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Abstract  
In this paper, we present an estimation of the heat flux generated by friction under real 
aircraft braking conditions using an inverse method. The estimation is performed considering 
an assumption of 1D transient model and multiple interfaces. This model takes into account a 
non-perfect description of the thermal contact. Then, an identification of the generated heat 
flux by friction in the different interfaces from experimental data is performed using a linear 
temporal evolution parameterization of this parameter. The reconstruction of the thermal 
field from identified generated heat fluxes provides some very low residues. The comparison 
between the thermal energy identified by the inverse method and mechanical energy 
absorbed on the test bench validates the results. 
 
Keywords: Estimation of thermal contact parameters, aircraft braking, inverse methods. 

 
1. Introduction 
 

Modern civil planes are prone to take-off and land several times a day. Companies’ 
willingness to reduce turnaround time (TAT) and to reduce the weight of the brake, leads to 
very high loads and temperature in carbon disks. Although temperature estimation or 
measurement seems natural, friction heat flux at disk contacts is not well-defined. Besides, 3D 
model robustness and accuracy are non-optimal, since the causes of heat fields are not 
perfectly determined. The aim of this study is to characterize in-landing boundary conditions 
at carbon disk surfaces from thermal measurements on an experimental device. Among all the 
type of inverse heat conduction problems (IHCP), we are interested here in the identification 
of an unknown heat flux boundary condition. Inverse heat conduction problems are highly ill-
posed, to the extent that any small input modification results in a pronounced modification of 
the solution. Many investigations have presented several methods in improving the stability of 
IHCP [1]–[7]. Although many works deal with experimental and numerical analysis of direct 
heat transfer problem in the automotive or rail brake disc [8]–[14], very few studies 
concerning IHCP in disc brakes have been published. Furthermore, most studies often use 
numerical simulations as data [15]. Ghadimi [16] presents an inverse algorithm based on the 
Artificial Neural Networks and the Sequential Function in order to estimate the heat flux 
absorbed by the locomotive brake disc. However, all these references present braking systems 
comprising only one disc. Fittingly, aircraft braking systems are composed of several discs in 
friction with multiple interfaces. Few references [17]–[21] deal with this configuration and all 
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of them develop Finite Element models. However, none specify the generated heat fluxes to 
be considered in these numerical models in order to determine the resulting temperature 
fields. In this study, we aim to identify these generated heat fluxes from experimental data, 
using one dimensional IHCP method. In order to solve the inverse problem, a simple direct 
model has to be developed. A Finite Difference Method (FDM) has been chosen to solve the 
direct problem. 

Different regularization techniques can be used to stabilize the IHCP procedure as 
truncation or penalization [22], [23]. In order to identify the evolution of parameters, the 
estimation could be based on the function specification method using future time step [2]. 
Finally, for the problem of identifying the evolution of the heat flux generated by friction in 
an aircraft braking system, the parameterization of this evolution is used in the IHCP [24]–
[26]. 
 
2. Brake thermal direct model 
 
2.1 Presentation 
 

For this study, the brake core is composed of nine carbon discs, including five stators 
and four rotors. The wheel and brake assembly is presented in figure 1. We propose to 
develop a simple thermal 1D model on the braking period, while the wheel is in rotation. 
During this period, we can consider that only the discs are subject to high temperature 
gradients.  After this phase, which lasts a few seconds, the heat will be transferred to the other 
part of the braking system (the wheel, torque tube, piston housing...). The short scale of time 
allows us to consider brake surrounding temperatures, close to initial conditions. 
 

 
 

Figure 1. Studied aircraft braking system (see also figure 2) 
 

During this time scale, a heat flux is generated by friction on the sliding contact surfaces 
between rotors and stators. Spatial and temporal heat flux distribution will condition the heat 
gradient within the brake system, and that is why its characterization is crucial. Currently, 
hypotheses based on brake mechanical behavior and efficiency are made but they have never 
been verified experimentally. 
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2.2 System modeling  
 

At each interface between stators and rotors, the thermal contact is supposed to be 
non-perfect. Bardon [27] proposed an expression to describe the interfacial heat exchange. 
This approach introduces two contact parameters in addition to the generated heat flux: the 
sliding thermal contact resistance and the intrinsic heat partition coefficient. Both parameters 
are dependent upon the thermal constriction resistances. An equivalent expression has been 
proposed by Tseng [28] to study heat transfer for rolling systems. During the braking, heat 
propagation is supposed to be unidirectional in the entire system, following the transverse 
direction to the discs as is shown in figure 2. kth rotor is noted as Rk, k

th stator as Sk, and the kth 
sliding interface as Ik. 
 

