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� A thorough comparison between standard and cross-drilled brake discs is presented.
� Modification of internal and external flows by cross-drilled holes is clarified.
� Modification of local heat transfer pattern by cross-drilled holes is clarified.
� Substantially improved brake disc cooling can be achieved by cross-drilled holes.
� Mechanisms for cooling performance improvement by cross-drilled holes are quantified.
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a b s t r a c t

As constructive guidance for brake design engineers to improve brake disc cooling, understanding of
thermo-fluidic behaviors associated with ventilated brake discs has attracted much attention. In this
study, a systematic comparison of the thermo-fluidic characteristics between standard and cross-drilled
ventilated brake discs incorporating radial vanes is carried out using numerical simulations. Mechanisms
for heat transfer enhancement by the cross-drilled holes are clarified. To validate the numerical model, a
series of experiments are also conducted. The gradient of axial pressure is found to drive the cooling air
into the ventilated channel through cross-drilled holes. Such a special flow accelerates external boundary
layer flow over the rubbing surface, enhancing therefore local heat transfer. Additionally, the through-
hole flow removes heat via the surfaces of the holes while air jets issuing from the cross-drilled holes
deflect to suction sides of the vanes, improving further local heat transfer. However, blockage by the jets
not only reduces the pumping capacity through ventilated channel inlet but also causes a low-
momentum wake downstream each jet. Hence, local heat transfer on the inner surface of each rub-
bing disc is deteriorated. Eventually, relative to the standard brake disc, the cross-drilled brake disc
exhibits a 22e27% higher overall Nusselt number within the typical operating range of 200e1000 RPM.
The contribution of each mechanism to overall heat transfer enhancement is quantified.

© 2015 Elsevier Ltd. All rights reserved.
1. Introduction

Contemporary passenger vehicles employ prevalently disc
brakes as illustrated in Fig. 1(a). During braking, the kinetic and
potential energy of the vehicle is transformed into thermal energy
by sliding friction between the brake disc and the pads. To prevent
ultifunctional Materials and
China.
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vaporization of the brake fluid [1], heat conduction to the brake
pads is purposely minimized. Therefore, approximately 90% of
frictional heat is transferred to the brake discs [2]. As reported by
Palmer et al. [3] and Pevec et al. [4], high-load braking can raise the
disc temperature up to 600 �C. Numerous studies have revealed
that such overheating can result in or aggravate brake fade [5e7],
increased wear of friction pair [8], brake disc coning and thermal
fatigue cracking [9e11], as well as thermal judder of the brake
system [12]. Therefore, sufficient cooling of the brake disc is crucial
to ensure brake reliability and comfort, especially for higher per-
formance passenger vehicles.
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Nomenclature

A surface area (m2)
Aref reference surface area (m2)
C1, C2 coefficients defined in Eq. (11)
dh diameter of circular cross-drilled holes (m)
h local heat transfer coefficient defined in Eq. (4) (W/

(m2K))
he local effective heat transfer coefficient defined in Eq.

(3) (W/(m2K))
Hhb1, Hhb2 axial dimensions of a brake hub (m)
Hv height of vanes (m)
k thermal conductivity of air (W/(mK))
Lv1, Lv2 lengths of long and short vanes (m)
m mass flow rate of cooling air (kg/s)
N rotational speed of a brake disc (RPM)
Nu local Nusselt number defined in Eq. (5)
Nue local effective Nusselt number defined in Eq. (2)
Nuoverall overall Nusselt number defined in Eq. (6)
p pressure (Pa)
Ph, Pv perimeters of hole cross-section and vane cross-

section, respectively (m)
q” local heat flux (W/m2)
Q heat transfer rate (W)
Qt total power input (W)
r radial coordinate (m)
Re rotational Reynolds number defined in Eq. (1)
Rh1eRh3 radial locations of cross-drilled holes (m)
Rhb1, Rhb2radial dimensions of a brake hub (m)
Rri, Rro inner and outer radii of inboard disc (m)
Rv radial location of vanes (m)

s local curvilinear coordinate (m)
t time (s)
tr thickness of a rubbing disc (m)
tv thickness of vanes (m)
T wall temperature (�C)
Ta ambient air temperature (�C)
V magnitude of relative velocity (m/s)
yþ dimensionless wall distance
z axial coordinate (m)

Greek symbols
ε emissivity of a matt black paint
h contribution of separate mechanism to overall heat

transfer enhancement defined in Eq. (13)
q azimuth coordinate (rad)
q0 geometric periodic angle of a brake disc (rad)
m dynamic viscosity of air (Pa$s)
r density of air (kg/m3)
s StefaneBoltzmann constant (W/(m2K4))
u angular velocity magnitude of a brake disc (rad/s)

Subscripts (lowercase) and abbreviations (capital)
hs, HS hole surface of inboard disc
irs, IRS inner rim surface of inboard disc
is, IS inner surface of inboard disc
m area-averaged value
ors, ORS outer rim surface of inboard disc
rs, RS rubbing surface of inboard disc
RPM revolutions per minute
vs, VS vane surface
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To effectively remove frictional heat, centrifugal fan-like venti-
lated brake discs as illustrated in Fig. 1 have been devised. Relative
to a solid brake disc, substantially improved cooling can be ach-
ieved by internal forced convection through the ventilated channel
[13]. Regardless of the cross-section and configuration of heat
dissipation elements sandwiched between the rubbing discs,
commercially available ventilated brake discs may be classified into
standard and cross-drilled brake discs as shown in Fig. 1(b) and (c),
respectively [14].

Ever since the popular application of brake discs in the 1960s
[15], considerable theoretical and experimental efforts have been
devoted to understanding the thermo-fluidic characteristics and
improving the cooling performance of standard brake discs as
reviewed in Ref. [16]. In comparison, however, thermo-fluidic
insight about high performance cross-drilled brake discs is
limited in the open literature. Focusing on the overall performance,
Wallis [17] conducted dynamometer testing of standard and cross-
drilled radial vane ventilated brake discs. It was found that cross-
drilled holes shortened the stopping distance of a vehicle for a
given brake pressure, and reduced brake disc temperature. On-
vehicle test by Antanaitis et al. [18] revealed superior cooling per-
formance of cross-drilled brake discs comparedwith standard ones.
With respect to local fluid flow behaviors, Barigozzi et al. [19]
measured the distribution of axial velocity component near the
rubbing surface of a cross-drilled brake disc by laser Doppler
anemometry. They reported that cooling air was drawn into the
ventilated channel through these holes. However, the influence of
cross-drilled holes on external (i.e., outside the ventilated channel)
and internal (i.e., inside the ventilated channel) fluid flow and local

̇

heat transfer was not characterized in Ref. [19]; performance
comparison with standard brake disc was also absent in Ref. [19]. It
should also be mentioned that detailed geometric parameters of
the investigated brake discs are not available in existing studies
[17e19] due to confidentiality reasons. In view of the above, the
thermo-fluidic mechanisms underlying the superior cooling per-
formance of cross-drilled ventilated brake discs have not yet been
fully understood. Such insights, however, act as constructive
guidance for brake design engineers to further optimize the high
performance cross-drilled brake discs.

