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Unit 3: Compressed Air Systems
3.1 Introduction
Turbines and compressors are now being used in electrical power generation, aircraft propulsion and a wide variety of medium and heavy industries. Turbines, compressors and fans are all members of the same family of machines called turbomachines. A turbomachine is a power or head generating machine which employs the dynamic action of a rotating element, the rotor; the action of the rotor changes the energy level of the continuously flowing fluid through the turbomachine.
3.1.1 Compressor types and performance
3.1.1.1 Centrifugal Compressor

A centrifugal compressor like a pump is a head or pressure producing device. The contribution of the centrifugal energy in the total change in the energy level is significant. A centrifugal type of compressor is suitable for low specific speed, higher pressure ratio and lower mass flow applications. Performance wise, the centrifugal compressor is less efficient (3- 5%) than the axial type. However, a much higher pressure ratio per stage, single piece impeller and wider range of stable operation are some of the attractive aspects of this type. Figure 3.1 and 3.2 show the principal elements of a centrifugal compressor stage. The flow enters a three dimensional impeller through an accelerating nozzle and a row of inlet guide vane (IGVs). The inlet nozzle accelerates the flow from its initial conditions (at station i) to the entry of the inlet guide vanes. The IGVs direct the flow in the desired direction at the entry (section1) of the impeller.

The impeller through its blades transfers the shaft work to the fluid and increases its energy level. It can be made in one piece consisting of both the inducer section and a largely radial portion. The inducer receives the flow between the hub and tip diameters (dh, dt) of the impeller eye and passes it on to the radial portion of the impeller blades. The flow approaching the impeller may be with or without swirl. The inducer section can be looked upon as an axial compressor rotor placed upstream of the radial impeller. In some designs this is made separately and then mounted on the shaft along with the radial impeller.
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                    Fig. 3.1 Elements of centrifugal compressor stage
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                    Fig. 3.2 A centrifugal compressor stage

Unlike axial machines, the hub diameter of the radial impeller varies from the entry to the exit. The tips of the blades can be shrouded to prevent leakage, but manufacturing and other problems of the shrouded impellers have kept them open in most applications.

The impeller discharges the flow to the diffuser through a vaneless space. Here the static pressure of the fluid rises further on account of the deceleration of the flow. The diffuser may be merely a vaneless space or may consist of a blade ring. For high performance, the design of the diffuser is as important as that of the impeller. 

The flow at the periphery of the diffuser is collected by a spiral casing known as the volute which discharges it through the delivery pipe. 
3.1.1.2 Axial Compressor
An axial compressor is a pressure producing machine. The energy level of air or gas flowing through it is increased by the action of the rotor blades which exert a torque on the fluid. This torque is supplied by an external source- an electric motor or a steam or gas turbine. Besides numerous industrial applications the multistage axial compressor is the principal element of all gas turbine power plants for land and aeronautical applications.
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Fig. 3.3 An axial compressor stage

An axial compressor stage consists of a rotor followed by a diffuser blade ring. The first stage of multistage axial compressor or a single stage compressor may also consist of a ring of inlet guide vanes (IGV) upstream of the rotor as shown in Fig. 3.1.
The flow in a compressor stage is throughout decelerating as in a diffuser. Diffusers bring about the transformation of kinetic energy of gases into a static pressure rise. Such a transformation process occurs in the fixed blade rings downstream of a compressor rotor.
Axial flow compressors are suitable for higher compression ratios and are typically multi- stage machines
3.1.1.3 Reciprocating Compressor
A reciprocating compressor is also a positive displacement compressor and the number of cylinders may be more than one (single or multi cylinders) and it may be single or double acting. Reciprocating compressors are the most widely used type for air compression. They are characterized by a flow output that remains nearly constant over a range of discharge pressures. Also, the compressor capacity is directly proportional to the speed.  The output, however, is a pulsating one. Reciprocating compressors are available in many configurations, the four most widely used of which is horizontal, vertical, horizontal balance opposed and tandem. Reciprocating compressors are suitable for low discharge at very high discharge pressures. The maximum free air discharge is about 300 m3 per minute and maximum delivery pressure is 1000 bar. The speed of reciprocating compressor is very low compared with rotary compressors due to inertia of reciprocating parts.
3.1.1.4 Rotary Compressor