 
Figure 2. Representation of the studied 1D system 

 
Carbon discs can then be considered as simple successive rings, with extR  as their external 

radius, intR as their internal radius, and with a non-perfect thermal contact model between 

each disk. At first, boundary conditions are set with Fourier conditions at left and right 
extreme boundaries. The heat equation is established in eq. (1) for our one-dimensional 
problem in z direction. Moussa et al. [7] used a similar approach in their study of the heat 
transfer at the grinding interface between a glass plate and a sintered diamond wheel. 
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 (1) 

 
Where ( )kl tϕ and ( )kr tϕ are the heat flux entering the left and the right-sided disc, 
respectively, kTSCR is the thermal contact resistance, ( )g k tϕ  the generated heat flux, ( )kclT t and 

( )kcrT t , respectively, are the contact temperatures on the left and right at the interface k 
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between a rotor and a stator at the time t. Because the frictional materials are identical, the 
local heat partition coefficient kα is assumed to be equal to 0.5 for each interface according 
references [27], [28]. Time evolution of the generated heat flux ( )kl tϕ will be discussed in 
part 2.3. Lateral losses by convection on the sides of the discs are taken into account with the 
ambient temperature, which is supposed to be constant. Lateral losses by radiation are 
calculated with the heat shield temperature TS (on the external radius), and with the torque 
tube temperature TT (on the internal radius). During the braking period, there is just a small 
variation of these surrounding temperatures. Therefore, we make the assumption that they 
remain constants for the radiation model. A parametric study is conducted in part 4 to analyze 
the effect of Lh  and Lε . We show that the convective and radiative heat losses (regardless of 

Lh and Lε  physical values) are negligible comparatively to the generated heat flux. These 
losses are less than 3% of the friction energy. 
 
2.3. Parameterization of the problem 
 

The different thermal contact parameters are: ( )kl tϕ and kTSCR , kα . The local heat 
partition coefficient is supposed to be equal to 0.5 (carbon/carbon sliding contact). In the 
aircraft braking system case, where the heat generated heat flux is important [29], the impact 
of the contact resistance on the temperature is insignificant. It will be difficult or impossible 
to identify this parameter [29], [30]. Therefore, the value of the sliding contact resistance will 
be imposed on 4 2 110TSCR m KW− −= . The impact on the identification procedure of this 
assumption will be insignificant on the other parameters, under 2% if 3 2 110TSCR m KW− −<= .  
 
We propose to estimate a linear heat flux between step times. We use a generated heat flux 
parameterization with a hat function basis such as shown below in figure 3 [26]. The 
parameterization is an efficient regularization process for the inverse problem [25]. 

 

 
 

Figure 3. Heat flux function parameterization for each sliding interface 
 

The choice of the time increment 1ip ipt t t −∆ = −  is based on the supposed variation form of the 

generated heat flux study. Indeed, if t∆ is too small, it will be difficult to identify ipϕ . In fact, 

the heat flux must have sufficiently varied over a time increment in order to identify the 

1t  

1ϕ

ϕ  

t  

2ϕ  

3ϕ  

ipϕ  

pNϕ  

2t  3t  ipt  
pNt  

t∆  

maxt  



   

 5

different function values. We note 
k
ipϕ  as the different heat flux ipϕ  at the interface k. 

maxt corresponds to the stop of the wheel. 

