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Abstract

The work is dedicated to the thermal behavior and stress-strain state of ventilated disc brakes installed in
the lightweight vehicles (scooters, electric bikes, ATVs, etc.) using ANSYS environment in various experiment
modes. Modeling of the temperature distribution in the rotor (disc) and the corresponding brake pads is determined
taking into account a number of factors and input parameters during the braking operation: the amount of rotation
speed, the gap between the pads and the disc, the speed of load application, thermal expansion, etc. Numerical
modeling of the transient thermal and the stress fields in the area of contact between the pads and the rotor is
carried out by the method of sequential thermostructural connection of the intermediate calculation states of the
brake model in the ANSYS Coupled Field Transient environment. For a comprehensive assessment of brake
behavior, our research considers two load approaches: constant long-term (20 s) with an influence factor in the
form of thermal expansion as a result of contact pair friction; linear load from the pads on the disc with a
corresponding increase in pressure up to the moment when the rotation of the system is blocked. Our research
presents an assessment of the rotor ventilation channels influence on the nature of the contact spot with the brake
pads (open far-field contact, sliding contact, sticking contact, etc.). In addition, it is demonstrated that despite the
linear increase in pads pressure on the rotor, the graphs of temperatures, volume (thermal expansion) and stresses
are of parabolic character with a disproportionate increase in indicators. Such a result forces us to come to the
conclusion that it is not possible to predict the behavior of the brakes based on the analysis during a short period
of time of the experiment - conducting long-term analytical studies is extremely important in the case of brakes.

Key words: friction, brake disc, brake pads, thermal load, stress-strain state, heat flow, von Mises stress,
contact pressure, thermal expansion

Introduction

Scientific and technological progress has provided the industry with significant theoretical developments
in the field of heat and mass transfer, for example, in spheres such as tribology or thermodynamics, which have
developed over several decades with progress in many sectors: nuclear energy, aerospace and aviation, automotive,
etc. Modeling of problems related to the phenomenon of heat or mechanical energy transfer in general and through
friction pair contacts in particular, is of primary importance in the design of relevant units, for example, disc brakes
of vehicles. Many authors raised such topics in their publications as: design and thermal analysis of disc brake for
minimizing temperature [1]; effect of cross-drilled hole shape on crack of disc brake rotor [2]; thermal analysis of
disc brakes using FEA [3-4]. In fact, it is not only about the development of new models of brakes, but also about
the selection of optimal options for systems for existing vehicles, taking into account their class, type and operating
conditions. As you know, brakes are a device that creates frictional resistance to move a system element (rotor) to
stop further movement, so we can get acquainted with the modeling and analysis of FSAE car disc brake using
FEM in [5] and discover the enhancement in design and thermal analysis of disc brake rotor in [6]. Brakes are a
mechanism used to reduce the speed or stop the cycle of movement of a vehicle. Long-term use of the brake in a
lightweight vehicle (bicycle and motorcycle) causes heating during the braking process [7-9], so that the rotor is
deformed (jammed between the pads or breaks) due to high temperature and thermal expansion. Actually, the
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thermal analysis of disc brake is the topic of publication [7], which could be effectively supplemented by the study
on crack initiation at small holes of one-piece brake discs in [9]. In the research [10] authors present the velocity
and relative contact size effect on the thermal constriction resistance in sliding solids. The influence of the braking
time on the soundness of ventilated disc brake systems is reflected in [11-12]. Topic of investigation of temperature
and thermal stress in ventilated disc brake based on 3D thermomechanical coupling model raised in [13] is similar
to our work and makes sense to be researched. Our goal is to proceed the analysis of the behavior of the system
under conditions of long-term friction at constant pressure with a corresponding increase in temperature and
volume of the model, as well as with a variable load in the system (from the hydraulic cylinder), which leads to
blocking of the brakes with plastic disc deformations (determination of stresses according to Mises).

