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Abstract:

This paper presents the design and analysis of a compressed air
engine, an alternative propulsion system that utilizes compressed
air as a clean and sustainable energy source. The study explores
the design aspects of the engine, focusing on optimizing key
components such as the air compressor, storage tank, and
pneumatic motor to maximize efficiency and performance.
Computational simulations and experimental testing were
conducted to evaluate the thermodynamic behavior, power output,
and energy consumption of the engine. The results show that
compressed air engines offer a viable, emission-free alternative to
conventional internal combustion engines, particularly in low-
power applications such as urban transportation and small-scale
machinery. However, challenges such as energy storage limitations
and lower overall efficiency compared to traditional engines need to
be addressed. This research highlights the potential of compressed
air technology in contributing to the development of sustainable

and eco-friendly propulsion systems.
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1. Introduction

The growing global demand for sustainable and environmentally
friendly transportation solutions has led to increasing interest in
alternative propulsion technologies. Among these, the compressed
air engine (CAE) has emerged as a potential zero-emission
technology that utilizes compressed air as an energy source to
generate mechanical work. Compressed air engines offer several key
advantages, including the elimination of harmful emissions, the use
of air as an abundant and non-polluting energy carrier, and the
simplicity of their mechanical design compared to conventional
internal combustion engines (ICEs). As the world grapples with
environmental concerns such as air pollution and climate change,
the need for innovative and clean propulsion systems has become

more urgent than ever.

Historically, the concept of compressed air propulsion is not new,
with early iterations dating back to the 19th century, when
pneumatic motors were used in mining operations and rail
transportation (Smith, 1872). However, the widespread adoption of
fossil fuel-based engines overshadowed the development of
compressed air technology for several decades. Recently, renewed
interest in CAE systems has been driven by advancements in air
compression technologies, energy storage, and the growing

recognition of the limitations of fossil fuels (Kumar et al., 2014).

One of the key areas of research in compressed air engines focuses
on improving energy efficiency, as the compression and expansion
of air in these systems inherently result in significant energy losses
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due to thermodynamic inefficiencies. Studies by Timmermans and
Verhelst (2011) have shown that optimizing the expansion process,
such as through multi-stage expansion cycles, can improve the
overall efficiency of the engine. Additionally, innovations in air
storage technologies, such as high-pressure tanks made from
composite materials, have addressed some of the storage limitations
that hindered the practical application of compressed air engines in

the past (Maheshwari et al., 2018).

Another important focus area is the design and integration of
compressed air engines in urban transportation. Urban
environments, characterized by stop-and-go traffic and short-
distance travel, present an ideal application for CAEs. Research by
Zhang et al. (2020) demonstrated that compressed air vehicles
(CAVs) are particularly well-suited for urban areas due to their low-
speed, short-range operational capabilities, and zero-emission
performance. Additionally, compressed air engines have been
explored in hybrid systems, where they are combined with other
low-emission technologies, such as electric motors, to extend

vehicle range and improve overall efficiency (Li & Wang, 2015).

Despite these advances, several challenges remain. Compressed air
engines currently exhibit lower energy density compared to
traditional fuels, which limits their range and power output (Singh
et al., 2016). Moreover, energy losses during the compression of air
and the need for high-pressure storage infrastructure present
practical hurdles that need to be addressed for widespread
adoption. Researchers continue to explore ways to mitigate these
issues, such as through regenerative braking systems that recover
energy during vehicle deceleration and use it to re-compress air

(Cheng et al., 2019).

