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Abstract

The thermal behaviour of a disc brake is a critfeator that needs to be considered at the
design phase. Most researchers utilise a full Isiage dynamometer or a simple pin-on-disc
rig to experimentally evaluate the performance ticion pair (disc and pad). In the current
paper, a scaling methodology is proposed to ewvalinat thermal performance of a disc brake
at a reduced scale. The resulting small scale laigke has the advantage of low cost and
reduced development time. The proposed scaling rdetbgy was validated by comparing
the results for the full and small scale discs gisinconventional brake dynamometer. In
addition, a two dimensional axisymmetric transiehérmal finite element model was
developed using Abaqus software to assist in thdateon of the scaling methodology. The
numerical simulations confirmed the equivalencewken the full and small scale disc
thermal performance using the proposed scaling mdetbgy and also gave good agreement
with the experimental results. It is concluded ttreg scaling methodology is an important

tool with which to evaluate the thermal performantdisc brakes in the early design phase.

Keywords: Disc brake, thermal performance, dynantememall scale.

Notation

a Thermal diffusivity n?/s]
y The ratio of heat flux into the pad to the totaahflux [--]
Ha  The viscosity of the air [kg/ms]

0 Material density kg/ ']
Pa  The density of the air [kg/m?]
@ Rig rotational speed rad/s)
T Torque Nm]
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T Temperature °C1

V.

; Initial forward vehicle velocity [m/s]

\% Sliding velocity m/ s]
1. Introduction

The foundation brake is one of the most importastesns in a road vehicle as it plays a
major part in slowing the vehicle by converting tkieetic energy of the vehicle to heat
energy that is dissipated through the disc bralee gads. To find an optimum design, the
development process for disc brakes involves a eumb steps and many aspects of the
braking system need to be considered to ensurét timetets both legal and customer criteria.
The conventional design process using full scaleadymeter testing is expensive and time
consuming because to achieve the desired goal theze complicated experimental
procedures which need to be carried out. One kpgc®f these procedures is to assess the
maximum temperature reached by the brake discspadd during critical braking events
since these temperatures not only affect the dmctperformance of the system but also
ultimately the structural integrity of the brakehéfmal modelling using theoretical
considerations and finite element software is amo#pproach which can be used in the
design process to save time and cost to investify@tehermal performance of disc brakes

under different loading conditions [1-4].

The brake dynamometer is an excellent researcfoptatas the test conditions and braking
parameters can be carefully controlled. There a@ inajor types of dynamometer: the
inertial dynamometer and the CHASE dynamometer. iflkeial dynamometer is used to
evaluate full sized brakes but this is a very tioensuming and expensive process. In
contrast, the CHASE dynamometer uses a small anoduriction material rubbing against a

drum and it requires a shorter testing time thanilertial dynamometer [5].

A small scale test rig presents an alternative teagotentially reduce the cost and time of
disc brake design [6], since it involves lower niaeoverheads than full scale testing and so
increases the potential for rapid back-to-backingdt7]. A reduced scale testing system has
been used in the past for different applicationshsas screening for friction stability using
the FAST machine and monitoring drum lining mateusing the CHASE machine [8, 9].

Furthermore, reduced scale testing can improvadhbaracy and reproducibility of results by



reducing spurious effects such as caliper and btateection and pressure fluctuations [6].
Moreover, one of the areas that needs to be caesidmrefully is convective cooling as the
cooling rates of the reduced scale and full sizdigaration are not equivalent because of the
different physical geometries [6]. Therefore, suglis a complex process and careful tuning

of the scaled parameters is needed in order torobdanparable results [10].

A pin-on-disc type rig has been utilised as an grpental setup in the literature [10-12] to
investigate friction materials. This uses a singgel pushed against one side of a rotating
disc. Other studies use two brake pads attachedié@@es from each other, again pressed
against one side of a rotating disc [6, 7]. Howewene of the previous small scale studies
has tried to implement a realistic brake calipdnjclv allows the pads to be applied to both
sides of the disc simultaneously to represent ¢ad world configuration of an automotive

brake.