This study, therefore, presents a comprehensive comparison of
fluid flow and heat transfer characteristics between standard and
cross-drilled radial vane brake discs having systematically
controlled geometric parameters. Special focus is placed upon
revealing: (a) howcooling air enters the ventilated channel through
cross-drilled holes; (b) how this special flow modifies external and
internal flows compared with a standard brake disc; (c) how the
modified fluid flow affects local heat transfer pattern on brake disc
surface; and (d) how the modified local heat transfer pattern
quantitatively determines overall brake disc cooling performance.
To this end, a series of steady-state and transient numerical simu-
lations are performed for both standard and cross-drilled brake
discs, with experiments conducted on standard brake disc to vali-
date the numerical model.

2. Standard and cross-drilled ventilated brake discs

Fig. 2 illustrates schematically the standard and cross-drilled
ventilated brake discs compared in the present study. They are



Fig. 1. Illustration of a passenger vehicle disc brake system: (a) working principle; (b)
standard radial vane brake disc; (c) cross-drilled radial vane brake disc.
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geometrically designed according to a commercially available radial
vane brake disc prevalent for passenger vehicles, as shown in
Fig. 1(b). Both brake discs have 42 alternatively arranged short and
long radial vanes that protrude from the rubbing discs. These vanes
have identical thickness (tr) and have fillet at both the leading and
trailing edges. In addition, the overall geometric dimensions of the
rubbing discs and the hub are identical for both brake discs.
Fig. 2. Geometric details of the cross-drilled ventilated brake disc.
For the cross-drilled brake disc, in particular, three rows of cir-
cular holes with identical diameter (dh) are drilled through both
rubbing discs, as shown in Figs. 1(c) and 2. In total, 126 holes are
drilled on each rubbing disc, with 42 holes in each row. These holes
are arranged in an inline pattern along the radial direction.
Azimuthally, each hole is located at the center of each cooling
passage formed by two neighboring vanes. Detailed geometric
parameters of the brake discs are depicted in Fig. 2 and summarized
in Table 1.

In this comparative study via numerical simulations, both brake
discs are assumed to be made of a prevalent grey cast iron (denoted
as FC250 in Ref. [20]) for automobile brake discs. Density, specific
heat and thermal conductivity of this material measured by Kim
et al. [20] are 7220 kg/m3, 503 J/(kgK) and 42W/(mK), respectively.

3. Experimental details

To validate the present numerical model (see next section), a
series of experiments are conducted on a standard brake disc.
Although the test sample, facilities and test methods have been
presented in a previous study [16], necessary experimental details
relevant to the present numerical simulations are presented below
for completeness.

3.1. Test sample and facilities

Given that the casting process endows the reference brake disc
(see Fig. 1(b)) with large geometric uncertainties, the brake disc is
duplicated using AISI 304 stainless steel according to the di-
mensions given in Table 1. To this end, the vanes are first fabricated
by wire-electrode cutting and subsequently brazed onto the two
rubbing discs in a vacuum furnace. Detailed brazing process and
procedures are documented in Ref. [21]. The density, specific heat
and thermal conductivity of stainless steel are 8000 kg/m3, 500 J/
(kgK) and 16.2 W/(mK) [22,23], respectively.

The purposely designed test rig for rotating heat transfer mea-
surement is illustrated in Fig. 3. It contains a 3-phase AC motor and
shafting mounted on a base frame. The motor is connected to a shaft
through a flexible coupling. The shaft rotates on bearings and is
flanged at the opposite end to allow mounting of the brake disc
sample. Another dismountable shaft supported by two additional
bearings is bolted to the former shaft on one end. This is used to allow
acylindrical Perspexcomponent (modeling theknuckle,witha radius
of 0.4Rro) and a four-channel slip ring to be mounted. As highlighted
in Fig. 3, the knuckle is flush mounted with the outboard disc. The
rotational speed of the brake disc is controlled by an inverter con-
nected to the AC motor and measured with a digital tachometer.

3.2. Heat transfer measurement

To simulate frictional heating, two identical annular heating
pads with identical inner and outer radii as those of the inboard
rubbing disc are attached to both rubbing discs by a thermally
Table 1
Geometric parameters of the standard and cross-drilled radial vane brake discs
depicted in Fig. 2.

Parameter Value Parameter Value

dh 5.0 mm Rh3 140.0 mm
Hhb1 13.0 mm Rhb1 74.0 mm
Hhb2 21.0 mm Rhb2 82.0 mm
Hv 10.0 mm Rri 90.0 mm
Lv1 54.0 mm Rro 150.0 mm
Lv2 46.0 mm Rv 147.0 mm
Rh1 108.0 mm tr 9.0 mm
Rh2 124.0 mm tv 5.0 mm



Table 2
Operating conditions of experiments.

Type of experiment Transient Steady-state

Rotational speed, N 800 RPM 200e1000 RPM
Ambient air temperature, Ta 10.3 �C 11.1e11.7 �C
Total power input, Qt 329 W 329 W
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conductive double-sided tape. The tape has a thickness of ~0.1 mm
and a thermal conductivity of ~1.5 W/(mK). Each heating pad,
thickness 0.2 mm, is consisted of etched Inconel heating wires
sandwiched by two Kapton films. Each Kapton film has a thickness
of 0.076 mm and a thermal conductivity of 0.12 W/(mK) [24]. To
remedy the non-uniformity of heat flux induced by the gaps be-
tween heating wires, copper foils with a thickness of 0.06 mm are
attached to the heating pads. Consequently, a constant heat flux of
3640 W/m2 is imposed, corresponding to a total power input of
329 W. A four channel slip ring connects these heating elements to
an Agilent™ 6655A DC power supply.

An infrared camera (Fluke™ Ti50) is used to measure the tem-
perature field on the inboard copper foil surface, which is sprayed
with matte black paint to offer an emissivity of ~1.0. The resolution
and frame rate of the infrared camera are 320 � 240 pixels and
60 Hz, respectively. Within radial span of the annular target surface
(i.e., Rro� Rri), there are approximately 40 measurement points.
Before testing, when the brake disc is stationary, the infrared
camera is calibrated with a T-type foil thermocouple (Omega™)
attached to the copper foil. For reference, an additional thermo-
couple is used to measure the ambient air temperature.

