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Applied Thermodynamics Chapter: Compressor

In the study of applied thermodynamics, compressors play a pivotal role in a wide array of industrial and
commercial processes. From refrigeration systems to power plants, from air conditioning units to petrochemical
plants, the compressor is the heart that moves gases, enabling energy conversion, pressure elevation, and fluid

transport. This chapter offers a deep dive into the thermodynamic principles governing compressors, the variety of
compressor types, key performance metrics, design considerations, and emerging trends that shape the future of

this essential component.

1. Understanding Compressor Fundamentals

At its core, a compressor is a machine that increases the pressure of a gas by reducing its volume. The operation
is governed by the first and second laws of thermodynamics. When a gas is compressed, its internal energy rises,
leading to a temperature increase. The compressor's ability to perform this work efficiently depends on the
thermodynamic cycle it follows and the mechanical design of its components.

1.1 Thermodynamic Cycle of a Compressor

Compressors typically operate on an adiabatic or polytropic cycle. In an ideal adiabatic process, no heat is
exchanged with the surroundings, and the work done on the gas equals the increase in its internal energy:

e Adiabatic compression: W = "+P dV
¢ Polytropic compression: W = (k/(k-1)) * (P ,V, - P ¢V ¢) where k is the polytropic exponent.

Real compressors deviate from ideal behavior due to friction, heat transfer, and leakage, which are accounted for in
efficiency calculations.

1.2 Key Performance Parameters
¢ Pressure Ratio (PR) — The ratio of outlet to inlet pressure, indicating the compressor’s capacity to elevate
pressure.
¢ Mass Flow Rate (A) — The amount of gas compressed per unit time.
« Isentropic Efficiency (;v—6V¢G&+ —2' b The ratio of ideal isentropic work to actual work; a measure of how closely
the compressor follows an ideal adiabatic path.
« Polytropic Efficiency (;w 6C—G&=+ —2' b 6-O—/ " FO —6V¢G&+ —2 ut for polytropic processes, often used for multi stage
COMpressors.
» Specific Power — The power required per unit mass flow, indicating energy consumption.

2. Types of Compressors in Applied Thermodynamics
Compressors are classified by the working principle and the phase of the gas they handle. Understanding these
types helps engineers select the right machine for specific applications.

2.1 Positive Displacement Compressors

Positive displacement compressors trap a fixed volume of gas and force it into a smaller volume, raising its
pressure. They are highly efficient at low to moderate pressure ratios.



» Piston Compressors — Use reciprocating pistons driven by a crankshaft. Common in small refrigeration units
and industrial gas pipelines.

¢ Rotary Screw Compressors — Employ two interlocking helical rotors. Widely used in HVAC, petrochemical,
and gas processing due to their continuous operation and high reliability.

* Rotary Vane Compressors — Feature a rotating cage with vanes that slide radially, creating compression
chambers. Often found in automotive air conditioning systems.

» Diaphragm Compressors — Use a flexible diaphragm to move gas, preventing contamination. Ideal for
clean room and medical gas applications.

2.2 Dynamic Compressors

Dynamic compressors accelerate the gas using rotating blades, converting kinetic energy into pressure. They are
suitable for high flow rates and high pressure ratios.

» Centrifugal Compressors — Utilize a rotating impeller to impart kinetic energy, which is then converted to
pressure in a diffuser. Common in power plants and large refrigeration systems.

¢ Axial Compressors — Use a series of rotating blades aligned with the gas flow direction. Predominantly used
in jet engines and gas turbines.
2.3 Specialized Compressors

¢ Reciprocating Air Compressors — Designed for air compression in industrial settings, often featuring
multi stage configurations for higher pressures.

¢ Oil Free Compressors — Operate without lubricating oil, reducing contamination risk; vital in food processing
and pharmaceutical manufacturing.

« Magnetically Levitated Compressors — Use magnetic bearings to reduce friction, achieving higher efficiencies
and longer lifespans.

3. Thermodynamic Analysis of Compressor Performance

Engineers analyze compressor performance using thermodynamic models that consider inlet conditions, desired
outlet pressure, and the gas’s specific properties.

3.1 Isentropic Efficiency Calculation

The isentropic efficiency of a compressor is defined as:
1 SC7V#Hae—6V(eG opic</sub> = (W<sub>isentropic</sub>) / (W<sub>actual</sub>)
Where:

* Wisentropic — Work required for an ideal isentropic compression.
e Wactual — Actual work measured or calculated from the compressor’s pressure—volume data.

