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Abstract

As part of commercial vehicle disc brake heat dissipation research, thermal contact resistance (TCR) across a bolted joint is analysed.
Studies include new and slightly corroded interface surfaces. Measurements show that corrosion approximately doubles TCR, decreasing
conductive heat dissipation, leading to higher brake temperatures. To reduce TCR, two methods of interface conditioning are investi-
gated. The application of thermal conductance paste and the use of a thin aluminium gasket at the interface have similar effects, reducing
TCR by over 80%. The paper deals with the methodology of measuring TCR and defining its relationship with the change of interface
pressure, temperature and interface conditioning. This approach ensures results of a generic nature applicable to a variety of bolted
joints.
� 2007 Elsevier Ltd. All rights reserved.
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1. Introduction

Accurate values of thermal contact resistance (TCR) are
vital for heat transfer calculations across bolted joints.
Reliable heat transfer predictions are important for many
bolted joints, for a variety of reasons. In this study, a com-
mercial vehicle (CV) disc brake assembly, shown in Fig. 1,
was analysed. The heat generated at disc friction surfaces,
and conducted through disc ‘top hat’ section, has two pos-
sible conductive paths. One, through the disc/wheel carrier
interface and, the other, through the disc/bearing (outer
ring) interface. The wheel carrier has substantial mass
and is exposed to external fast flowing cold air, providing
considerable potential for heat dissipation, making the heat
conduction through disc/wheel carrier interface very desir-
able. These boundary conditions lower disc surface temper-
0017-9310/$ - see front matter � 2007 Elsevier Ltd. All rights reserved.
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ature and increase brake performance and life, as
researched by Voller [1] and Tirovic and Voller [2]. How-
ever, at the disc/wheel bearing contact surface (Fig. 1),
the heat transfer must be minimised, in order to prevent
bearing overheating and possible failure.

It is apparent that the disc/wheel carrier interface condi-
tion will vary throughout the life of the vehicle. In this
research, experimental and theoretical studies have been
performed to determine bolt clamp force, interface pressure
distribution and TCR variations with pressure, tempera-
ture and interface condition. The ultimate aim was to
establish a procedure for reliably predicting TCR, which
will enable heat flow calculations through bolted joints in
a variety of engineering applications, not restricting the
findings to the considered automotive assembly.

2. Published TCR studies

Greenwood and Williamson [3] proposed one of the first
models to predict contact area known as the GW model,
which can be summarised as an elastic micro-contact
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Nomenclature

Aint interface area (m2)
dT/dx thermal gradient (K/m)
F total bolt clamp force (MN)
hcond thermal contact conductance (W/m2 K)
kD thermal conductivity of disc material (W/m K)
P contact pressure (MPa)
Qcond conductive heat transfer (W)
Ra arithmetical mean roughness of a surface (lm)
T temperature (K)
DTint temperature difference at the interface (K)
Rcond thermal contact resistance coefficient (m2 K/W)
U uncertainty
x axial coordinate (m)

Symbols

h temperature (�C)

Subscripts

int interface
avg average
local local
C carrier
D disc
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model. The GW model has been modified by McCool [4]
using a random process model of rough surfaces. The mod-
ified version of the GW model has been applied by
McWaid and Marschall [5] to predict TCR and results
compare well with experimental data. The GW model does
not take into account the presence of surface films, which
may take the form of natural oxidisation, liquid, powder,
foil or plating. Research in the area of oxidisation has been
summarised by Madhusudana and Fletcher [6]. A generally
accepted conclusion is that oxide films, unless sufficiently
thick, do not appreciably increase the TCR. Mian et al.
[7] have shown experimentally that TCR increases with
the film thickness and the ratio of the total film thickness
to the mean surface roughness. TCR was found to decrease
with the increased loading and the mean surface roughness.
Fig. 1. Cross section and whee
To decrease the TCR, the air within interstitial areas at
the contact interface can be replaced with a medium of
higher conductance. Interstitial fillers may take the form
of grease, metal foil, wire screens or powders. Indium foil
and silicon grease appear to be the best materials in this
category [6]. It has been shown that thermal conductance
(the reciprocal of TCR) can be increased up to a factor
of seven, by inserting a metallic foil at the interface [8].
Reduction of TCR by metallic coatings has been analysed
by Antonetti and Yovanovich [9]. It was found that a silver
layer can reduce the TCR of nominally flat, rough,
contacting nickel specimens by as much as an order of
magnitude; and that for a given layer thickness, the
smoother the bare contacting surface the greater the
enhancement will be.
l assembly characteristics.