Two types of tests are conducted to evaluate transient and
steady-state thermal behaviors of the brake disc, respectively. The
transient test simulates continuous downhill braking at a constant
vehicle speed. To this end, the brake disc is first accelerated to 800
RPM. Then the heating elements are switched on. Temperature field
on the inboard copper foil surface is recorded every 60 s until
steady-state heat transfer is approached. On the other hand, the
steady-state tests aim to clarify the cooling performance of the
brake disc at various rotational speeds from 200 RPM to 1000 RPM,
corresponding to typical vehicle speeds of 25e124 km/h. For these
tests, only the steady-state temperature field is measured. Detailed
operating conditions of the experiments are summarized in Table 2.
3.3. Data reduction and measurement uncertainties

For transient results, temperature difference between the
inboard copper foil surface and ambient air is used for interpreta-
tion. For steady-state results, the rotational Reynolds number (Re)
and the effective Nusselt number (Nue) are used, defined as:

Re ¼ ruR2ro
m

(1)
Fig. 3. Three-dimensional illustration of test facilities.
Nueðr; qÞ ¼ Rroheðr; qÞ
k

(2)

where r, m and k denote the density, dynamic viscosity and thermal
conductivity of air, respectively; u is the angular velocity magni-
tude of the rotating brake disc. he represents the effective heat
transfer coefficient obtained on the inboard copper foil surface,
defined as:

heðr; qÞ ¼
Qt

.h
2p
�
R2ro � R2ri

�i
Trsðr; qÞ � Ta

�
εs
h
T4rsðr; qÞ � T4a

i
Trsðr; qÞ � Ta

(3)

where Qt is the total power input by the heating elements; Trs is the
measured local wall temperature on the rubbing surface of the
inboard disc; Ta is the ambient air temperature; ε is the emissivity of
the matt black paint; and s is StefaneBoltzmann constant. For
consistency with subsequent numerical simulations without
considering thermal radiation, the radiation heat transfer coeffi-
cient is estimated [25] and subtracted as indicated by the second
term on the right-hand side of Eq. (3).

An uncertainty analysis is performed using the root mean
square method as detailed in Ref. [26]. The thermo-physical prop-
erties of air based on ambient pressure and temperature are used in
data reduction, with their uncertainties neglected. The uncertainty
of rotational speed is found to be less than 4 RPM, resulting in an
uncertainty of less than 4.0% for the rotational Reynolds number
(Re). Ambient air temperature (Ta) is measured by a T-type ther-
mocouple (Omega™) with a resolution of 0.1 �C. For each test, the
fluctuation of ambient temperature is measured to be less than
0.5 �C. The temperature measured by infrared camera shows a
maximum deviation of 0.2 �C from that measured by the foil type
thermocouple used for calibration. Therefore, the uncertainty
associatedwith wall temperature is estimated to be less than 0.3 �C.
Consequently, the uncertainties for the effective heat transfer co-
efficient and Nusselt number (Nue) are estimated to be less than
3.0%.
4. Numerical simulation

Geometric complexity in conjunction with rotating environ-
ment inevitably limits experimental access into detailed thermo-
fluidic characteristics, especially for cross-drilled brake disc. To
facilitate a comprehensive comparison between the two brake
discs, a series of three-dimensional (3D) steady-state as well as
transient simulations are conducted for both brake discs using a
commercial code ANSYS 14.5.
4.1. Computational domain and boundary conditions

The numerical model for a brake disc rotating in ambient air is
schematically shown in Fig. 4(a). According to the geometric peri-
odicity of the brake disc and the induced flow field (with buoyancy
neglected), only 1/21 of the whole domain is simulated. The axial
and radial dimensions of the fluid domain are separately 7(Hvþ 2tr)
and 2Rro, which are large enough to eliminate the effects of
boundaries on flow and heat transfer nearby the brake disc [27,28].
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To simulate electrical or frictional heating, a volumetric heat source
with constant intensity is specified in the heat source domains
attached to the rubbing discs. The thickness and inner/outer radii of
these domains are identical to those of the Inconel layer in the
heating pad. The generated thermal energy is transferred to both
sides of these domains, representing well the situation during ex-
periments and actual braking.

The Perspex knuckle is excluded due to its low thermal con-
ductivity while the knuckle walls are set to be no-slip and adiabatic
walls. Rotational periodic boundary conditions are applied to pe-
riodic surface pairs of all domains. For the upper, lower and outer
boundaries of the fluid domain in Fig. 4(a), an opening condition
with zero gauge pressure, atmospheric static temperature and low
(i.e., 1.0%) turbulence intensity is applied in an inertial coordinate
system. The specified pressure acts as total pressure and static
pressure for inflow and outflow, respectively [29]. Absolute flow
direction is set to be normal to these boundaries. Given that the
magnitude of absolute velocity far away from the brake disc is
approximately zero, the opening condition is a reasonable
approximation of the complex real situation. In consideration of
thermal resistances induced by Kapton films and double-sided tape
in the experiment, thermal contact resistances are added at in-
terfaces between the heat source domains and other domains to
validate the numerical model. However, these resistances are
removed for frictional heating simulation. For other interfaces be-
tween the solid and fluid domains, no-slip condition is adopted for
fluid flow while conservative interface flux condition is used for
heat transfer.
Fig. 4. Details of 3D numerical model: (a) computational domain and boundary con-
ditions; (b) representative mesh.
For transient simulation, the fluid domain is excluded to save
computation time. Instead, local heat transfer coefficient (h) and
reference temperature (Ta) are specified for all solid walls. Herein,
the local heat transfer coefficient is obtained from steady-state flow
and conjugate heat transfer solution, defined as:

hðr; q; zÞ ¼ q
00 ðr; q; zÞ

Tðr; q; zÞ � Ta
(4)

where q” and T are local heat flux effusing the wall and wall tem-
perature, respectively.

4.2. Numerical methods

A multi-block structured mesh incorporating fully hexahedral
elements is generated by ANSYS ICEM CFD 14.5 in all domains, as
shown in Fig. 4(b). Fine mesh is generated near all no-slip walls to
resolve the boundary layers. To this end, the height of the first layer
elements adjacent to the solid walls is set to be ~0.01 mm, followed
by smooth transition to relatively coarse mesh away from thewalls.
One-to-one match of nodes is ensured for periodic faces to elimi-
nate any interpolation error.

