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Abstract 
 
Ventilated disc brakes are widely used for reducing velocity due to their braking stability, controllability and ability to prove a wide-

ranging brake torque. During braking, the kinetic energy and potential energies of a moving vehicle are converted into thermal energy 
through friction heating between the brake disc and the pads. The object of the present study is to investigate the temperature and thermal 
stress in the ventilated disc-pad brake during single brake. The brake disc is decelerated at the initial speed with constant acceleration, 
until the disc comes to a stop. The ventilated pad-disc brake assembly is built by a 3D model with a thermo-mechanical coupling bound-
ary condition and multi-body model technique. To verify the simulation results, an experimental investigation is carried out. 
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1. Introduction 

As a part of the automobile safety system, the brake system 
plays an important role in protecting the driver and passengers. 
Ventilated disc-pad brakes (Fig. 1) are widely used for reduc-
ing velocity due to their braking stability, controllability, and 
ability to provide a wide-ranging brake torque. The brake disc 
with vanes rotates through the caliper. A ventilated disc with 
straight vanes is most popular, easy and straightforward to make. 
The pressure on the pistons pushes the pads with three-
dimensional geometry against the brake disc and produces 
brake torque. 

Most of the mechanical energy of a moving vehicle is con-
verted into heat through the friction between the brake disc and 
pads in the braking process, and 99% heat energy is dissipated 
through the brake disc and pad. The braking processes in the 
friction units of a brake are very complicated. In the course of 
braking, all parameters of the processes (velocity, load, tempera-
ture, and the conditions of contact) vary with time. 

Many studies about the brake disc thermo-mechanical cou-
pling analysis have been done. Choi and Lee developed an axi-
symmetric finite element model for the thermoelastic contact 
problem of brake disk and investigated the thermoelastic instabil-

ity phenomenon of disc brake during the drag-braking process 
and repeated braking process [1, 2]. Gao and Lin et al. analyzed 
the transient temperature field and thermal fatigue fracture of the 
solid brake disc by a three-dimensional thermal-mechanical cou-
pling model [3, 4], In 2007, the authors investigated the tempera-
ture field and thermal distortion of the ventilated brake disc by 
axisymmetric model and partial 3D model [5]. In 2008, the au-
thors identified the temperature field of ventilated brake disc in 
the repeated braking based on the thermo-mechanical coupling 
and multi-body model [6]. 

The object of the present study is to investigate the tempera-
ture and thermal stress in the ventilated disc-pad brake during 
single brake based on multi-body technique and 3D thermo-
mechanical coupling model. 

 
 

 
 
Fig. 1. Ventilated disc-pad brake. 
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2. Formulation  

2.1 Heat flux 

During braking, the kinetic and potential energies of a mov-
ing vehicle are converted into thermal energy through friction 
heating between the brake disc and the pads. Frictional heat is 
generated on the surface of the brake disc and brake pads. In 
the present work, considering the amount of heat generation 
by wear is very small relative to the heat generated by friction, 
so the effect of material wear is neglected. The friction heat 
flux generated in the interface of disc and pad can be ex-
pressed as 

rtyxPtvyxPtyxq ⋅== )(),()(),(),,( ωµµ   (1) 
where µ is friction coefficient, P is contact pressure, v is slid-
ing velocity, which is defined by angular velocity of the disc 
ω and radius of brake disc r. 

The total heat generated on the frictional contact interface q 
equals the heat flux into the disc qD and the heat flux into the 
pad qP. The relative braking energy γ absorbed by brake disc 
is 
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In the above equation, ρ is density, c is specific heat, k is 
thermal conductivity, and subscripts D and P identify the disc 
and pad, respectively. This value is in terms of the material 
properties of the brake disc and pad. 

Besides the relative brake energy, the thermal contact be-
havior between the disc and pad was considered: thermal con-
tact conductance. According to Lee’s research [7], the thermal 
contact conductance is 30000 W/mK in the present paper.  