Table 1
Brake assembly interface surface finish

Component Surface condition Surface finish,
Ra, [lm]

Front CV disc As supplied new machined 2.0
Standard CV wheel

carrier
As supplied, Fig. 2a 1.0–3.3
Machined, Fig. 2b 2.1
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Published brake thermal analyses deal with conductive
heat dissipation inadequately. Since the contribution of
this mode to the brake cooling is, in most service condi-
tions, lower than convective and radiative heat dissipation,
the contribution of conductive cooling is either neglected or
oversimplified. Morgan and Dennis [10] found that con-
duction coefficients are extremely variable for the theoreti-
cal prediction of brake temperatures. Cetinkale and
Fishenden [11] suggested that the contact coefficient is
likely to change dramatically with time or with subsequent
dismantling and reassembly during servicing. Sheridan
et al. [12] modelled the conductive heat transfer that exists
between the disc flange and the hub and wheel by doubling
the convective heat transfer coefficients used on the disc
friction surfaces (a value of 200 W/m2 K). An even more
simplified approach was taken by D’Cruz [13] with the
use of a ‘blanket’ heat transfer coefficient of 100 W/m2 K
to all disc free surfaces. In order to determine conductive
heat transfer from a disc brake, Fukano and Matsui [14]
changed the apparent rate of heat transfer from the disc
to the hub until calculated temperatures became ‘identical’
with experimental values. The best match was achieved for
the thermal contact conductance of 712 W/m2 K. This
value is certainly adequate for the particular vehicle and
test conditions but does not represent a ‘universal’ value.
3. Analysis of interface conditions

The value of TCR at the interface between two mating
surfaces depends on the surface roughness, material prop-
erties, temperature and pressure at the interface, and the
type of interstitial medium. In general, TCR will increase
with increased surface roughness and material hardness
and reduce with interface pressure.

In the case of the considered assembly, the interstitial
medium is air, with possible wetting (water, including road
film, salt, snow, etc.) causing moisture penetration. The
brake component materials and their mechanical and ther-
mal properties are defined by component function; grey
cast iron for the disc and spheroidal graphite (SG) cast iron
for the wheel carrier. Material properties of these compo-
nents cannot be altered in order to influence TCR. Further-
more, surface finish is determined by the manufacturing
methods (face turning), having typical Ra values between
Fig. 2. Interface conditions: (a) corroded, (b) ne
1 and 3.3 lm, see Table 1. The achievement of lower sur-
face roughness is not feasible due to high associated costs.

During initial assembly, the component’s contact sur-
faces are corrosion free and it is apparent that the disc/
wheel carrier interface condition, and therefore TCR, will
vary through out the life of the vehicle. This is mainly
due to moisture penetration and corrosion development
at the disc/wheel carrier interface. The ‘typical’ wheel car-
rier interface condition found in service, for most of the life
of the vehicle, is shown in Fig. 2a, a newly machined sur-
face is shown in Fig. 2b. As the components are bolted
together, separation is possible for repair and maintenance.
However, this is not normally expected for at least 6 years
of vehicle operation. The main reasons for joint separation
would be disc and/or bearing replacement. Obviously, such
an activity would ‘disturb’ the interface and cause a change
in the TCR.

The above two conditions, considering new and slightly
corroded components, represent most bolted joints
exposed to the outside elements. In order to study the pos-
sibilities of reducing TCR to increase the conductive heat
transfer (and therefore improve brake cooling), two meth-
ods have been tested on the slightly corroded ‘typical’ inter-
face condition.