Both steady-state and transient simulations are performed us-
ing ANSYS CFX 14.5 based on the finite volume method and the
timemarching algorithm. First, the steady-state flow and conjugate
heat transfer problem for all domains is solved in a non-inertial
reference frame that rotates at an angular velocity identical to
that of the brake disc. The fluid (air) is assumed to be incom-
pressible and has constant thermo-physical properties based on
ambient pressure and temperature. The shear stress transport (SST)
model [30] incorporating a dimensionless wall distance (yþ) less
than 1.0 is adopted to obtain turbulent viscosity and Prandtl
number, due to its good performance for rotating flows subjected to
adverse pressure gradient as those associated with centrifugal
compressors [31] and ventilated brake discs [27,32]. The complete
governing equations are not shown here for brevity but can be
found in Ref. [29]. The high resolution scheme is selected to dis-
cretize the advection terms in the governing equations to reduce
numerical error. Subsequently, transient heat conduction in the
solid domains is solved, where the second order backward Euler
scheme is selected to discretize the transient term in the governing
equation.

4.3. Mesh and time step independence tests

Mesh sensitivity is examined for both brake discs at N ¼ 1000
RPM. For the standard brake disc, three meshes with 2,125,347,
3,200,649 and 5,029,674 elements are considered. For the cross-
drilled brake disc, however, three finer meshes with 5,510,368,
9,542,252 and 13,050,380 elements are used in order to capture
more complex flow field induced by the holes. For both brake discs,
the area-averaged effective Nusselt numbers obtained with the last
twomeshes show a discrepancy less than 0.8%, which is acceptable.
Therefore, for effectiveness of computational cost, meshes with
3,200,649 and 9,542,252 elements are used in subsequent simu-
lations for the standard and cross-drilled brake discs, respectively.

For transient simulation, the effect of time step on area-
averaged rubbing surface temperature of the inboard disc is
examined at 800 RPM. Each complete transient simulation with a
span of 3600 s is divided into two processes experiencing 20 s and
3580 s, respectively. In the numerical tests, time steps of 0.1 s and
1 s are adopted for the first process, whereas time steps of 1 s and
10 s are adopted for the other process. Numerical results obtained
with the two different time steps show a maximum deviation less
than 0.5%. Therefore, time steps of 1 s and 10 s are used for the first
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20 s and the following 3580 s of the transient simulation,
respectively.
Fig. 6. Comparison of measured and numerically predicted effective Nusselt number
distributions on rubbing surface at 800 RPM: (a) two-dimensional contour; (b) radial
profile at q ¼ p/2 extracted from (a).
5. Discussion of results

5.1. Validation of numerical model

Before comparisons between standard and cross-drilled brake
discs made of cast iron are made, the numerical model detailed in
the previous section is validated by experimental data obtained
from the present stainless steel brake disc. Fig. 5 compares the
numerically predicted variation of area-averaged rubbing surface
temperature (Trs, m) with time (t) with that measured experimen-
tally. The numerical results agree well with the experimental ones,
with a maximum discrepancy of 5.4%.

For further validation, steady-state local heat transfer charac-
teristics of the brake disc obtained from experiment and numerical
simulation are compared. Fig. 6 presents the localized distributions
of effective Nusselt number (Nue) calculated according to Eqs. (2)
and (3) at 800 RPM. Both contours of Fig. 6(a) qualitatively indi-
cate an approximately isotropic distribution in the azimuth direc-
tion. Again, as quantified in Fig. 6(b), good agreement between
experimental and numerical results is achieved, with a maximum
deviation of 6.0%.

Finally, the area-averaged effective Nusselt number (Nue, m)
calculated from a series of contours as those in Fig. 6(a) is plotted in
Fig. 7 as a function of rotational Reynolds number (Re). The
experimental and numerical data sets of Fig. 7 both demonstrate
that the Nusselt number increases with increasing Reynolds num-
ber, exhibiting a maximum discrepancy of 9.0% at N¼ 200 RPM. For
the present experiments, it is estimated that thermal radiation
from black paint accounts for 10.4% (at 200 RPM) to 3.5% (at 1000
RPM) of total heat transfer. At lower rotational speeds, radiation
heat transfer from the ventilated channel walls to the surroundings
and natural convection [33] are more significant. The contributions
of these two factors to overall heat transfer, however, are not
subtracted in Eq. (3) as they are difficult to estimate. Therefore, in
Fig. 7, the largest deviation between experiment and numerical
simulation occurs at the lowest rotational speed.

In summary, for both local and overall heat transfer character-
istics, the present numerical simulation results agree reasonably
well with experimental measurements. Therefore, the numerical
model is suitable for subsequent comparative investigations.
Fig. 5. Comparison of measured and numerically predicted transient evolutions of
area-averaged rubbing surface temperature at 800 RPM.
5.2. Modification of fluid flow by cross-drilled holes

For a ventilated brake disc, convective heat transfer via internal
and external cooling flows driven separately by rotating heat
dissipation elements and rubbing discs is the dominant heat
dissipation mechanism [34]. To improve brake disc cooling, modi-
fication of these flow patterns has attracted much attention, as
realized by cross-drilled holes in the present study. Firstly, as basis
of local heat transfer pattern on brake disc surface, the effects of
cross-drilled holes on fluid flow are discussed. The results pre-
sented are for N ¼ 400 RPM and analyzed in a non-inertial refer-
ence frame rotating at an angular velocity identical to that of the
brake disc. For clarity, special focus is placed upon fluid flow
associated with the inboard disc, as similar flow characteristics are
observed for the outboard disc and at other rotational speeds.
5.2.1. Initiation of flow through cross-drilled holes
Fig. 8 presents an overview of 3D flow patterns (as indicated by

streamlines), revealing both the common and distinct characteris-
tics between the brake discs. When the brake disc starts to rotate,
the originally stationary air in the ventilated channel is driven
radially outwards by centrifugal force, lowering hence the static
pressure at the ventilated channel inlet. Consequently, a pressure
driven flow from ambient into the ventilated channel occurs. Part of



Fig. 7. Comparison of area-averaged effective Nusselt numbers obtained from exper-
iment and numerical simulation at selected rotational Reynolds numbers.
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the fluid is directly sucked into the ventilated channel as high-
lighted by the blue streamlines, while some other fluid wipes the
inner rim surface of the inboard disc as highlighted by the red
streamlines. As a result of the Coriolis force, the flow follows a spiral
path. These flow patterns are in good agreement with the PIV and
helium bubble visualization results presented in Refs. [35,36].