In the present research, the main goal is to dpwelscaling methodology that can be used to
inform the design of a reduced scale brake dynartemaspecially with regard to the thermal
performance. This paper firstly outlines the assiwong underlying the scaling process
before deriving the equations required to give egjent thermal performance between the
small and full scale brake. An existing conventiobi@ke dynamometer is then described,
followed by the derivation of the design parametdrthe equivalent small scale system. The
paper proceeds to compare the measured disc steiaperatures between the full size and
small scale discs for two different drag brake ésefinally the results of finite element
simulations of the two differently scaled brakeorstare compared with the experimental

data to demonstrate the validity of the scaling aapin adopted.
2. Thermal analysis of solid brakerotor

Understanding the thermal performance of an autmatisc brake is the key factor in
developing a scaling methodology that replicated veorld conditions. In this section the
thermal analysis of a disc brake is presented ief.bin order to predict the temperature
distribution of the disc brake, the heat flux gerted by friction between the pad and disc is

required. The following assumptions apply:

* The kinetic energy of the vehicle is convertednterinal energy due to friction at the

sliding interface without any other energy lossidgithe braking event.



* The heat flux generated by friction at the inteefdetween the pad and the disc is
transferred to the brake pads and disc accorditigeio respective thermal properties.
* Heat loss by radiation from the disc is includedhis study along with heat transfer
by convection and conduction.
» All brake parts are in a steady state conditiomi@braking commences.
A one dimensional schematic model of a disc brakbBustrated in Figure 1. This model was
used to derive the finite difference equation regpiito evaluate the thermal performance of
the disc. The numerical equations for the one dsiogral disc brake model were derived
from the energy balance equation and the heat @ffusquation with assumed constant
thermal conductivity [13-15].
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Figure 1. Onedimensional thermal model for a brake disc

The heat diffusion equation or heat equation withstant thermal conductivity is as follows:
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where a 2; is the thermal diffusivity of the disc materialhi$ equation provides the
p

temperature distributiol (x,y,z) as a function of time, which aims in the derivatof the
transient one dimensional numerical simulation bf tbrake. Considering the one
dimensional system in Figure 1, under transienditmms with no internal heat generation

and constant properties, equation (1) becomes:

10T _om
a ot ox?

(2)

The central difference approximation to the secomlgr spatial derivative is as follows:

T Tt -k

m =
x> Ax?

3)

Where the subscriptmis used to designate the location of the nodal tpwix and the

superscriptp is used to define the time dependencé ethere:
t = pAt (4)

Then the finite difference approximation to the dinderivative in equation (3) can be

expressed as for the one dimensional analysis:
TR (5)

Substitution of equations (5) and (3) in equati@®nyfelds:

. 1 2
T = )1 2 ©)
where
2
M = Ax and N :%
al\t k

Equation (6) is valid for the interior nodes of tiisc. The following equation may be used

for the node on the symmetry adiabatic boundarth W, =T.":



+1 _ 1 2
T _M(ZTNp-l)+ 1‘“ T (7)
The temperature of the surface noBg™ with convection and radiation heat loss, can be

derived using the energy equation as follows:
En+Eg _Eout :Eg

pHl_T0p 8
hAT, =Ty") + % (17 ~T9) + A= A= Al o A Lt ©

where ESt is the rate of stored energy (mechanical and thlarrEg is the rate of the thermal energy

generation andEin and E_, are the rates of the energy entering and leaviegcbntrol surface

out

(inflow and outflow energy)Rearranging equation (8) fag"":
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The condition for mathematical stability must als® satisfied in order to realise a stable

system and this requires choosiNigto satisfy the following condition [13, 15]:
M =2N+2 (20)

The above equations were embedded within a besptdttab m-file and used in the

development of the scaling methodology describéovbg3, 16].
3. Scaling methodology

The scaling factor is the fundamental relationshged in the scaling methodology. The
physical specification of the small scale test brales developed by applying the scaling
factor to the full scale disc as explained beloWwe Guiding principle of the scaling exercise
is that both the tribological and thermal condisiat the friction interface should be the same
for the small and full scale brakes. Since thetibic coefficient is dependent on contact
pressure and sliding speed as well as on temperdha assumption is that both pressure and
sliding velocity should be the same at both scaldsis, provided the scaling technique
ensures the same interface temperatures, the leearagion and tribological conditions

should also be comparable between the two scales.



