GENERAL

applied thermodynamics tutorial 2 gas compressors study

Published: September 19, 2026 | Index ID: #-

Applied Thermodynamics Tutorial 2: Gas Compressors Study

When we think about the modern world, the unseen forces that keep our homes warm, our vehicles running, and

our industries humming are often overlooked. One of the most critical components in many of these processes is

the gas compressor. This applied thermodynamics tutorial 2 gas compressors studydives deep into the
science, design, and real world applications of gas compressors. Whether you're a student, engineer, or just a
curious mind, this guide will walk you through the fundamentals, advanced concepts, and practical insights that
make compressors the backbone of countless technologies.

Why Thermodynamics Matters in Gas Compression

Thermodynamics is the study of energy, heat, and work. In the context of gas compression, it provides the
mathematical and conceptual framework to predict how a gas behaves under varying pressures, temperatures, and
flow conditions. Understanding these principles is essential for:

¢ Designing efficient compressors that consume less energy.
« Predicting performance limits and safety margins.
e Optimizing systems for specific applications, from refrigeration to natural gas pipelines.

In this tutorial, we’ll explore how thermodynamic laws translate into real engineering solutions.

Fundamentals of Gas Compression

1.The Ideal Gas Law and Its Limitations

The ideal gas law, PV = nRT, provides a first approximation of gas behavior. While it works well under many
conditions, real gases deviate from ideality, especially at high pressures and low temperatures. These deviations
are captured by equations of state like the Van der Waals, Redlich—-Kwong, or Peng—Robinson models. For
accurate compressor design, engineers must account for real gas effects, which influence pressure ratios,
temperature rises, and efficiency.

2. Isentropic Processes

An isentropic process is a theoretical, adiabatic, and reversible compression or expansion. In practice, compressors
are never perfectly isentropic; friction, turbulence, and heat transfer cause losses. The isentropic efficiency
quantifies how close a real compressor is to this ideal. It's defined as the ratio of ideal work input to actual work
input for a given pressure ratio.

3. Energy Balance in Compressors

The first law of thermodynamics for a steady state compressor can be expressed as:
Q-W=mort,"O, -

where Q is heat transfer, W is shaft work, mQ@p mass flow rate, and h and hare specific enthalpies at inlet and
outlet. In most compressors, heat transfer is small compared to shaft work, simplifying analysis.



Types of Gas Compressors

Gas compressors come in various designs, each suited to different applications and operating conditions.
Understanding the differences helps engineers choose the right compressor for a given task.

1. Positive Displacement Compressors

e Piston Compressors — Use reciprocating pistons driven by a crankshaft. Ideal for low to moderate pressure
ratios and high pressures.

¢ Centrifugal Compressors — Use rotating impellers to accelerate gas, converting kinetic energy into pressure.
Best for high flow rates and moderate pressure ratios.

* Rotary Screw Compressors — Employ interlocking helical screws. Common in HVAC and industrial processes.

e Scroll Compressors — Use two interleaved scrolls; one stationary, one orbiting. Known for quiet operation and
high efficiency in small to medium applications.

2. Non Positive Displacement Compressors
These rely on variable volume or variable speed to achieve compression.

e Vortex Compressors — Use swirling motion to compress gas; often used in small refrigeration units.
e Rotary Vane Compressors — Similar to piston but with vanes rotating inside a cavity.

Thermodynamic Cycles Involving Compressors

1.The Brayton Cycle

The Brayton cycle is the backbone of gas turbine engines. It consists of:

. Isentropic compression.

. Constant pressure heat addition.
. Isentropic expansion.

. Constant pressure heat rejection.
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Gas compressors are crucial in the first step, setting the stage for high temperature combustion and efficient power
generation.

2. Refrigeration Cycles

In vapor compression refrigeration, compressors compress refrigerant vapor, raising its pressure and temperature
before it undergoes condensation, expansion, and evaporation. The compressor’s efficiency directly impacts the
overall coefficient of performance (COP) of the refrigeration system.

Key Performance Metrics

1. Isentropic Efficiency

As mentioned, isentropic efficiency is a benchmark for compressor performance. It's calculated as:
u6—201,20,'01,"0,

where h ;& the outlet enthalpy for an isentropic process. Engineers strive to maximize ;u6—O0 through design
improvements and lubrication strategies.

2. Pressure Ratio

The pressure ratio (PR) is the ratio of outlet to inlet pressure:



PR=P,/Ps

A higher PR usually means more work input and higher outlet temperatures, affecting material selection and
cooling requirements.