In particular for the standard brake disc, the external flow driven
by the rotating disc wipes the rubbing surface till the outer rim of
the disc, as highlighted by the black streamlines in Fig. 8(a). For the
cross-drilled brake disc, however, fluid wiping the rubbing surface
Fig. 8. Three-dimensional streamlines summarizing overall flow patterns for the (a)
standard and (b) cross-drilled ventilated brake discs.
finally enters the ventilated channel through the cross-drilled
holes, as marked by the black streamlines in Fig. 8(b). As further
detailed in Fig. 9, the surface streamlines on three cylindrical cross-
sections (at r ¼ Rh1, Rh2 and Rh3) clearly distinguish the unique flow
characteristics between the two different brake discs. It is seen
from Fig. 9 that the static pressure in the ventilated channel is
generally lower than that nearby the rubbing surface. Such an axial
pressure difference drives the fluid to turn its flow direction into
the cross-drilled holes.
5.2.2. Effect of through-hole flow on external flow
Cross-drilled holes act as “sinks” to external flow, imposing two

significant effects on boundary layer flow over the rubbing surface.
First, fluid closer to the disc wall has a lower momentum compo-
nent parallel to the wall. In the presence of axial pressure gradient
(along the z-axis), fluid passing by the upstream lip of the holes can
easily change its flow direction and then enters the holes; see
Fig. 9. Surface streamlines and static pressure (p) distributions on three cylindrical
cross-sections at r ¼ Rh1, Rh2 and Rh3 for (a) standard and (b) cross-drilled brake discs.
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Fig. 9(b). As a result, the thickness of flow boundary layer circum-
ferentially downstream each hole is diminished relative to that of
the standard brake disc. Second, flow impingement onto the
downstream lip of each hole substantially increases local static
pressure, while suction of fluid nearby the upstream lip of each hole
into the ventilated channel lowers local static pressure, as clearly
revealed by Fig. 9(b). Consequently, in contrast to circumferentially
isotropic pressure distribution for the standard brake disc, an azi-
muth pressure difference between the downstream and upstream
lips of two neighboring holes exists; see Fig. 10(a). Such a pressure
difference tends to accelerate fluid flow inside the boundary layer
for the cross-drilled brake disc.

For both brake discs, Fig. 10(b) presents the velocity distribution
on an r-q plane 0.1 mm over the rubbing surface. A circum-
ferentially isotropic distribution is observable for the standard
brake disc. For the cross-drilled brake disc, however, substantially
accelerated flow is evident within the radial spans of cross-drilled
holes due to the aforementioned effects. For both brake discs, the
wall shear stress distributions that dominate local heat transfer on
rubbing surfaces show consistent patterns with the velocity dis-
tributions of Fig. 10(b), and hence are not presented here for
brevity.
Fig. 10. Comparison of external flow characteristics: (a) static pressure distribution on
inboard rubbing surface; (b) velocity magnitude distribution on an r-q plane 0.1 mm
over the rubbing surface.
5.2.3. Effect of through-hole flow on internal flow
In addition to altering external flow over the rubbing discs, the

through-hole flow also modifies fluid flow inside the ventilated
channel. As reference, Fig. 11 first characterizes internal flow for the
standard brake disc in terms of 3D streamlines. Under the effect of
Coriolis force, the flow pre-swirls towards the counter-rotating
direction before entering the ventilated channel [35]. Thus the
relatively large flow attack angle to each vane causes flow separa-
tion at the leading edge of the vane. Additionally, the presence of
centrifugal force in conjunction with the diverging nature of in-
ternal flow leads to an adverse pressure gradient along the radial
direction, as shown in Fig. 9. These two effects induce severe flow
recirculation nearby the suction sides of the vanes, as indicated by
blue and red streamlines, in contrast to smooth fluid flow nearby
the pressure sides of the vanes as marked by green streamlines.

For comparison, Fig.12 presents the corresponding internal flow
characteristics for the cross-drilled brake disc. To demonstrate the
bulk flow behavior of air jets issuing from the cross-drilled holes, a
large number of streamlines released from the inlet of each hole are
elaborately selected. It is evident from Fig. 12 that these air jets feed
fluid to the suction sides of the vanes, which suppresses the severe
Fig. 11. Internal flow characteristics as indicated by streamlines for standard brake
disc: (a) isometric view; (b) top view.
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local flow recirculation observed for the standard brake disc (see
Fig. 11). In addition, smooth cross flow is observable nearby the
pressure sides of the vanes as indicated by green streamlines in
Fig. 12.

Cross-drilled holes may be clarified into six different types, as
denoted by (I) to (VI) in Fig. 12, which impose distinct effects on
internal flow. First, Fig. 12(b) reveals that air jets from holes located
at a smaller radius dominate fluid flow nearby the suction sides of
the vanes. In particular, fluid fromholes (I) and (IV) covers nearly all
the suction sides of the vanes, while fluid from holes (III) and (VI)
Fig. 12. Internal flow characteristics as indicated by streamlines for cross-drilled brake
disc: (a) isometric view; (b) top view; (c) and (d) radial views of air jets in passage (A)
and passage (B), respectively.
can hardly attach the vane surface. Second, air jets impose more
significant blockage to cross flow in passage (A) than that in passage
(B), as shown in Fig. 12(b). Finally, air jets into passage (A) first
transport fluid to the mid-height plane of the passage and then
deflect to the suction side of the long vane, as highlighted in
Fig. 12(c). However, upon entering the ventilated channel, air jets
into passage (B) deflect immediately to the suction side of the short
vane; see Fig. 12(d).

The modification of internal flow by cross-drilled holes alters
the pumping capacity of the brake disc, which in turn affects heat
transfer on ventilated channel walls. Fig. 13 presents the normal-
ized mass flow rate calculated with the product of fluid density (r),
peripheral velocity (uRro) and ventilated channel outlet flow area
(2pRroHv). The shaded strips represent the radial spans of cross-
drilled holes. For the standard brake disc, the inherent pre-swirl
of fluid flow towards the counter-rotating direction leads to a 46%
lower mass flow rate through passage (A) than that through pas-
sage (B); see Fig. 13(a). Once cross-drilled holes are introduced, the
smaller cross-flow momentum in conjunction with a larger flow
recirculation region (see Fig. 11) in passage (A) enables more air to
enter passage (A) through the cross-drilled holes compared with
that in passage (B); see Fig. 13(b). Subsequently, the blockage of
cross flow by air jets lowers the pumping capacity from the
ventilated channel inlet of the cross-drilled brake disc. Finally,
Fig. 13(b) reveals that cross-drilled holes located closer to the
ventilated channel inlet exhibit higher mass flow rates due to
streamwise reduction of the axial pressure gradient, as previously
shown in Fig. 9.

Fig. 14 compares velocity distribution on an r-q plane 0.1 mm
away from the inner disc surface of the standard brake disc with
that of the cross-drilled brake disc. Nearby the suction sides of the
vanes, it is clear that low-momentum flow (due to recirculation) for
the standard brake disc is replaced by high-momentum flow (from
air jets) for the cross-drilled brake disc. In addition, low-
momentum regions are observable downstream the holes, corre-
sponding to wake vortices of air jets in cross flow [37]. Within the
remaining part of the region, the velocity magnitude for the cross-
drilled brake disc is in general lower than that for the standard
brake disc, due mainly to reduced pumping capacity from the
ventilated channel inlet; see Fig. 13(a).

