JOURNAL OF THERMOPHYSICS AND HEAT TRANSFER
Vol. 10, No. 1, January—March 1996

Axisymmetric Analysis of Transient Thermoelastic Behaviors
in Composite Brake Disks
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This article presents the transient thermoelastic behaviors of carbon/carbon composite brake disks in the
brake housing during braking action. The heat transfer problem from frictional heat and the elastic problem
dealing with thermomechanical deformation in brake contact are coupled to each other. The coupled heat and
elastic analysis were carried out using the finite element method. The fully implicit transient scheme for the
thermoelastic analysis was newly implemented to improve the accuracy of calculations at every time step. Since
the heat capacity of carbon/carbon composite is very large, the high temperature of the brake disk system is
confined to only the narrow regions near the friction surfaces. Therefore, the thermoelastic behaviors of carbon/
carbon compeosite brake disk system were little affected by the thermal boundary conditions in the brake housing

during braking action.

Nomenclature
capacity matrix
specific heat
elastic modulus
convective heat transfer coefficient
conductivity matrix
thermal conductivity
shape function
normal pressure on friction surfaces
hydraulic pressure
heat source
heat flux
resultant thermal loading in heat equation
cylindrical coordinates
temperature
time rate of temperature
density
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ubscripts
= area
master nodes
normal direction
slave nodes
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Introduction

IRCRAFT brake systems are usually composed of mul-
tiple disks, in which the wheel-driven rotors are sand-
wiched between stators held stationary by the brake structure.
Braking action is achieved by pressing the disks with the use
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of hydraulic pressure, and heat is generated on the contacted
surfaces of disks. Carbon/carbon composite brake disks pro-
vide adequate structural, thermal, and friction characteristics.
For a normal landing, brake temperatures of 500°C are typical
while temperatures up to 1300°C can be experienced during
the short engagement time for an aborted takeoff. Also, the
use of carbon/carbon brake disks offered a 60% weight savings
compared with steel.’ The transient thermoelastic behaviors
of carbon/carbon composite brake disks in the brake housing
should be analyzed to understand thermoelastic behaviors
that are subjected to considerable thermal loading during
braking action for designing the brake system of an aircraft.

The analysis of temperatures and stresses in the friction
disks was performed for a steel multidisk system.? An as-
sumption was made there that the distribution of normal pres-
sures on friction surfaces does not depend on the thermal
state of the disks and it is uniform. The calculation under this
assumption underestimated the thermal stresses in the disks.
The thermoelastic analysis of a steel multidisk brake was per-
formed without the assumption of the uniform distribution of
normal pressures on friction surfaces to overcome this dis-
advantage.® The finite difference method was used to solve
the unsteady heat conduction problem while the finite element
method (FEM) was used to solve the elastic problem. How-
ever, the nodes of the finite difference method were not coin-
cident with those of the FEM.??

This article presents the transient thermoelastic behaviors
of carbon/carbon composite brake disks in the brake housing
during braking action. A finite element code was developed
that allows an effective investigation of transient thermoelas-
tic analysis. The finite element code used for obtaining the
results in the present study has been verified by Sonn et al.*
However, the present results were not verified experimentally
because no experimental results were available for compari-
son.

The thermoelastic analysis of brake disks is represented as
the coupled heat and elastic problems including nonisother-
mal and multipoint contact. The heat transfer problem from
frictional heat and the elastic problem dealing with thermo-
mechanical deformation in brake contact are coupled to each
other. Therefore, the coupled heat equation and elastic equa-
tion with the contact conditions should be solved simultane-
ously. In this coupled thermoelastic analysis, the use of the
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FEM for heat transfer analysis is preferable because node
point temperatures are needed for thermal stress analysis.
Therefore, in this study, the coupled heat and elastic analysis
was carried out using the FEM different from other previous
researches.?? In addition, the fully implicit transient scheme
for the thermoelastic analysis was newly implemented to im-
prove the accuracy of calculations at every time step. The
advantage of using this finite element code is that the effi-
ciency of the calculation is increased because the same node
point variables of the same mesh layout are used in both heat
and elastic analysis. The present work is based on the fully
coupled theory that stresses and temperature fields are mu-
tually influenced. Temperature fields and deformations are
assumed axisymmetric. The wear in a short engagement time
is so small that it is neglected in this analysis.