The first method of interface conditioning was the inser-
tion of a thin aluminium foil ‘gasket’ at the interface, see
Fig. 2c. Aluminium has a high thermal conductivity and
is very soft, providing good contact at the interface. The
foil used in the tests was 15 lm thick, standard 99.5% alu-
minium foil (see Table 2).

The second method of interface conditioning was the
use of a high thermal conductivity paste, which has the
added benefit of easy application by brush or spray (an
advantage in the vehicle servicing environment). The man-
ufacture’s specification is shown below in Table 3, unfortu-
nately specific heat and density values were not available.
w machined, and (c) aluminium foil gasket.



Table 2
Aluminium gasket properties (at 100 �C) [8]

Foil
composition

Thickness Density Thermal
conductivity

Specific
heat

99.5% Al 15 lm 2707
kg/m3

240 W/m K 900
J/kg K

Table 3
Technical specification of heat sink compound

Property Silicone heat sink compound, RS

Dielectric strength 18 kV/mm
Volume resistivity 1015 W cm
Thermal conductivity 0 � 9 W/m K
Temperature range �100 to +200 �C
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The heat sink compound used is a two metal oxide filled
paste of high thermal conductivity, approximately 35 times
higher than air at 20 �C. The paste is commonly used to
improve heat transfer between semiconductor devices and
heat sinks.

Both methods are considered practically applicable in an
industrial environment, in particular the application of the
paste. To determine the feasibility of the conditioning
method, the actual gains in heat dissipation must be justi-
fied with associated costs.

4. Investigation of interface pressure distribution

The brake assembly is fastened together using ten 12.9
grade high tensile alloy steel M16 bolts (see Figs. 1 and
2), tightened to the nominal torque of 300 N m. The
experimental investigations confirmed a linear relationship
between the bolt tightening torque and clamp force. For
the nominal torque, individual bolt clamping force
was 120 kN, giving an average interface pressure of
56.2 MPa.
Fig. 3. High (a) and medium (b) pressure sensitive pape
Interface pressure distributions have been studied theo-
retically, using finite element modelling and experimentally,
using pressure sensitive paper. For illustration purposes,
Fig. 3 shows the Pressurex pressure sensitive paper used
(Sensor Products Inc.), after being clamped between the disc
and the wheel carrier. Due to large variations in pressure,
two grades of paper were used, High grade (measures pres-
sures from 49.0 to 127.6 MPa) and Medium grade (measures
pressures from 9.7 to 49.0 MPa). The change in colour of the
initially white pressure sensitive paper to the shades of red is
directly proportional to the pressure applied.

It can be clearly seen that the pressure is higher in the
proximity of the fixing bolts, and reduces with increased
distance from the bolts (note two smaller jacking holes dia-
metrically opposed). After conducting the experiments, the
pressure paper samples were sent to the manufacturer for
processing. The results were processed in different forms
(2D contour plots, line plots, 3D contour plots, and histo-
grams) giving detailed information about the pressure dis-
tribution on the interface.

It is very important to emphasise that practically identi-
cal results were obtained using FE modelling, with ade-
quate interface modelling (using gap elements) [15].
Obviously, the advantage of FE modelling is the possibility
of designing new joints and predicting pressure distribu-
tions. For the considered bolted joint, FE analyses and
pressure sensitive paper measurements (see Fig. 3) indi-
cated two specific areas, area r in the proximity of the
bolts with high pressure (approx. 101 MPa), and area s

between the bolts, with a much lower pressure of approxi-
mately 35 MPa.
5. Measurement of TCR

5.1. Experimental set-up

Experiments have been conducted on the CV vehicle
brake disc and wheel carrier assembly (see Fig. 1) installed
r after pressure application at 300 N m bolt torque.



Fig. 4. Experimental set-up for measuring thermal contact resistance.

Fig. 5. Angular position of drilled holes for embedded thermocouples (in
degrees).
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onto the Spin Rig (dedicated equipment for studying brake
cooling characteristics). Fig. 4 shows the experimental set-
up. The brake disc and wheel carrier assembly had a
slightly corroded ‘typical’ interface condition. The disc
was heated using electric air heaters, enabling the regula-
tion of the heating power between 0 and 4 kW. To ensure
uniform heating, a special heater box was designed and
used, and the components were insulated as shown in
Fig. 4.