Page | 18 )::’ SRR

Publlclzmg Research



Revolutionizing the Future Trends in Mechanical Engineering, Volume I, 2024

This paper aims to explore the design and analysis of a compressed
air engine, with a focus on optimizing key components, evaluating
its thermodynamic performance, and assessing its potential as a
sustainable alternative to internal combustion engines. The study
will also review the current literature on compressed air technology,
identify existing challenges, and suggest future directions for

research and development.
2. Materials and Methods

The design and analysis of the compressed air engine (CAE) in this
study involved both theoretical modeling and practical
experimentation to optimize the performance of key components
such as the air compressor, storage tank, and pneumatic motor.
The following section outlines the materials used and the
methodologies applied to achieve the desired performance and

efficiency.
2.1. Materials Selection

The selection of materials was based on their mechanical
properties, durability, and ability to withstand the high pressures
involved in the operation of a compressed air engine. Key materials

used in the construction of the CAE include:
o Air Compressor Components:

o Stainless Steel (Grade 316): Selected for its high
strength, corrosion resistance, and ability to withstand
the pressure cycles during air compression. It was used

in the air compression chamber and valves.

o Aluminum Alloy (6061-T6): Chosen for its lightweight

properties, ensuring the overall system remains as
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efficient as possible without sacrificing structural

integrity.

o« Compressed Air Storage Tank:

(0]

Carbon Fiber Reinforced Polymer (CFRP): Used for
the high-pressure air storage tank due to its excellent
strength-to-weight ratio and ability to handle pressures
exceeding 200 bar. CFRP reduces weight significantly
while maintaining the structural integrity required for

safe operation.

Internal Liner (HDPE): High-density polyethylene was
used as an internal liner for the CFRP tank to ensure

airtightness and prevent leakage.

e Pneumatic Motor:

o
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Titanium Alloys (Ti-6Al1-4V): Titanium alloys were used
in the construction of the motor’s internal components,
including the rotor and stator, to minimize weight while

maintaining high strength and wear resistance.

2.2. Design and Component Optimization

The design of the compressed air engine involved modeling the
system’s thermodynamic processes and optimizing key components
for efficiency. The following steps were undertaken during the

design phase:
2.2.1 Air Compression System Design

The air compression system was modeled to minimize energy losses
and maximize efficiency. The compressor was designed as a multi-
stage system to increase the efficiency of the compression process

and reduce the thermal energy lost to the environment.
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Multi-Stage Compression: The system incorporated a three-
stage air compressor, where the air is compressed
incrementally in each stage. After each stage, the air passed
through intercoolers to reduce the heat generated during

compression and improve efficiency.

Intercoolers: Intercoolers made from aluminum finned tubes
were employed to cool the air between stages, reducing
thermal losses and increasing the compressor’s overall

efficiency.

Compressed Air Storage

The storage tank was designed to store compressed air at pressures

up to

200 bar, which was necessary for delivering adequate energy

to the pneumatic motor. The design considerations included

optimizing the tank size and pressure rating for a balance between

storage capacity and weight.

Energy Storage Calculations: The energy stored in the

compressed air was calculated using the following equation:

| P.V
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where:
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o PPP is the pressure inside the tank (Pa),

o VVV is the volume of the tank (m3),

o Yy is the specific heat ratio of air (1.4 for air),
o Patm is atmospheric pressure (Pa),
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o Ptank is the internal pressure of the tank (Pa).
2.2.3 Pneumatic Motor Design

The pneumatic motor, which converts the stored energy of
compressed air into mechanical work, was designed to optimize

energy conversion efficiency and power output.

 Rotary Vane Motor: A rotary vane motor was selected due to
its ability to provide smooth torque output. The design was
optimized using titanium alloys to minimize friction losses

and wear.

« Expansion Process Optimization: The expansion process of
compressed air inside the motor was optimized by designing
an efficient air intake and exhaust system. This allowed for a
controlled release of air pressure, minimizing thermodynamic

losses during the expansion cycle.
3. Methodology

The methodology involved theoretical simulations, prototype
fabrication, and experimental testing to validate the design and

assess the performance of the compressed air engine.
3.1 Thermodynamic Modeling

A thermodynamic model of the compressed air engine was
developed to simulate the compression, storage, and expansion
processes. The following equations were used to analyze the

engine's performance:

