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Abstract - The aircraft landing gear undergoes severe stress and temperature gradient within a short span of time from 
braking to stoppage. The kinetic and the potential energy of the aircraft are converted to the rotational energy by the wheels, 
which are then transformed to heat energy through braking systems. The current generation of braking systems consists of an 
array of stators and rotors lined up together in a T-formation incorporated within the hub of the wheel. The rotors are 
connected to the wheel hub via the torque tube and rotate with the wheel. When the brakes are applied, the piston housed in 
the brake presses the rotors against the stators and the kinetic energy of the wheels is converted into heat. The temperature of 
the brake linings, discs and other peripheral systems can reach from 500° C to 2000° C. Therefore, designing a robust 
braking is imminent to ensure safety of the plane. In this paper, a design methodology for designing brakes of an aircraft has 
been discussed, historical and current material selection trends for the brakes and using the accumulated data, a numerical 
example is solved taking in account the data of a Boeing 737 aircraft. The Boeing 737 has historically used steel brakes 
followed by carbon brakes in the newer versions. Here, it is simulated using a newer material: Aluminum Metal Matrix 
Composite (AMMA). The rotor (produced by Parker Cleveland)is modeled in SolidWorks 17 and structural and thermal 
analysis of the brake disc is performed using ANSYS 18.2. 
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I. INTRODUCTION 
 
Modern aircrafts generally have a tri-cycle 
configuration and the braking systems are generally 
operational on the main wheels while the nose wheels 
are used for steering. There are three major categories 
of brakes on aircraft: service brakes, emergency 
brakes and parking brakes. In addition to the brakes, 
the aircraft are also equipped with other speed 
retarding devices like reverse thrusters, drag chute 
and speed brakes. 
As the volume of passengers travelling through 
aircrafts increases, the size of the airplanes and 
number of trips undertaken by them have grown 
rapidly. Boeing 737 is the best-selling commercial 
single-aisle twin jet airline in the history. It is widely 
operated by Low-Cost Carriers (LCC’s) for flying on 
medium range and high-density routes. Thus, a single 
aircraft tends to make multiple trips every day for 
maximizing profitability for the airline. It puts a lot of 
stress on the landing gear components like wheels, 
brakes, tires, and hydraulic systems. Especially the 
brakes, which accumulate thermal energy due to 
repeated & frequent landings and taxiing and the heat 
is slow to dissipate. The accumulated thermal energy 
limits the functioning of brakes. 
 
In this paper, we design the brakes which can sustain 
the rejected take-off (RTO) condition. In case of a 
RTO, the aircraft has already achieved V1 speed 
(Take-off Decision Action Speed) and needs to be 
decelerated from V1 to stop within a limited time and 
runway length. Otherwise, the aircraft overshoots the 
runway and a permanent damage would occur. Thus, 
the brakes need to be designed which can sustain the 
temperatures and stresses formed during the RTO. 

II. MATERIAL SELECTION 
 
1. Steel and Beryllium Brakes: Until about 1963, 

aircraft brakes were made from steel and other 
iron alloys. The steel brakes were economical 
and easy to manufacture but heavy. Thereafter, 
the designers switched to Beryllium heat sinks 
which was used in Lockheed C-5A. Beryllium, 
although lighter was highly toxic due to 
formation of Beryllium oxide which required 
special precautions when handling the material.1 

2. Carbon/Carbon Brakes: The carbon-carbon 
brakes consist of carbon fibres embedded in a 
carbonaceous matrix2. They are used in aircrafts, 
spacecrafts and F1 race cars primarily as a brake 
material, engine component and heatshield. The 
material is light, strong and can be used at 
temperatures over 3000 ℃ without any loss in 
performance. 3. 

 

 
Figure 1 Brake Materials Data 

(Reproduced from Norman S Currey's Aircraft Landing Gear 
Design Principles.) 

 
Today, about 63% of the carbon-carbon produced in 
the world is used in aircraft braking systems4 and the 
carbon brakes occupy a majority of share in the 
market. Therefore, they have been subjected to wide-
spread research. The market is occupied by five 
companies: Messier-Bugatti in France; Hitco, 
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Honeywell, and Goodrich in the United States; and 
Dunlop in England5. 
As it is used in extreme environments with elevated 
temperature and pressure, it is prone to oxidation. To 
inhibit oxidation occurrence, partial or complete 
matrix modification is performed using elements such 
as Silicon and Zirconium. 
C/C composites comprise of non-homogeneous 
structures like fibres, matrix and pores, and all of 
them combine to give a diversity of microstructures 
and owing to its complexity; it is difficult to predict 
the thermal carrying capacity 3. Other drawbacks are 
in homogeneity, insufficient stability of friction 
coefficient cause due to humidity and high-cost of 
production. 

