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Thermofluidic Characteristics of
a Porous Ventilated Brake Disk

We introduce a new class of ventilated brake disk which incorporates an open cellular
core: wire-woven bulk diamond (WBD). Transient and steady-state thermofluidic charac-
teristics are presented. As reference, a commercially available pin-finned brake disk is
also considered. At a braking power of 1.9 kW, representative of a medium sized truck
descending a 2% gradient at a vehicle speed of 40 km/h (i.e., 200 rpm), the WBD cored
brake disk reduces the overall brake disk temperature by up to 24% compared to the pin-
finned brake disk. Results also reveal that in typical operating ranges (up to 1000 rpm),
the WBD core provides up to 36% higher steady-state overall cooling capacity over that
obtainable by the pin-finned core. In addition, the three-dimensional morphology of the
WBD core gives rise to a tangentially and radially more uniform temperature distribu-
tion. Although the WBD core causes a higher pressure drop, this is balanced by the bene-
fit of a stronger suction of cooling flow. Flow mixing in an enlarged heat transfer area by
the WBD core is responsible for the substantial heat transfer enhancement. The WBD
core is mechanically strong yet light while providing a substantial reduction in a brake’s
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1 Introduction

Vehicle braking systems transform large amounts of kinetic
energy into heat using sliding friction between brake disks and
pads (Fig. 1(a)). During high-load braking, such as repeated high-
speed braking or extended downhill braking, the temperature at
the friction interface can be high [1]. Previous studies have shown
that such high operating temperature can cause brake fade [2,3]
and increased wear of the rubbing surfaces [4]. It has also been
reported that if the operating temperature is too high (above
600 °C) [5], the brake fluid may boil in the calliper cylinder, lead-
ing to “fluid fade” [6]. Furthermore, brake disk temperature distri-
butions are nonuniform and the consequent nonuniform thermal
deformation of the brake disk causes disk cracking [7] and ther-
mal judder [8], which is aggravated by high temperatures. There-
fore, sufficient and uniform cooling of the brake disk is desirable
to improve braking performance and safety.
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Brake disks are, therefore, often designed with two rubbing
disks sandwiching various heat dissipation elements. These
“vented or ventilated brake disks” draw cooling flow into the ven-
tilated channel when the brake disk rotates [9]. Thus, substantially
lower brake disk temperatures can be achieved using forced con-
vection in the ventilated channel. Several different types of heat
dissipation elements including purely radial vanes, curved vanes
and pin fins have been proposed and employed in commercially
available ventilated brake disks as illustrated in Fig. 1(b).

Johnson et al. [9] measured the velocity field around a venti-
lated brake disk equipped with purely radial vanes in its ventilated
channel. They found that the cooling flow swirls in the counter-
rotating direction with respect to the brake disk axis before enter-
ing the ventilated channel. Due to the Coriolis effect, the incident
flow angle to the vane passage becomes high, causing flow separa-
tion from the leading edge of the vanes. Consequently, a large
flow recirculation region forms on the suction side of each vane,
which reduces the amount of cooling flow in the ventilated
channel [10-13].

To increase the mass flow rate of cooling flow in the ventilated
channel, some improved vane designs have been devised such as
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Fig. 1 Schematics of a disk brake system: (a) components and
(b) current ventilated brake disks with vanes and pin fins

curved vanes which suppress flow separation. As a result, the
mass flow rate and the corresponding cooling performance are
reported to be further improved [14,15]. However, the highly non-
uniform heat transfer caused by the circumferentially distributed
vanes leads to a large temperature gradient in the disks near the
vanes [12,16,17]. Corresponding thermal stresses make such
brake disks prone to thermal fatigue cracking along the vanes
[17], which has restricted their application.

Subsequently, brake disks with pin fins that are both “radially”
and “circumferentially” distributed in the ventilated channel were
developed to reduce large temperature gradients within the disks.
Wallis et al. [16], Wallis [17] numerically investigated brake disks
with diamond and teardrop cross-sectioned pin fins and obtained a
more uniform temperature distribution. Parametric studies were
conducted by Palmer et al. [18,19] to further improve the heat
transfer performance of such brake disks.

Although vanes and pin fins have, to an extent, been shown to
improve the heat transfer performance of the brake disks, con-
straints by the casting method make it difficult to optimize every
aspect of the design. To eliminate casting defects, vanes and pin—
fins in current ventilated brake disks are prismatic and thick,
configured two-dimensionally normal to the rubbing disks. This
configuration may not be favorable for forced convective heat
transfer due to limited flow mixing and heat transfer area. Such a
situation motivates the authors to introduce recently developed
novel heat dissipation elements into a ventilated brake disk to
further improve its cooling performance.

In this study, we introduce a new heat dissipation medium as
the core of a ventilated brake disk. This WBD material is light-
weight and highly porous but mechanically strong. Thermofluidic
characteristics of this new porous ventilated brake disk are pre-
sented with a direct comparison to a commercially available pin-
finned brake disk, laying the foundation for an improved WBD
brake disk to be presented as future work. To this end, a series of
experiments in stationary and rotating conditions were conducted.

2 WBD Cored Ventilated Brake Disk

Various periodic cellular materials with tetrahedral, pyramidal,
and Kagome unit cells have been recently developed [20-22]. A

022601-2 / Vol. 137, FEBRUARY 2015
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Fig. 2 WBD and its integration into a ventilated brake disk: (a)
fabrication of WBD and its morphology; (b) a quarter of an an-
nular WBD core; (¢) a WBD brake disk showing aerodynamic
anisotropy

multitude of studies have shown that such materials have excel-
lent specific strength/stiffness [20] as well as heat dissipation
capability [23-25], making them a good candidate material for
lightweight ventilated brake disks where simultaneous thermal
and mechanical load bearing capabilities are required. In this
study, a ventilated brake disk with a WBD core is investigated.

