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Abstract

Pneumatic Braking Mechanism is an implementation of regenera-
tive braking system for automobiles. It uses pneumatic compression to
store the kinetic energy of the vehicle. The compressed air is used to
produce electricity through a turbine, and then used for supercharging
the engine of the automobile.

The complete mechanism can be divided into two parts:

e Braking
e Regeneration

Regeneration mechanism can be further subdivided into:

e Expansion
e Supercharging

The rotational motion of wheels of the vehicle is used to drive re-
ciprocating compressors. Compressors are engaged with the help of
a clutch and crankshaft unit when brakes are applied. Compression
process converts the kinetic energy of the vehicle in the form of com-
pressed air. In the process, vehicle loses its energy and comes to a
standstill.

The compressed air goes to a turbine and generator unit where
expansion takes place and electricity is produced. The outlet air from
turbine at lower pressure is used for supercharging.

1 Introduction

Pneumatic Braking Mechanism is a braking mechanism where the kinetic
energy of a moving vehicle is conserved in the form of compression work.



1.1 Background Work

Pneumatic Braking Mechanism is an improvisation of our earlier study on a
project titled Fzergy Conservation System — Application of Flywheels. 1t is
a modification of Flywheel Braking, to obtain better braking performance as
well as efficiency.

1.2 Regenerative Braking System

When an automobile accelerates, chemical energy of the fuel is converted
into kinetic energy. In conventional braking, when brakes are applied, the
kinetic energy (high grade energy) is dissipated as heat, sound and radiation
(low grade energy). In the process, exergy of the vehicle equivalent to its ki-
netic energy is destroyed. When the vehicle re-accelerates, it again consumes
the necessary fuel. The cycle of acceleration/deceleration causes a waste of
energy. This creates the need for Regenerative Braking.

Regenerative Braking System (RBS) captures the energy that is usually
lost while braking, stores that energy in an Energy Storage System (ESS)
and reuses it to start or accelerate the vehicle.

An RBS mainly consists of two parts:

e Transmission System
e Energy Storage System (ESS)

Transmission system is used to transmit energy from the wheel to the
ESS and vice-versa, while ESS stores the energy. The RBS can be classified
on the basis of the ESS. Choice of the transmission is usually dependent and
subsequent of the type of ESS selected.

Types of Energy Storage System (ESS):

Electro-chemical battery
Ultra-capacitors

Hydraulic and Pneumatic Storage
Mechanical Flywheels

1.3 Compressed Air Energy Storage

In the compressed air energy storage or pneumatic storage, the energy is
stored in form of compressed air. The compression work is a form of high
grade energy, and can be readily converted into other forms of energy, theo-
retically without any losses.

Advantages:



Low transmission losses
Low conversion losses

Faster conversion process compared to batteries, capacitors and fly-
wheels thus better braking performance
More robust operation compared to hydraulic storage

1.4 Pneumatic Braking Mechanism

The Pneumatic Braking Mechanism can be divided into seven parts:

Hydraulic Brake Transmission The braking transmission is based on the
arrangement of hydraulic braking. When the driver pushes the brake
pedal, the force is transmitted through the brake fluid, to the callipers
at each wheel.

Clutch and Crankshaft Unit The clutch and crankshaft unit consists of
a friction clutch attached to a crankshaft. When the brake is applied,
the clutch is engaged with the rotor disk attached to the wheel, and
starts rotating, along with the crankshaft.

Compressor A reciprocating compressor, actuated by the rotation of the
crankshaft, admits atmospheric air and compresses it.

Compressed Air Lines The air from the compressors, travel through the
compressed air lines and reach the turbine.

Turbine and Generator Unit The turbine and generator unit consists of
a two stage axial turbine, attached to a generator shaft, which converts
compression work into electrical energy.

Compressed Air Storage Tank The air from the turbine unit, is stored
in a compressed air storage tank, at a constant pressure.

Supercharging The compressed air from the tank is used for supercharging
in the IC engine.

2 Design Theory

2.1 Clutch and Crankshaft Unit

The clutch and crankshaft unit consists of two parts:

e A friction clutch mounted on the crankshaft of reciprocating compres-
sors
e A rotor disk attached to the wheels



Clutch and Crankshaft Unit Schematic
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Figure 1: Clutch and Crankshaft Unit Schematic

2.2 Compressor

A positive displacement reciprocating type compressor is used to compress
air. Atmospheric air is admitted from the surrounding through a suction
or inlet valve. The compressed air is expelled from the cylinder through a
delivery or outlet valve. The inlet valve operates due to differential pressure
while the outlet valve operates due to a spring mechanism.



Compressor Schematic
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Figure 2: Compressor Schematic

2.3 Turbine and Generator Unit

The turbine and generator unit consists of a two stage axial turbine coupled
with a generator unit.




Turbine and Generator Unit Schematic
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Figure 3: Turbine and Generator Unit Schematic

3 Operation Theory

The regenerative pneumatic braking is based on conversion of kinetic energy
of a moving vehicle into compression work.



Flow of Operation
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Figure 4: Flow of Operation

The sequence of processes of the braking mechanism is:

1. Driver pushes the brake pedals to apply the brakes.

2. The force is transmitted through the hydraulic transmission lines.

3. At the clutch and crankshaft unit, the fluid pressure due to application
of the brakes engages the clutch and rotor disk.

4. The crankshaft attached to the clutch starts rotating due to the motion
of wheels.

5. The brake pedal causes a push-rod to exert force on the primary piston
present in the master cylinder.

6. The crankshaft converts the rotary motion of the wheel into the recip-
rocating motion of the piston of the compressor.