Pressure distribution investigations indicated two dis-
tinctive areas; high pressure around the bolts, and low
pressure between the bolts (see Fig. 3). Therefore, holes
have been drilled into the disc and carrier in these two
areas as shown in Fig. 5 and correspond to positions r

and s. The holes were positioned with a bilateral toler-
ance of 0.1 mm and sized to allow secure fitting of the
thermocouples. K-type welded tip glass fibre insulated
thermocouples are used. For each area investigated,
the thermocouples measured the temperature gradient at
eight points across the interface of the two components
(disc and carrier, see Fig. 4). Heat sink compound was
applied to the bottom of the drilled holes to improve the
contact with the thermocouple tip. Measurements were
taken when steady-state conditions were reached, allowing
the thermocouple tip to reach the same temperature as the
surrounding material. The thermocouple hole depth was
as close to the centre of the components as possible, this
was to ensure that only conductive heat flow was mea-
sured and not heat flow to the surface, generated by any
possible (despite insulation) convective or radiative heat
loss. Further thermocouples were installed and experi-
ments conducted in order to determine heat losses. In
the worst test conditions, for the interface temperature
of approx. 170 �C, the heat losses are estimated to be
below 5%.
5.2. Experimental procedure

The standard CV brake disc and wheel carrier are bolted
together as shown in Fig. 4. A specific procedure of tight-
ening bolts was established in order to obtain consistent
results. The bolts were tightened first to 50 N m, opposing
bolts being tightened alternately to avoid high pressure
concentration. The assembly was heated until steady-state
conditions were achieved. By controlling the heater power,
three temperature levels were achieved at the interface, in
the regions of approximately, 70, 120 and 170 �C. The 8
thermocouple temperatures were logged during a typical
heating cycle at each position (r and s). The criteria
for reaching steady-state condition was set as a tempera-
ture change of less than 1.0 �C during 400 s.

The assembly was then cooled down to approximately
room temperature (within 1 �C). Bolts were tightened to
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the higher torque, in 50 N m increments, and the heating
(and data logging) process repeated. It is assumed that
thermal stresses and deflection generated across the three
components (brake disc, wheel carrier and bolts) have
insignificant influence on pressure distribution. It must be
noted that reference interface pressure at room tempera-
ture was used in all analyses and derived formulae. The
maximum measured temperature variation is typically
15 �C across the bolted flanges, having total thickness of
30 mm. The thermal expansion coefficients for the grey iron
disc, SG iron wheel carrier and steel bolts are very similar
(but still somewhat different). Steady state conditions were
examined, allowing quite uniform heating of the compo-
nents, all manufactured from metals of relatively high
thermal conductivity. There is no doubt that thermal
gradient will influence the interface pressure distribution,
despite all the effects mentioned before and the high ‘stiff-
ness’ of the bolted joint. This effect will be discussed in
more detail later, with other influencing factors and uncer-
tainty analysis.

It must be noted here that one measurement for each
test condition (pressure and temperature) was conducted,
which makes the experiments single-sample type. In the
process of developing the procedures presented in this
paper, a number of measurements were repeated, ensuring
good repeatability and building confidence in developed
methodology. However, the testing is very time consuming
and for all measured conditions, under the imposed limita-
tions, it was not possible to conduct multiple-sample exper-
iments nor to vary some other parameters authors would
have liked to experiment with (such as repeat the measure-
ments when releasing the bolts in 50 N m increments).

Fig. 6 shows the average steady-state temperatures at
the eight points (position s) for the interface temperature
Fig. 6. Average temperatures at the mod
of approximately 170 �C. The distance of the thermocouple
measurement from the interface is plotted on the x-axis of
the graph. The temperature gradients are proportional to
the conductivity of the material and the steeper gradient
of the carrier is a result of its lower conductivity. The pre-
dicted temperature drop at the interface is shown in Fig. 6
(DTint equal to 2.3 K).