« Work Done by the Compressed Air: The work done by the
compressed air during expansion in the pneumatic motor was

calculated using:
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where:
o WWW is the work done (J),
o PPP is the pressure (Pa),
o VVV is the volume (m3),

o VIV_{Vf and ViV_iVi are the final and initial volumes,

respectively.
3.2 Computational Fluid Dynamics (CFD) Simulations

CFD simulations were performed using ANSYS Fluent to model the
airflow, pressure distribution, and thermal losses in both the air
compressor and the pneumatic motor. This helped identify areas
where efficiency could be improved, particularly in optimizing

airflow pathways and reducing turbulence in the motor.
3.3 Prototype Fabrication

A prototype of the compressed air engine was fabricated based on
the optimized design. The prototype included the three-stage air
compressor, CFRP storage tank, and rotary vane pneumatic motor.
High-precision manufacturing techniques, including CNC
machining, were used to ensure accurate dimensions and

tolerances in the motor components.
3.4 Experimental Testing

The performance of the prototype was evaluated through
experimental testing. Key performance metrics included power
output, energy consumption, and thermal efficiency. Tests were
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conducted under various load conditions to simulate different

operating environments.

« Power Output Measurement: A dynamometer was used to
measure the mechanical power output of the pneumatic
motor. The power output was recorded for different pressures

and air flow rates.

« Energy Consumption Analysis: The energy efficiency of the
system was evaluated by measuring the amount of
compressed air consumed relative to the work output of the

motor.

o Thermal Efficiency: Thermal losses were assessed by
measuring the temperature changes in the air during
compression and expansion, allowing for the calculation of

the system’s overall thermal efficiency.
4. Results and Discussion

The performance of the compressed air engine (CAE) was evaluated
through both computational simulations and experimental testing.
Key metrics such as power output, energy efficiency, and thermal
losses were assessed under various load conditions to determine
the engine's overall viability as a sustainable propulsion system.
The results were compared with theoretical predictions to validate

the design optimizations made during the development process.
4.1. Power Output

The power output of the compressed air engine was measured using
a dynamometer at different air pressures and flow rates. Table 1
below summarizes the measured power output at various operating

pPressures.
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Table 1: Power Output of Compressed Air Engine at Different
Pressures and Flow Rates

Measured Theoretical
Pressure Flow Rate
(Bar) (L/min) Power Output | Power Output
(kW) (kW)
50 150 0.82 0.85
100 200 1.75 1.8
150 250 2.6 2.65
200 300 3.45 3.5

As shown in Table 1, the measured power output closely aligns with
the theoretical predictions across all tested pressures and flow
rates. At 200 bar, the engine produced a maximum power output of
3.45 kW, which is within 1.4% of the theoretical value (3.50 kW).
This close alignment validates the design optimizations made
during the development of the pneumatic motor, particularly the
rotary vane design that ensures efficient conversion of compressed

air energy into mechanical work.
4.2. Energy Efficiency

The energy efficiency of the CAE was determined by comparing the
amount of work generated by the engine to the energy stored in the
compressed air. The following formula was used to calculate

efficiency:

Work Output (kJ)
Energy Stored in Air (kJ)

T =

The efficiency of the engine was tested at different pressures, and

the results are presented in Table 2.
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Table 2: Energy Efficiency of Compressed Air Engine at
Various Pressures

Pressure Work Energy . o
(Bar) Output Stored (kJ) Efficiency (%)
(kJ)
50 12.5 20.8 60.1
100 28.9 48.5 59.6
150 43.6 74.5 58.5
200 58.3 98.1 59.4

As seen in Table 2, the CAE achieved an efficiency of around 60%
across all tested pressures. This level of efficiency is consistent with
existing compressed air engines (Singh et al., 2016), but it is still
lower than traditional internal combustion engines (which typically
reach 30-40% efficiency). The primary reason for these energy
losses is the thermal inefficiencies during the compression and
expansion cycles, where significant heat is lost to the environment.
Despite these losses, the CAE's zero-emission operation makes it a
promising alternative for low-power applications, especially in

urban transportation.
4.3. Thermal Losses and Cooling System Efficiency

Thermal losses were evaluated by measuring temperature changes
in the air during both the compression and expansion processes.
The system used intercoolers between the multi-stage compressors
to mitigate thermal losses during compression, and the results are

shown in Table 3.

o
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Table 3: Temperature Changes and Heat Losses in Multi-Stage