1. Carbon reinforced silicon carbide 
(C/SiC)composite: C/SiC employs SiC 
infused with carbon fibre.SiC is primarily an 
abrasive and has high strength, low coefficient 
of thermal expansion and good wear 
characteristics than pure C/C. The properties 
give longer service life to the brakes. (Maleque 
and Karim, 2005). 
C/SiC composites are manufactured using 
powder metallurgy process and C/C 
composites. 6 
The SiC braking systems are heavy, 
susceptible to corrosion and have an inferior 
performance at elevated temperatures. 
However, their manufacturing costs are low 
and there is maturity in material development.7  
C/C brakes exhibit excellent thermal and 
mechanical properties for lower weight. 
Combining them, gives C/SiC composites 
which exhibit exceptional properties for 
braking systems such as low wear rate, low 
density, high strength, outstanding frictional 
properties, high-temperature resistance and 
long service life.6 

 
2. Aluminum Silicon Alloy: The Al-Si alloy has 

a low thermal-expansion coefficient, high 
corrosion and wear resistance and robust 
mechanical properties over a spectrum of 
temperatures. In comparison, the Al-Si alloys 
are superior to the aluminum alloys as they 
possess stability at higher temperature, better 
wear characteristics, better heat transfer 
characteristics, and dampening.8. However, 
due to poor tribological properties, the Al-Si 
alloys are not popular. 

 
3. Monolithic ceramic material: They are made 

from clay and porcelain bonded to copper 
flakes and filaments. Ceramic brakes have 
reduced vibration, rotor wear and noise and 
dust levels compared to other brakes. In 
contrast, metallic brake pads have been known 
to cause excessive rotor wear, high occurrence 
of brake squeals and high levels of brake dust 

generation during braking9. Ceramic brake 
rotor is fabricated using this type of material 
which are used for high performance cars and 
a possible application in the aircraft field. 

 
4. Aluminum Carbon Nano Tube (CNT):  Pure 

aluminium (Al) has poor mechanical 
properties, and, hence needs to be alloyed with 
some other metals and reinforced with 
reinforcement for improving its mechanical 
properties (Singhal et al., 2012). Therefore, Al 
metal matrix composite with suitable 
reinforcement such as ceramic particles, fine 
fibers, and Nano fillers such as CNT. 
Aluminum matrix composites has been widely 
used in applications to meet high-performance 
needs for structural strength. It was used in the 
Space Shuttle and Hubble Space Telescope. 
Thereafter, with a goal of creating a lower 
cost, high volume product, the emphasis 
shifted toward particulate-reinforced materials 
that could be used in commercial aerospace 
and automotive sector. 

 
In this project, we choose Aluminum-Metal Matrix 
Composition (AMMC)due to its low density and high 
thermal conductivity. The AMMC is further 
reinforced with Silicon Carbide (Carborundum)which 
increases the overall yield strength, thermal 
conductivity and thermal shock resistance. 
In the following graph, we can visualize the strength 
vs cost of different materials of employed in braking 
systems. As we can see that C/C is at the higher cost 
end of the spectrum, and the CNT-Al is on the lower 
end. The designers are trying to combine the C/C 
with CNT-Al for making a high performance – cost 
effective material 10. 
 
III. DESIGN OF BRAKES 
 
The modeling and methodology for designing brakes 
for Boeing 737 has been done as described by 11, 12, 
13, 

 
Figure 2 Strength Vs Cost Graph of Brake Materials 

(Reproduced from M.A. Maleque and U. Abdullahi, 2013) 
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The kinetic braking energy required for each main 
wheel is: 

퐾퐸 =  
0.0443 × 푊 × 푣

푁  
Where, 퐾퐸 = Kinetic energy per braked wheel in ft-
lbf 
푁 = Number of braked main wheels 
푊= Weight of the aircraft 
푣 = Velocity of the aircraft 

According to FAA’s regulations, the brake power and 
landing distances should be calculated only when the 
brake assemblies are completely worn to their 
allowable wear range. 
The KE of the aircraft is 

1. Stopping the aircraft according to the design 
requirements. 

2. Limiting the maximum acceleration. 
3. For the RTO at MTOW situation. 

 

 
Figure 3 OEI and AEO RTO Process 

 
Currently, the RTO is considered most critical state 
during the journey of airplane, with a high chance of 
permanently damaging the aircraft and causing a 
major accident. Therefore, all the calculations done 
for brakes, wheels and tire assembly are done under 
this condition. 
 