A single layered metallic WBD block and its fabrication proce-
dures are schematically illustrated in Fig. 2(a). First, four straight
steel wires with an identical diameter (dwgp) are twisted together
until plastic deformation occurs and then untied from one another
to form identical helical wires with a helical pitch, /;,. Next, the
helical wires are weaved in two mutually perpendicular in-plane
directions to form two-dimensional square meshes with an edge
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Fig. 3 Geometric details of the pin-finned brake disk showing
three periods of the core topology

length of the square hole set to 0.5/,. Afterward, two square
meshes are parallel fixed in the bottom and top planes indicated in
Fig. 2(a) at a constant interval of 1,/(2)"? with the aid of a fixing
frame. Additional helical wires are then screwed into the square
meshes in four different out-of-plane directions (with an included
angle of 45 deg to one another) at an angle of 45 deg relative to
the bottom and top planes to form a specific topology. Finally, the
intersecting points of the helical wires are sprayed with copper
paste (Cubond™ grade 17LR, from SCM Metal Products, Inc.)
and brazed at 1120°C in a de-oxidation atmosphere of H,—N,
mixture. The bonding significantly improves the thermomechani-
cal performance of the WBD compared with unbrazed WBD cores
[25]. Further details of the fabrication procedure can be found in
Refs. [21,22]. The single-layered WBD block is subsequently cut
into an annular shape (Fig. 2(b)). After which, the WBD core is
sandwiched by and brazed on to two mild steel rubbing disks
(Fig. 2(c)).

3 Experimental Details

3.1 Brake Disk Samples. A commercially available pin-
finned brake disk made of cast iron (manufactured by Alfa
International (Pty) Ltd) was tested as reference. The brake disk
contains four rows of pin fin elements sandwiched between two
rubbing disks. The two central rows of the pin fins have a circular
cross section, while the innermost and outermost rows of pin fins
have a blunt end as shown in Fig. 3. In total, 120 pin fins are
arranged with 30 pin fins in each row. The pin fins occupy approx-
imately 30% of the total volume of the ventilated channel, result-
1n§ in a porosity of ~0.7 and a surface area density of ~81 m?/

. Detailed dimensions of the samples are summarized in Table
1.

Two separate WBD brake disks were fabricated. Two annular
WBD cores (Fig. 2(b)) were first fabricated using cold-rolled mild
steel helical wires (SAE1006B) with the diameter of
dwpp = 1.5 mm and the helical pitch of /;, =19.0 mm. One WBD
core was then brazed on to two mild steel (SAE1006) rubbing
disks (for testing on a rotating rig), while the second core was

Table 1 Detailed dimensions of the pin-finned brake disk
Parameter Value Parameter Value
dy 12.5mm R; 93.0mm
Hy, 56.5 mm R, 168.0 mm
Hy» 68.5mm Ry 96.0 mm
H, 12.0mm Rp> 121.5 mm
L, 13.5/16.0 mm Ry3 139.0 mm
Tp1 5.0/6.0 mm Rps 163.5 mm
T'p2 3.0/3.0mm t, 11.0mm
Ry, 73.0mm W, 10.0/12.0 mm
Ryo 82.0mm

Journal of Heat Transfer

brazed onto a single mild steel rubbing disk (for stationary
testing).

The unit cell of the WBD core is highlighted in Fig. 2(a). The
overall dimensions of the unit cell are: Lwpp=13.4mm,
Wwep = 13.4mm, and Hwgp = 14.0mm. The porosity and sur-
face area density of the WBD core were respectively estimated to
be ~0.9 and ~255 m*/m’ using the following formulae for the
idealized diamond unit cell [22]:

_ (dWBD)2
e=1-3V2n 1)

dWBD

Psa = 12v2n

(@3]

where ¢ and psa are the porosity and the surface area density of
the WBD core, respectively. The helical (instead of the idealized
straight) ligaments increase the relative density (1 — &) and surface
area density by ~15%, which needs to be accounted for. The
equivalent yield strength, maximum strength, and Young’s modu-
lus of the core were measured to be 3.2MPa, 4.8 MPa, and
1.08 GPa, respectively. Other dimensions of the WBD brake disks
are identical to those of the pin-finned brake disks.

3.2 Test Facilities. Three separate test rigs were constructed;
each serves different purposes. A stationary test rig (Fig. 4) was
used to characterize pressure drop and local endwall heat transfer
distribution. Two rotating test rigs were used to investigate tran-
sient and steady-state overall cooling performance (Fig. 5(a)) and
steady-state thermofluidic characteristics and cooling flow rate
(Figs. 5(b) and 5(c)).

3.2.1 Stationary Test Rig. Figure 4 schematically illustrates
the stationary test rig consisting of a plenum chamber where air is
supplied by a centrifugal blower. After the chamber, flow passes
through a circular intake duct (Dgue=60mm), in which wire
screens and honeycombs were installed. Flow then enters another
smaller plenum chamber to minimize flow separation at the inlet
of the ventilated channel caused by an abrupt turning from axial
to radial directions and diverges through an annular flow channel
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Fig. 4 Stationary test setup for pressure drop and heat trans-
fer measurements
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(outer diameter 500 mm). To eliminate flow leakage, the smaller
plenum chamber and annular top endwall were attached to the
brake disk. Mass flow rate was controlled by an inverter
connected to the centrifugal blower.

3.2.2 Rotating Test Rigs. The rotating test rig shown in
Fig. 5(a) consists of an ac motor mounted on a base frame, which
is connected to a shaft through a gearbox and a flexible coupling.
The shaft rotates on bearings, and is flanged at the opposite end to
allow brake disks to be directly attached. A pneumatic brake cali-
per applies a braking torque to the disk. The braking pressure and
motor speed can, respectively, be controlled using an electroni-
cally controlled Festo pressure regulator and SEW-Eurodrive
frequency inverter.