 
 
2.4 Identification procedure 
 

The different ipϕ have to be identified. The time vector is imposed and is chosen from 

the assumed rate of heat generated flux change during the braking period. The time increment 
will be less in the first braking period instants.  Then, the parameter vector β  to be identified 

is composed of the different 
k
ipϕ  for each sliding interfaces 1 1 8

1 2 p

Tk
ip Nβ ϕ ϕ ϕ ϕ =  ⋯ ⋯  . The 

vector estimation is performed by minimizing the square of the difference between measured 
data and calculated temperatures by the direct problem [4], [31], [32]. The functional of the 
least-square method is given by equation 2, 
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where i

jTɶ is the measured temperature at time jt  and abscissaiz . On the experimental bench, 
the sensors are placed in the middle of each disk. As the first and the last sensors are used as 
boundary conditions, the number of sensors used in the procedure is seven ( 7N = ). The time 
step number is 3600 ( 3600M = ). i

jT  is the calculated temperature at the same time and the 
same abscissa. The problem is nonlinear concerning the parameters, and we could use a Gauss 
Newton Method or a trust-region method [33], [34] to identify the parameter vectorβ . This 
identification procedure was validated on a numerical case [29], where measurement data 
were simulated with the 1D numerical model with an assumption of a linear variation for the 
heat generated flux. 
 
2.5 Sensitivity analysis 
 
A sensitivity analysis on the parameters is conducted to verify their identifiability. The 

parameters are defined as k
p ipβ ϕ= with ( )1pp N k ip= − + . We denote the sensitivity matrix 

of the problem as: 
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The sensitivity vector 
p

Xβ is composed of the time sensitivities (index j) for each 

measurement point 
p

iXβ : 

 
1

p

Tii i
ji M

p p p

TT T
Xβ β β β

 ∂∂ ∂=  
∂ ∂ ∂  
⋯ ⋯  (5) 

 
All parameters have the same units and can have the same intensity. We will work on 

dimensionless sensitivities
p

Sβ : 

 

( )max
p

k
p ip

X
S S

X

β
β ϕ= =  (6) 

 
All the sensitivity vectors are presented in figure 4. The study conditions are similar to those 
found in the experimental configuration (part 4). In order to illustrate an example of one 

interface, the figure 5 presents the sensitivity vectors for the parameters 4ipϕ . It can be seen 

that only the sensors on either side of the interface are sensitive to the parameters of this 
interface. 
 

 
 

Figure 4. Dimensionless sensitivity vectors of the parameters 
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Figure 5. Dimensionless sensitivity vectors of the parameters for the 4th interface 

 
The correlation coefficient cc between two sensitivity vectors is calculated as 
 

( ) ( )
( )( )

,
p q

p q

p qp q

T

T T

X X
cc X X

X X X Xβ β

β β
β β

β β

=  (7) 

The correlations are plotted in figure 6. It can be seen that the correlation only appears 
between two consecutive parameters at the time of each interface (due to diffusive problem, 
but less than 90% in our system). It is important to note that the coefficients are widely not 
correlated between the different interfaces. 

 
Figure 6. Correlation coefficients between the parameters 
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3. Experimental Device 
 

3.1. Experimental braking system 
 

Several experimental devices can be used for the wheel and brake equipment tests, 
including flywheels. The main advantage of flywheels is the capability to reproduce in-
landing conditions for the landing gear. The contact between the tire and the track can be 
reproduced in the way that is shown in figure 7. That is why those machines are preferable for 
development and qualification tests. The wheel is attached to a frame which is movable in 
translation. During the trial, the flywheel is rotated at significant speed. The frame translates 
along the axis, as figure 7 indicates. The wheel is then applied in contact with the flywheel 
with a defined load. 
 

 
 

Figure 7. Schematic diagram of the flywheels system 
 

During the braking, the flywheel is let loose from the electric engines used for the rotation 
setting. The aim of the system is to stop the whole system by preserving its integrity and by 
ensuring the braking specification such as stopping distance. Two methods can be considered 
for the test to be a success: 
 

• Brake fluid enslavement, by maintaining the brake fluid at a constant pressure. 
• Brake torque enslavement, by maintaining the torque at a constant with pressure 

fluctuations.  

The use of flywheel allows for the reproduction of the plane kinetic energy during the 
landing. The kinetic energy to absorb ECD must take into account the wheel and brake inertia, 
as the following formula describes in equation 8. 
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The kinetic energy of the flywheel is 21
 

2v v vE K= Ω . The inertia of the flywheel can be 

identified thanks to the condition Ev = ECD . At the contact of the flywheel and the wheel, the 

linear speeds are the same (a a v vR RΩ = Ω  ) so that: 

 
 2

 v
v

a

R
K K

R

 
=  

 
 (9) 

 
Different cylinders with mass and radius properties can be placed to adjust the total system 
inertia and reach the desired value of Kv (figure 8). 
 