Governing Equations

In thermally orthotropic materials, the transient heat con-
duction equation can be written as follows®:
kT )+ Q =pcT  (,m=1,2,3) (1)

Equation (1) is solved with the prescribed temperature
(Dirichlet condition), the prescribed convection (Cauchy con-
dition), and the prescribed heat flux (Neumann condition)
boundary conditions and the initial condition.

Using the Galerkin’s method, the finite element formula-
tion of unsteady heat, Eq. (1), is performed as follows:

f N,peN, dVT, + fv N, kN, dVT, + }}g N,hN, dAT,
v Al
:fMMmg+§ N,hT. dA
v Al
~$ NardA  Gj=12....8) )
A2

Equation (2) can be written in matrix form as
([CAHTY + ([Kq] + [HANTY = {Ro} + {R — (R} (3)
Heat Eq. (3) has the following form:
[CHT} + [KuHTY = {R} <
where [Ky] = [K7] + [Hq], {R} = {Rg} + {R.} — (R, }.
In the present work, the direct integration method was
selected that is a useful solution method for transient prob-

lems. A direct integration scheme is based on the following
relation:

~—

{Thrar = {Th + [(1 = PUTY + BT} adAt (5)
An implicit method is developed from Eqgs. (4) and (5) as

([C7] + BAK T vae = ([Ce] = (1 = B)AIK, TS,
+ (1 — AR}, + BAHRY, & (6)

From a known initial temperature {T},, the history of tem-
perature is generated by Eq. (6). Equation (6) contains a
factor B that the analyst may select.® In this analysis, 8 = 0.8
was used, which is an unconditionally stable scheme.

The elastic equation of static equilibrium may be derived
by using Galerkin’s method similar to the previous heat equa-
tion as’

[KI{U} = {F} + {F,} + {F7} (M

Model of Multiple Brake Disks

Configuration of Brake Disks

In this work, the r, 6, and z cylindrical coordinates are
used. Figure 1 shows the configuration of a rotor and a stator
for an aircraft brake system and the contact surface between
a stator and a rotor on which heat is generated in the -0
plane. The rotors are driven by the wheel and the stators are
held stationary by the brake structure. By pressing the disks
with hydraulic pressure, disks contact each other, and so heat
is generated on the contacted friction surfaces. The shape of
the contacted surfaces is annular, and hence, it is assumed
that temperature fields and deformations are axisymmetric
with respect to the z axis.

The schematic cross section of an aircraft brake system in
the r-z plane is shown in Fig. 2. Only one-half of the cross
section is shown because it is an axisymmetric model with
respect to the z axis. The friction surfaces are numbered 1-
6 from the right-hand side (RHS) of the brake disk system.

Contact Problem of Multiple Brake Disks

The present model is a special case of the contact problem
because it is nonisothermal and contact points appear simul-
taneously on many surfaces. In contact problems, the contact
interfaces do not have prescribed displacements or tractions.
Instead, they must satisfy two relationships such as the con-
tinuity of displacements in the normal contact direction (that
means no overlap of contact area) and the equilibrium con-
ditions {equal and opposite tractions). Although each con-
tacting body may be assumed to be linear material, contact
problems are nonlinear because the contact area does not
change linearly with the applied load. Therefore, any com-
puter program for contact problem must include some forms
of iterations. The iterations to obtain the actual contact areas
are terminated when all of these conditions are met.?

Let the interface of the two disks under consideration be
a friction surface. In each friction surface a pair of contacted
nodes is defined. One of the nodes is designated as the master
node and the other as the slave node. Then, continuity of the
axial displacements at this interface is required for each pair
of contact nodes, however, discontinuity of the radial dis-
placements can take place due to the slip at the interface. The

Stator Rotor

Fig. 1 Configuration of a stator and a rotor for an aircraft brake
system (heat is generated on the annular hatched surface).
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Fig. 2 Schematic cross section of an aircraft brake system.
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following constraint conditions are needed for each pair of
master and slave nodes at the interface:
when P > 0 8)

Uzaem = Uzars

Upuers F Upaes otherwise 9

On the friction surfaces, sliding in the circumferential di-
rection takes place. The radial component of the sliding ve-
locity resulting from the deformations of the disks is consid-
erably smaller than the circumferential component. An anal-
ogous relation holds between corresponding components of
the frictional forces. Thus, almost no frictional forces on the
friction surfaces arise. In this sense the contact of the present
model is frictionless in the radial direction.’

