Air Refrigeration Cycles

1. Reversed Carnot Cycle

Principle

The reversed Carnot cycle is an ideal refrigeration cycle conceived for maximum theoretical
efficiency. It uses air as the working fluid and consists of four reversible processes:

¢ Isothermal Heat Absorption (at low temperature, TL)
¢ Isentropic Compression
¢ Isothermal Heat Rejection (at high temperature, TH)

¢ Isentropic Expansion

Key Features
e COP (Coefficient of Performance):
o Highest possible for given temperature limits.
o COP for refrigeration: $ \frac{T_LH{T_H-T_L} $
e Limitation:

o Purely theoretical; requires isothermal processes (not practical with gases at large
scales).

o Large, impractical equipment sizes and slow operationl 21 [3]

Applications

e Serves as a benchmark for comparison with practical cycles.

¢ Not used in actual air refrigeration systems due to practical implementation challenges.

2. Bell-Coleman Cycle (Reversed Brayton or Joule Cycle)

Working Principle

An open or closed air refrigeration cycle, where air acts as the refrigerant and undergoes a
series of compressions and expansions:

1. Isentropic Compression of air (P1to P2): Air is compressed, raising its temperature and
pressure.



2. Constant Pressure Cooling in a heat exchanger (P2 to P3): The warm compressed air is
cooled at constant pressure, rejecting heat to the environment.

3. Isentropic Expansion (P3 to P4): Air expands in an expander, causing its pressure and
temperature to drop.

4. Constant Pressure Heat Absorption (P4 to P1): Cold air absorbs heat from the refrigerated
space, completing the cycle.

P-V and T-S Diagrams

e Show two isentropic (vertical) and two isobaric (horizontal) processes.

e Used to analyze work input, heat exchange, and refrigeration effect[41 51 161171

Performance & COP

e COP is lower than the reversed Carnot cycle and depends on temperature limits and
pressure ratio established in the compressors/expanders.

e COP formula:
$ COP_{ref} = \frac{Refrigerating Effect}{Work Input} $

Merits

e Simple Design: Fewer components, air as safe, non-toxic, readily available refrigerant.
¢ No Leakage Issues: Air leaks are not hazardous.
o Useful for Aircraft: Outflow air can be used directly for cabin pressurization and cooling.

e Moderate Cost and Maintenance: Especially for small to intermediate systems 41 [6118]

Demerits

Low Efficiency: COP is significantly lower than modern vapor-compression systems, leading
to higher energy consumption for a given cooling effect 1101

¢ Limited Low-Temperature Capacity: Achievable temperatures are not as low as other
refrigeration options.

e High Work Input: Significant mechanical work required for compressing air, with much
energy wasted as heat.

e Complexity in Large Systems: Multiple compressors and expanders may be needed,
increasing complexity and maintenance.

¢ Noise and Vibration: Due to moving parts (compressors, expanders)[g“il.

3. Aircraft Refrigeration Systems: Methods & Analysis

Unique aircraft requirements:

e High cooling loads (crew, passengers, avionics, skin friction).

e Low system weight and high reliability essentiall&l.



Main Methods Employed

System Type

Simple Air Cycle
(Open; Bell-
Coleman)

Bootstrap System

Regenerative System

Reduced
Ambient/Reverse-
Flow

Additional notes:

Main Features &
Operation

Compressor — heat
exchanger -
expander — cabin

Uses secondary
compressor
powered by turbine;
2 heat exchangers

Uses bleed-off air to
cool another stream

Combination of two
turbines; highest
performance

Suitability

Propeller aircraft,
slow jets

Supersonic/modern
jets

High-performance
jets

Supersonic aircraft

¢ Simple and bootstrap systems are most widely used.

Merits

Simple,
lightweight,
safe

Higher cooling
effect

Most effective
at all flight
speeds

Can cool air
below ambient,
high speeds

Demerits

Low efficiency,
cabin air not
very cold

More complex,
more parts

High
complexity,
cost

Very high
mechanical
complexity,
cost

e Modern systems may use heat exchangers cooled by outside ram air; fan drives may assist
operation on groundmlml.

Analysis Overview

e Performance is measured by COP, weight per cooling capacity, and reliability in varying

flight conditions.

e Cooling effect per work input (COP) is lower than vapor systems but weight and simplicity
favor air systems for aircraft 121 81

4. Summary Table: Air Refrigeration Systems in Aircraft

Criteria
Practical Use
COP (Efficiency)
Complexity
Maintenance
Suitability (Aircraft)

Weight

Reversed Carnot
No

Highest (ideal)
Very high

Not applicable
No

Not practical

Bell-Coleman
Yes Yes
Moderate (real) Low
Low-medium Low
Moderate
Yes Yes
Low

Very low

Simple Air Cycle

Simple

Yes

Improved

Bootstrap/Regenerative

Medium-high

More complex

Modern jets, supersonic

Slightly higher



5. Key Points: Merits & Demerits (Aircraft Context)

Merits

e Light, compact, and robust—ideal for aviation.
e Airis safe, easily available, eliminates leakage/environmental risks.
e Direct use for cabin pressurization and cooling simplifies system design.

« Tolerates minor leaks; no refrigerant charging needed 121181

Demerits

« Significantly lower thermal efficiency than vapor-compression (COP is much lower) 181 [10]

Higher power input per ton of cooling.

Limited low-temperature reach.

Can be noisy, with more moving parts (mechanical losses).

Complexities arise as performance demands grow (multi-compressor/turbine designs).
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