In positive displacement rotary type compressors, the air is entrapped between two sets of engaging surfaces and the pressure rise is either by back flow of air(roots blower) or by both squeezing action and back flow of air (vane type). 
3.1.1.4a Roots Blower
The arrangement of this blower is shown in Fig. 3.4. It consists of two rotors, rotating in opposite directions. The lobes of the rotors are of epicycloids, hypocycloid or involute profiles because this ensures correct mating. The high pressure side of the compressor is sealed from low pressure side for all angular positions of the rotor. A small clearance is provided between the rotors and the cylinder surface to reduce wear. The leakage through this clearance increases with increasing pressure ratio and reduces the efficiency of the compressor.
The roots blower is designed to supply the air from 0.15 m3/min to about 1500 m3/min and the pressure ratios in the order of 1 to 3.6 for single stage machines. The maximum rotational speed used is 12500 r.p.m.
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                                          Fig. 3.4 Roots blower
 3.1.1.4b Vane type blower
It consists of a rotor located eccentrically in a cylindrical outer casing. The rotor carries a set of spring loaded vanes in the slots of the rotor as shown in Fig. 3.5. The vane blower require less work compared to roots blower for the same capacity and pressure rise. The vane blowers are commonly used to deliver upto 150 m3 of air per minute at pressure ratio up to 8.5. The blower speed is limited to 3000 r.p.m.
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                      Fig. 3.5 Vane blower
3.1.1.5 Free Air Delivered (F.A.D.) 
The free air delivered is the actual volume delivered at the stated pressure, reduced to intake pressure and temperature and expressed in cubic metre per minute. This is also termed as capacity of a compressor.
3.1.1.6 Compressor Efficiency Definitions
Several different measures of compressor efficiency are commonly used: volumetric efficiency, isothermal efficiency and isentropic efficiency.
Volumetric Efficiency: The ratio of the actual free air delivered by the compressor per stroke to the displacement of the compressor is known as volumetric efficiency of the compressor.
Isothermal efficiency: It is the ratio of isothermal work to the actual work.

Isentropic Efficiency: The isentropic efficiency is defined as the ratio of isentropic work to the actual work.
3.1.1.7 Compressed Air System Components

Compressed air systems consist of following major components: Intake air filters, inter-stage coolers, after coolers, air dryers, moisture drain traps, receivers, piping network, filters, regulators and lubricators. 

• Intake Air Filters: Prevent dust from entering compressor; Dust causes sticking valves, scoured cylinders, excessive wear etc.

• Inter-stage Coolers: Reduce the temperature of the air before it enters the next stage to reduce the work of compression and increase efficiency. They are normally water-cooled.

• After Coolers: The objective is to remove the moisture in the air by reducing the temperature in a water-cooled heat exchanger.

• Air-dryers: The remaining traces of moisture after after-cooler are removed using air dryers, as air for instrument and pneumatic equipment has to be relatively free of any moisture. The moisture is removed by using adsorbents like silica gel /activated carbon, or refrigerant dryers, or heat of compression dryers.

• Moisture Drain Traps: Moisture drain traps are used for removal of moisture in the com-pressed air. These traps resemble steam traps. Various types of traps used are manual drain cocks, timer based / automatic drain valves etc.

• Receivers: Air receivers are provided as storage and smoothening pulsating air output reducing pressure variations from the compressor.
3.2.1 Efficient Operation of Compressed Air Systems
3.2.1.1 Location of the compressors
Compressors should be located in a dry, clean, cool and well ventilated area. Warm, moist air requires not only more energy to compress but also extra drying to ensure that the moisture does not cause pipe corrosion and other problems with equipment. Forced ventilation may be needed to dissipate the build-up of heat in the compressor room. Dust and dirt must be filtered out of the air supply to minimise wear and avoid damage to the compressed air system. Inlet filters should be checked routinely and replaced before the pressure drop across them becomes significant.
3.2.1.2 Compressor control
Compressors can be fitted with their own individual control system to vary their output to meet demand. Such systems include:

Start/stop control: This method is normally only used for very small machines (usually piston compressors) due to the limitations associated with starting and stopping larger motors. 

Throttling (modulating) control: This is generally only applicable to single-stage screw and vane machines operating at greater than 70% load.

Load/off-load control: This is often called 'automatic’ control and is widely used in single-stage screw and vane compressors. For larger piston machines (double acting, two-stage compressors), three-step control is used to give full load, half load and no load operation.
3.2.1.3 Misuse and waste of compressed air
Waste and misuse often offer the greatest potential for no-cost and low-cost energy savings in a typical system. Start by looking at all the uses of compressed air on the site. During the lifetime of an organisation, processes evolve and production methods change. Both affect the way a compressed air system is maintained, upgraded and the way in which compressed air is used. For these reasons, it is good practice to review the system and working practices regularly. However, there are many cases where compressed air is the preferred choice and, indeed, has unique advantages over other power sources. These include:

• Air-driven equipment in hospitals to avoid electrical interference

• Air supply for remote locations where air can also be stored in tanks

• Offshore or hazardous area uses where risk of explosion excludes the use of electricity

• Cleaning out areas of extreme temperatures (e.g. freezers and furnaces).
Compressed air is used for a myriad of applications due to its safety, flexibility and convenience. However, it is also misused and hence wasted for the same reasons, incurring unnecessary energy costs. Compressed air is sometimes used for an application just because an air supply is readily available, not because it is the most cost effective or appropriate method. 
The main areas of waste that merit attention are:

• Leaks

• Pressure drop

• Running the compressor when there is no demand for air.
3.2.1.4 Leaks
All compressed air systems have leaks. Reducing air leaks is the single most important energy saving measure that can be performed. The leak rate on an unmanaged compressed air system can be as much as 40% of the output. Compressed air leaks also lead to additional costs through:

• Fluctuating system pressure, which can cause air tools and other air-operated equipment to function less efficiently — potentially stalling and affecting production
• Reduced service life and increased maintenance of equipment due to unnecessary compressor cycling and running time

• Excess compressor capacity.

