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Fig. 1 Effects of Bia on relative error between one- and two-
dimensional transient heat � ow rate at the base. G = a) 10, b) 5,
and c) 2.

results obtained in Eqs. (8) and (9) are in exact agreement with
Tables III and II of Carslaw and Jaeger.7 The convergence of
the series’ expressions for temperature distribution and heat
� ow is rather slow for small values of time (t % 0.01). There-
fore, it is required to determine the 250th root in Eq. (9). In
each case, the summing process is terminated when the value
of the last term computed is less than 0.000001.

Figures 1a– 1c show that the relative errors of the base heat
� ow between one- and two-dimensional transient solutions are
affected by H for different Bia at G = 10, 5, and 2. The relative
errors increase with increasing Bia and t, and decrease with G
at the � xed value of H. The steady-state condition is reached
later as the values of G and Bia decrease. The relative error is
insensitive to the variation in H for smaller times at the dif-
ferent Bia number. For � xed values of Bia % 0.2, the effect of
H on the relative error becomes more signi� cant as G de-
creases at large times, but the effect of H on the relative error
is insigni� cant when Bia = 1.0 and the different values of G.
Inspection of Figs. 1a– 1c reveals that the relative error is a

minimum value as H ® ` and is a maximum value at H = 0
for the cases of Bia = 0.01 with various G values when steady
state is reached. Similarly, this phenomenon is seen for the
cases of G = 2 with various Bia values.
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Nomenclature
Bi = Biot number
h = convective heat transfer coef� cient, W /m2 K
k = thermal conductivity, W/mK
P = pressure, N/m2

q0 = heat � ux, W/m2

R i = inner radius of brake disk, m
Ro = outer radius of brake disk, m
T = temperature, K
t = time, s
z = axial coordinate, m
a = thermal diffusivity, m2/s
d = thickness of brake disk, m
z = dimensionless axial distance
u = dimensionless temperature
m = coef� cient of friction
r = dimensionless radial distance
rC = heat capacity, J/m3 K
t = dimensionless time
v = angular speed, 1/s

Introduction

B ECAUSE of outstanding high-temperature heat dissipat-
ing qualities, carbon– carbon advanced composites have

become attractive materials for aircraft disk brake pads. The
use of chemical vapor deposition (CVD) techniques in the
preparation of composite structures has made considerable im-
provements possible in thermomechanical properties of car-
bon– carbon composite materials.1 Carbon has a high heat ab-
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Fig. 1 Model for multiple disk brake assembly.

sorbing capability. Brake weight is reduced because of its high
speci� c heat. When comparing the strengths of candidate brake
materials (steel, beryllium, and carbon) as functions of tem-
perature, carbon– carbon composites retain their strength at
high temperatures while a considerable decrease in strength is
observed in the other materials.2

A transient thermoelastic analysis of composite brake disks
was made by Sonn et al.,3 assuming constant thermophysical
properties of the brake material. They showed that rC is the
main factor that in� uences the thermoelastic behavior, and the
effects of thermal boundary conditions and convective heat
transfer coef� cient in the brake housing are negligible during
the braking action because of small thermal diffusivity.

In an experimental study performed by Dowding et al.,4 the
dependence of thermal properties of carbon– carbon composite
material with temperature was given. They found that their
experimental results can be closely correlated in the form of
quadratic relations within the temperature range of 30– 6007C,
with accuracies of 2 and 6% for thermal conductivity and heat
capacity, respectively. In this temperature range, the heat ca-
pacity of carbon – carbon composite material showed an in-
crease of more than 100%. Consequently, the thermal analysis
of the carbon– carbon composite brake system must include
variable thermal properties for accurate determination of ther-
mal behavior.

In the present study, the transient thermal analysis of a mul-
tiple carbon– carbon composite aircraft brake system is given
using variable thermal properties. The applied hydraulic pres-
sure is assumed to be uniform on the contact areas but varying
with time. The convection heat transfer coef� cient is assumed
to be constant on all external surfaces of the multiple disk
assembly.

Analytical Model
Consider seven cylindrical brake disks of thickness d and

radii of Ri and Ro, respectively, as shown in Fig. 1. Rotating
disks have an angular velocity v, which is varying with time.
At the surface of the intersection of the two disks, m and P
are assumed to be constant and uniform throughout the sur-
face. The thermal heat capacity is given by rC. The thermal
conductivity and the heat transfer coef� cient are given by k
and h, respectively. The transversal symmetry is also assumed
to be satis� ed.

The governing equation for the thermal conduction in the
brake disks is given by

­Tj
rC = =(k=T ), j = 1, 2, . . . , 7 (1)j

­t

where Tj is the temperature of an individual disk ( j = 1, 2,
. . . , 7). The frictional heat generated on each of the six inter-
faces, q0 = mPvr, diffuses inside the brake disk material by
conduction. All of the external surfaces are subjected to con-
vective boundary conditions with h and ambient temperature
T`.