Another rotating test rig shown in Fig. 5(b) was constructed to
characterize steady-state thermal behavior of the pin-finned and
WBD brake disks. It has a similar arrangement with the braking
test rig with an ac motor, a flexible coupling, bearings, shaft, and
flange. A knuckle (outer diameter 127 mm) was bolted onto the
flange together with the brake disk. Another shaft supported by
two bearings and the knuckle is used to allow a slip ring to be
mounted. The slip ring has four channels and connects the heating

o~ \ ~AC motor
Gear box \

! "Brake disc

Velocity traverse plane

Honeycomb

>

Stationary
intake duct

Stationary
diffuser

(©
Fig. 5 Rotating test setup: (a) for transient heat transfer mea-
surement and braking test; (b) for steady-state heat transfer

measurement; and (c) test section for cooling flow rate
measurement
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elements attached to the brake disk surfaces with the DC power
supply. The heating elements are used to simulate the frictional
heating by the brake pads. The rotational speed of the brake disk
was controlled by an inverter connected to the ac motor and meas-
ured by a tachometer.

3.3 Stationary Test Details

3.3.1 Velocity and Pressure Drop Measurements. To measure
the mass flow rate of the cooling flow entering the stationary ven-
tilated channel, the profile of axial velocity component at 4.0D g,
upstream the brake disk was radially traversed using a stagnation
probe (having the outer diameter of 0.4 mm) with a static pressure
tapping flush mounted on the flow tube (having the inner diameter
of 60 mm). Then, the velocity profile was integrated to calculate
mass flow rate. The nearest measurement point was located at
0.2mm away from the inner surface of the flow tube (i.e., 0.33%
of the flow tube diameter). Based on the measured velocity pro-
file, the mean velocity (U,,) in the intake duct was calculated and
correlated as a function of the duct centerline velocity (U.) as

Un = 0.8881U, — 0.2086 3)

The mean velocity Uy, at the inlet of the ventilated channel was
then calculated as

Un = Up— “)

where A;,=2nR;H, for the pin-finned brake disk and
A, = 2nR;Hwgp for the WBD brake disk; R, is the inner radius
of the circular intake duct. The inlet velocity (U;,) was set to vary
from 2.1m/s to 11.4m/s to cover the typical flow ranges in the
ventilated brake disk during actual braking [16,26,27].

To characterize the aerodynamic anisotropy of the pin fin and
WBD cores, the mid-height radial velocity (U,) at the outlet of
the ventilated channel was azimuthally traversed using a Pitot
probe.

Static pressure tappings were used to measure the pressure
drop. One pressure tapping was placed 10.0 mm upstream and the
other 10.0 mm downstream the ventilated channel (Fig. 4). The
cores of both the brake disks have periodic topologies: 90 deg for
the WBD (see Fig. 2(c)) and 12 deg for the pin fins (see Fig. 3).
For each sample, the assembly composed of the brake disk, top
endwall, and plenum chamber was rotated in 1deg increment
within these periods to allow azimuthal pressure profiles to be
measured. The static pressures at the inlet and outlet of the venti-
lated channel were averaged to calculate the overall pressure drop
across each core.

3.3.2 Heat Transfer Measurement. To examine thermal uni-
formity on an inner endwall of the ventilated channel cored by the
WBD and the pin fins, the endwall temperature distribution at the
inboard side was mapped by a precalibrated infrared (IR) camera.
To this end, annular film heating elements were first attached to
the pin-finned and WBD cores using a 0.1 mm thick thermally
conductive tape with a thermal conductivity of 1.5W/(mK)
(see Fig. 4). The heating elements are composed of etched
Inconel heating wires (thickness 0.0476 mm, thermal conductivity
11.0 W/(mK) [28]) sandwiched between two layers of Kapton
films (thickness 0.0762 mm, thermal conductivity 0.12 W/(mK)
[29]). A 10mm thick Perspex disk was attached to the outer sur-
face of the heating elements to support the sample. The endwalls
were covered by a thick thermal insulation material to minimize
heat loss.

An IR camera (FLIR™ T640) was then used to monitor the
outer surface temperature of the heating elements which were
painted black to reduce reflectivity. A heating section of the bot-
tom acrylic endwall was removed to allow an IR window
(Edmund Optics Inc.) to be installed. Thus, a 10 mm thick air gap
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was formed between the heating elements and the IR window to
minimize heat loss. Detailed operating conditions are listed in
Table 2.

3.4 Rotating Test Details

34.1 Transient Braking Test. The braking test simulated a
representative medium sized truck (total mass 3600 kg with all
four wheels braking in equal proportion) descending a 2% gradi-
ent at a speed of 40 km/h (i.e., 200 rpm). The braking pressure was
adjusted throughout the tests to ensure that the output power of
the ac motor was kept steady at 1.9 kW for both the brake disks.
Detailed operating conditions are listed in Table 2.

The transient behavior of the outer surface temperature of the
outboard rubbing disk was recorded using the IR camera during
braking. Before the test, the IR camera was calibrated for the duc-
tile cast iron and mild steel surfaces. For calibration, three film T-
type thermocouples were mounted flush on each disk surface.
Each disk was then heated up to 200 °C. The emissivity in the IR
camera was then adjusted until the temperature readings matched
those from the thermocouples.