So far, the term ‘thermal contact resistance’ (Rcond

[m2 K/W]) has been mainly used to describe the phenome-
non of resistance to conductive heat transfer through the
interface of two solid surfaces in contact. However, despite
this term being most appropriate for describing the phe-
nomenon, for actual calculations of conductive heat trans-
fer, thermal contact conductance hcond [W/m2 K], is often
more suitable. Thermal contact conductance is the recipro-
cal value of the TCR coefficient (hcond = 1/Rcond). The
average thermal contact conductance (hcond) at the inter-
face can be determined from the heat transfer equation:

hcond ¼
Qcond

AintDT int

ð1Þ

where Qcond is conductive heat transfer through the inter-
face, Aint is the contact area, DTint temperature difference
at the interface, between the disc and carrier surfaces:

DT int ¼ T D � T C ð2Þ

It is assumed that there are no heat losses in the proximity
of the interface (again, this will be discussed later) and all
the heat (Qcond) is conducted from the disc to the wheel car-
rier. The heat flow is determined by Fourier’s law of heat
conduction:

Qcond ¼ �kDAint

dT
dx

ð3Þ
ified CV disc/wheel carrier interface.
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where kD is disc material thermal conductivity, and thermal
gradient dT/dx is already known from Fig. 6 (dT/dx =
�278.25 K/m). It should be noted that a corresponding
equation can be established for the carrier, by including
thermal conductivity of carrier material (kC) and corre-
sponding temperature gradient dT/dx, with the interface
area (Aint) being identical for both components.
6. The influence of interface pressure and temperature on

TCR

Numerous experiments have been conducted to examine
the change in hcond with contact pressure and temperature.
As explained above, the fixing bolts were tightened to six
torque levels (all bolts to the same torque) gradually
increased from 50 to 300 N m, in 50 N m increments.
Fig. 7 shows hcond values at the two positions (at bolt r

and between bolts s), for 6 average pressures (bolt tor-
ques), at the three interface temperatures. The results indi-
cate that the intercept at zero average interface pressure is
equal for all the measurements. This is a good indication of
the validity of the approach and measurements, since at
zero average pressure (component only ‘gently’ brought
into contact) there will be no difference in the pressure
across the interface area (for nominally flat contact
surfaces).

Fig. 8 shows hcond values at the two positions (at bolt r

and between bolts s), for the three interface temperatures,
at the nominal interface pressure (at a 300 N m bolt tor-
que). The data is quite limited and assuming the interface
pressure distribution remains unaffected with the tempera-
ture increase (the assumption already mentioned, which
Fig. 7. Thermal contact conductance at t
will be further discussed later), the relationship indicates
slight linear increase of hcond with temperature.

It can be seen from Figs. 7 and 8 that hcond ranges from
2800 to 11,400 W/m2 K, increasing with the increase in
contact pressure and temperature. There is some scatter
but the trend is a linear increase with both average pressure
and temperature. Figs. 7 and 8 also indicate that hcond is
higher in the proximity of the bolts (position r) than
between the bolts (position s). This is seen throughout
the pressure range and corresponds to the increase in inter-
face pressure in that region. Increase of thermal conduc-
tance hcond with temperature, as indicated in Fig. 8, is
relatively small but consistent within the temperature range
investigated. The increase of hcond is most probably due to
higher radiative heat transfer within the interstitial volumes
(filled with air) between the two surfaces (components) in
contact. The surfaces are very close and even small
increases in temperature may well influence radiative heat
transfer. However, it is unlikely that such a small difference
in the temperature range would significantly influence con-
ductive heat transfer between the asperities in contact.
Obviously, further work both on the micro and macro scale
is required to investigate the influence of the temperature in
more detail. Some further comments will be given in
discussions.

Using the data shown in Figs. 7 and 8 and the detailed
information about local interface pressure from Section 4
(see also Fig. 3), it is possible to calculate hcond as a func-
tion of local pressure and temperature:

hcond ¼ 0:2hP þ 56P þ 2300 ð4Þ

where P is local interface pressure in MPa and h is ‘nomi-
nal’ interface temperature in �C. Since, at the interface, the
he standard CV disc/carrier interface.