The thermal conductivity and the volumetric heat capacity
of the carbon– carbon composite material are given by4

2 5 2k = k (1 1 0.002366T 2 0.2545 3 10 T )0
(2)

2 5 2rC = (rC ) (1 1 0.00411T 2 0.284 3 10 T )0

respectively, where k0 = 3.195, (rC )0 = 1.28 3 106, and T is
in 7C.

Applied braking pressure and angular velocity are assumed
to vary linearly with time as

P 2.5t, 0 # t < 0.4s
= H1, 0.4 # t < 1.0sP0

where P0 = 0.7 3 106 Pa and

v /v = 1 2 t, 0 < t < 1.00

where v0 = 500 rad/s, respectively.
The solution of the preceding model is obtained by using a

� nite difference method. Although the convective heat transfer
coef� cient is assumed to be constant on all of the external
surfaces of the assembly, variable heat transfer coef� cient can
easily be implemented in the numerical algorithm.

The following dimensionless parameters are used in writing
the nodal equations in nondimensionalized form: r = r /R i, z =
z /Ri, t = , and2a t/R0 i

T 2 T` 3u = 3 102mP v R /k0 0 i 0

The constant factor 103 is used to decrease the round-off
error in calculations.

The heat generation on the frictional surfaces is q0 = mPvr.
This can be written in dimensionless form as

q0 P v
= rS D S Dq0 P v0 0 0

where = mP0v0Ri.q00
Choosing equal grid spacing both in r and z directions (Dz

= Dr), the nodal equation for a general inner node can be
written as

a aDt Dti, j i, j
u9 = 1 2 4 u 1 u 1 ui, j i, j i, j21 i, j11F S D G S D S2 2a Dr a Dr0 0

Dr
1 1 2 ui2 1, jH J2[1 1 (i 2 1)Dr]

q0Dr ki, j 031 1 1 u 1 10 Dri1 1, jH J S D S D D2[1 1 (i 2 1)Dr] q0 k0 i, j

(3)

where a0 = k0/(rC )0. It should be noted that the term isq0 /q0i, j 0

nonzero only on the nodes that are located on the frictional
surfaces, and it is zero everywhere else in the domain. It can
be shown that the time step to be selected to ensure stability
is

2Dr
Dt # (4)

4BiDr 1 4 1 Dr

where Bi = hRi /k0.
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Fig. 2 Axial temperature pro� les at � xed radial distances and
time of 1 s.

Fig. 3 Maximum temperature rise in the carbon– carbon com-
posite disk brake assembly.

Discussion
Figure 2 shows the axial temperature pro� les at three dif-

ferent radial distances and a � xed time of 1 s. Because of the
cooling effect by convection, the inner and outer surfaces ex-
hibit lower temperatures, while the maximum temperature pro-
� le lies somewhere between the midradius and the outer ra-
dius, because the frictional heat generation that is proportional
to the radial distance increases toward the outer radius. The
axial temperature distribution at midradius for the case of con-
stant thermophysical properties is also included in Fig. 2 for
comparison. When the thermophysical properties are evaluated
at an average temperature of 3007C, a considerably high brake
temperature variation is obtained. The difference in tempera-
tures at 1 s can be as high as 20– 30%. This indicates that
variation of thermophysical properties with temperature is im-
portant and should be considered.

Figure 3 shows the temperature rise at the location where
the temperature is maximum. A sharp increase in temperature
is observed during the early time of braking action. The in-
crease in temperature then slows down, and even a decrease
in temperature can be obtained. This is the consequence of
decreasing the angular speeds of the disks relative to one an-
other and of the frictional heat generation associated with it.
The history of the maximum temperature obtained using con-
stant thermophysical properties as given by Sonn et al.3 is also
included in Fig. 3 for comparison.

The effect of h on the brake temperature variation has also
been studied. It is found that the effect of h on the brake
temperature is noticeable only in the vicinity of the outer sur-
faces where the brakes are exposed to convection. The internal
areas of the disk brake assembly are not affected signi� cantly
with a change of h.

Conclusions
The transient temperature analysis of a multiple carbon-

– carbon aircraft disc brake system is obtained numerically us-
ing temperature-dependent thermophysical properties. It is
shown that the speci� c heat is the main factor affecting the
temperature distribution. An assumption of constant thermo-
physical properties can lead to 20– 30% of inaccurate results.
The maximum temperatures are obtained around the middle
disk and at locations closer to the outer radius. The temperature
rise is initially sharp and declines afterward. This is a result
of time variations of angular velocity and pressure functions
assumed in the analysis. The effect of convective heat transfer
coef� cient on the brake temperature variation is negligible.
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Nomenclature
A = surface area
Bi = Biot number, Lc/ksh̄
c = speci� c heat capacity
g = gravitational acceleration
h̄ = space – mean convection coef� cient
Ksf = solid – � uid thermal conductivity ratio, ks/kf

k = thermal conductivity
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