical surface temperatuesuit,
thermal analysis conducted also reveals the terpera
distribution on the disc surface when braking lam@pplied
as shown in Fig. 8 above. Temperature contour slievarea
where the location of the maximum and minimum terapge
occurred, which varies throughout the disc surfatae
maximum temperature generated is at the exact pafint
contact between the disc brake calliper and the misor, and
the temperature gradually decreases along thecsutfatil it
reaches the disc rotor hub.

VII.

The results obtained through the finite elementlyasis
were later validated by adapting equation from Budyand
Nisbett [16]. The temperature increase at the eheazh
braking cycle was determined using (1) while thegerature
decrease at each braking cycle due to release alebr
(cruising) was determined using (2).

RESULT VALIDATION

AT = £—

- Cpm
—her At
exp (—" )
Cpm
where

AT = temperature ris€Q)

E = braking energy (J)

T = temperature at timéc)

T; = initial temperature®C)

T..= environment temperaturéQ)

A = surface area (t

m = rotor mass (kg)

C, = specific heat capacity of the rotor (JAQ).
hy = overall coefficient of heat transfer (W/AC)

1)

)
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Temperaturevs Time

Time )

Fig. 9. Validation result for disc brake rotor fgenature profile.

As shown in Fig. 9, the thermal analysis resulttainied
from finite element method showed very good agregme
when compared with the results obtained througHytioal
method performed. At the end of thB éycle, the maximum
temperature generated at the disc surface foundughr
analytical method was 119® compared to maximum surface
temperature of 119°2 found through finite element method.
The results of the simulation are proven to be mteuas the
difference between the maximum temperatures analyis
smaller. Based on the validation results, the perémce of
the brake disc has been successfully predictecahnigved.

VIII.

In conclusion, thermal analysis for the brakingfpenance
of the UTeM Eco-Car disc brake system shows that th
maximum temperature generated on the disc surfaedéadthe
repeated braking is 1192 which is within the allowable
service temperature of the rotor material whichbé&ween
-15°C to 550C. The simulation result indicates that the
UTeM Eco-Car disc brake system is able to perfoafelg in
real track condition as per design requirement.

CONCLUSION

IX. RECOMMENDATION

In this project, the behaviour of the disc braketemn in
term of heat properties was determined. Thus, tothér
work, the behaviour in term of the disc brake gjthn
properties during the braking process can also riyaed
using both analytical and finite element method.eTh
properties of the stress and deflection of the comept due to
the heat generated can be determined where battisrese
very useful to predict the disc brake performanceerm of
the mechanical strength. Therefore, the overaflopmance
of the system can be evaluated more thoroughly bsitig the
maximum temperature and maximum stress failurerzaitand
able to raise the level of confidence for the systiesign.
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