3.1 Disc mass

The main parameter for the proposed scaling prosesise scaling factor §), which is
defined as the ratio between the full scale andllsstale brake pad areas. If full scale
parameters are denoted by a subscHptand small scale parameters are denoted by a

subscriptS, then:

As
where Ac is the full scale pad area aWy is the small scale pad area.
The disc mass was scaled using the energy balauetien:
Q=myc, AT 12)

whereQ is the heat flow from or to the disc during a brakevent,m; is the disc mass;,,

is the specific heat andT is the difference between the final and initial paratures. As it is
assumed that the energy density (heat flow perpattarea) in the full and small scale cases

should be equal, this leads to:

Qe
Qs

Substituting equation (12) into equation (13) letuds

(rno,cpAT)F _s
(depAT iS

= i =S
A (13)

(14)

One of the main aims of the scaling exercise isef@icate the thermal condition acting on
the full scale brake and this means that the teatper riseAT should be the same. Thus

equation (14) reduces to:

(mdcp)p

=S
e (15)

p/s

If the specific heat of the material of the fulldaemall scale brake discs is the same, this

equation implies that the disc masses should sicalarly with the pad area rati.



3.2 Braketorque

The brake torque was calculated using the follovéggation:

r=2uF,r, (16)
where F,is the normal force pushing each pad against the @i is the average coefficient
of friction andris the mean rubbing radius. The contact pressurerfall and full scale

brakes was assumed constant in the current scaletgodology in order to give the same

tribological conditions, which leads to:

I:nF —
Ar

where F, is the normal force for the full scale pad aRg is the normal force for the small

I:nS

(17)

scale pad. Substituting equation (16) into equafio leads to:

R (18)
Actor Aslis

Assuming the same friction coefficient for both lssa(since the sliding velocity, contact

pressure and temperature are assumed to be th¢ aadiscaling the rubbing radii with the

square root of the pad area ragdeads to:

Is
Equation (19) was used to calculate the brake totqube generated by the small scale disc
brake assembly from the equivalent full scale value

3.3 Rotational speed

In order to obtain the same tribological conditiaghe friction interface, the small scale rig
sliding velocity is set equal to the full scaledsiig velocity vwhich is derived from the

initial forward speed of the vehicé as follows:

V=Tl — (20)

where r, is the full scale mean rubbing radius afldis the road wheel rolling diameter.

The rotational speed of the small scale rig is wgivg:



Ws =— (21)
s

where ¢ is the initial rig rotational speed angg is the mean rubbing radius for the small

scale case. Equating the sliding velocity in equei(20) and (21), leads to:

s = ﬂ(r—j 22)

di s
Equation (22) defines the small scale rotationaesgpas a function of the vehicle wheel
rolling diameter, initial vehicle speed and ratiotloé mean rubbing radius for small and full
scale rigs. The mean disc rubbing radius is a fimpentity and thus scales witg®®
according to the scaling methodology; this relai®msed to evaluate the relation between

the full and small scale rotational speeds bysiriff equation (22) as follows:

We _

S—0.5
o (23)
In other words, the disc rotational speed shousdeswith the inverse of the square root of

the pad area rat®.
4. Full scale brake dynamometer and full/reduced scale brakes

A full scale brake dynamometer, shown in Figurevds used to test both the small scale
brake designed using the above scaling methoddoglythe equivalent full scale brake in
order to validate the scaling methodology. A LoBgmer LSK1604M04 45 kW DC electric
motor rotates the main dynamometer shaft via adosed belt drive. The main shaft is
supported by two roller element bearings betweenchvhs mounted a torque meter
(Torquemaster TM 213) and speed encoder. An ACMEvslinear actuator (LMR 01) [17]
was used to pressurise the hydraulic system vitaralard brake master cylinder. The brake
dynamometer was controlled and monitored using rahouse LabVIEW based data

acquisition system.

The rotor and brake pad geometries for the fullesbeake are shown in Figure 3 and for the
small scale brake in Figure 4. Note that the fidegotor has the conventional “top-hat”

structure for connecting the rotor to the hub whsréhe small scale rotor is a plain disc
without such a structure. Both discs were manufadtdrom standard grey cast iron whilst

the pads were made from proprietary friction matesupplied by the manufacturer.