Fig. 8. Thermal contact conductance at the standard CV disc/carrier interface, change with temperature.
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difference between the temperatures of the two components
(disc and carrier) is relatively small (of the order of only
several �C), the nominal interface temperature can be as-
sumed to be equal to the mean value of the interface tem-
peratures of the two components in contact:

h ¼ ðhD þ hCÞ=2 ð5Þ

The linear relationship in Eq. (4) is justified assuming no
change of interface pressure with temperature (no influence
of thermal stresses and deflections, which will be discussed
later), and can be used to calculate average thermal con-
Fig. 9. Comparison of measured and p
ductance (hcond(avg)) for the entire bolted joint, based on
average interface pressure (Pavg):

hcondðavgÞ ¼ 0:2hP avg þ 56P avg þ 2300 ð6Þ

The average interface pressure can be calculated from the
total bolt clamp force (F) and interface area:

P avg ¼ F =Aint ð7Þ

The above procedure is fast and simple, therefore suitable
for a variety of reliable engineering calculations. Fig. 9
shows the comparison between measured and predicted lo-
cal thermal conductance (hcond) using Eq. (4). The results,
redicted local thermal conductance.
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assumptions and uncertainties will be discussed in more de-
tail later.
7. The influence of corrosion and interface conditioning on

TCR

As explained earlier, in order to reduce TCR, two
methods have been investigated, the use of aluminium foil
gasket (see Fig. 2c) and the application of a silicon heat
sink compound at the interface. This was done for the
slightly corroded surfaces, as expected for the majority
of the life of the components in contact. As in previous
cases, the measurements were taken at three tempera-
tures, in the range of 70–170 �C, for a nominal bolt tor-
que of 300 N m. Average hcond values have been used to
compare the modification techniques with the two ‘initial’
interface conditions (new and corroded), as shown in
Fig. 10.

The average hcond values range from 7 to 67 kW/m2 K.
The new joint has an average hcond value of 12 kW/m2 K.
This value is in good general agreement with the limited
data published. Due to corrosion, thermal conductance is
reduced to only 7 kW/m2 K. However, the use of heat sink
compound paste increases conductance to 59 kW/m2 K.
The use of aluminium foil provides the highest increase
in hcond (approximately 10 times) with an average value
of 67 kW/m2 K. These two practical and inexpensive
methods increase the thermal conductance very dramati-
cally. At the same time, it is very likely that such high
conductance will remain throughout the lives of compo-
nents. In the experiments conducted, the interfaces were
corroded, and both methods provide a seal preventing
any deterioration of the contact conditions. Applications
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on new components are expected to achieve even higher
conductance.
8. Discussion and uncertainty analysis

In the presentation so far some of the factors influencing
the measurement results and ultimately thermal conduc-
tance (hcond) have been mentioned but not discussed in
detail. In order to address these and other factors influenc-
ing the uncertainties related to the measurements, the
source of errors are summarised in Table 4. This may also
help in deciding the application of the derived formulae to
other joints. The list is not complete but all important
sources of error have been included, they have been classi-
fied as five broad groups for reasons of clarity.

It should be noted that some sources of error vary rela-
tively little, some have a minor influence on the results
(such as hcond) whilst the variation and uncertainties related
to others are much higher. Obviously, the important factor
is how much these variations influence the actual results
and/or predictions. The sources of error should be also
looked at in two different ways: firstly, the effect and influ-
ences in the conducted measurements and formulae deriva-
tions (presented in this paper), and secondly the effects and
influences when applying these formulae to other (however
similar) designs.

Including all parameters in the uncertainty analysis
would be very complex task, in particular since identical
components were used, all components were dimensionally
and geometrically accurately measured, the assembly pro-
cedure (tightening and positioning of bolts) carefully con-
trolled and temperature increase was relatively low. The
sources of error considered particularly important were
Paste Aluminium

ace at the nominal bolt torque.