The purpose of the work

Formation of a methodology for analytical studies of thermal modes of the lightweight vehicles disc brakes
operation as a result of friction pairs contact with variable and constant pressure in the ANSYS Coupled Field
Transient software environment. Analysis of the influence on heat dissipation and stress distribution of such factors
as: duration of braking, convection in the environment, geometry of the brake disc and pads, system actuation
time.

Results of studies under constant load

A disc brake is a system consisting of a brake disc (rotor), brake pads and calipers actuated by a hydraulic
cylinder. The brake disc rotates with the wheel and the pads mounted on the brake calipers clamp it to stop or slow
the wheel (Fig. 1). Brake pads generate heat through friction, converting kinetic energy into heat to reduce the
total kinetic energy of the vehicle. Thus, due to the thermal energy generated during the braking process, the
temperature of the disc on the contact part increases and generates fatigue stresses accumulation, causing cracks
or plastic deformations that reduce the service life of the disc. Usually, ventilated discs are used to improve the
efficiency of heat dissipation, because they have channels for air circulation: the higher the rotational speed of the
disc, the higher the centrifugal force, which contributes to the dissipation of heat.

(@) (b)

Fig. 1. Solid disc brakes model: a) isometry; b) the gap between the disc and the pads in the initial state (1.5 mm);
¢) FE grid of the model

To select the optimal brake system according to the target vehicle, it is advisable to determine the required
pressure [10-12] from the brake pads:

P = Fd/S#! (1)

where: P - pressure between the disc and the pad; F, - force acting on the disc; S - surface of the pad in contact
with the disc; u - coefficient of friction.
The actual value of the pressing force F,; can be found as follows:

., =k-(Mv7)/ @
2p e =3 ()

t



Problems of Tribology 43

where: k — load factor — 0.3 (corresponding to 30%); M — mass of the vehicle; r — brake disc radius; R — wheel
radius; v — vehicle speed.

We apply the following values to the boundary conditions of the calculation: time of the experiment t =
20 s; coefficient of friction = 0.2 ¢; angular velocity w = 3.5 rad/s, which corresponds to a wheel speed of 200/s.
Wheel is rotated due to the hub with the 4 holes for mounting bolts (Fig. 1a), where are observed the highest
meanings of stress (Fig. 2b); the movement of pad A is symmetrical and presented in steps (Table 1). The initial
gap between pads and disc is 1.5 mm. Starting from 0.3 s and until the end of the experiment A=1.501 mm — thus,
the full contact between friction pairs is simulated.

Table 1
Brake pads travel during the experiment (20 s)
Time moment 0s 0.1s 0.2s 0.3s 20s
A 0mm 0.75 mm 1.5mm 1.501 mm 1.501 mm

The FEM maodel consists of 101529 elements; applied material is Structural Steel (typical characteristics
are embedded in Ansys); the number of time steps is 200 (duration of a step is 0.1 s); the total calculation time on
the equipment (2 Intel Xeon processors 24 cores, RAM 48 Gb, NVIDIA GeForce 4Gb video) was 10 hours 42
min.

Let's analyze the stress maps of the brake pads and the ventilated disc (Fig. 2) - as we can see, there is a
stress increase tendency while the experiment continues:

- the pad is pressed to the disc in 0.2 s and its stress increases from 8.3 MPa (caused by reactions from the
rotational movement in the holes for mounting bolts attaching the disc to the hub) to 223 MPa (when A reaches
1.501 mm). Further, as the experiment progresses, the stress increases to a maximum of 647 MPa at a time of 18.2
s. The intermediate state of stress at the moment of time 17.4 s is presented in Fig. 2b (the curve is “max, MPa”).
The curves "min, MPa" and "average, MPa" correspond to the minimally loaded locations of the body and the
average value of loads for all its locations, respectively.