10



In the case of the full scale disc a BENDIX brakdiper (No. 520 1889 794997) was used
with a Girling Aluminium Master Cylinder unit. A Wvood PS1 brake caliper (part no. 120-
8374), was used for the small scale disc with Wadd&o Kart master cylinder (part no. 260-
5520) [18]. For both small and full size brakestyike sliding thermocouples were used to
monitor the rubbing surface temperature of the ragshown in Figure 3 and 4. The sliding
thermocouple was placed at the mean rubbing radiusoth cases. All the sensors and
actuators were calibrated before commencing anyiriesrder to ensure that the output data

were accurate and reliable.

Disc and caliper Torque and speed senspr Motor

W2

Lo S
Y,

Sliding thermocouple Linear actuator| | Master cylinder

Figure 2: Brake dynamometer with full scale brake mounted for testing.
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Figure 3: Full scaledisc and pad with thermocouple position: (a) disc geometry, (b)
brake pad, and (c) brake assembly mounted on dynamometer.
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Figure 4: Small scale disc and pad with thermocouple position

The control and data acquisition system of the bchkemometer is shown in Figure 5. The
user controls the test rig using LabVIEW softwdratthas been developed in-house in order
to give full control over the braking conditionshd& user controls the braking pressure
through the linear actuator and the speed of th@mint changing the input voltage whilst
the system measures, braking pressure, brakingdprgotor speed and the temperatures of
the disc and pad.

13
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Figure5: General hardware configuration of the full scale brake dynamometer
5. Experimental validation of scaling methodology

In this section a comparison between the experiahgasults from the small scale and full
scale brakes is presented. The scaling methodalieggribed in Section 3 was used to
calculate the reduced scale parameters as showiakte 1 for a scaling factor of 3. In
addition, the thermal properties of both full amdedl scale grey cast iron discs were assumed
to be as follows: density 7100 kginspecific heat 500 J/kg.K and temperature invarian
thermal conductivity 51.5 W/m.K.

Table 1: Full and small scale parametersfor scaling factor of 3

Vehicle Parameter Full scale Small scale Relation
Pad area (mf) 2736 900 oA
Mean rubbing radius (mm 95 54 As
Disc mass (kg) 3.57 1.2 re =rgSY?
Disc thickness (mm) 11 14 mg
Disc outside diameter (mm) 240 125 m_s )

14




A drag braking scenario was used to validate théregmethodology. Drag braking is a type
of brake application used to maintain a constahtoke velocity on a downhill descent rather
than to completely stop the vehicle. The drag brgldonditions used for the full scale disc
brake assumed a vehicle speed of 40 km/h on a sibp&o for a vehicle of mass 1000 kg
which is equivalent to a rig rotational speed o 3pm and a target brake torque of 35 Nm.
In the case of the small scale disc brake, theetamgque of 7 Nm was calculated based on
equation (19). The equivalent small scale rig rotel speed was calculated from equation
(23) to be 620 rpm. The actual torque achieved dwer270 s duration of the test is shown
for both full and small scale discs in Figure 6nc¢® the hydraulic pressure acting on the
brake pads was kept constant, the torque variagoosrding to equation (16) are due to
variations in coefficient of friction caused mainby temperature changes at the sliding

interface.

The surface temperature for both full scale andllsscale discs was monitored at the mean
rubbing radius throughout the duration of the tesis the results are shown in Figure 7. The
surface temperature of the small scale disc sh@weed agreement with that of the full scale
disc with a maximum difference of the order of°0 There are factors not accounted for in
the scaling methodology that might have an effecthe temperature of both small and full
sized discs. For example, the convective coolitg maay be different in each case because of
the different disc diameters and rotational spettse may also be geometric effects due to
the different pad aspect ratios (circumferentiat Bngth/ radial width) along with the
presence of the “top-hat” structure for the faltale rotor which is not present on the small

scale disc.