3.4.2 Steady-State Heat Transfer Measurement. During brak-
ing, heat generated by frictional heating is transferred into the
brake disk through the rubbing disks, and is simultaneously
removed by the surrounding fluid flow. The actual heat (flux)
distribution on the rubbing disks is unknown but depends on the
contact conditions between the rubbing disks and brake pads and
wear conditions. Since comparative overall cooling performance
of the two brake disk cores is of concern under identical contact
conditions, constant and identical levels of heat flux were imposed
by the annular film heating elements attached to the outer surfaces
of both rubbing disks. Aluminum (Al) foils (thickness 0.06 mm)
were also attached to the outer surfaces of the heating elements to
remedy the nonuniformity of the heat flux that may be caused by
gaps between etched heating wires within the heating elements.
The temperature of the inboard Al foil was recorded by the IR
camera which was calibrated in situ using a foil type thermocou-
ple (Omega™). The Al foil was painted black to reduce reflectiv-
ity. In addition, a bead type thermocouple (Omega) was used to
measure the ambient air temperature. Detailed operating
conditions are listed in Table 2.

3.4.3 Flow and Pressure Measurements. Cooling flow enter-
ing the rotating ventilated brake disk was visualized using illumi-
nated neutrally buoyant helium bubbles. The bubbles were
produced by mixing a film producing soap solution with helium in
a mixing nozzle. Clean air was used as a carrier fluid and was
mixed with the bubbles in a cylindrical vortex chamber. The bub-
bles, measured between 1 mm and 3 mm, demonstrated resilience
against impact at stagnation points on the brake disk in the flow,
with very few bubbles bursting. A modulated arc lamp was used
to illuminate the bubbles while photographing.

The mass flow rate of cooling flow drawn into the ventilated
channel was measured to characterize the pumping capacity of
each brake disk. To facilitate its measurement, a small angle

Table2 Operating conditions of heat transfer measurements

Test configuration Parameter Value
Stationary heat Mass flow rate of air 0.0789 kg/s
transfer measurement Inlet air temperature 23.5°C

Heat flux 5787 W/m2
Transient braking test Rotational speed 200 rpm

Ambient air temperature  13.0°C

Braking power 1.9kW
Rotating steady-state Rotational speed 100 rpm—1000 rpm
heat transfer measurement Ambient air temperature 16 °C-20°C

Heat flux 3034 W/m®
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diffuser was connected to the inlet of the ventilated brake disk and
preceded by a circular intake duct (D gy = 100 mm) as shown in
Fig. 5(c). A closed-cell foam type layer was tightly sandwiched
between the rotating brake disk and the stationary diffuser to min-
imize possible flow leakage. The axial velocity component was
radially traversed by a Pitot tube with the outer diameter of
3.0mm in the flow tube having the inner diameter of 100 mm,
which was then integrated to calculate mass flow rate. The nearest
measurement point was located at 5.0mm away from the inner
surface of the flow tube (i.e., 5.0% of the flow tube diameter).
Figure 6 shows measured velocity profiles at various disk rota-
tional speeds. The results indicate that the developing flow pat-
terns in the circular duct are symmetric with respect to the duct
axis. Similar profiles were obtained for both the brake disks. Mass
flow rate of the cooling flow was then calculated by integrating
each velocity profile and correlated for both the brake disks as

i =2.6 x 10°°N(N < 10001pm) 5)

where 1 is the mass flow rate of cooling flow for both brake disks,
and N refers to the rotational speed of the brake disk in rpm. Equa-
tion (5) indicates a linear increase of the mass flow rate with the
rotational speed, which is consistent with previous experimental
and numerical studies [9,16,26,27,30].

3.5 Data Reduction Parameters. The Reynolds number is
defined as a function of the hydraulic diameter (Dy,) and mean
velocity (Ujy,) at the ventilated channel inlet as

UinD
ReDh :P int’/h

(6)

where p and p are the density and dynamic viscosity of cooling
fluid (air), respectively. The hydraulic diameter Dy, was calculated
to be 2H,, and 2Hwgp for the pin-finned and WBD brake disks,
respectively. For rotating experiments, the rotational Reynolds
number [9] is used and defined as

R2
Rege = PO

@)

where o is the angular velocity of the brake disk. Equation (5)
indicates that the two brake disks have the same pumping
capacity, drawing the same amount of cooling flow rate into the
ventilated channel for a given rotational speed. Hence, the Reyn-
olds number (Repy,) has the same value for both brake disks for a
given rotational Reynolds number (Reg,).

The overall pressure drop across the pin-finned and WBD cores
is characterized by a nondimensional pressure coefficient, the
friction factor (fpy,) defined as

1_
0.5F .
~ U,=2.68m/s
2oL US30Tms R
S ———— U,=3.55m/s
U,=4.07 m/s
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Fig. 6 Measured axial velocity profiles in the circular intake
duct normalized by the centerline velocity (U;)

FEBRUARY 2015, Vol. 137 / 022601-5

Downloaded From: http://heattransfer.asmedigitalcollection.asme.or g/ on 11/18/2014 Terms of Use: http://asme.org/terms


https://www.researchgate.net/publication/245355977_Analysis_of_the_Flow_Through_a_Vented_Automotive_Brake_Rotor?el=1_x_8&enrichId=rgreq-d917931aab4c943fbfbf628cf3a8aff2-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM4MTU4MztBUzoyNzk2OTg5MTY1NjA4OTZAMTQ0MzY5NjgyNjA3Ng==
https://www.researchgate.net/publication/245355977_Analysis_of_the_Flow_Through_a_Vented_Automotive_Brake_Rotor?el=1_x_8&enrichId=rgreq-d917931aab4c943fbfbf628cf3a8aff2-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM4MTU4MztBUzoyNzk2OTg5MTY1NjA4OTZAMTQ0MzY5NjgyNjA3Ng==
https://www.researchgate.net/publication/296656261_Cooling_Analysis_of_Disc_Brake_Rotors?el=1_x_8&enrichId=rgreq-d917931aab4c943fbfbf628cf3a8aff2-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM4MTU4MztBUzoyNzk2OTg5MTY1NjA4OTZAMTQ0MzY5NjgyNjA3Ng==
https://www.researchgate.net/publication/289812054_Experimental_Investigation_of_the_Mean_and_Turbulent_Flow_Characteristics_at_the_Exit_of_Automotive_Vented_Brake_Discs?el=1_x_8&enrichId=rgreq-d917931aab4c943fbfbf628cf3a8aff2-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM4MTU4MztBUzoyNzk2OTg5MTY1NjA4OTZAMTQ0MzY5NjgyNjA3Ng==
https://www.researchgate.net/publication/259274311_Air_Flow_and_Heat_Transfer_in_Ventilated_Disc_Brake_Rotors_with_Diamond_and_Tear-Drop_Pillars?el=1_x_8&enrichId=rgreq-d917931aab4c943fbfbf628cf3a8aff2-XXX&enrichSource=Y292ZXJQYWdlOzI3MzM4MTU4MztBUzoyNzk2OTg5MTY1NjA4OTZAMTQ0MzY5NjgyNjA3Ng==