5.3. Modification of local heat transfer pattern by cross-drilled
holes

As the presence of cross-drilled holes substantially modifies
external and internal flows, consider next how the modified flow
pattern may affect local heat transfer pattern on brake disc surface,
which ultimately dictates the overall cooling performance of the
brake disc. For consistency, only local heat transfer results obtained
at N ¼ 400 RPM for the inboard disc are presented, as similar
characteristics are observed for the outboard disc and at other
rotational speeds. Henceforth, the local Nusselt number (Nu) is
defined as:

Nuðr; q; zÞ ¼ Rrohðr; q; zÞ
k

(5)

where the thermal conductivity of air is based on ambient air
temperature and pressure, and the local heat transfer coefficient (h)
is previously defined in Eq. (4).

5.3.1. Local heat transfer on rubbing surface
Fig. 15(a) presents the distribution of local Nusselt number on

the inboard rubbing surface for both brake disc types. For the
standard disc, the approximately isotropic velocity distribution as



Fig. 13. Pumping capacity comparison between standard and cross-drilled brake discs:
(a) mass flow rates through passages (A) and (B); (b) mass flow rates through cross-
drilled holes extracted from (a).

Fig. 14. Velocity magnitude distribution on an r-q plane 0.1 mm away from inner
surface of inboard disc: comparison between standard and cross-drilled brake discs.
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shown in Fig. 10(b) leads to a circumferentially isotropic heat
transfer distribution. The Nusselt number remains nearly constant
within most of the radial span, whereas substantially higher heat
transfer is observed nearby the inner and outer rims of the disc,
which is attributed to the entrainment effects of inflowand outflow
through the ventilated channel. The cross-drilled disc, however,
exhibits an anisotropic heat transfer pattern. Substantially
enhanced local heat transfer is evident within the radial spans of
the cross-drilled holes, corresponding to accelerated boundary
layer flow as shown in Fig. 10(b). The impingent of flow onto the
downstream lip of each hole leads to the peak of local heat transfer;
see Fig. 15(a). Circumferentially downstream each hole, the local
heat transfer gradually diminishes due to development of thermal
boundary layer and flow deceleration.

For quantitative comparison, Fig. 15(b) presents the profiles of
azimuthally averaged Nusselt number in the radial direction, with
the radial span of each hole marked as shaded strip. Relative to the
standard disc, the Nusselt number nearby the first row of holes is
augmented by up to 250%. The relative enhancement is reduced to
230% and 160% nearby the second and third rows of holes,
respectively. Such gradual decrease of relative heat transfer
Fig. 15. Comparison of local heat transfer characteristics on inboard rubbing surface:
(a) contour of Nusselt number; (b) variation of azimuthally averaged Nusselt number
along radial direction.
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enhancement is consistent with the gradual reduction of mass flow
rate through these holes, as shown previously in Fig. 13(b).
5.3.2. Local heat transfer on inner disc surface
Fig. 16(a) presents local heat transfer distribution on the inner

surface of the inboard disc, which exhibits consistent pattern with
the velocity distribution of Fig. 14. For both discs, a similar heat
transfer pattern is seen nearby the leading edges and pressure sides
of the vanes, which is dominated by fluid flow entering from the
ventilated channel inlet. For the cross-drilled disc, the area of the U-
shaped high heat transfer region around each vane is smaller than
that for the standard disc, especially around the short vane.
Blockage of cross flow by the air jets and reduced pumping capacity
from the ventilated channel inlet (see Fig. 13(a)) are responsible for
such deteriorated local heat transfer. For the cross-drilled disc, in
particular, improved heat transfer occurs nearby the suction sides
of the vanes, due to feeding of fluid by the air jets. Downstream the
cross-drilled holes, the wake vortices downstream the air jets in
cross flow lead to poor local heat transfer.

For quantitative comparison, Fig. 16(b) presents the variation of
azimuthally averaged Nusselt number along the radial direction.
Fig. 16. Comparison of local heat transfer characteristics on inner surface of inboard
disc: (a) contour of Nusselt number; (b) variation of azimuthally averaged Nusselt
number along radial direction.
The shaded strips denote the radial spans of the cross-drilled holes.
For the standard disc, flow contraction due to blockage of flow area
by the vanes leads to several peaks of the Nusselt number, occur-
ring at the leading edges of the vanes. Downstream the leading
edge of the short vane, the Nusselt number gradually decreases due
to flow divergence and development of thermal boundary layer. A
similar radial trend is present for the cross-drilled disc. Within the
full radial span of the inboard disc, it is clear from Fig. 16(b) that
heat transfer is deteriorated by the introduction of cross-drilled
holes. For example, between the leading edge of the short vane
and the first row of holes, the Nusselt number is reduced by about
30%. The deterioration gradually weakens along the radial direc-
tion, due to the gradual feeding of fluid by the air jets into the cross
flow.

5.3.3. Local heat transfer on vane surface
Fig. 17 presents local heat transfer distribution on unfolded vane

surfaces, where the dashed lines and shaded strips mark the azi-
muth projections of cross-drilled holes onto the vanes. Herein, Pv is
the perimeter of the vane cross-section; and s denotes the local
curvilinear coordinate originating from the leading edge of the
vane as illustrated in Fig. 17(b) and (c).

For both brake discs, on the pressure sides of the vanes, the
Nusselt number peaks nearby the leading edge and then gradually
decreases along the negative s-axis due to flow deceleration and
thermal boundary layer development. On the suction sides of the
vanes for the standard brake disc, the Nusselt number is substan-
tially lower than that on the pressure sides due to severe local flow
recirculation. In contrast, on the suction sides of the vanes for the
cross-drilled brake disc, substantial local heat transfer enhance-
ment is achieved within regions washed by the air jets. As previ-
ously mentioned, air jets into passage (A) can penetrate to the mid-
height plane of the ventilated channel and then impinge onto the
suction side of the long vane; see Fig. 12(c). Therefore, the high heat
transfer region downstream the first row of holes is located at the
central region of the long vane. The area of this high heat transfer
region gradually decreases along streamwise direction, due to the
subdued effect of air jets further downstream. In addition, upon
entering the ventilated channel, the air jets into passage (B) deflect
immediately to the suction side of the short vane; see Fig. 12(d).
Consequently, there exist two separated high heat transfer regions
adjacent to the inboard and outboard discs, respectively.

For quantitative comparison, Fig. 17(b) and (c) present the
variation of axially averaged Nusselt number as a function of s for
long and short vanes, respectively. The decreased approaching ve-
locity ahead of the vanes (see Fig. 13(a)) reduces local heat transfer
at the leading edges by up to 25%. In contrast, local heat transfer on
the pressure sides of the vanes remains almost unchanged. The
impingement of air jets onto the suction sides of the vanes sub-
stantially enhances local heat transfer, up to 7 times and 3 times for
the long vane and short vane, respectively.