15
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Figure 6: Measured torque response for full scale and small scale brakes
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Figure 7: Disc surface temperature for small scale and full scale brakes.
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6. Numerical validation of scaling methodology

Abaqus FEA software [19] was used to further ingagé the scaling methodology and the

thermal performance of the small and full scalédsbiakes. Two dimensional axisymmetric

transient heat transfer models of the discs wekeldped in Abaqus\standard. The model

setup and boundary conditions for the small andstdle discs are shown in Figure 8 and 9

respectively. The models were meshed using 4-rim@d@ar axisymmetric heat transfer

quadrilateral elements (DC2D4).The total numbeeleiments for the full scale disc brake

was 335 whilst 220 elements were used for the ssoalk disc brake rotor.

Centre of rotation

J Line of symmetry

Heat flux

Highlighted edges have

convection cooling

Figure 8: Two dimensional axisymmetric finite element model of small scale disc

Centre of rotation

Highlighted edges have

convection cooling

Heat flux

Figure 9: Two dimensional axisymmetric finite element model of full scale disc
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The convective heat transfer coefficient was cal@d using equations (24, 25). It was used

in each model and was assumed constant in each case

For laminar flow, the convective heat transfer Gogt, hg, is defined by:

hg = 0.7(E—aj Re®®  For Re<=24x10° (24)
[0}

and for turbulent flow, it takes on the value:

hg = o.o{z—aj Re®®  For Re>24x10° (25)
[0}

whered, is the outer diameter of the didg, is the thermal conductivity of air W /m.K

and Re is the Reynolds number:

Re= YPal (26)

Ha

in which v is the vehicle speed im/s, p is the density of the air ikg/m3, | is the

characteristic surface length (assumed to be @raeter of the disc in m) andy is the
viscosity of the air irkg / m.s. All the air properties are assumed to be at ambie

temperature in the present work.

A mesh sensitivity analysis was carried out usimgmstant heat flux in order to optimise the
number of elements in the 2D model. The rotatiapaed of disc was 1225 rpm and brake
torgue was assumed to be a constant 80 Nm. Thdatiorutime for the analysis was 10 s.
The results show that the global element size hasmall effect on the temperature
distribution and maximum surface temperature asveha Table 2. On the other hand, there
is a trade-off between the number of elements (@hnsize) and the simulation time.
Consequently, a 0.0019 m element, representing napinise between CPU time and
solution accuracy, was chosen for all the subseqReraxisymmetric simulations. Although

a smaller element size offers slightly more acaurasults, this takes around twice as long to
run which was deemed inappropriate for the long dnake event. The same procedure was

18



used to investigate the mesh sensitivity for thalsstale disc brake model and showed that

220 elements gave accurate results for reasonablgmes.

Table 2: Mesh sensitivity analysisfor full scale disc

Global | T CPU

ellement elements [°C] Time [s]
size [m]

Model

NT11

+2.167e+02
+2.186=+D2
+2.0D5e+D2
Ham
0.0025| 153 236.8 415 Hg
+1.28Je+02

+1.10Je+D2

NT11

+2.373e+02

+2.192e 402

R

537 +1.649e +02

0.0019 335 237.3 ieeros

+1.106=+02
+$.244e+D1

NT11

+2.177e+D2
+2.196=+D02
+2.01de+D2
S
0.001 1153 237.7 1097 Hamios

+1. +02
+1.107e+02
+9.257e+D1
+7.44)e+D1
+5.628=+D1
+).814e+D1
+2.00De+D1

NT11

+1.107e+02
+9.25%e+01
+7.445+D1

+1.B15+01
+2.00De+D1

+2.178=2+4D2
+2.196=+02
+2.015«+D2
e
0.0005 | 4293 237.8 3311| |EHEEE

4000
—o—Max Temperature ~#-CPU Time
270 3500
o b o /!
N * & 3000
220
2 2500
f
5170
s 2000 .
@
& ]
5 120 1500 =
1000
70
500
20 0
0 1000 2000 3000 4000 5000
No. of Elements
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The experimental results were first used to vadéidae full scale Abaqus model. The heat

flux was calculated based on the experimental alsitey equation (24):

Q=1w (24)
where 7 is the measured braking torque (as for example showigure 6) andwis the rig
rotational speed (assumed constant). However, ardgrtain proportion of this heat flux is
transferred into the disc, the remainder being fesred to the pad friction material. The
proportion of heat transferred to the disc (thdipan ratio) can theoretically be calculated
from the respective thermal properties of the disd pad materials using equation (25) [13,
14].