 
2.2 Convection heat transfer coefficient 

In braking, the major portion of the generated heat flows 
out to the air, and some goes out into the air by radiation, con-
ducted into the hub and pad, and the rest of the heat is stored 
in the disc rotor. The convective heat transfer coefficients of 
the ventilated disc brake are quoted from the experiential for-
mulas by Limpert [8]. 

For the solid part of the ventilated disc, the convection heat 
transfer coefficient associated with laminar flow can be ap-
proximated by 

55.0Re)(70.0 Dkh aR =   (3) 
where, D is the outer diameter of disc, Re is the Reynolds 
number, and ka is the thermal conductivity of air. 

The cooling effectiveness associated with the internal vanes 
tends to decrease somewhat for higher speeds due to the in-
creased stagnation pressure of the air. For straight vane of disc 
in the laminar flow condition Re<104, the heat transfer coeffi-
cient inside the vanes of the brake disc is 

( ) ( )hahR dkldh ×= 33.031Pr)(Re861.1   (4) 

where l is length of cooling vane, Pr is the Prandtl number, 

Table 1. Material property and dimension of brake disc and pad. 
 

 Disc Pad 
Inner radius (mm) 81.5 85 
Outer radius (mm) 128 125 
Thickness (mm) 16 10 
Density (kg/m3) 7031 2595 

Specific heat (Nm/kgK) 495 1465 
Thermal conductivity (Nm/s℃m) 56.72 1.212 

Young's Modulus (GPa) 125 1.5 
Poisson's Ratio  0.29 0.25 

Thermal Expansion Coefficient (㎛/mK) 10 60 
 

 
 
Fig. 2. Air flow in the vane of ventilated brake disc. 
 

 
 
Fig. 3. 3D thermo-mechanical coupling model of ventilated brake disc. 

 
and Re equals (ρadh/µa)Vaverage. The hydraulic diameter dh is 
defined as the ratio of four times the cross-sectional flow area 
(wetted area), divided by the wetted perimeter as illustrated in 
Fig. 2. 

 
2.3 Thermal strain and thermal stress 

Thermal strain is an elastic strain that results from expan-
sion with increasing temperature, or contraction with decreas-
ing temperature. The thermal strain at a given temperature T 
can be assumed to be proportional to the temperature change 
∆T over a limited range of temperatures and is described as  

)()( 0 TTT ∆=−= ααε   (5) 
where T0 is a reference temperature and α is the thermal ex-
pansion coefficient. 

The elastic deformation is satisfied by Hooke’s law; hence 
the thermal stress σ is described as 

εασ ETE =∆= )(   (6) 
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3. Simulation and experiment 

In the present simulation, the vehicle weight is 1900 kg, 
friction coefficient of contact pair is 0.38 and initial tempera-
ture is 40℃. The disc material is gray cast iron GC250. The 
dimensions and material properties of the brake disc and pad 
are listed in Table 1. The vehicle is decelerated at an initial 
velocity of 100 kph (87.6 rad/s), to the ending velocity 0 kph 
with 0.6g in 4.72 seconds; 95% mechanical energy is con-
verted into the thermal energy. 

The model is symmetric about the central crossing plane of 
ventilated disc. The cover angle of the pad is 60°, from θ=0° 
(the exit of friction region) to θ=60° (the entrance of friction 
region). On the work surface of the brake disc and pad, the 
frictional contact pair is defined to simulate the friction heat 
process. The brake pressure 2.38MPa is applied on the pad to 
generate the brake force. Based on multi-body technique, a 
revolute joint is controlled by the angular velocity time func-
tion at the center of the brake disc. The convection heat trans-
fer coefficient is applied to the surfaces of brake disc. 

In the present research, the coupling process is as follows: 
the first step, calculate the contact pressure distribution in 
contact pair, then calculate the heat flux, obtain the tempera-
ture field in the disc and pad, and in the next step calculate 
thermal stress and thermal distortion. The contact pressure is 
changed due to the thermal distortion, and a new coupling 
loop is carried out again until the velocity is equal to 0. 