The sources of leakage are numerous, but the most frequent causes are:

• Manual condensate drain valves left open

• Shut-off valves left open

• Leaking hoses and couplings

• Leaking pipes and pipe joints

• Leaking pressure regulators

• Air-using equipment left in operation when not needed.
3.2.1.5 Identifying and measuring leaks
There are a number of ways for detecting leaks. Handheld ultrasonic leak detectors provide an effective method of detecting leaks against background noise without having to stop production.
Other methods of identifying leaks include: 

• Listening for leaks when the background noise is quiet enough

• Soap solution brushed onto pipe fittings 

• Leak detection sprays.

Many compressed air systems now have permanent flow meters installed for monitoring purposes. This can measure the level of air production when no tools are in use, thus providing a good indication of the leakage level. There are alternative measurement methods that can effectively determine the amount of air leaking:

• Cycle timing

• Pressure decay.
Leaks need to be monitored constantly and a leak survey carried out at least twice a year to ensure the levels do not creep up again.
3.2.1.6 Air Receivers

The air receiver dampens pulsations entering the discharge line from the compressor; serves as a reservoir for sudden or unusually heavy demands in excess of compressor capacity; prevents too frequent loading and unloading (short cycling) of the compressor; and separates moisture and oil vapour, allowing the moisture carried over from the after coolers to precipitate.  The air receiver should be generously sized to give a large cooling surface and even out the pulsation in delivered air pressure from reciprocating compressor. Simple formulae often quoted for air receiver size is to take a value equal to one minute's continuous output of the compressor. However, this should be considered indicative of the minimum size of receiver. Another approximation can be to size the receiver volume to be 5% of the rated hourly free air output.  Providing an air receiver near the load end, where there is sudden high demand lasting for a short period, would avoid the need to provide extra capacity.
3.2.1.7 Filtration
Filtration is required to remove contaminants from the compressed air. Filters may be fitted before and after dryers, and also at the point of use. In carrying out its function, the filter element will become increasingly blocked. Blocked filters:

• Can cause reliability problems

• Often compromise product quality

• Will increase energy consumption.

Filter elements should be regularly checked as part of a maintenance regime. Many filters have a diagnostic gauge fitted to their housing, which records the pressure drop across the filter element and indicates when the filter is due for replacement. The pressure drop across a new filter should be checked for comparison.
3.2.1.8 Drying
As compressed air leaves the compressor and cools, the water vapour that was present in the inlet air condenses. This water must be removed from the compressed air system to avoid damage to components and product. Various degrees of dryness can be achieved. The performance of a dryer is quoted in terms of ‘pressure dew point’, which is the temperature at which water vapour will start to condense out of the air.
3.2.1.9 Pressure drop
Pressure drop in a compressed air system is due to airflow resistance caused by pipe friction and various components within the system (e.g. valves, bends). Inadequate pipe sizing also results in pressure drop, and this is covered in the next section. The compressor must produce air at a pressure high enough to overcome these pressure losses in the system and still meet the minimum operating pressure of the end use equipment or process. 
3.2.1.10 Pipe sizing
The cost of the air mains frequently represents a high proportion of the initial cost of a compressed air system. Therefore, smaller diameter pipe is often specified to save on capital cost. However, this is false economy since the restriction due to the smaller piping causes greater pressure drop across the system, resulting in higher energy consumption. These increased energy costs can soon exceed the price of larger diameter piping.
3.2.1.11 Pipe layout
All compressed air distribution pipelines should be designed with the following points in mind:

• Pipe diameters should be selected that minimise pressure drop and allow for possible expansion.

• Fittings and valves should be selected that create the minimum restriction to airflow. Large radius bends are preferred to elbows, for example. Full-throated valves such as ball valves should be used rather than gate valves.