_Ap Dy

fon = T_pUizn/Z

®)

where Ap is the mean static pressure drop through the cores, L is
the radial distance between the two static pressure tappings.

The steady-state overall heat transfer is evaluated by Nusselt
number (Nug,), defined as

IR,
Nug, = r )

where £ is the thermal conductivity of cooling fluid (air) and /4 is
the overall convective heat transfer coefficient defined as
q//

h=——""—7"—
Tw‘m - Tamb

(10)

Here, ¢" is the heat flux imposed by the heating elements, T\, ., is
the area-averaged disk surface temperature obtained from the IR
images, and T, is the ambient air temperature.

3.6 Measurement Uncertainties. Pressures were measured
by a differential pressure transducer (DSA™, Scanivalve Inc.)
with a resolution of 0.3 Pa. Thus, the measurement uncertainty
associated with Reynolds number (Repy,) and friction factor (fpp,)
was estimated using a method reported in Ref. [31] and found to
be within 1.4% and 6.7%, respectively. The measured mass flow
rate drawn by the ventilated brake disk is relatively low, corre-
sponding to a mean velocity in the circular intake duct varying
from 2.35m/s to 3.40m/s. Measurement uncertainty of the mass
flow rate associated with a typical duct velocity (2.56m/s) was
estimated to be 6.5%. The uncertainty of the disk rotational speed
was estimated to be less than 5rpm, resulting in an uncertainty
less than 5% for the rotational Reynolds number (Reg,).

Ambient air temperature was measured by a T-type thermocou-
ple (Omega) with a resolution of 0.1 °C. During each test, the fluc-
tuation of ambient temperature was measured to be within
*0.4°C. The temperature measured by the IR camera showed a
deviation of =0.2°C from that measured by the foil type thermo-
couple (Omega). Therefore, the uncertainty associated with the
mean disk surface temperature was estimated to be within
*0.3°C. Consequently, the uncertainty for the convective heat
transfer coefficient (/) and Nusselt number (Nug,) were estimated
to be less than 5.2%.

4 Discussion of Results

4.1 Inlet Flow Pattern. As the brake disk rotates, cooling
flow is drawn and enters the ventilated channel. Figure 7 shows
the flow pattern at the inlet of the brake disk visualized by

Inboard disc]

Fig. 7 Inlet flow pattern visualized by helium bubbles
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neutrally buoyant helium bubbles. The helium bubbles were
released from a generator placed on the rotation axis upstream the
ventilated brake disk. The rotation of the brake disk initiates an
outward fluid flow in the ventilated channel. As a result, static
pressure at the inlet of the ventilated channel is lowered. Conse-
quently, the suction of ambient air into the channel (as shown by
the path lines A and B in Fig. 7) occurs. The apparent centrifugal
force continuously drives the air (cooling flow) out of the venti-
lated channel. In a similar way, ambient air near the outer surface
of the rubbing disk is also driven radially outward by the centrifu-
gal force (as indicated by path line C). These flow patterns are
consistent with those observed by particle image velocimetry
measurement [9]. The flow inside the ventilated channel and over
the outer surface of the rubbing disks contribute to the cooling of
the brake disk [10].

4.2 Transient and Steady-State Cooling Performance. To
characterize and compare the cooling performance in a situation
as close as possible to representative downhill descending condi-
tions for a medium sized truck, the brake disks were tested at a
braking power of 1.9kW and a rotational speed of 200 rpm as
detailed in Sec. 3.4.1.

Figure 8(a) compares the surface temperature distribution of
the pin-finned and WBD brake disks at selected temporal intervals
captured by a precalibrated IR camera. The smooth circumferen-
tial distribution of the surface temperature on the rubbing (out-
board) disks indicates a good contact between the brake pad and
disks. Overall, the surface temperature of the WBD brake disk is
lower than that of the pin-finned disk, which clearly demonstrates
the efficacy of the WBD core as a new heat dissipation medium
incorporated into the ventilated brake disk.

To quantify how the surface temperature of the rubbing disk
varies with time, the area-averaged (region (I) indicated in
Fig. 8(a)) surface temperatures from a series of IR thermal images
including those in Fig. 8(a) were extracted and plotted in Fig.
8(b). After braking is initiated, the surface temperature of both
brake disks steeply increases but its rate gradually decreases,
finally reaching steady-state values after t =4300s. In the steady-
state regime (z >4300s) the WBD brake disk exhibits substan-
tially lower surface temperature (~24.0%) than the pin-finned
brake disk.

During the initial period (1 < 1000s), both brake disks show a
similar disk temperature. However, after further braking, the
WBD disk provides superior cooling performance and its temper-
ature reduction becomes substantial: 90 °C lower than that of the
pin-finned brake disk which operates at 380 °C under the simu-
lated braking conditions.