To verify the simulation, an experimental investigation is 
carried out to determine the temperature distribution in the 
brake disc. The disc temperature is burnished to the initial 
temperature, and accelerated to 100 kph, then the brake is 
applied with constant deceleration 0.6g, until the disc comes 
to a stop. The brake is operated three times.  

 
4. Result 
4.1 Contact pressure 

The Fig. 4 plots the non-axisymmetric contact pressure dis-
tribution in the friction interface of pad. From the distribution 
at t=1.18s, it is found that the maximum contact pressure is 
occurred at the entrance and descends towards the exit of fric-
tion region. The contact pressure distribution at the mid stage 
of braking shows that the maximum contact pressure is at the 
center of contact region due to the thermo-mechanical cou-
pling behavior. 
 
4.2 Temperature field 

Friction heating, thermal distortion, and elastic contact, af-
fects the contact pressure and temperature on the contact sur-
face. This thermo-mechanical coupling behavior due to a rela-
tive high sliding speed that exceeds the critical sliding speed 
can be unstable, leading to localized high-temperature contact 
regions called “hot spots” on the sliding interface [9]. The Fig. 
5 shows the temperature field with the distortional hot spot in 
the ventilated brake disc in the different stages of braking 
operation. At the t=2.36 seconds, the temperature distribution 

 
 
Fig. 4. Contact pressure in the in the friction interface of pad. 
 

 
 
Fig. 5. Temperature field in the ventilated brake disc. 

 
is not uniform field, since the frictional heat generated in the 
contact region and the rest region dissipates the heat by the 
convection and heat conduction of the disc. The maximum 
temperature (205.56℃) is occurred occurs around the middle 
circle of the contact surface at the exit of contact region, since 
the middle circle region is where the maximum contact pres-
sure region is generated. The maximum temperature is 155.12℃ 
at t=4.72 second, decreased 50℃. Compared with the contour 
at t=2.36s, the temperature field at the end stage of braking 
presents approximately axi-symmetric due to the decreasing 
of heat generated ratio on the frictional surface and convection 
in the disc. Temperature in the surfaces of vanes is lower than 
the temperature in the work surface, because of the conductive 
behavior in the disc and higher convection in the vanes. The 
temperature field in the pad plotted in the Fig. 6 presents non-
uniformity characteristics, and presents approximately axi-
symmetric at the end of braking, similar with to the tempera-
ture field in the disc. 

The comparison of experimental result and simulation re-
sults is shown in Fig. 7, where the curve DiscR105 gives tem-
perature of the contact node in disc at the radius r=105mm, 
θ=60°. The disc node temperature curves present fluctuation in 
the braking operation, except DiscR81.5. The temperature 
fluctuation is due to heat generated in the contact region of the 
disc work surface and the cooling effect in the rest of the re-
gion. The temperature change at non-contact node r=81.5mm 
is relative slow, because there is no heat generated, only con-
ductivity effect. During braking, there is no cooling on the 
contact surface of the pad; thus PadR105 is a smooth curve.  

1.18s 2.36s 
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Fig. 6. Temperature field in the pad. 
 

 
 
Fig. 7. Comparison of simulation result and experimental result. 
 

 
 
Fig. 8. Thermal strain in the ventilated brake disc. 

 
The maximum temperature of disc measured in the experi-
ment is 204.56℃. The simulation results are in good agree-
ment with the experimental values as shown in Fig. 7. 
 
4.3 Thermal strain and stress 

The thermal strain contour of the brake disc is plotted in Fig. 
9. According to Eqs. (6) and (7), the material nonlinear behav-
ior is not considered, the thermal strain and thermal stress due 
to the thermal expansion is only related to the temperature 
change, because Poisson’s ratio, Young’s modulus and the 
thermal expansion coefficient are assumed as constant for 
isotropic. The thermal strain distribution is in accordance with 
the temperature distribution through a comparison of Fig. 5 
and Fig. 8. 

 
5. Conclusions 

The present study investigated the thermo-mechanical be-
havior in the ventilated pad-disc brake during single braking. 