• All piping must be well supported to minimise movement and sagging. This will help to minimise leaks, avoid build up of corrosion and fluids and lengthen the life of the pipeline.
3.2.2 Compressor Capacity Assessment
Due to ageing of the compressors and inherent inefficiencies in the internal components, the free air delivered may be less than the design value, despite good maintenance practices. Sometimes, other factors such as poor maintenance, fouled heat exchanger and effects of altitude also tend to reduce free air delivery.  In order to meet the air demand, the inefficient compressor may have to run for more time, thus consuming more power than actually required. The power wastage depends on the percentage deviation of FAD capacity. For example, a worn out compressor valve can reduce the compressor capacity by as much as 20 percent.  A periodic assessment of the FAD capacity of each compressor has to be carried out to check its actual capacity. If the deviations are more than 10 %, corrective measures should be taken to rectify the same. The ideal method of compressor capacity assessment is through a nozzle test wherein a calibrated nozzle is used as a load, to vent out the generated compressed air.  Flow is assessed, based on the air temperature, stabilization pressure, orifice constant etc.
3.3 Energy Conservation Opportunities

· Ensure air intake to compressor is not warm and humid by locating compressors in well-ventilated area or by drawing cold air from outside. Every 4°C rise in air inlet temperature will increase power consumption by 1 percent.
· Clean air inlet filters regularly. Compressor efficiency will be reduced by 2 percent for every 250 mm WC pressure drop across the filter.

· Keep compressor valves in good condition by removing and inspecting once every six months. Worn-out valves can reduce compressor efficiency by as much as 50 percent.

· Install manometers across the filter and monitor the pressure drop as a guide to replacement of element.  

· Minimize low-load compressor operation; if air demand is less than 50 percent of compressor capacity, consider change over to a smaller compressor or reduce compressor speed appropriately (by reducing motor pulley size) in case of belt driven compressors.

· Consider the use of regenerative air dryers, which uses the heat of compressed air to remove moisture.

· Fouled inter-coolers reduce compressor efficiency and cause more water condensation in air receivers and distribution lines resulting in increased corrosion.  Periodic cleaning of inter-coolers must be ensured.

· Compressor free air delivery test (FAD) must be done periodically to check the present operating capacity against its design capacity and corrective steps must be taken if required.

· If more than one compressor is feeding to a common header, compressors must be operat-ed in such a way that only one small compressor should handle the load variations whereas other compressors will operate at full load.

· The possibility of heat recovery from hot compressed air to generate hot air or water for process application must be economically analyzed in case of large compressors.

· Consideration should be given to two-stage or multistage compressor as it consumes less power for the same air output than a single stage compressor.  

· If pressure requirements for processes are widely different (e.g. 3 bar to 7 bar), it is advisable to have two separate compressed air systems. 

· Reduce compressor delivery pressure, wherever possible, to save energy.

· Provide extra air receivers at points of high cyclic-air demand which permits operation without extra compressor capacity.

· Retrofit with variable speed drives in big compressors, say over 100 kW, to eliminate the `unloaded' running condition altogether.

· Keep the minimum possible range between load and unload pressure settings.

· Automatic timer controlled drain traps wastes compressed air every time the valve opens. So frequency of drainage should be optimized.

· Check air compressor logs regularly for abnormal readings, especially motor current cooling water flow and temperature, inter-stage and discharge pressures and temperatures and compressor load cycle.

· Compressed air leakage of 40 – 50 percent is not uncommon. Carry out periodic leak tests to estimate the quantity of leakage.

· Install equipment interlocked solenoid cut-off valves in the air system so that air supply to a machine can be switched off when not in use.

· Present energy prices justify liberal designs of pipeline sizes to reduce pressure drops. 

· Compressed air piping layout should be made preferably as a ring main to provide desired pressures for all users.

· A smaller dedicated compressor can be installed at load point, located far off from the central compressor house, instead of supplying air through lengthy pipelines.
· All pneumatic equipment should be properly lubricated, which will reduce friction, prevent wear of seals and other rubber parts thus preventing energy wastage due to excessive air consumption or leakage. 

· Misuse of compressed air such as for body cleaning, agitation, general floor cleaning, and other similar applications must be discouraged in order to save compressed air and energy.

· Pneumatic equipment should not be operated above the recommended operating pressure as this not only wastes energy bus can also lead to excessive wear of equipment's components which leads to further energy wastage.

· Pneumatic transport can be replaced by mechanical system as the former consumed about 8 times more energy.  Highest possibility of energy savings is by reducing compressed air use.

· Pneumatic tools such as drill and grinders consume about 20 times more energy than motor driven tools. Hence they have to be used efficiently. Wherever possible, they should be replaced with electrically operated tools.

· Where possible welding is a good practice and should be preferred over threaded connections.  

· On account of high pressure drop, ball or plug or gate valves are preferable over globe valves in compressed air lines.
QUESTIONS
1. Classify the various types of air compressors.
2. Mention the important applications of compressed air.

3. Describe the function of the impeller and diffuser in a centrifugal compressor.

4. Discuss the merits and demerits of centrifugal compressor.
5. Describe the field of applications of centrifugal compressor.