By the continuity condition of the temperature field, nodal
temperatures on the friction surfaces have the following con-
straint condition:

when P > 0 (10)

By the relation g* = uPro, heat that is called as brake
capacity is generated on the contacted nodes of the friction
surfaces:

q* = pPro when P > 0 (11)

q* =10 otherwise (12)

Finite Element Models with Elastic and Heat Boundary Conditions

Figure 3 shows the finite element model of carbon/carbon
composite brake disks with elastic boundary conditions in the
brake housing. The inner radius r;, the outer radius r,, and
the thickness of a disk are 0.11, 0.16, and 0.015 m, respec-
tively, in the present model. The A-B surface along the radius
of the right-end disk at z = 0.0 m is pressed by the hydraulic
pressure and the C-D surface along the radius of the left-end
disk at z = 0.105 m rests on the opposing plate. On the friction

f.s6 fs5 fs4 fs3 fs2 fsi

c b b

P

>

? D
85 elements 300 nodes per disk
r I, . inner radius (0.1 m)
* * I, : outer radius (0.16 m) r

thickness of a disk (0.015 m) ¢_
Z

Fig.3 Axisymmetric elastic finite element model for the thermoelastic
analysis.

qn=h(T_Tm)

r
(Ez——JA

Fig. 4 Axisymmetric heat finite element model for the thermoelastic
analysis.

surfaces, the constraint Eqs. (8) and (9) are to be applied.
Axisymmetric 8-node isoparametric elements were used for
the finite element analysis of the brake disk system, where
there are 85 elements and 300 nodes per disk. The model
contains 7 brake disks, and the whole system has 595 elements
and 2100 nodes. The adequate number of elements used in
the present transient analysis is very important because of the
calculation time. As the change of stress or heat flux gradients
is remarkable at the boundaries of a disk, the mesh-refinement
is required. By using the mapping function of f(x) = x — 0.2
sin(2wx)/ 27, the finer mesh near the boundaries of a disk was
adopted. -

Figure 4 shows the same finite element model with con-
vective heat transfer boundary conditions. On the friction
surfaces, constraint Egs. (10—12) were applied. Three types
of thermoelastic model were studied to investigate the effect
of boundary conditions on the interior thermoelastic behav-
iors of brake disks.

The thermoelastic model having the convective heat trans-
fer boundary condition on all boundaries was designated as
model-A. Model-A has the prescribed convective boundary
conditions (Cauchy condition), g, = (T — T.). If h is zero,
then the model has an adiabatic boundary condition (Neu-
mann condition), g, = 0. The thermoelastic model that has
the adiabatic boundary conditions on all A-B, B-C, C-D, and
D-A boundaries was designated as model-B. The thermo-
elastic model that has the Dirichlet conditions was designated
as model-C. The boundary conditions for this model-C are as
follows: the adiabatic condition is applied to the two surfaces
bound by r, and r;, and the temperature on the A-B and C-
D surfaces has a prescribed temperature boundary condition
(Dirichlet condition), T = 20°C by the assumption of the
cooling state (e.g., air blowing).

Method of Solving the Coupled
Thermoelastic Problem

In this coupled thermoelastic analysis, heat Eq. (6) con-
cerning frictional heat, and elastic Eq. (7) dealing with ther-
momechanical deformation, are coupled to each other. There-