Figure 8(c) presents radial surface temperature profiles
extracted from the dashed lines in Fig. 8(a) denoted as (II). For
both the brake disks, the surface temperature first increases, peaks
roughly at 7/R,=0.8 and then decreases with increasing 7/R,.
This indicates a better cooling close to the brake hub, which is at-
tributable to the fact that heat generated due to the frictional heat-
ing is conducted to the solid hub which acts as an additional
extended surface. The slightly decreased surface temperature near
the outmost rubbing disk is due to a higher local heat transfer
coefficient on the rubbing surface induced by a higher shear stress
from the stronger centrifugal force at the larger radius [32]. At
/Ry, >0.68, the WBD brake disk has a much lower surface
temperature (approximately 100 °C lower at /R, = 0.8).

4.3 Steady-State Heat Transfer Characteristics. The over-
all cooling behavior of the commercially available ventilated
brake disk having a pin-finned core and the porous WBD brake
disk has been compared at 1.9kW braking power, representative
of the field conditions experienced by a medium sized truck de-
scending a 2% gradient at a vehicle speed of 40km/h (i.e.,
200 rpm). However, it is important how such cooling performance
is influenced by operating conditions such as vehicle speed (or the
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rotating speed of the brake disks). To this end, the steady-state
overall heat transfer was characterized for a wide range of
rotational speeds from 100 rpm to 1000 rpm.

Figure 9(a) presents representative disk surface temperature
distributions on both brake disks, captured by the IR camera at
1000 rpm. The result demonstrates that the WBD brake disk has a
significantly lower surface temperature than the pin-finned brake
disk under the steady-state conditions, which is consistent with
the braking test results.
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Fig. 9 Measured steady-state heat transfer characteristics: (a)
surface temperature distribution at 1000rpm and (b) area-
averaged Nusselt number with the rotational Reynolds number
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The overall convective heat transfer was calculated based on
the averaged surface temperature over an area indicated by dashed
lines in Fig. 9(a). For the rotational speed ranging from 100 rpm
to 1000 rpm, the Nusselt number has been correlated as a function
of the rotational Reynolds number as

Nug, = CReg, (11)
where C=0.8609 and n=0.5836 for the pin-finned brake disk;
C=0.5776 and n=0.6431 for the WBD brake disk. The Nusselt
number for both the brake disks increases monotonically with the
rotational Reynolds numbers. The WBD brake disk outperforms
the pin-finned brake disk, providing ~16% (at 100 rpm) to ~36%
(at 1000rpm) more heat removal. At 200 rpm, the WBD core is
shown to remove 27% more heat than that achievable by the pin—
fins, which agrees well with the observed 24% reduction of the
rubbing disk temperature in Fig. 8(b).

The WBD core has a much larger surface area density (~255
m?/m>) than the pin fin arrays (~81 m*/m?), which, in part, con-
tributes to the observed substantial enhancement of overall heat
transfer.

4.4 Thermal Uniformity. Minimizing the thermal gradients
or maximizing the thermal uniformity in the rubbing disks is an
important brake design consideration. The detailed local tempera-
ture distribution on the inner endwall surface of the ventilated
channel (for the stationary test) was mapped using the IR camera.
Figure 10(a) shows the highly nonuniform temperature distribu-
tion. The local endwall temperature on and in the vicinity of each
pin fin is lower than other regions due to heat conduction to the
pin fins. On the other hand, the vertex of the WBD core is much
smaller and is distributed more evenly (Fig. 10(b)), providing
more uniform thermal distribution in the radial and circumferen-
tial directions.

Figure 11 quantitatively shows the local temperature data
extracted from Fig. 10 along IIl(a) for the azimuthal profile and
III(b) for the radial profile. Azimuthally (Fig. 11(a)), less fluctua-
tion of local endwall temperature in terms of magnitude is pre-
sented by the WBD core. It is interesting to notice that the
endwall temperature difference between regions where the WBD
presents the most open (i.e., 6 =0deg) and most closed (i.e.,
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0=22.5deg) flow paths, is insignificant. Radially (Fig. 11(b)),
there is a slight increase in local temperature toward the outer
surface of the pin-finned disk due to the smaller local Reynolds
number as the cooling flow is decelerated.

Based on the morphology of the WBD core, highly aerody-
namic anisotropy is expected (Fig. 2(c)). Figure 12 shows the ve-
locity profile measured at the outlet of the WBD brake disk
covering the azimuth angle from 6 =0deg to 45 deg where the ra-
dial velocity (U,) is normalized by the mean radial velocity (U, )
over the traverse line. The outlet velocity is highly nonuniform,
indicating the significant aerodynamic anisotropy. Cooling flow
entering the ventilated channel may be uniform but is redistrib-
uted according to the flow resistance (or blockage) posed by the
morphology of the medium inside the channel [33,34]. With the
WBD core, the least flow blockage encountered by the cooling
flow is at = 0deg, which provides a preferred flow path whereas
the highest blockage exists at 0 =22.5deg, decreasing cooling
flow rate in this flow path. It should be noted that the aerodynamic
anisotropy of the pin fins may be negligible compared to the
WBD brake disk (Fig. 12).

Although such strong aerodynamic anisotropy exists, the end-
wall heat transfer distribution on the WBD disk is seen to be
highly uniform. It is thought that cooling flow that convects along
the more open flow path has higher momentum. This increased
local Reynolds number, leads to more heat removal. On the other
hand, cooling flow which has the least momentum convecting
along the more closed flow path experiences a high level of flow
mixing promoted by the WBD ligaments. The combination of
these two different mechanisms is believed to provide the
observed uniformlike endwall heat transfer (or temperature) distri-
butions. Such thermofluidic characteristics are expected to be ap-
plicable under the rotating environment due to the strong
dependence of the convective flow and heat transfer on the mor-
phology of the WBD. Furthermore, the endwall thermal distribu-
tions in Figs. 10 and 11 also imply that smaller local temperature
gradient on the WBD disk surface minimizes thermal stresses
within the rubbing disks.