Higher isentropic efficiency indicates less energy loss due to friction, heat transfer, and leakage.

3.2 Polytropic Efficiency and Multi Stage Compression

In multi stage compressors, each stage operates at a lower pressure ratio, reducing temperature rise and improving
overall efficiency. The polytropic efficiency is expressed as:

:SC7V#c 6Aytropic</sub>= (P ,V, - P *V ¢) / (W<sub>actual</sub> * (k-1)/k)
Polytropic efficiency is often higher than isentropic efficiency due to better temperature control across stages.

3.3 Pressure—Temperature Relationship



For an ideal gas undergoing adiabatic compression:
T,=Te* (P ,/P)"(k-1)/k)

Where T and T are inlet and outlet temperatures, and kis the specific heat ratio. This relationship guides cooling
requirements and material selection.

4. Design Considerations for Compressors

Designing an efficient compressor involves balancing mechanical, thermodynamic, and economic factors. The
following aspects are crucial.

4.1 Material Selection
e High strength alloys (e.g., stainless steel, Inconel) resist corrosion and high temperatures.
« Lightweight composites reduce inertia, improving response time.
e Thermal conductivity considerations affect heat dissipation and cooling system design.
4.2 Cooling Strategies

Compression generates heat, which can degrade performance and shorten component life. Common cooling
methods include:

« Intercooling — Cooling the gas between stages to reduce temperature rise.

 Aftercooling — Cooling the final outlet gas to control downstream process conditions.

e Surface Cooling — Using water or air to dissipate heat from compressor casings and rotors.
4.3 Seal Design and Leakage Prevention

Effective sealing prevents gas leakage, which reduces efficiency and increases environmental impact. Technologies
include:

¢ Dynamic seals (e.g., roller, lip seals) for rotating components.
e Static seals (e.g., O rings, gaskets) for stationary joints.
e Magnetic or air bearing seals in high speed applications.
4.4 Noise and Vibration Mitigation
High speed compressors generate significant noise and vibration. Design strategies include:
e Balanced rotors and shafts.

* Isolation mounts and vibration dampers.
¢ Acoustic enclosures for sensitive environments.

5. Applications of Compressors in Various Industries

Compressors are indispensable across sectors. Below are key applications where thermodynamic principles
directly impact performance.

5.1 HVAC and Refrigeration

In HVAC systems, compressors drive the refrigeration cycle, compressing refrigerant gases to high pressures
before expansion. Efficiency is critical to reduce energy consumption and operating costs.

5.2 Power Generation

Gas turbines use axial compressors to compress air before combustion. The compressor’s pressure ratio directly
influences turbine output and overall plant efficiency.



5.3 Petrochemical Processing

Compressors move natural gas and other hydrocarbons through pipelines, feedstock preparation, and refining
units. Multi stage centrifugal compressors are common due to their ability to handle large volumes.

5.4 Automotive and Aerospace

Rotary vane and centrifugal compressors are used in jet engines, turbochargers, and automotive air conditioning
systems, where weight, reliability, and efficiency are paramount.

5.5 Medical and Laboratory Equipment

High purity compressors, such as diaphragm or oil free models, supply clean gases for medical procedures,
research, and semiconductor manufacturing.

6. Common Troubleshooting and Maintenance Practices

Maintaining compressor health is essential for operational reliability. Below are common issues and their diagnostic
approaches.

6.1 Overheating
e Check cooling system flow and temperature.
« Inspect for fouling or blockage in intercoolers.
 Verify correct operating pressure ratio.

6.2 Leakage
e Use pressure decay tests to locate leaks.
¢ Replace worn seals or gaskets.
¢ Inspect for cracked or damaged housing.

6.3 Vibration and Imbalance

¢ Perform dynamic balancing of rotors.
¢ Check shaft alignment.
* Inspect bearings for wear.

6.4 Efficiency Losses

¢ Analyze compressor map to identify operating point.
e Ensure proper inlet air filtration.
« Verify that the compressor is not running at an excessively high pressure ratio.

7. Emerging Trends and Future Directions

The compressor industry is evolving with advances in materials, digital technology, and sustainable practices.

7.1 Smart Compressors

Integration of sensors and loT platforms allows real time monitoring of temperature, pressure, vibration, and oil
quality. Predictive maintenance reduces downtime and extends equipment life.

7.2 Hybrid and Renewable Powered Compressors
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