- the pad stress increases to 22 MPa in the first 0.2 s (the period of pressing against the disc) and then
reaches up to 138 MPa at the time of 19.5 s (Fig. 2a).
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Fig.2. Stress in the braking system at a constant load: a) brake pad and stress graph over time; b) ventilated disc
and stress graph over time

What should be paid attention to: despite the constant value of the displacement of the pads (it is stable
and equal 1.501 mm during the entire experiment lasting 20 s), the stress values fluctuate and increase. Why do
we observe such processes? Let's consider the answers to both questions sequentially.
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1) Stress fluctuations are explained by the uneven structure of the disc itself (holes in the structure for
ventilation): as it rotates, the area of contact with the pad is constantly changing, and thus the pressure and stress
change as well. Let's visually check the nature of the pad contact with the disc at different moments of time (Fig.
3) - the unevenness of the distribution is dictated by the channels in the disc that affect the contact spot: the position
and movement of the contact element determines its condition relative to the target surface associated with it.

1s 10s 20s
Fig.3. Analysis of brake pad contact area at different moments of time

ANSY'S monitors each contact element and assigns a status:

- STAT = 0 Open far-field contact (open remote contact) — blue color;

- STAT =1 Open near-field contact (open near field contact) — yellow color;

- STAT = 2 Sliding contact (sliding contact) — orange color;

- STAT = 3 Sticking contact (sticking contact) — red color.

An element is considered to be in close contact if its integration points (Gauss points or nodal points) are
within the code-calculated (or user-defined) distance to the corresponding target surface. This distance is called
the pinball area. A pinball domain is a circle (in 2-D) or a sphere (in 3-D) centered around a Gauss point.

The friction coefficient may depend on the relative speed of the contacting surfaces. As a rule, the static
coefficient of friction is higher than the dynamic one. ANSY'S provides the following exponential friction damping
model:

i =MU-(1+ (FACT — 1) exp(=DC - v,4))), ©)

where: u — friction coefficient; MU - dynamic coefficient of friction (using the MP command in Ansys); FACT -
the ratio of static to dynamic friction coefficients (the minimum value is set by default 1.0); DC - damping
coefficient (by default it is equal to 0 and has the unit of dimension time/length), so time has a certain value in
static analysis); v, - slip velocity calculated by ANSYS. "Friction Decay" shows an exponential decay curve
(Fig. 4a), where the static coefficient of friction is defined as:

ls = MU - FACT ()

vref -
@) (b)
Fig.4. Research of friction: a) exponential curve of friction damping; b) pressure map on the pad surface at the
timeof 20 s

The damping coefficient can be determined if the static and dynamic coefficients of friction and at least
one data point are known (u;; v,;1)- The equation to describe friction damping can be written as follows:

DC=—-—1.In (LML) (5)

Vrel1 MU(FACT-1)

If no damping factor is specified in the simulation process, and FACT is greater than 1.0, then the friction
coefficient will suddenly change from static to dynamic value as soon as the contact reaches the sliding state. It
should be noted that such behavior is strongly not recommended, since the gap can lead to convergence difficulties
when solving the problem [7-8].
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2) Why does the value of stresses in the disc and brake pads increase, if they remain stationary and do not
increase the external load from the hydraulic cylinder? By the way, what is the maximum pressure value recorded
during the experiment (Fig. 5)?

(@) (b)
Fig. 5. Determination of pressure in the disc brake system: a) FEM model with load vector; b) determination of the
brake pad area (SolidWorks environment)

We have measured the maximum value of the load (Fig. 5a) during the experiment in the Ansys
environment: 7968.5 N at the time of 18.2 s. The pad area is 1030.78 mm? (Fig. 5b), which corresponds to a
pressure of 7.73 MPa. It’s possible to observe a similar value on the graph (Fig. 6d - orange color), which shows
the average pressure value over the pad area. However, taking into account that the contact area varies, as shown
in Fig. 3, and can occupy up to 35-40% of the pad area due to the ventilation holes at certain moments of time, the
pressure value increases up to 20 MPa. This is a typical value for disc brakes in automotive and two-wheeled
vehicles. Therefore, our experiments with the applied boundary conditions are approaching to the natural tests.