There are two kinds of RTO: 

a) RTO with one engine inoperative. (OEI) 
b) RTO with all engines operative. (AEO) 

 
As their names suggest, the RTO – OEI is an extreme 
case because the pilot cannot deploy reverse thrusters 
effectively. 
 
Mathematical modeling 
We assume that the runway is assumed to flat, or with 
a small positive and negative slope. A rigid airplane 
braking model which incorporates the rotary inertia 
of the axles, wheels, tires, and discs is developed. 
When the airplane is taking off, the linear momentum 
is conserved along the x-axis and angular momentum 
about the wheel center forming two equations: 

푀 ∙
푑푣
푑푡 =  퐹 − 퐹 − 퐹  

퐼 ∙
푑휔
푑푡 =  퐹 ∙ 푅 − 휏 − 휏  

When braking,  and < 0. 
 
Where, 푣 = Longitudinal speed component of 
aircraft’s CG. 
휔 = Angular speed of tires 
푀 =Total Mass of the aircraft 
푅 =Effective Braking Radius of the wheel 
퐹  = Friction Force 

퐹 = Drag Force 
퐹 = Rolling Friction Force on MG and NG 
퐹 = Residual Thrust Force 
휏 = Braking Torque produced by the wheels 
휏  = Frictional Force due to Axles and Bearings. 
 
The Frictional resistance offered by the axle and 
bearings is assumed to be negligible, 휏  = 0. 
 
From the above equations, an inherent relation can be 
brought interlinking the Kinetic Energy, Rotational 
Energy and Potential Energy of the aircraft during the 
take-off: 
 
푑
푑푡

1
2푀 푘푣 −푀 푔휑푥

= − 퐹 ∙ 푣 − 퐹 ∙ 푣 ∙ (1 − 푠) − 퐹
∙ 푣 ∙ 푠 + 퐹 ∙ 푣 

 
The coefficient k, is the added mass coefficient, and 
is added to consider the rotary inertia of the axles, 
tires, wheels, and brake discs14 
 

푘(푠) = 1 +
퐼 ∙ (1− 푠)
푀 ∙ 푅  

Where Rw = Free rolling tire radius 
 
Since the airplane engines have no transmissions and 
tractive capabilities, the engine rotary inertia is quite 
small (1.005 to 1.05). 
 
The above equation can be explained in the terms of 
Work-Energy balance as well; the total work, Ψ done 
along the conservative and non-conservative path is 
given by: 
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푑
푑푥

(푀 ∙ 푣 )
2 =  −퐹 − 퐹 − 퐹 −푀 ∙ 푔 ∙Φ

+ 퐹  

Ψ =  퐹⃗ ∙ 푑퐿⃗ 

The total work done has to be converted into heat by 
the brakes. 
The tire longitudinal slip occurs because a braked tire 
always rotates at a slower speed than a free rolling 
tire. It can be represented in the following terms15: 

푠 =  
푣 −  푅 휔

푣 s = 1 −
푣
푣 ;   0 ≤ 푣 ≤ 푣 

Where, Vw = Rotational speed of tire undergoing 
braking. 
 
To determine the longitudinal slip of an aircraft, a 
comprehensive derivation was provided by11 
During the lift off and subsequent climb, the vertical 
acceleration is: 

푀 ∙
푑푢
푑푡 = 푁 +푁 + 퐿 + 퐿 −푊 = 0 

 
And the pitching moment: 

퐼 ∙
푑푞
푑푡 = 푁 ∙ 푑 −푁 ∙ 푑 − 퐹 ∙ 푑 − 퐿 ∙ 푑

− 퐿 ∙ 푑 = 0 

푞 =  
푑휃
푑푡  

We assume that during the ground roll both the 
motions are nearly zero. This implies that during 
dynamic braking instantaneous weight re-distribution 
occurs.11 
 
The braking force is calculated using the following 
formulae: 
퐹 = 퐹 +  퐹 =  휇 (푅 + 푅 ) =  휇 (퐿 −푊) 

퐿 =  
1
2휌푣 푆퐶 =

1
2휌푣 푆 (퐶 + 퐶 ) 

휇 = 휒휇 + (1 − 휒)휇  
The coefficient of friction of ground is determined 
from Table No.3 
The drag and the residual forces are: 

퐹 =
1
2 ∙ 휌 ∙ 푣 ∙ 퐶 ∙ 푆 

퐹 ≈ 0.5 ∙ 푇  
The Fres is calculated using Table No.4 
 
Weight transfer during dynamic braking 
When the airplane is on ground, the static loads on it 
are shown in the Figure 4. The force balance 
equations are given below: 

푁 ∙ 푑 −푁 ∙ 푑 = 0 
푁 + 푁 = 푊 
푑 + 푑 = 푤푏 = 푐 

Where, wb = Wheel Base of an aircraft. 
 