1

y=1- c .k (25)
s [PPP5p
P4CdKq

From the published properties of the grey cast dises and estimated property of the pad

materials, Equation (25) predicjsto be 0.87 . However this equation takes no account of

the transfer layer that can form on both rubbindases and in practice a higher proportion
of heat is often found to flow to the disc thangegted by equation (25). In the present case
good agreement was found between the measuredradittpd surface temperatures for a
partition ratio of 0.95 which is similar to the ual typically used by other researchers [14,
20]. For example, Figure 10 shows the predicted rapdsured surface temperature for the
full scale disc when subjected to the applied torime history shown in Figure 6 assuming
a heat partition ratio of 0.95. It can be seen Heay good agreement is achieved throughout
the duration of the test.

20
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Figure 10: Comparison of the experimental and numerical full disc surface temperature

response

Having validated the FE model of the full size l@against the experimental results, the 2D
axisymmetric models were used to simulate very igged drag braking in order to further
investigate the thermal performance of both snadl fll scale brakes that would otherwise
be beyond the capacity of the available brake dymaeter. Figure 11 shows the predicted
surface temperature at the mean rubbing radiubdtn small and full scale brakes. The
rotational speed of the full scale brake was 13#6 and brake torque was assumed to be a
constant 80 Nm. Using the scaling methodology ddfialeove the corresponding rotational
speed of the small scale brake was 2170 rpm anbr#ies torque was 15 Nm. The braking
simulated is very aggressive (equivalent to bralarid00 kg vehicle travelling at a constant
140 km/h down a 5% gradient) but it can be seen frignre 11 that the difference in the
surface temperature at mean rubbing radius bettheefull and small scale disc brake at the
end of the simulation is only of the order of AD. This difference is considered acceptable
given that there are differences in the brake gé&gnwehich were not accounted for in the
scaling methodology.
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Figure 11: Numerical disc surface temperature for small scale and full scale discs
during high drag braking

The temperature distribution within both the futidasmall scale discs at different time steps
for this extreme drag braking event was investgjdtether as shown in the contour plots of
Figures 12 and 13 respectively. Despite the diffeeein geometry, as shown in Figure 3 and
4, the temperature distribution for the two dissery similar. This is because, in the scaling
methodology, the thermal mass of the disc is consile be the more important parameter
over the geometry. In addition, the convection capkffect will have an influence on the

temperature distribution between the full and smeedile discs: the full scale disc has a larger
surface area exposed to the environment than th# scale disc brake even though the same
convective heat transfer coefficient was assumerbutghout. Overall the detailed

temperature distributions further demonstrate ety of the scaling methodology.
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Figure 12: Temperaturedistribution of the full scale disc at different time steps
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Figure 13: Temperature distribution of the small scale disc at different time steps
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7. Conclusions

A theoretical and experimental basis for represgntie thermal performance of automotive
brake discs at a reduced scale has been presémxgetimental data from the reduced scale
disc was compared with the corresponding full sch$ée data obtained from a laboratory
brake dynamometer. The results obtained showedagneery good agreement between the
measured sliding surface temperatures for bothftileand small scale discs, thereby

demonstrating the validity of the scaling approach.

The thermal response of the full and small scade drakes was also investigated using a two
dimensional axisymmetric finite element model ahd tesults confirmed that both discs
experienced almost the same maximum surface tetopesa Although there are detailed
differences in the temperature distributions beeaok the effect of different convective
cooling and the different disc geometry, overall tesults demonstrated that the scaling
methodology can be used with confidence for thégdesnd development of automotive disc

brake systems.
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Highlights

* One dimensional thermal model of solid disc brake derived numerically.

A scaling methodology is proposed to evaluate tienbal performance of a disc
brake.

* The scaling methodology was validated experimentad numerically.

* The results demonstrated that the scaling methogaag be used with confidence.
2D axisymmetric finite element model was used toestigate the thermal

performance of disc brake.