Table 4
Sources of error

Geometrical effects Material effects Clamp force effects Procedure effects Measurement
effects

Geometrical tolerances:
� Component flatness at interface
� Component flatness at the free

flange side (opposite side to the
interface)
� Parallelism of flange surfaces

Dimensional tolerances:
� Variation of OD & ID
� Bolt holes diameter variation.

Variations in surface finish
(Ra, Rz) and surface texture

Variations in:
� Young’s

modulus
� Hardness
� Material con-

dition and
microstructure
� Thermal

conductivity

� Specific heat
capacity

Variation in clamp force:
� Bolt geometry
� Friction effects
� Tightening procedure/

order
� Torque measurement

Bolt positioning within
the hole (‘eccentricity’)

Disturbance of heat flow caused by

temperature measurements (drilling the

holes and inserting thermocouples)

Errors in positioning the bolt holes for
thermocouple insertion

Thermal contact resistance at the

thermocouple tip

Interface pressure change due to
component deflection at increased
temperatures

Thermocouple

signal errors
Data logger

errors
Heat losses
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disc thermal conductivity and temperature measurements,
related to the thermocouple signal and data logging errors.
These three influencing factors have been marked in bold

italic in Table 4.
Grey cast iron thermal conductivity can vary quite sub-

stantially (see [16,17]) and its influence is direct and sub-
stantial (see Eq. (3)) on measured results. However
throughout the tests, the same components were used and
no change in these properties can be expected, since the
achieved temperatures were relatively low. Obviously,
some variation with temperature is inevitable. The particu-
lar problem with this property is that its measurement is
very expensive and different procedures often give some-
what different results. This is one of the most important
properties for brake disc materials but, for the very reasons
explained, is (usually) not specified by brake manufactur-
ers, neither on documentations nor used for quality control
purposes. This property is controlled indirectly, by specify-
ing chemical composition, microstructure and manufactur-
ing processes (casting, heat treatment etc.). Such an
approach ensures consistent thermal, mechanical, friction
and wear properties. Numerous other thermal analyses
and measurements were conducted with this type of disc
and the authors are confident that the value used is very
close to the ‘true value’. The uncertainty analyses were con-
ducted for two values of uncertainties of disc thermal con-
ductivity (kD), ±2% and ±5%, considered to be realistic
variation of this property.

Temperature measurements are crucial for the con-
ducted experiments, directly influencing the results (Eqs.
(1)–(3)). For uncertainty analysis, the thermocouple signal
errors will be given a wider ‘meaning’ and will also include
the ‘procedure effects’ related with the disturbance of heat
flow by temperature measurements and thermal contact
resistance at the thermocouple tip (marked in italic in
Table 4). The uncertainties related to the thermocouple sig-
nal error are difficult to realistically estimate. Two values,
assuming thermocouple signal error of ±0.1 �C and
±0.2 �C were used. It is considered, in particular since mea-
surements were conducted for steady state conditions, that
the first quoted value (±0.1 �C) is more realistic. It must be
noted here that actual thermocouple signal errors are much
smaller but the ‘allowance’ was made for influences of dis-
turbance to heat transfer due to thermocouple installation
and thermal contact resistance of the thermocouple tip.

Data logger errors are taken from detailed manufac-
turer’s specification. The equipment used is the RS Data-
scan 2200 data acquisition system, with an onboard
processor. The uncertainty in temperature measurement
due to data logger errors is ±0.011 �C, which is of the order
of the magnitude lower than the estimated thermocouple
signal error.

Following the previous considerations the effects of the
uncertainties described were analyzed using the uncertainty
approach explained in [18]. Uhcond

(the uncertainty of hcond)
can be calculated in Eq. (1), data logging and thermocouple
measurement uncertainty directly gives estimates for U T D

and U T C
(uncertainties in TD and TC at the interface).

The UAint
(uncertainty in Aint) is neglected as ultimately

the method of calculating hcond using Eq. (3) zeros Aint out.