 
Figure 8. Experimental device 

 
Temperature is measured using type K thermocouples. Some of them are placed on fixed parts 
of the wheel and brake equipment like stators, the torque tube, the wheel axle or the piston 
housing. The others are tied to mobile parts of the wheel and brake assembly such as rotors, 
the wheel or the heat shield. In order to obtain temperature measurements of the mobile parts, 
the concerned sensors are tied to a rotating collector (figure 9). Other channels on static parts 
are straightly connected to the acquisition device. 
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Figure 9. Rotative collector 
 

At the end of the trial, the assembly is dismantled in order to check the integrity of acquisition 
channels. The purpose of stator and rotor instrumentation is to acquire sufficient information 
that will lead to successful heat flux identification (figure 10). Temperature is recorded two 
hundred times per second under braking conditions. The acquisition frequency allows us to 
track the temperature gradient and evolution during the test with adequate accuracy. 
 

 
 

Figure 10. Instrumentation of the brake 
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3.2. Experimental measurements 
 

The experimental data are presented with the following dimensionless quantities:  
 
 

max
d

ϕϕ
ϕ

= , min

max min
d

T T
T

T T

−=
−

, 
max

d

t
t

t
= , 

max min

calculated measuredT T
T

T T

−
∆ =

−
. (10) 

 
Sensors are placed in the middle of each disk. Time evolutions of dimensionless temperatures 
are presented in figure 11. The use of accurate boundary conditions in the direct problem 
(convection and radiation) is arduous. Indeed, the convection coefficients are unknown and it 
is complicated to measure the surface temperatures of the first and last stator.  
That is why temperatures of the sensor in the middle of the first and the last stator (S1 and S5) 
are used as a boundary condition (BC1 and BC2) of the set-up in the numerical model of the 
inverse method. We use other sensors (R1 to R4) in the minimization procedure in order to 
identify the generated heat flux. 

 

_  
Figure 11. Dimensionless temperature evolution at the center of each disk  

 
4. Results of identification of the generated heat flux 

 
The parameterization described in part 2.3 is used to perform the generated heat flux 

identification from experimental data. Generated heat flux evolution is linear between two 
step times. For this identification, the dimensionless time vector chosen is:  
 
 [ ]0 2.8 5.6 11.1 16.7 27.8 38.9 50.0 66.7 100 %dt =  (11) 

 
Therefore, the number of unknown parameters to be identified is 64 (8 per interface, with 8 
interfaces). For the identification of these parameters, 25200 measurement points will be used 
in the inversion procedure. It is important to note that estimation procedure results do not 
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depend on the initialization value of the vector parameter. This predication has been tested 
and validated. 
 
The different time evolutions of the identified heat generated fluxes are given in figure 12.  
The comparison between the measured temperatures and the calculated temperatures from 
theses identified heat generated fluxes for the rotors are presented in figure 13, and in figure 
14 for the stators. S1 and S5 are not shown since they are the boundary conditions of the 
system.  
 
The repartition of the thermal braking energy is shown in figure 15. This result is validated by 
the thermal residues given in figure 16. They are not signed and their level is very low, since 
we recognize the measurement noise related to instrumentation and data acquisition. Also, it 
can be observed that there is a strong disparity in the intensities of the thermal fluxes, and 
mostly in their temporal evolutions for each interface. We find an increase of the heat 
generated fluxes in the first-time steps, followed by a decrease during the braking period as 
illustrated below. This is in line with the expectations from mechanical assumptions. 
 

 
Figure 12. Dimensionless identification of heat generated flux 

 at different interfaces 
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Figure 13. Dimensionless measured temperatures and calculated temperatures 
from identified heat fluxes in the rotors 

 

 
 

Figure 14. Dimensionless measured temperatures and calculated temperatures 
from identified heat fluxes in the stators 
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Figure 15. Energy repartition between interfaces 

 
 

Lh [W.m-2.K-1] 500 10 

conv

g

E
E [%] 2.79 0.057 

Table 1. Percentage of convective energy losses on generated energy  
for two different values of hL 

 

Lε  1 0.1 

rad

g

E
E [%] 0.97 0.1 

Table 2. Percentage of radiative energy losses on generated energy  
for two different values of εL 

 
Table 1 and 2 present the percentages of lateral convective and radiative energy losses of the 
generated energy, respectively. So the values of the values of the emissivity and the 
convective coefficient have low effect. 
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Figure 16. Dimensionless thermal residues for each sensor 
 
Finally, the thermal identified energy is about 9.4% higher than the measured mechanical 
energy on the test bench. The combination of low unsigned residues with identified heat 
dissipation energy very close to the one absorbed mechanically and measured during the test 
confirms the results obtained by identification for the generated heat flux. 
 