(Start time marching t= 0)
]
v

LFully Implicit scheme k =1 1

e
v

Solve heat problem
CT+ KTT =R Make new R

T,qi= b

Solve elastic problem

KU=F

Make new
contact conditions

Tensile stress check

ToaeT
te t+ At

Fig. 5 Flow chart for the thermoelastic analysis.
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fore, Eqgs. (6) and (7) should be solved simultaneously. When
solving the problem of transient heat conduction the solutions
are computed with the time step At. If ¢ is the time at which
the solution is known, the solution for the next time step 7 +
At needs the computation of the RHS of Eq. (6), {R},,a.-
However, the distributions of P on the friction surfaces at this
time step, appearing in the thermal boundary conditions of
Eq. (11), are not known. For this reason, Ref. 3 approximated
P(t) with the total force represented by the applied hydraulic
pressure P,(¢) of known time function, as shown next:

P,(t + BAD
P, (®)

As the contact areas on friction surfaces are changing with
time in this thermoelastic analysis for brake disks, the as-
sumption of Eq. (13) may be unreasonable. Therefore, in the
present work, the fully implicit transient scheme was imple-
mented without the unreasonable assumption such as Eq. (13)
to compute the RHS of Eq. (6), {R},, ., accurately.

Figure 5 shows the flow chart for the transient thermoelastic
analysis. In the time loop, the superscript k means the number
of iteration steps. At time ¢, solving Eq. (6) yields the tem-
perature distribution {T}*. Using this {T}*, the load vector
due to thermal expansion {F* in Eq. (7) can be obtained.
To solve the contact problem, Eq. (7) is solved by an iteration
method. That is, new contact conditions and new stresses are
computed from Eq. (7) iteratively to meet the no-overlap
condition and the equilibrium condition on the contact area.
The fully implicit transient iterations are repeated at every
time step to obtain the equilibrium solution of the coupled
thermoelastic equations until {7} and {T}*~! are nearly the
same. During the process, new resultant thermal loading
{R} in Eq. (6) can be constructed by the relation of brake
capacity Eq. (11). From {R}¥ and new equilibrium contact
condition at ¢, the heat Eq. (6) at ¢ + At can be solved by
carrying out the time marching. In this way, the history of
thermoelastic state at any time could be generated.

Results

The properties of carbon/carbon for the calculation of the
thermoelastic analysis are shown in Table 1. Carbon/carbon
composite brake disk is usually fabricated to show a trans-
versely isotropic behavior in the -8 plane to provide adequate
structural, thermal, and friction characteristics at the same
time. However, the material properties in the r-z plane are
inevitably orthotropic due to the laminated nature of the car-
bon/carbon brake disk. Therefore, many material properties
for heat analysis as well as elastic analysis are needed in the
thermoelastic analysis of carbon/carbon composite brake disks.

P(t + BAf) = P(t) (13)

Table 1 Properties of carbon/carbon for the calculation of the
thermoelastic analysis
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Properties Symbol Value

Elastic modulus in r direction E, 50.2 GPa

Elastic modulus in z direction E, 5.89 GPa

Shear modulus in r-z plane G,, 2.46 GPa

Poisson’s ratio in r-6 plane Vg 0.3

Poisson’s ratio in r-z plane v,. 0.33

Thermal expansion coefficient «, 0.31 x 10-%K
in r direction

Thermal expansion coefficient a, 0.29 x 1079K
in z direction

Thermal conductivity in r direc- k, 50 W/(m K)
tion

Thermal conductivity in z direc- k. 10 W/(m K)
tion

Density p 1.8 x 10° kg/m?

Specific heat c 1.42 x 10° J/(kg K)

Convection coefficient h 454.5 W/(m? K)

Friction coefficient I 0.3

Time, t [sec]

Fig. 6 Time history of the angular velocity and the hydraulic pres-
sure.
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Fig. 7 Temperature distributions along the friction surface 1 for
t=0.2-1.0s.

Figure 6 shows the time history of P,(f) and w(¢) adopted
for the present modeling analysis. The applied hydraulic pres-
sure P,(f) was assumed to linearly grow up to 0.7 MPa by 0.4
s, and then kept constant. The angular velocity w(f) was as-
sumed to linearly decay and finally become zero in 1.0 s. The
implicit transient time step At = 0.0001 s was used in the

calculations.

Thermoelastic Behaviors of Model-A

Figure 7 shows the typical temperature distributions on
friction surface 1 with the lapse of time. The temperature
distributions on friction surfaces 1-6 had nearly the same
trend for the boundary condition of model-A. Att = 0.6,
the temperature distribution shows the maximum value during
the entire application time span.