The reason of the stress increase is the thermal expansion of the disc and pads (increase in volume) as a
result of heating (Fig. 6a, b) and internal energy growth (Fig. 6¢), which leads to a decrease in the gaps between
disc and pads with the appropriate pressure rise (Fig. 6d). It should be noted that the increase in the volume of the
pad is relatively linear over time, but the disc expands according to a geometric progression - in fact, this already
prompts the idea of the feasibility of scientific research on ventilation holes in the structure of the disc, the selection
of their optimal configuration, etc.
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Fig.6. Thermal state analysis of disc brakes: a) volume of the disc; b) volume of pads; c) growth of
energy over the friction; d) pressure on the pad surface (average in area and maximum in locations)

Fig. 7 shows temperature maps of the disc at certain moments of time. Thus, the value of the disc
temperature during the experiment lasting 20 seconds reached 34.87°C. It should be understood that the following
boundary conditions were applied as a part of our research: temperature T(x,y,z) = 22°C at time t = 0 s and zero
value of convection (please note that the simulation of moving air masses assumes 5 W/m?C in a static position
and around 25 W/m?C - in dynamics) to obtain clean results of body heating and heat flux (fig. 8a,c). The value of
the pad’s temperature reached - 35.04°C, which is shown on the graph of both elements heating (disc and pads) -
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Fig. 8b. It’s quite exciting to observe how close are both graphs (Fig.8b) — heat transfer from pads to rotors could
be visually observed by the temperature equalizing between both units at any time moment.

10s 20s

Fig. 7. Temperature maps of the brake disc at different times of the experiment

Let's turn to the theory of the thermal state description of the body - the first law of thermodynamics,
which shows on the thermal energy saving [13]:

Cy (5 + I (LIT) + (LY (Q} = p (6)

In our calculated case, there is no internal pressure source (p = 0), and therefore equation (6) will be written as
follows:

pCy (E+ )T LIT) + (1Y7(Q} = 0, @
where:

o
Ly =47+ {v}=!vy}, ®)
2 Vz

0z

where: {L} — vector operator, {v} — vector speed of the vehicle.
Let's write Fourier's law (7) in matrix form:
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{Q} = —[KNL3T, ©)

where: [K] — matrix with the corresponding coefficients K., K,,,, K,, by axles X, Y, Z, which are equal in all
directions for isotropic materials: K., = K, = K, [13]:

K, 0 0
[Kl=|0 Ky, 0 (10)
0 0 K,

When combining equations (7) and (9), we get the following expression:

pCy (55 + (0} {LIT) + {137 (KI{LIT) (11)

Let's rewrite (11) in the following form:

oT oT aT oT a oT a oT a aT
— — — — ) =— — — — — — 12
pCy (at + Ux at t oy at t v at) dx (kx ax) + dy (ky 6y) + dz (kz 62) (12)
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Fig. 8. Heat load of brakes: a) heat flow of the disc; b) temperature of the disc and pad; c) heat flow of the disc at 20 s; d)
temperature of the pad at 20 s

In general, the typical boundary conditions of thermal calculation can be attributed to [13]:

- surface temperature: SURF: T =T*;

- thermal dissipation on the surface: SURF,: {Q}"{n} = —Q*;

- convection on the surface: SURF.: {Q}"{n} = h(T, — Ty),
where: SURFr, SURF,, SURF, — surface temperature, flow and convection; T~ - the temperature given at the
surface; Q" - the heat flux given at the surface; T, — surface body temperature; T, - environment temperature; h -
coefficient of convective heat transfer.

In turn, the thermal expansion presented in the graph (Fig. 6a) can be described by the following
conditions, which are relevant for the behavior of solid bodies:

- thermal coefficient of volumetric expansion (measured in inverse degrees Kelvin, K1):

1oV

a=1(%) (13)
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If the volume expansion coefficient changes significantly with temperature, then the equations must be
integrated:

v fT?*S" a(T)dT (14)

|4
- thermal expansion of the area of a solid body:
AS = 2asS,At, (15)

where: T, - initial temperature; AS — area change (for example, brake pads or disc); S; — starting area; At —
temperature change.