The CG of an aircraft is not static and moves between 
thse maximum aft and forward limits during the 
flight16. 

During the designing phase, the load on the MG is 
assumed in the range of 80-95% and rest on NG. 
Here, we assume that MG experiences 95% of the 
weight. During dynamic braking, the balance of 
torque and forces changes and thereby the reactions. 
 

 
Table 1 Ground Friction Coefficients (Reproduced from S. 

Gudmundsson-General Aviation Aircraft Design, 2013) 
 

 
Table 2 Residual Thrust Force for different engines during 

RTO. 
 
The force and torque balancing equations are: 
푁 ∙ 푑 −푁 ∙ 푑 − 퐹 ∙ 푑 − 퐿 ∙ 푑 − 퐿 ∙ 푑 = 0 

푁 + 푁 = 푊−퐿 − 퐿  
 
Moment generated from residual thrust, drag, and 
rolling nose gear tire friction are neglected due to 
their small magnitude. 
 
Energy considerations during braking 
The total energy of an aircraft in motion on a runway 
while TO/Landing is: 

퐸 =
푀
2 ∙ (푣 − 푣 ) +

퐼
2 ∙ (휔 −휔 ) −푀 ∙ 푔

∙ 푥 
 
The instantaneous Total Energy of an airplane must 
be equal to or smaller than MBE, at all points on the 
runway so that the aircraft can be stopped safely: 
 

퐸 (푀 ,푘,푣,휑) < 퐸  
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Figure 4 Kinematic Analysis during Take-Off 

 
The total mechanical power of a moving airplane on 
an incline surface considering inertia of rotating 
components, and peripheral systems is obtained 
through differentiation of the total energy equation: 

푃 =
푑퐸
푑푡 = 푀 ∙ 푘 ∙ 푎 (푡) ∙ 푣 (푡)−푀 ∙ 푔 ∙

∙ 푣 (푡) 
 
Where instantaneous acceleration and speed are 

푎 =
푑푣 (푡)
푑푡 ; 푣 =

푑푥(푡)
푑푡  

 
Some of the energy of motion would be dissipated 
and transformed using aerodynamic drag, rolling and 
sliding tire and axle bearings lubrication friction, 
whereas most of it is being absorbed by the brakes. 
The largest fraction of heat generated by the rotors 
and stators (heat sinks). Some of the energy also goes 
into material plastic deformation, abrasion, and 
vaporization of the friction material, heating and 
boiling of the braking fluid. 
If the tires are locked, then all the mechanical power 
must be absorbed by the tires which would lead to 
their destruction and directional stability on the 
ground may be completely lost. 
For example, stopping a Boeing 767-300ER during a 
high-speed RTO at its MTOW is 700 MJ, which has 
to be dissipated within a span of 15-16 seconds and 
may need about 2,100 ft of dry runway using 8 brakes 
on twin tandem bogie wheel configuration. 
The VMBE is the maximum speed from which braking 
to full stop can be achieved without brakes 
experiencing significant fade or excess temperatures. 
Brake fade is caused by high temperature at the disc-
lining interface and low coefficient of friction. 
 
Designing of brakes: 
The TE calculated in the previous section would be 
used to calculate the brake parameters17: 
Braking Power- 

푃 =
퐸
푡  

Where, t = Stoppage time of the aircraft 
 
Heat flux transferred during the braking event- 

푄 =  
푃
퐴 ;퐴 =  

휋
4

(퐷 − 푑 ) 
Where A = Area of the brakes 
 
The temperature raised due to the braking event- 

푇 =
0.527 ∙ 푄 ∙ √푡

휌푐푘
+ 푇  

Δ푇 =
0.527 ∙ 푄 ∙ √푡

휌푐푘
 

Where, 푇 = Maximum temperature of the disc 
휌 = Density of the brake material 
푐 = Rotor specific heat capacity 
푘 = Rotor thermal conductivity 
푇  = Ambient Temperature 
 
Compressive stress developed due to thermal shock: 

휎 =
퐸

1− 2ν
∙ 훼 ∙ Δ푇 

Where, σ = Compressive stress 
E = Young’s Modulus of friction material 
ν = Poisson’s Ratio 
α = Coefficient of Thermal Expansion 

 
IV. RESULTS AND DISCUSSION 
 
Numerical Solved Example: 
 
Using the above design methodology, we design a 
rotor for Boeing 737 aircraft. The conventional 737 
housed Steel brakes and all the variants from 737-
NG. 
 