Different from the axisymmetric model, in the 3D thermo-
mechanical coupling simulation, non-axisymmetric contact 
pressure leads to the non-axisymmetric temperature field. The 

temperature field affects the thermal expansion and leads to 
variation of contact pressure distribution. Due to the heat gen-
eration ratio decrease, conduction in the disc and convection 
on the surface of brake disc, temperature field presents ap-
proximately axi-symmetric in the end stage of the braking 
operation. Lower temperature in the vanes is due to the effect 
of disc conductivity and higher convection in the vanes. The 
node temperature on the work surface in the disc is presenting 
fluctuation. The thermal strain and thermal stress distributions 
are in accordance with the temperature distribution 

 
Acknowledgment 

This research was supported by 2007 Yeungnam University 
Research Support Program. 

 
References 

[1] J. H. Choi and I. Lee, Transient thermoelastic analysis of 
disk brake in frictional contact, Journal of Thermal Stresses, 
26, (2003) 223-244. 

[2] J. H. Choi and I. Lee, Finite element analysis of transient 
thermoelastic behaviors in disk brake, Wear, 257 (1), (2004) 
47-58. 

[3] C. H. Gao and X. Z. Lin, Transient temperature field analy-
sis of a brake in a non-axisymmetric three-dimensional 
model, Journal of Materials Processing Technology, 129, 
(2002) 513-517. 

[4] C. H. Gao, J. M. Huang, X. Z. Lin and X. S. Tang, Stress 
analysis of thermal fatigue fracture of brake discs based on 
thermomechanical coupling, Journal of Tribology Transac-
tions of the ASME, 129 (3), (2007) 536-543. 

[5] P. Hwang, X. Wu, S. W. Cho and Y. B. Jeon, Temperature 
and coning analysis of ventilated brake disc based on finite 
element technique, (2007), SAE 2007-01-3670. 

[6] P. Hwang, X. Wu and Y. B. Jeon, Repeated brake tempera-
ture analysis of ventilated brake disc on the downhill road, 
(2008), SAE 2008-01-2571. 

[7] K. J. Lee, Numerical prediction of brake fluid temperature 
rise during braking and heat soaking, (1999), SAE 1999-01-
1483. 

[8] R. Limpert, Brake Design and Safety, Second ed. Warren-
dale, PA: Science of Automotive Engineers Inc, USA, 
(1992). 

[9] A. E. Anderson and R. A., Knapp, Hot spotting in automo-
tive friction systems, Wear, 135, (1990) 319-337. 

 
Pyung Hwang received his B.S. in 
Mechanical Design & Production 
Engineering, M.S. and Ph.D. degrees from 
Seoul National University in 1979, 1981 
and 1989, respectively. Dr. Hwang is 
currently a Professor at the School of 
Mechanical Engineering at Yeungnam 
University, Korea. His research interests 

include Tribology and Rotordynamics. 

2.36s 



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Error
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages false
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /FlateEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile ()
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHS <FEFF4f7f75288fd94e9b8bbe7f6e521b5efa76840020005000440046002065876863ff0c5c065305542b66f49ad8768456fe50cf52068fa87387ff0c4ee575284e8e9ad88d2891cf76845370524d6253537030028be5002000500044004600206587686353ef4ee54f7f752800200020004100630072006f00620061007400204e0e002000520065006100640065007200200035002e00300020548c66f49ad87248672c62535f0030028fd94e9b8bbe7f6e89816c425d4c51655b574f533002>
    /CHT <FEFF4f7f752890194e9b8a2d5b9a5efa7acb76840020005000440046002065874ef65305542b8f039ad876845f7150cf89e367905ea6ff0c9069752865bc9ad854c18cea76845370524d521753703002005000440046002065874ef653ef4ee54f7f75280020004100630072006f0062006100740020548c002000520065006100640065007200200035002e0030002053ca66f465b07248672c4f86958b555f300290194e9b8a2d5b9a89816c425d4c51655b57578b3002>
    /KOR <>
  >>
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