To obtain a clear view of the thermoelastic behaviors of
the present brake disk system, the transient responses of the
thermal state are shown in Figs. 8a—8c for t = 0.2, 0.6, and
1.0 s, respectively. The temperature distributions show high
gradients near the narrow regions of the friction surfaces. It
was observed that the temperature of outer radius is a little
higher than that of inner radius.

Figure 9 shows the maximum temperature history in the
brake disk system. The maximum temperature in the system
increases by ¢+ = 0.6 s and then decreases. Since there exists
an overshoot of temperature during the thermoelastic process
of the brake disk system, it is necessary to perform the tran-
sient thermoelastic analysis in the brake disk to understand
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800

Fig. 8 Temperature distributions of the multidisk system: a) maxi-
mum T = 296°C at ¢ = 0.2 s, b) maximum T = 764°C at t = 0.6 s,
and ¢) maximam T = 507°C at ¢t = 1.0 s.

its thermoelastic behaviors accurately. The overshoot of tem-
perature stems from the used material properties and/or the
inputs, P,(f) and w(f).

Figure 10 shows the typical temperature fields of the carbon/
carbon composite brake disk system at t = 0.6 s. Since the
heat capacity pc of carbon/carbon composite is very large, the
thermal diffusivity is very small. Therefore, the high temper-
ature of the brake disk system is confined only to the narrow
regions near friction surfaces.

Figure 11 shows the typical pressure distributions along only
friction surface 1 for ¢t = 0.1-1.0 s, because the pressure
distributions along friction surfaces 1-6 also have the same
trend. The history of the pressures nearly matches that of the
applied braking pressure P,(¢) and no abrupt change of pres-

1000 T T T
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600

400
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200

il L

0 L .
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Fig. 9 Maximum temperature history in the brake system.
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Fig. 10 Temperature fields of the brake system at t = 0.6 s.
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Fig. 11 Pressure distributions along the friction surface 1 for ¢ =
0.1-1.0s.

sure distribution occurs along the friction surfaces. The pres-
ent analysis for carbon/carbon composite brake disk system
(orthotropic case) shows relatively uniform pressure distri-
butions along the friction surfaces when compared with the
results of the steel brake disk system (isotropic case) in
Ref. 3.

Figure 12 shows the typical contact areas on the friction
surfaces of the brake disk system at # = 0.6 s. The contact
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areas of the present carbon/carbon composite brake disk sys-
tem (orthotropic case) are very uniform and large when com-
pared with the results of the steel brake disk system (isotropic
case) of Ref. 3. The reason is that the contact area decreases
as the stiffness in thickness direction E, increases up to the
isotropic case of E_ = E, . Thus, the carbon/carbon composite
brake disks show good performance as a brake friction ma-
terial because of the large contact area and the overall uniform

master nodes

[ ]

T
R

!
1
T

&::1; .. wwnr.l inmw

I L W
slave nodes ZJ

Fig. 12 Contact areas on the friction surfaces at ¢t = 0.6 s, 0 =
detached master and slave node; ® = contacted master and slave node.
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Fig. 13 Heat flux vectors in the brake system at ¢t = 0.6 s.
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Fig. 14 Variation of stress components with the change of time.

L L

pressure distributions along the friction surfaces in addition
to the large heat capacity pc.

Figure 13 represents the typical heat flux vectors of the
brake disk system at ¢ = 0.6 s. Heat flux vectors are large in
only the narrow regions near friction surfaces because heat
generation on friction surfaces is very large in spite of heat
convection on boundaries. Heat flux is concentrated at the
local regions of existing the geometric singularity as heat flows
through only the contacted area. The larger the contact areas
on friction surfaces, the smoother the heat of the brake disk
system flows.

Figure 14 shows the stress components of the brake disk
system with the change of time. Solid symbols mean the up-
per-bound of stress components and hollow symbols are the
lower-bound of stress components. In an axisymmetric model,
there are four stress components a,, oy, 0,, and o,,. At the
initial time ¢ = 0.1 s, o, has the highest tensile stress value
and o, has the highest compressive stress value. At ¢t = 0.6
s, o, shows the highest compressive stress value. In the view-
points of the maximum stress failure, o, and o, are likely to
be considered as the dominant components. However, o, and
o,, are likely to be considered as the minor stress components
in this thermoelastic analysis.