Compression

Initial Final Temperature Heat

Stage Temperature | Temperature Drzp °C) Loss

(°C) (°C) (kJ)

first 25 150 125 10.2
Compression

Second

. 45 190 145 15.3
Compression

Third 70 230 160 19.6
Compression

Table 3 demonstrates that heat losses increased progressively
through each compression stage. The intercoolers were effective in
reducing the temperature rise, but thermal inefficiencies persisted,
contributing to the overall reduction in system efficiency.
Approximately 45.1 kJ of heat was lost across the three stages,

which significantly affected the engine’s efficiency.
4.4. Comparative Analysis of Power-to-Weight Ratio

One of the significant advantages of compressed air engines is their
relatively high power-to-weight ratio, especially when lightweight
materials such as carbon fiber reinforced polymers (CFRP) are used
in the construction of the air storage tank. Table 4 presents a
comparative analysis of the power-to-weight ratio for the
compressed air engine versus traditional internal combustion

engines (ICEs) used in similar applications.
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Table 4: Power-to-Weight Ratio Comparison of Compressed Air
Engine and Internal Combustion Engines

Power Power-to-
Engine Type Output Weight (kg) | Weight Ratio
(kW) (kW/kg)
Compressed Air
Engine (CAE) 3.45 28 0.12
Gasoline Inifernal 5 55 0.09
Combustion
Diesel Internal
Combustion 6.5 80 0.08

The CAE demonstrated a higher power-to-weight ratio (0.12 kW /kg)
compared to gasoline (0.09 kW/kg) and diesel (0.08 kW/kg)
engines. This makes it a promising candidate for applications where
lightweight systems are essential, such as in urban transportation
or portable machinery. The use of carbon fiber in the storage tank

contributed significantly to this advantage.
5. Discussion
5.1 Efficiency Considerations

While the compressed air engine demonstrated reasonable power
output and efficiency levels, it still lags behind conventional engines
in terms of overall energy efficiency. The thermal losses during the
compression and expansion phases remain a significant barrier to
improving the system’s overall performance. However, the
environmental benefits of a zero-emission propulsion system make
compressed air engines a strong candidate for applications where

sustainability is a priority.
5.2 Energy Storage and Lightweight Design

One of the most notable advantages of the compressed air engine is

its relatively high power-to-weight ratio, particularly when using
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modern materials such as CFRP for air storage. This makes the CAE
highly suitable for low-power, lightweight applications such as
small urban vehicles or portable power systems, where the trade-

off between range and weight is critical.
5.3 Challenges and Future Research

The main challenges in widespread adoption of CAEs include the
energy losses during air compression, the limitations of energy
storage in high-pressure tanks, and the relatively short operating
range due to the low energy density of compressed air. Future
research should focus on improving thermal management,
potentially through the use of regenerative braking or heat recovery
systems, and exploring hybrid systems that combine compressed
air engines with other power sources, such as batteries, to extend

the operating range.
6. Conclusion

This study presented the design and analysis of a compressed air
engine (CAE) as an environmentally sustainable propulsion system.
The results demonstrated that compressed air technology can offer
a viable alternative to traditional internal combustion engines
(ICEs), particularly for applications that prioritize zero emissions,
lightweight design, and reduced environmental impact. The engine
achieved a maximum power output of 3.45 kW at 200 bar pressure,
with a power-to-weight ratio superior to conventional gasoline and
diesel engines. However, the energy efficiency of the CAE remained
around 60%, primarily due to thermal losses during compression

and expansion.

Despite these challenges, the compressed air engine showed

promise for urban transportation and low-power applications where
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its clean, emission-free operation is advantageous. The lightweight
design, especially with the use of advanced materials like carbon
fiber reinforced polymers (CFRP) for high-pressure air storage

tanks, significantly enhanced the engine’s practicality.

While the CAE's energy density and range limitations must be
addressed, future advancements in thermal management, energy
recovery systems, and hybrid integration can improve its
performance. Continued research and development in these areas
will be crucial to making compressed air engines a more competitive
and sustainable alternative in the global shift towards greener

propulsion technologies.
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