5.3.4. Local heat transfer on surface of hole
While cross-drilled holes decrease the rubbing surface and in-

ner surface area of the disc, they also introduce additional heat
transfer area, i.e., surfaces of the holes, washed by through-hole
flow. Local heat transfer characteristics on such unique surfaces
are presented in Fig. 18 for the cross-drilled brake disc. Local heat
transfer on the pressure side of the hole is dominated by smooth
high speed flow, while that on the suction side is dominated by
severe flow recirculation as revealed by streamlines presented in
Figs. 9(b), 12(c) and 12(d). Therefore, much higher Nusselt number
is achieved at the pressure side as shown in Fig. 18(a). As quantified
in Fig. 18(b), cross-drilled holes corresponding to passage (A), i.e.,
holes (I)e(III), exhibit higher heat transfer than those



Fig. 17. Comparison of local heat transfer characteristics on unfolded vane surfaces: (a)
contour of Nusselt number; (b) and (c) variation of axially averaged Nusselt number as
a function of local curvilinear coordinate (s) for long vane and short vane, respectively.
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corresponding to passage (B), i.e., holes (IV)e(VI). Further, holes
placed closer to the ventilated channel inlet provide better heat
transfer. Such trends are consistent with those exhibited by mass
flow rates as shown in Fig. 13(b).

5.4. Overall heat transfer enhancement

It has been demonstrated in Section 5.3 that flow through cross-
drilled holes improves heat transfer on both the rubbing and vane
surfaces but deteriorates heat transfer on the inner surface of the
rubbing disc. Moreover, the through-hole flow removes heat from
the surfaces of the holes. How these mutually conflicting mecha-
nisms would affect the overall cooling performance of a cross-
drilled brake disc is examined in this section.

5.4.1. Transient and steady-state cooling performance
Depending on brake mode such as short-time emergency

braking and long-time downhill braking, heat transfer associated
with a brake disc can be transient or steady-state. To characterize
 

Fig. 18. Local heat transfer characteristics on surfaces of cross-drilled holes: (a) con-
tours of Nusselt number; (b) area-averaged Nusselt numbers obtained from (a).
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and compare the cooling performances of the two brake discs
experiencing these two distinctive heat transfer processes,
extended downhill braking at a typical vehicle speed of 50 km/h
(i.e., 400 RPM) is considered. For a typical passenger vehicle with a
weight of 1500 kg descending a 7% gradient (i.e., 4�) slope, the total
braking power is estimated to be 14.26 kW [38]. It has been re-
ported that nearly 80% of the brake load is imposed on the front
axle of the vehicle [38]. Further, about 90% of the frictional heat is
transferred to the brake discs [2]. Ultimately, the frictional power
for each front brake disc is calculated to be 5.13 kW. Such a power
input in conjunction with an ambient air temperature of 20 �C is
used in the numerical simulations.

Fig. 19(a) compares the temperature fields in both brake discs at
t ¼ 3600 s. While the highest temperature is located at the rubbing
surface due to direct heating, the lowest temperature occurs at the
hub that acts as a fin to the outboard disc. Relative to the standard
brake disc, the results of Fig. 19(a) demonstrate clearly that the
cross-drilled brake disc has substantially lower temperature at
arbitrary position.

To quantify the relative merits of the brake discs during the full
transient process, the evolution of area-averaged temperature on
the inboard rubbing surface is extracted from a series of tempera-
ture fields as those in Fig. 19(a) and plotted in Fig. 19(b). At the very
beginning of the transient process, the temperature difference be-
tween the brake disc and cooling air is low, implying negligible
convective heat dissipation. Therefore, the thermal capacity of the
rubbing disc dominates disc temperature [16]. The introduction of
cross-drilled holes reduces the thermal capacity of the inboard
rubbing disc by 5.47%. As a result, the cross-drilled disc exhibits up
to 5.2% higher operating temperature when t < 110 s, as highlighted
in Fig. 19(c). As the process of braking continues, the cross-drilled
disc exhibits increased superiority. Eventually, when heat transfer
reaches steady-state, the operating temperature of the cross-drilled
disc is 23% (i.e., 141 �C) lower than that of the standard disc.

The steady-state cooling performances of the two brake discs at
selected rotational speeds are quantified and compared in Fig. 20.
To facilitate the comparison, a unified overall Nusselt number
(Nuoverall) is used for both brake discs, defined as:

Nuoverall ¼
Rro
k

ð0:5QtÞ
.
Aref

Trs;m � Ta
(6)

whereQt is the total frictional power input into each brake disc, and
the reference area (Aref) is equal to p(Rro2 � Rri

2). As shown in Fig. 20,
the Nusselt number increases with increasing rotational Reynolds
number. From 200 RPM to 1000 RPM, the overall Nusselt number of
the cross-drilled disc is 22e27% higher than that of the standard
one.
Fig. 19. Transient thermal behaviors of brake discs during extended downhill braking
at 400 RPM: (a) representative temperature field at t ¼ 3600 s; (b) evolution of area-
averaged temperature on inboard rubbing surface; (c) operating temperature ratio.
5.4.2. Quantification of heat transfer enhancement mechanisms
Next, the contribution of each mechanism to overall heat

transfer enhancement is quantified. For both brake discs, the pre-
sent numerical results reveal that the heat transfer rate through the
mid-height cross-section of the vanes is less than 1% of total power
input into each rubbing disc. Henceforth, only the system consist-
ing of the inboard rubbing disc and half of the vanes is considered
for brevity.

By energy balance of the selected system, the overall Nusselt
number defined in Eq. (6) may be decomposed as: 
Nuoverall ¼

Rro
k

Qrs þ Qis þ Qvs þ Qirs þ Qors

Aref
�
Trs;m � Ta

�
!

Standard

(7a)
 
Nuoverall ¼

Rro
k

Qrs þ Qis þ Qvs þ Qirs þ Qors þ Qhs

Aref
�
Trs;m � Ta

�
!

Cross�drilled

(7b)
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whereQ is the heat transfer rate; subscripts “rs”, “is”, “irs” and “ors”
denote the rubbing surface, inner surface, inner rim surface and
outer rim surface of the inboard disc, respectively; subscripts “vs”
and “hs” denote the vane surface and hole surface, respectively;
and subscript “m” denotes the area-averaged value.