Effect of Three Types of Boundary Conditions

Thermoelastic model-B and model-C were also studied to
investigate the effect of thermal boundary conditions on the
interior thermoelastic behaviors of brake disks. In addition,
the case of a large & = 4545 W/(m? K) of model-A was also
investigated. Surprisingly, the thermoelastic behaviors of all
of the models were almost the same as the previous results
of model-A. This shows that carbon/carbon composite brake
disks act as a heat sink for such a short engagement time.
Therefore, the proportion of heat dissipated into the atmo-
sphere in this period is negligible. For example, the temper-
atures of the A-B surface along the radius of the right-end
disk at z = 0.0 m were nearly kept to room temperature,
20°C independent of thermoelastic model-A, model-B, and
model-C when ¢ = 1420 J/(kg K). To verify this conclusion,
the case of small specific heat ¢ = 142 J/(kg K) of model-A
was studied.

Figure 15 shows the temperatures of the A-B surface along
the radius for thermoelastic model-A, model-B, and model-
Cwhen c = 142 J/(kg K). The temperatures of the A-B surface
are clearly dependent on the three types of thermoelastic
model-A, model-B, and model-C for the case of ¢ = 142
J/(kg K). Therefore, it is concluded that the effect of thermal
boundary conditions on the interior thermoelastic behaviors
of brake disks becomes important only for the case of small
heat capacity.

240
2204 Model—B
2004
180
160 Model—-A
140+
120+
1004
80+
604
40
I /—Model C

0 T T T T
0.11 0.12 0.13 0.14 0.15 0.16

Temperature, T [ °C]

Radius, r [m]

Fig. 15 Temperature distributions along the A-B surface of all the
models when ¢ = 142 J/(kg K) at £ = 1.0 s.
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Fig. 16 Maximum temperature history in the brake system with var-
iations of specific heat.

Figure 16 shows the maximum temperature history for the
interior of the brake disk system of model-A when ¢ = 142
and 1420 J/(kg K), respectively. The maximum temperature
for ¢ = 142 J/(kg K) is nearly six times higher than that of ¢
= 1420 J/(kg K) at r = 0.6 s. That is, the value of pc is the
main factor that influences the effect of the thermal boundary
conditions as well as the thermoelastic state in a brake disk
system.

It can be concluded that a carbon/carbon composite brake
disk system has little dependency on the thermal boundary
conditions of the system, especially the convective heat trans-
fer coefficient because of the large pc.

Conclusions

A finite element code was developed that is adequate for
the transient thermoelastic analysis of carbon/carbon com-
posite brake disks for an aircraft. When compared with the
previous researches, the efficiency of calculation was im-
proved by using the same mesh layout in the heat and the
elastic analysis. Also, the fully implicit transient scheme for
the thermoelastic analysis was newly implemented to improve
the accuracy of calculations at every time step.

Because the heat capacity of carbon/carbon composite is
very large, thermal diffusion is very slow. Therefore, the high
temperature of the brake disk system is confined only to the

narrow regions near the friction surfaces. Parametric studies
on the brake disk system were conducted for various thermal
boundary conditions and convective heat transfer coefficients.
For the usual heat capacity range of carbon/carbon composite
materials, the internal thermoelastic states of the present brake
system were almost unaffected by the various thermal bound-
ary conditions as well as the convective heat transfer coeffi-
cients. It is therefore concluded that the thermoelastic be-
haviors of the carbon/carbon composite brake disk system are
little affected by the thermal boundary conditions and con-
vective heat transfer coefficient in the brake housing during
braking action because of the small thermal diffusivity. Since
the carbon/carbon composite brake disk system shows uni-
form and mild pressure distributions along the friction sur-
faces, it can provide good braking performance. In addition,
it i1s observed that the circumferential stress component o,
and the centrifugal stress component o, in the brake disk
system are the dominant stress components from the view-
point of the maximum stress failure criterion.
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