4.5 Heat Transfer Enhancement by the WBD Core

4.5.1 Pressure Drop and Suction Capability. In ventilated
brake disks, cooling flow which removes heat from heat dissipa-
tion elements in forced convection is drawn by the apparent cen-
trifugal force when the brake disk rotates. To draw more cooling
flow into the ventilated channel, a low pressure drop across the
core medium is desirable.

Pressure drop across the stationary pin-finned and WBD brake
disks has been measured at a wide range of mass flow rates.
Figure 13(a) shows the pressure drop across each core varying
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Fig. 12 Measured exit radial velocity profile indicating strong

flow anisotropy through the WBD core (Rep,, = 14,400)
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with the cooling flow velocity at the inlet of the ventilated chan-
nel. A monotonic increase in pressure drop with the cooling flow
velocity and a higher pressure drop from the WBD compared with
the pin fins over the entire velocity range considered are evident.
Since the ventilated channel is divergent along the r-axis, there is
a pressure recovery opposite to the irreversible pressure loss. Con-
sequently, the measured pressure drop contains both reversible
and irreversible pressure components.

To obtain the true pressure loss through the core, the reversible
pressure recovery is estimated as

(o) ()
Rin Roul
where R;, and R, are the radial locations of two pressure tap-
pings placed at the inlet and outlet of the ventilated channel,
respectively. The reversible pressure recovery constitutes about
20% of the measured pressure drop, acting favorably to decrease
the pressure loss.

The measured pressure data are replotted in the nondimensional
form, the friction factor in Fig. 13(b). The friction factor for lami-
nar flow through wire-woven bulk Kagome (WBK) [24] which
has a similar topology and porosity is included for comparison.
Based on the Reynolds number ranges and the distinguishable
slope from the WBK, it may be seen that cooling flow through the
WBD and pin-finned brake disks is within the turbulent flow
regime. Thus, form drag dominates the pressure loss.

Over the whole range of the Reynolds numbers considered, the
pressure drop through the WBD is about 15-30% higher than that
through the pin fins. It should be noted that the pin fins occupy
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Fig. 14 Pumping capacities of the both brake disks as a func-
tion of the brake disk’s rotational speed

30% of the total volume of the ventilated channel whereas the
WBD takes only about 10% of the total volume. In summary, for
a given cooling flow rate, the WBD brake disk causes more pres-
sure drop than the pin-finned brake disk even with approximately
20% less material occupying the flow channel. This high pressure
drop results from stronger flow mixing promoted by the highly
tortuous flow path presented by the WBD core.

It can be inferred that the higher pressure drop in the WBD core
hinders the suction of cooling flow unless the WBD core generates
a stronger centrifugal force for a given rotational speed of the
brake disk. Figure 14 depicts the cooling flow’s mass flow rate
measured while varying the rotational speed of both the brake
disks. It is surprising that both the brake disks draw almost the
same amount of cooling flow, following the same linear correla-
tion between the coolant mass flow rate and the rotational speed.
This indicates the WBD core (having about 20% less material)
can generate a stronger centrifugal force that overcomes the
higher pressure drop caused by the WBD core, and thus provide
the same suction effect as the pin-finned core.

A multitude of studies have shown that the “staggered” pin fin
arrays (from the stationary point of view) arranged in the venti-
lated channel act as “inline” pin fin arrays in the rotating environ-
ment due to the Coriolis effect [12,16-19]. Typically, the
staggered array causes a higher pressure drop than the inline array
(a 40% higher pressure drop in circular pin fin arrays [33]). There-
fore, the centrifugal force of the WBD in the rotating conditions
might be stronger than that observed in the stationary conditions.
Due to the highly complex, three-dimensional nature of the WBD,
the difference in pressure drop between in the stationary and rotat-
ing conditions may be insignificant.

4.5.2 Suppression of Dead Flow Regions. The staggered pin—
fin arrays (from the stationary point of view) in the ventilated
channel act as the “inline” pin fin arrays under the rotating condi-
tions. Large flow separation and a recirculation region exit behind
every thick pin fin. These detrimental regions are isolated from
each other with little or no interaction. However, in the WBD
brake disk, the wake regions behind each thin ligament are nar-
row. Flow mixing promoted by the three-dimensional morphology
of the WBD core may cause strong interaction between these
wake regions, which serves to update the fluid in the wake
regions, leading partly to the observed enhancement of the overall
and local convective heat transfer in the WBD brake disk.

4.5.3 Material Thermophysical Properties. Mild steel (used
for the fabrication of the WBD brake disk) has different thermo-
physical properties from that of cast iron (used for the pin-finned
brake disk). Hence, it is necessary to demonstrate that the
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observed better cooling performance by the WBD core is not
attributable to its distinct thermophysical parameters.

For the transient braking tests, material thermal capacity, and
thermal conductivity affect transient thermal behaviors of the
brake disks shown in Fig. 8, in addition to convective heat dissipa-
tion. The mass of the pin-finned and WBD brake disks was meas-
ured to be 14.22 kg and 13.47 kg, respectively. In addition, ductile
cast iron has higher specific heat (typically 506J/(kg K), ASTM
AS536) than mild steel (typically 481 J/(kg K), SAE1006). Conse-
quently, total thermal capacity of the WBD brake disk is approxi-
mately 10% lower than that of the pin-finned brake disk, which
tends to hinder the superiority of the WBD brake disk. However,
Fig. 8(b) shows that the WBD brake disk operates at a lower tem-
perature during the whole braking test, revealing that better cool-
ing performance by the WBD core is not attributable to its distinct
thermal capacity.