Results of studies under variable load

We have previously considered the behavior of the brake system consisting of a disc and pads under a
constant external load (pressure) from hydraulic cylinder on them: the static position of the pads during the entire
experiment lasting 20 s and constant travel (A=1.501 mm). How will the system show itself if we increase the
pressure in the hydraulic cylinder and set the pads movement according to the linear law (Table 2)?

Table 2
Dynamics of brake pads movement during the experiment (20 s)
Moment of time 0s 0.1s 0.2s 0.3s 1s 5s 10s
A 0mm 0.75 mm 1.5mm 1501 mm | 1.508 mm | 1.548 mm | 1.598 mm

Fig. 9. Stress-deformable state of the brake rotor

This setting of boundary conditions leads to jamming of the brakes, because two factors come into play:
the increase in pressure from the side of the pads; the thermal expansion of pads together with the disc. The stress
map at the critical moment is presented in Fig. 9 - the plastic deformation of the disc is visually observed as a
result of an attempt at inertial scrolling. As you can see, the experiment stopped at the 8th second - the further
process is a static state of the system and does not require an assessment of its behavior (the disc cools down to
the initial 22°C). Rotor and pad stress trends are demonstrated on Fig.10 — fluctuations on the graph mean the
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ventilation channels influence on the stress meaning. Additional plasticity of the material during the long-term
friction is provided by an increase in temperature as a result of pressure growth - the disc model received 32-37%
higher temperature values compared to the previous experiment (unchanged travel of pads A=1.501 mm). Such
results lead to the opinion of the necessity to arrange not only the structural optimization of the disc (ventilation
channels), but also force to think about the relevance of using heat-resistant materials for the production of brakes:
ceramics, which is a standard point in the premium segment of cars, sports cars, etc.
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Fig. 10. Brake stress under the variable load: a) disc stress graph; b) pads stress graph

Conclusions

1. The results of thermal behavior and stress-strain state of ventilated disc brakes presented in the work
using the ANSY'S Coupled Field Transient calculation environment are of a practical nature not only from the
point of view of designing new vehicles with the appropriate selection of the optimal brake configuration for them,
but also the optimization of existing structures. The research provides such valuable data as: temperature
distribution along the rotor and pads during the friction process; heat dissipation, cooling and ventilation activities;
selection of suitable materials for the production of friction pairs; creating an optimal configuration of the disc
ventilation holes; determination of the required pressure in the hydraulic cylinders, taking into account the mass
of the vehicle and the conditions of its operation (speed, convection of the medium, etc.).

2. The results obtained in the conditions of a pads static position during the entire experiment lasting 20 s
with their constant travel (A=1.501 mm) allow us to quantitatively assess the influence of thermal expansion on
the key performance indicators of the brakes as a result of friction (heating from 22°C to 35.04°C). This approach
provides an understanding of the necessity to remove heat and ventilate the brakes, because the trends presented
in the graphs indicate an exponential rather than a non-linear increase of the disc volume during heating, and
suggest the inevitability of jamming / burning of the brakes (depending on the degree of vehicle movement inertia)
with prolonged contact of friction pairs.

3. The use of the ANSYS Coupled Field environment in conjunction with the boundary conditions proposed
in the work allows you to form your own effective brake modeling methods, which is especially useful in the
conditions of small design studios and workshops, which, in fact, are often involved in the production and design
of lightweight vehicles: motorcycles, e-bikes, ATVs, scooters, buggies, etc.
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TIonenko K.E., Inxa O.B., Haarypckac 0., Ba6ak O.I1. Tepmiunuii Ta HanpyxeHo-Ae(hOPMOBAHUIA
CTaH Map TepTd BEHTUJIIbOBAHUX AUCKOBHUX I'aJibM JIETKUX TPAHCIIOPTHUX SaCO6iB