In this paper, we perform analysis on Aluminum 
Metal Matrix Composite (AMMC) whose properties 
are listed below: 
 
In the following the summary of calculations is 
provided: 



International Journal of Mechanical and Production Engineering, ISSN(p): 2320-2092, ISSN(e): 2321-2071 
Volume- 6, Issue-6, Jun.-2018, http://iraj.in 

Structural and Thermal Optimization of Rotor of Multi-Disc Brake of Aircraft 
 

21 

 

 

 
Table 3 Material Data Table 

 
The geometry of the disc is taken from Parker’s 
Cleveland Brakes catalogue. We take the disc brake 
(Part No.: 159-01100) from Internal Single Cylinder 
Six Piston Brake Assembly as the reference. 
The following image summarizes the key dimensions 
of the model. The model was made using SolidWorks 
2017 
The model was meshed using ANSYS mesher with a 
hex-dominant uniform meshing and the element size 
of 5 mm. 
 
The following are the meshing statistics: 

 
The boundary conditions are applied as follows: 

a) Entire assembly is constrained in X and Z 
direction 

b) A rotational speed of 60 rad/s is applied to 
the rotor. 

c) A uniform pressure of 16MPa is applied on 
both sides of the rotor. 

d) A cylindrical support is provided to the inner 
surface of the disc. 

 
The stress plot indicates that the maximum equivalent 
stress developed on the body is 30.771 MPa and the 
maximum total deformation was 1.164E-02 mm. 
 
A transient thermal analysis was performed to get the 
plot of the temperature distribution and heat flux 
through the rotor during the braking process. 
The thermal boundary conditions applied are: 

a) Ambient temperature of 127 °C. 
b) The time period the analysis was 15 seconds. 
c) A heat flux of 7.48 W/mm2 was applied 

from both sides of the rotor towards the 
center. 

d) Convection with a linear time varying air 
film convection coefficient due to Stagnant 
Air. 
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Figure 5 Detailed Drawing of the Rotor 

 
Figure 6 Meshing of the rotor 

 
Figure 7 Boundary Conditions for Static Structural 

 

 
Figure 8 Static Structural Von-Mises Stress Plot 

 

 
 

Figure 8 Static Structural Total Deformation Plot 
 

 
 

Figure 9 Thermal Analysis Boundary Conditions 
 

 
 

Figure 101 Transient Analysis Heat Flux Plot 
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Figure 11 Transient Analysis Temperature Plot 

 
The thermal plots show the distribution of 
temperature and flux at t = 15s. As we can see that 
the body reaches maximum temperature of 730.25 
°C. 
 
CONCLUSION 
 
The aerospace industry is undergoing a transition in 
terms of switching from metals to composites. Today, 
newer high-performance composites based on 
Aluminum, Boron infused with Silicon and Carbon 
Fiber are gaining popularity as a substitute to Steel 
and Carbon brakes. The composites are denser, can 
effectively withstand the thermal shock, their 
properties remain same at elevated temperatures and 
have lesser wear rate than their metallic counterparts. 
This leads to newer, smaller and longer service life 
brakes. The only hindrance to the composite brake 
market is the initial high cost of production and poor 
performance at low speeds and taxiing. As the 
composite manufacturing industry matures, the cost 
of would drop dramatically. 
The design methodology provides a simple and direct 
method for initial design of aircraft brakes. The 
model allows determination of linear and rotational 
forces, torques, energies and brake temperature 
during braking. It incorporates the added moment of 
inertia on the wheel. The theoretical predictions made 
by the model showed good agreement with the 
Aircraft Flight Manual of Boeing 737. 

The simulation results concur with the analytical 
calculations and are well below their operating 
values. The analysis estimates σmax = 30.71 MPa & 
Tmax= 730.25 °C converge with the calculations: 
30.29 MPa & 746.45 °C.The smaller values indicate 
that the brakes can accommodate much severe 
braking events and can be used on larger aircrafts as 
well. 
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