3. Specific Work

Specific work (w) is the energy required per unit mass of gas:
w=h,-he
Lower specific work indicates a more efficient compressor.

Design Considerations for Gas Compressors

1. Material Selection

Compressors operate under high pressure, temperature, and sometimes corrosive environments. Common
materials include:

« Stainless steel for general applications.

 Nickel alloys for high temperature or corrosive gases.

e Carbon steel for cost effective, moderate pressure systems.
2. Cooling Strategies

As gas is compressed, its temperature rises dramatically. Cooling methods include:

¢ Internal cooling passages.

e External heat exchangers.

¢ Intercooling between stages in multi stage compressors.
3. Lubrication and Sealing

Proper lubrication reduces friction and wear. Seals must prevent gas leakage while withstanding high pressure
differentials. Common sealing technologies include:

* Mechanical seals.
e Packing.
¢ Magnetic fluid seals.

Real World Applications

1. Natural Gas Transmission

Compressors boost natural gas pressure for pipeline transport, ensuring efficient delivery from production sites to
consumers. Multi stage centrifugal compressors are often employed to achieve high pressure ratios with
manageable temperature rises.

2. Oil and Gas Production

In drilling operations, compressors provide gas for blowout preventers and other safety systems. High pressure
reciprocating compressors are common in these settings.

3. HVAC and Refrigeration

Scroll and rotary screw compressors are prevalent in residential and commercial HVAC units, as well as in
industrial refrigeration systems.



4. Power Generation

Gas turbines rely on compressors to compress air before combustion. The efficiency of the compressor directly
influences the overall power output and fuel consumption.

Case Study: Optimizing a Centrifugal Compressor for a Power Plant

Consider a power plant that uses a multi stage centrifugal compressor to compress air for a gas turbine. The initial
design had a pressure ratio of 12:1 and a total isentropic efficiency of 85%. Engineers noticed that the outlet
temperature exceeded material limits, leading to frequent maintenance.

To address this, they implemented:

« Intercoolers between stages, reducing temperature rise.
e Advanced impeller geometry to improve flow distribution.
¢ Enhanced cooling jackets around the impeller hub.

Resulting improvements included:

e Pressure ratio increased to 13:1.

« Isentropic efficiency rose to 88%.

¢ QOutlet temperature dropped by 30 /°C.

* Maintenance downtime decreased by 25%.

This case study demonstrates how a deep understanding of thermodynamics and compressor design can yield
tangible performance gains.

Practical Calculations

Below are common calculations that engineers use when evaluating compressor performance. These examples
assume air as the working fluid, with standard properties at 15 /°C and 1 /atm.

1. Calculating Isentropic Efficiency

1. Determine inlet conditions: P« = 1 /atm, T « = 288 /K.
2. Assume desired outlet pressure: P, = 12 /atm.
3. Use an ideal gas assumption to find isentropic outlet temperature (T ,s) using the relation:

T,s=Tex(P,/P)"((k-1)/k)

where k = 1.4 for air.

Plugging in the numbers:

T,s =288 x (12)7(0.2857) "H 488 /K.

Assuming the actual outlet temperature T , = 520 /K (measured), calculate actual specific work:
w_actual =c_p x (T, -T ¢) =1.005 /kJ/kg-K x (520 - 288) "H 236 /kJ/kg.

Isentropic specific work:

w_is=c_p x(T,s-Te)"H 1.005 x (488 - 288) "H 200 /kJ/kg.

Thus, isentropic efficiency:

U6—20u6—20ub 7TGVA S, # 0#3b$, 4fR+" fRRA



2. Determining Specific Work for a Piston Compressor

Assume a piston compressor with a compression ratio of 10:1. For air, the isentropic temperature rise can be
calculated as above. The specific work is then:

w=c_px(T,-Te=1.005x (T, -288).

Using the isentropic temperature, we get w "H 200 /kJ/kg. Adding a 5% efficiency loss, the actual work becomes 210 /kJ/
kg.

3. Performance Curve Interpretation

Performance curves plot compressor speed (RPM) against flow rate for a fixed pressure ratio. Engineers use these
curves to:

« ldentify the best efficiency point (BEP).
* Determine operating limits to avoid surge or choke.
e Guide control strategies for variable speed drives.

Common Challenges and Mitigation Strategies

1. Surge and Choke

Surge occurs when the flow rate drops below a critical value, causing pressure oscillations and potential damage.
Choke is when the flow cannot increase despite higher pressure differences. Mitigation includes:
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