In Eq. (7), each term corresponds to a specific surface, e.g., inner
surface (IS) of the inboard disc, and can be equivalently trans-
formed as:

Rro
k

Qis

Aref
�
Trs;m � Ta

� ¼ Rro
k

Qis

Ais
�
Tis;m � Ta

� T is;m�Ta
Trs;m � Ta

Ais
Aref

(8)

The second term on the right-hand side of Eq. (8) can be further
expressed as:

Qis

Ais
�
Tis;m � Ta

� ¼
Z
IS

½Tisðr; q; zÞ � Ta�hisðr; q; zÞdA
Z
IS

½Tisðr; q; zÞ � Ta�dA
(9)
�
Nuoverall ¼ C1;isC2;isNuis;m þ C1;rsC2;rsNurs;m þ C1;vsC2;vsNuvs;m þ C1;irsC2;irsNuirs;m þ C1;orsC2;orsNuors;m

�
Standard (12a)

�
Nuoverall ¼ C1;isC2;isNuis;m þ C1;rsC2;rsNurs;m þ C1;vsC2;vsNuvs;m þ C1;irsC2;irsNuirs;m þ C1;orsC2;orsNuors;m þ C1;hsC2;hsNuhs;m

�
Cross�drilled

(12b)
Upon substituting Eq. (9) into Eq. (8), the contribution of the
inner disc surface to the overall Nusselt number can be quantified
in a simple form, as:

Rro
k

Qis

Aref
�
Trs;m � Ta

� ¼ C1;isC2;isNuis;m (10)

where the coefficients C1, is and C2, is are given by:
Fig. 20. Comparison of steady-state cooling performance at selected rotational Rey-
nolds numbers.
C1;is ¼ Ais

.
Aref (11a)
C2;is ¼
� T is;m�Ta
Trs;m � Ta

�
8>>>>><
>>>>>:

Z
IS

½Tisðr; q; zÞ � Ta�hisðr; q; zÞdA
Z
IS

½Tisðr; q; zÞ � Ta�dA
1

his;m

9>>>>>=
>>>>>;
(11b)

C1, is represents the contribution of heat transfer area while C2, is
signifies the effect of material thermal resistance, approaching 1.0
when highly conductive material is used.

Similar derivations as Eqs. 8e11 can be made for all terms
appearing in Eq. (7). Consequently, the overall Nusselt numbers for
the standard and cross-drilled brake discs can eventually be
expressed as:
Subsequently, the contribution of modified heat transfer on a
specific surface (e.g., inner disc surface) to overall heat transfer
enhancement can be quantified as:

his ¼
�
C1;isC2;isNuis;m

�
Corss�drilled�

�
C1;isC2;isNuis;m

�
Standard

ðNuoverallÞStandard
(13)

Table 3 summarizes the values of C1, C2 and area-averaged Nusselt
number (Num) for the rubbing surface (RS), the inner surface (IS), the
inner rim surface (IRS) and the outer rim surface (ORS) of the inboard
disc as well as those for the vane surface (VS) and the hole surface
(HS). At 400 RPM, the value of coefficient C2 varies within 0.94e1.0,
implying that material thermal resistance is negligible compared
with convective resistance. As quantified in Fig. 21 according to Eq.
(13), improved heat transfer on the rubbing and vane surfaces by
cross-drilled holes augments the overall Nusselt number by 13.2%
and 3.6%, respectively. Additional heat removal from the hole surface
increases the overall Nusselt number by 19.0%. However, deterio-
rated heat transfer on the inner surface, inner rim surface and outer
rim surface of the inboard disc reduces the overall Nusselt number
by 8.9%, 0.8% and 1.1%, respectively. Eventually, with contributions
from all the surfaces accounted for, the overall Nusselt number of the
cross-drilled brake disc is enhanced by approximately 25% compared
with the standard brake disc.
6. Conclusions

A comprehensive comparison of fluid flow and heat transfer
behaviors is presented between a standard ventilated brake disc



Table 3
Parameters used for quantification of heat transfer enhancement mechanisms at 400 RPM.

Parameter Surface of standard brake disc Surface of cross-drilled brake disc

RS IS VS IRS ORS RS IS VS IRS ORS HS

C1 1.000 0.773 0.491 0.113 0.188 0.945 0.718 0.491 0.113 0.188 0.394
C2 0.996 0.960 0.947 0.936 1.002 0.992 0.971 0.958 0.957 1.020 0.947
Num 157.8 298.2 216.7 250.9 183.1 243.6 248.7 256.1 205.4 148.6 274.4

Fig. 21. Contribution of modified heat transfer on various surfaces of the brake disc by
cross-drilled holes to overall heat transfer enhancement at 400 RPM.
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and a thermally superior cross-drilled ventilated brake disc.
Mechanisms underlying the overall heat transfer enhancement by
cross-drilled holes are clarified. Conclusions drawn in this study are
summarized as follows, which provide beneficial guidance for en-
gineers to further improve brake disc cooling.

(1) Pressure difference drives cooling air into the ventilated
channel through cross-drilled holes, causing accelerated
boundary layer flow over the rubbing surface. As a result,
within the radial spans of the cross-drilled holes, substan-
tially enhanced local heat transfer is achieved. Therefore,
further increase of pressure difference is expected to increase
the mass flow rate of cooling air through the cross-drilled
holes. Correspondingly, local heat transfer on both rubbing
surface and surface of holes can be further improved.

(2) Air jets issuing from the cross-drilled holes feed fluid to the
suction side of each vane, suppressing local flow recircula-
tion that typically forms for the standard brake disc. Hence,
local heat transfer on the suction side of each vane is
improved, while local heat transfer on the pressure side re-
mains nearly unchanged. Therefore, facilitating the feeding
of fluid by the air jets to suction sides of the vanes is expected
to further improve local heat transfer on vane surface.

(3) Blockage of cross flow by air jets reduces the pumping ca-
pacity through the ventilated channel inlet and causes a low-
momentum wake downstream each jet. Therefore, heat
transfer on the inner surface of each rubbing disc is deteri-
orated. Hence, weakening the blockage effect of the air jets is
expected to increase the pumping capacity of the cross-
drilled brake disc. Correspondingly, local heat transfer on
inner surface of each rubbing disc may be improved.

(4) Within the typical operating range (i.e., 25e124 km/h) of a
passenger vehicle, the cross-drilled brake disc exhibits a
22e27% higher steady-state overall Nusselt number than
that obtainable by the standard one. Enhanced local heat
transfer on the rubbing surface in conjunction with addi-
tional heat removal from the surfaces of cross-drilled holes is
the dominant mechanism for overall heat transfer
enhancement. In addition, cross-drilled holes placed closer
to the ventilated channel inlet play a more prominent role in
cooling performance enhancement.

(5) According to the above thermo-fluidic mechanisms, placing
the cross-drilled holes closer to suction sides of the vanes is
expected to further improve local heat transfer on all sur-
faces of the cross-drilled brake disc. Hence, further enhanced
overall cooling performance can be achieved.
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