5. Conclusion  
 

In this article, we present the estimation of the generated heat flux in aircraft braking 
system interfaces. The experimental device is described with the thermal instrumentation of 
the static and rotating part of the brake. Following, an identification procedure is performed 
from experimental data using the assumption of linear variation over time intervals on the 
generated heat flux. From this assumption, the identification provides some accurate results: 
the residues are not signed and are very low, the temporal evolution is physical, and the 
identified thermal energy is very close to the degraded mechanical energy measured during 
the test.  
This is the first time that a study identifies the real generated heat flux by friction in an 
aircraft brake system. It is necessary to carry out further tests under similar braking conditions 
in order to confirm these first results. However, the experimental instrumentation of the brake 
system coupled to the inverse method provides accurate heat generated fluxes. This could 
then be used to improve 3D numerical models in order to predict overall temperatures of the 
braking system during the braking period, as well as during the cooling period which will 
follow. 
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Nomenclature  
 

a Thermal diffusivity [m2.s-1] 
ECD Kinetic energy to absorb [J] 
Ev 

Econv 

Eg 
Erad 

Kinetic energy of the flywheel 
Lateral energy loss by convection 
Generated energy by friction 
Lateral energy loss by radiation 

[J] 
[J] 
[J] 
[J] 

h Convection coefficient [W.m-2.K-1] 
hL Lateral convection coefficient [W.m-2.K-1] 
ICD 

K 
Kv 

Brake moment of inertia 
Wheel and brake moment of inertia 
Flywheel moment of inertia 

[kg.m2] 
[kg.m2] 
[kg.m2] 

maircraft Aircraft mass [kg] 
M Number of step time measurement [-]  
N 
Np 

Number of sensors 
Number of parameters for each interface 

[-]  
[-]  

Nwheels Number of braking wheels [-]  
Ra Apparent radius of the tire [m] 
Rext External radius of the break disc [m] 
Rint Internal radius of the break disc [m] 
Rv Flywheel radius [m] 

RTSC Thermal sliding contact resistance [m2.K.W-1] 
SL Lateral surface of the disk [m2] 
T0 Ambient temperature [K]  
Tc Contact temperature [K]  
Td Dimensionless temperature [-]  

Tmin Minimum temperature in the system [K]  
Tmax Maximum temperature in the system [K]  
T Calculated temperature in Rotor and Stator [K]  
Tɶ   Measured temperature in Rotor and Stator [K]  
t Time [s] 

tmax Time of the maximum generated heat flux [s] 
td Dimensionless time [-]  
Vs Aircraft speed at braking start [m.s-1] 
z Abscissa [m] 
α Local heat partition coefficient [-]  
β Vector of parameters [-]  
β̂   Estimated vector of parameters [-]  
ΔT Dimensionless thermal residues [-]  
ε Discrepancy [%] 
εL Lateral emissivity [%] 
φg Generated heat flux [W.m-2] 
φd Dimensionless generated heat flux [-]  
φmax Maximum of the time evolution of the generated heat flux [W.m-2] 
λ Thermal conductivity [W.m-1.K-1] 

Cp Thermal Capacity [J.kg-1.K-1] 

Ωa 
Ωv 
 

Wheel rotating speed 
Flywheel rotating speed 
 

[rad.s-1] 
[rad.s-1] 

 
 

σ Stephan Boltzmann constant [W.m-2.K-4] 
i index of the sensor [-]  
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ip index of the parameters for each interface [-]  
j index of the time step [-]  
k index of the interface [-]  
l Left disk [-]  
r Right disk [-]  
S Heatshield [-]  
T Torque Tube (axis) [-]  
1 Left boundary condition [-]  
2 Right boundary condition [-]  
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