Uhcond
¼ ohcond

oQcond

U Qcond

� �2

þ ohcond

oT D

UT D

� �2

þ ohcond

oT C

UT C

� �2
( )1=2

ð8Þ
The calculation of U Qcond

(the uncertainty of Qcond), used in
Eq. (8), involves the uncertainty in the Fourier law equa-
tion applied in the direction across the interface, calculated
in Eq. (3). Material thermal conductivity uncertainty di-
rectly gives a value for UkD

, (uncertainty in kD). Giving a
final expression for U Qcond

:

UQcond
¼ oQcond

okD

U kD

� �2

þ oQcond

odT
dx

U dT
dx

 !2
8<
:

9=
;

1=2

ð9Þ

where Udx/dT (the uncertainty of dx/dT), neglecting Udx, is
assumed to be:

U dT
dx

���
max
¼ UT D

þ U T C
ð10Þ

Uncertainty analysis was carried out for randomly selected
sets of experimental data and the results can be considered



Table 5
Uncertainty predictions

Thermal
conductivity (kD)
uncertainty (±%)

Thermocouple
signal
uncertainty
(±�C)

Data logger
uncertainty
(±�C)

Thermal
conductance
hcond uncertainty
(±%)

2 0.1 0.011 10.6
5 0.1 0.011 11.5
5 0.2 0.011 20.2
2 0.2 0.011 19.7

G.P. Voller, M. Tirovic / International Journal of Heat and Mass Transfer 50 (2007) 4833–4844 4843
as an overall value for data shown in Figs. 7–9. The results
are summarised in Table 5. The authors have confidence in
the first result, indicating around 10% uncertainty in the
calculated thermal conductance (hcond) at the interface. It
must be noted here that thermal contact resistance is a
complex phenomenon and the research is conducted at
‘bulk’ level, aiming at establishing global relationships.

When uncertainty in disc material thermal conductivity
is increased from 2% to 5%, the influence on the ultimate
result hcond is very low, under 1%. However, the increase
in the thermocouple signal error, from 0.1 �C to 0.2 �C
practically doubles the uncertainty of the thermal conduc-
tance (hcond) to 20%. Reduction of thermal conductivity
uncertainty has practically no effect. These calculations
were performed only for illustration purposes, clearly dem-
onstrating crucial importance of accurate temperature
measurements.

9. Conclusions

Conduction has been the least studied mode of heat
transfer in the past. Published work dealing with brake
thermal modelling takes a simplified approach to conduc-
tive heat dissipation, applying general heat transfer coeffi-
cients to brake areas conducting heat.

The work presented here clearly demonstrates that reli-
able predictions of thermal conductance can be made. Sim-
ple relationships relate interface pressure (local or global)
and temperature to thermal conductance at the interface.
The influence of interface pressure on thermal conductance
is particularly pronounced. The interface pressure can be
reliably theoretically predicted (using FEA) or measured
(using pressure sensitive paper). Due to the much lower
influence of temperature (compared to interface pressure)
on thermal conductance, reasonable temperature estima-
tion is sufficient for accurate calculations of heat transfer
through a variety of bolted joints, at either local or global
level.

It has been shown that corrosion approximately halves
thermal conductance. The use of high thermal conductivity
paste or a thin aluminium gasket at the interface has shown
that very substantial improvements in the conductive heat
transfer coefficient can be achieved. The increase is practi-
cally of the order of magnitude and likely to remain so
throughout the life of the components.
The phenomenon studied in this paper is not limited to
friction brake heat dissipation analysis; the thermal contact
resistance results can be applied to similar multi-solid
applications for accurate theoretical prediction of conduc-
tive heat transfer across a variety of bolted joints. Obvi-
ously, the joint behaviour with increase in temperature
should be carefully examined, since high interface thermal
contact resistance (low hcond), ‘flexible joints’ (subject to
large variations in interface pressure due to thermal stresses
and deflections) and/or large thermal gradients may sub-
stantially influence interface pressure and therefore thermal
conductivity across the bolted joint.

It must be taken into consideration that the thermal
contact resistance of the bolted joint remains a very com-
plex phenomenon and derived equations should be only
applied to suitable designs and with adequate care. Discus-
sion of results and uncertainty analyses gave useful further
insight into the associated sources of error and their influ-
ence on results obtained.
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