In terms of material thermal conductivity, transient experimen-
tal test of a similar cast iron brake disk by McPhee and Johnson
[10] has revealed that material thermal resistance is negligible
compared with convective resistance, demonstrating the feasibil-
ity of lumped capacitance analysis. For the present braking test
concerning average rubbing surface temperature, half the distance
between two rubbing surfaces of the cast iron brake disk (i.e.,
17mm) is a reasonable characteristic length to calculate Biot
number [10]. At 200 rpm, area-averaged heat transfer coefficient
for the pin-finned brake disk was estimated to be 19.4 W/(m’K)
according to the effective Nusselt number in Fig. 9. Consequently,
Biot number was calculated to be 0.011-0.005 for typical
thermal conductivity values of cast iron and mild steel (i.e.,
30 W/(mK)—65 W/(mK)). According to Ref. [10], material resist-
ance of the present pin-finned brake disk is also negligible due to
a smaller Biot number than 0.1. Hence, if a pin-finned brake disk
made of the same mild steel as that used for the WBD brake
disk is taken as reference, the superiority of the WBD brake disk
approximately remains unchanged.

To further demonstrate the negligible effect of material thermal
conductivity on steady-state cooling performance in Fig. 9,
steady-state three-dimensional conjugate flow and heat transfer
was numerically simulated only for the pin fined brake disk using
ANsYS Crx 14.5. The details are not presented here for brevity.
After thorough experimental validation, the material thermal con-
ductivity was varied from 30 W/(mK) to 65 W/(mK) in the numer-
ical model to investigate the effect of thermal conductivity, which
again covers typical values of cast iron and mild steel. At the max-
imum rotational speed (i.e., 1000rpm) within the considered
range (i.e., 100 rpm—1000 rpm) when material thermal resistance
plays the most pronounced role due to the maximum Biot number,
it has been found that the thermal conductivity of the brake disk
material (at least within this range) plays negligible part in deter-
mining overall heat transfer in the pin-finned brake disk with a
deviation of less than 2.5%.

5 Conclusions

This study presented a new class of lightweight ventilated brake
disk utilizing a highly porous metallic open cellular core—WBD
to further improve the cooling performance of ventilated disk
brake systems. A series of transient and steady-state experiments
were conducted to characterize its thermofluidic characteristics
along with a direct comparison with a commercially available pin-
finned brake disk. Conclusions drawn in this study are summar-
ized as follows:

(1) Substantial reduction of rubbing disk temperature (i.e.,
16-36%) can be achieved by the WBD core compared to
the pin-finned brake disk for the rotational speed ranging
from 100 rpm to 1000 rpm.

(2) The three-dimensionally configured thin ligaments of the
WBD core lead to azimuthally and radially more uniform
heat transfer.

022601-10 / Vol. 137, FEBRUARY 2015

(3) The highly porous WBD core causes higher pressure drop
than the pin-finned core but its stronger suction capability
gives rise to an equal resultant coolant flow rate for a given
rotational speed of the brake disk.

(4) Stronger flow mixing in conjunction with enlarged heat
transfer area contributes to the heat transfer enhancement.
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Nomenclature

A;, = flow area of a ventilated channel inlet (m?)
C = empirical constant in Eq. (11)
d,, = circular pin fin diameter (m)
dwgp = ligament diameter of a WBD core (m)
D guet = inner diameter of a circular intake duct (m)
Dy, = hydraulic diameter of a ventilated channel inlet (m)
fpn = friction factor defined in Eq. (8)
h = overall heat transfer coefficient defined in Eq. (10)
(W/m?K)
H, = pin fin height (m)
Hy, Hy,» = axial dimensions of a brake hub (m)
Hwgp = WBD core height (m)
k = thermal conductivity of air (W/mK)
L = radial distance between two static pressure tappings
(m)
Iy, = pitch of the helical wire (m)
L, = pin fin length (m)
Lwgp = unit cell length of a WBD core (m)
m = cooling flow rate (kg/s)
n = empirical constant in Eq. (11)
N = rotational speed of a brake disk (rpm)
Nug, = Nusselt number defined in Eq. (9)
¢" = heat flux released by a heating element (W/m?)
r = radial coordinate (m)
T'p1» I'p2 = round radii of pin fins (m)
Rguet = inner radius of a circular intake duct (m)
R; = inner radius of a rubbing disk (m)
R, = outer radius of a rubbing disk (m)
Rin, Royw = radial locations of pressure tappings (m)
Ry, Ry» = radial dimensions of a brake disk hub (m)
Rp1—Rp,4 = radial locations of pin fins (m)
Rep, = Reynolds number defined in Eq. (6)
Reg, = rotational Reynolds number defined in Eq. (7)
t = time (s)
t, = rubbing disk thickness (m)
T.mp = ambient air temperature (°C)
w = disk surface temperature (°C)
Tw.m = mean disk surface temperature (°C)
U = axial velocity component in a circular intake
duct (m/s)
U, = centerline velocity of a circular intake duct (m/s)
= mean velocity at the inlet of a ventilated
channel (m/s)
U, = mean velocity in a circular intake duct (m/s)
U, = mid-height radial velocity measured at the exit of a
diverging ventilated channel (m/s)
U, = mean radial velocity over a traverse line at the outlet
of a divergent channel (m/s)
W, = pin fin width (m)
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Wwsp = unit cell width of a WBD core (m)
z = axial coordinate (m)

Greek Symbols

Ap = measured pressure drop (Pa)

Ap, = reversible pressure recovery defined in Eq. (12) (Pa)
& = porosity of a WBD core
0 = Azimuth coordinate (degree)
1 = dynamic viscosity of air (Pa - s)
p = density of air (kg/m®)

psa = surface area density of a WBD core (m?/m?)
o = angular velocity of a brake disk (rad/s)

Abbreviations

rpm = revolution per minute
WBD = wire-woven bulk diamond
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