PoGora npencraBisie co0O0 AOCIIKEHHS TEIUIOBOI MOBEJIHKH Ta HaNpyKeHO-IepOpMOBaHOTO CTaHY
BEHTHJILOBAHUX TUCKOBHX T'aJIbM JISTKHX TPAHCIIOPTHUX 3aC00iB (CKyTEpiB, eIeKTPOOaKiB, KBaIPOIMKIIIB, TOIIO)
3a JIOTIOMOTOI0 po3paxyHKoBoro cepemoBuima ANSYS B pi3HHX peknMaxX BHIIPOOyBaHb. MoJIENIOBaHHS
PO3IOALTY TeMITepaTypH B POTOpPi (OUCKY) i BiANOBITHUX TaTbMIBHUX KOJIOJKAX BH3HAYAETHCS 3 YPaxXyBaHHIM
psny GakTopiB i BXiTHAX MapaMeTpiB MiJ gac oreparii ralbMyBaHHS: BEIHYNHH IIBUAKOCTI OOCPTaHHSA, 3a30PY
MDK KOJIOAKAaMH 1 JUCKOM, IIBUIKOCTI MPHKJIAJCHHS HaBaHTaXXEHHs, TEIUIOBOTO PO3LIMPEHHS Ta iH. UncenbHe
MOJICTIOBAHHs MEPEXiJIHOT0 TEIUIOBOTO IO Ta TOJI HANPYXEHb B 00JacTi KOHTAKTy KOJIOJOK Ta JUCKY
3IIMCHIOETHCS METOZOM IIOCIIIIOBHOTO TEPMOCTPYKTYPHOTO 3B’ 3Ky IPOMIDKHUX PO3PaXxyHKOBHX CTaHIB MOJEI
ranpM y cepenoBuili ANSYS Coupled Field Transient. [[jiss KOMIICKCHOT OIiHKY TIOBEIIHKH T'ajbM B IMyOJTiKarii
PO3IIISIIAIOTECS [BAa MIAXOJM HaBaHTaxeHb: crane (TpuBamicTio 20 ¢) 3 (akropoM BIUIMBY y BHIIISAIL
TEMIIEPaTYPHOTO PO3IIUPEHHS B PE3YJIbTaTi TEPTS KOHTAKTHHUX Map; JiHIiiHE HABaHTaXXEHHS 3 OOKY KOJIOJIOK Ha
JIUCK 3 BIATIOBITHUM 3pOCTaHHSIM THCKY @K O MOMEHTY OJIOKYBaHHS OO€pTaHHS CUCTEMH. TaKOXK JOCIHIKEHHS
BKITIOYA€ B ceOe OIiHKY BIUIMBY BEHTIIAIIMHUX KaHANIB POTOpa Ha XapakTep IUISIMA KOHTAKTY 3 TaJIbMiBHUMU
KOJIOZKaMH (BIIKPUTHH AaNbHIM KOHTAKT, KOHTAKT KOB3aHHS, 3ajMIaHHsA Tomo). Kpim Toro, mokasaHo, o
He3BaKAalOYM Ha JIiHIIfHE 3pOCTaHHA THCKY KOJIOZOK Ha pOTOp, rpadiku Temreparyp, 00’eMy (TEIIoBOTrO
PO3LIMPEHHS) 1 HANPY>KEHb MalOTh NMapadoIiYHIH XapaKTep 13 HeMPONOPLUiIHHUM 3pOCTaHHIM MOKa3HUKIB. Takuit
pe3yJIbTaT 3MYILIyE NMPUHATH 10 BUCHOBKY, II0 HEMOJIMBO INEpea0avnTH MOBEIIHKY rajbM Ha OCHOBI aHaJI3y
KOPOTKOTO TIPOMDKKY 4Yacy eKCIIEPUMEHTY - IIPOBEJCHHS JOBIOCTPOKOBHX aHATITUYHHUX JOCHIIKEHb €
HaJ[3BUYAIHO Ba)XKJIMBUM Y BUIIAJIKY TaJIbM.

KuarouoBi cjioBa: TepTs, TaqbMiBHUN JWCK, TAIBMIBHI KOJIOJKH, TETUIOBE HABAHTAXKEHHS, HANPY>KEHO-
neOpMOBaHHNA CTaH, TEIUIOBHUI MOTIK, HaNpy>keHH (oH Mi3zeca, KOHTAaKTHUI THCK, TEIUIOBE POIINPEHHS.