7. The compressor admits air at atmospheric pressure, and compresses it.

8. When the pressure inside the compressor reaches a predetermined max-
imum, the outlet valve opens.

9. The compressed air from the reciprocating compressor travels to the
turbine and generator unit where it undergoes expansion.

10. The turbine converts the compression work into electrical energy.
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11. The air from the turbine goes to the intake manifold of the IC engine,
where it is used for supercharging.

3.1 Clutch and Crankshaft Unit

The clutch is operated by the hydraulic braking transmission. When the
brakes are applied, the pressure causes the clutch to engage with the rotor
disks, and the pair starts rotating due to friction.

The crankshaft is attached to the clutch. The crank is connected to the
piston of the reciprocating compressors using connecting rod.

3.2 Compressor

Compressor Process

Outlet Inlet

State 1

Piston moves forth and the
compression begins.

Both inlet and outlet valve
are closed.

State 2

As pressure reaches a
predetermined maximum,
outlet valve opens.

Piston continues to move
forth. and the air is pushed
out.

State 3

Compression process ends
and piston begins to move
back.

As the pressure falls in the
cylinder, outlet valve is
closed.

State 3'

Piston continues to move
back.

As pressure in the cylinder
reaches the atmospheric
pressure, inlet valve opens
and air is sucked in.

Figure 5: Compression Process

The compression of air in the double reciprocating compressor is a sequence
of four processes:

1. Air in the cylinder at atmospheric pressure undergoes adiabatic com-
pression.



2. As the air reaches the predetermined maximum pressure, the outlet
valve of the cylinder opens. Compressed air is pushed out, while the
piston continues to compress the remaining air at constant pressure.

3. As the compression process ends, and the piston starts moving out. As
the air pressure inside the cylinder drops, the outlet valve closes, and
the air expands at constant volume.

4. As the piston continues to move back, atmospheric air is sucked into
the cylinder through the inlet port.

3.3 Turbine and Generator Unit

The air from the all the compressors travels through the compressed air lines
and reaches the turbine and generator unit. Air enters the high pressure
turbine where it undergoes adiabatic expansion. The expanded air then
goes to the low pressure turbine where it undergoes further expansion up
to a pressure suitable for supercharging. The generator unit converts the
mechanical energy from the turbine into electrical energy.

4 Numerical Theory

4.1 Assumptions

For numerical calculations, the following values are assumed

Quantity Value

v 1.4
D1 1 bar
pa 10 bar

k 8

d 20 cm
L 30 cm
M 1000 kg
D 0.5 m

Table 1: Assumptions



4.2 Compression Process

Compression Graph

Figure 6: Compression Graph

The compression of air is a sequence of four processes:

Process 1 - 2 Adiabatic Compression
Process 2 - 3 Isobaric Compression
Process 3 - 3’ Isochoric Expansion
Process 3’ - 1 Isobaric Expansion

Compression Work on the air in one revolution,

W=W; o+ Wo 3—Ws_,4

_ p2Vo —piVi

S (V= V) (V- )

Considering only adiabatic Work,

10



p2Vo — piVi

W = 1
o 1)
Net work in one revolution,
WNET =kxW
Vo — ;i V,
— WNET:kXp22 pia 2)
v—1
mVi

— WNET:/{ZX

X

()

Pressure p;, Volume V) are constant for the process, due to constant
atmospheric pressure and cylinder volume.

v—1

E
" WNETOC]{Z|:1—01 ><p2" :| (3)
where,c; = ——
Py’

Using equation 3 and the values from section 4.1, the graph of Net Com-
pression Work vs Outlet Pressure can be obtained as,
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Figure 7: Net Work vs Outlet Pressure

The following observations can be made from the graph:

e The work done increases with the increase in outlet pressure.
e The slope of curve decreases with increase in outlet pressure.

Volume of the air in the cylinder before compression begins,

VlzgxdzxL:9.4247><10’3m3

For adiabatic compression process,

P2 _ (E)
b1 Vo

Volume of air in the cylinder at the end of adiabatic compression,

= V, =1.8196 x 107* m?
Substituting the values of py, ps, Vi, Vo and k in equation 2,

Wner = 17542.6 J
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4.3 Kinetic Energy Analysis
Kinetic Energy of the vehicle,

1
KE:§><M><U2:5OO><U2 (4)

For the vehicle to come to standstill, its kinetic energy must get trans-
formed into the energy of compressed air.

Number of rotations of the wheel before the vehicle comes to standstill,

_ KE
WNET
500 x v?
©17542.6

n

rotations

Stopping Distance,

Ar=nxnmxD

500 x v”

—mXTfXO.5

Az = 0.0448 x v* m (5)

5 Conclusions

5.1 Stopping Distance Calculations

Using equation 5, stopping distance for various speeds can be obtained

Speed of the vehicle, v (kmph) Stopping distance, Az (m)

20 1.3827
50 8.6420
100 34.5679

Table 2: Stopping Distances
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Appendix A: List of Symbols

g

w

Adiabatic Constant
Compression work in one cycle

Wi_5 Work done during adiabatic compression
Wy_3 Work done during isobaric compression
W3 —1 Work lost during isobaric expansion

y4!

Inlet pressure of compressor
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D2 Outlet pressure of compressor

i Volume of the cylinder before compressor begins
V5 Volume of the cylinder when outlet valve opens

Vs Volume of the cylinder when the compression ends
Va Volume of the cylinder when inlet valve opens

Wxer Net work by all the compressors in one revolution
Total number of the compressors

Bore diameter of the cylinder

Length of the cylinder

Mass of the vehicle

Speed of the vehicle

Kinetic Energy of the vehicle

Number of rotations of wheels before the vehicle stops
Diameter of the wheels of the vehicle

Stopping distance

> e~
Q <

o=
g
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