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4.1 Introduction
The methods of production of cold by mechanical methods are quite recent. The first development took place in 1834 when Perkins proposed a hand operated compressor machine working on ether. Then in 1851 came Gorrie’s air refrigeration machine and in 1856 Linde developed a machine working on ammonia. 
The pace of development was slow in the beginning when steam engines were the only prime movers known to run the compressors. With the advent of electric motors and consequent higher speeds of the compressor, the scope of applications of refrigeration widened. The pace of development was considerably quickened in the forties when du Pont put in the market a family of new working substances, the fluoro- chloro derivatives of methane, ethane etc., under the name of Freons. Another noteworthy development was that of ammonia-water vapour absorption machine by Carre. These developments account for major commercial and industrial applications in the field of refrigeration.
The Heating, Ventilation and Air Conditioning (HVAC) and refrigeration system transfers the heat energy from or to the products, or building environment. Energy in form of electricity or heat is used to power mechanical equipment designed to transfer heat from a colder, low-energy level to a warmer, high-energy level. Refrigeration deals with the transfer of heat from a low temperature level at the heat source to a high temperature level at the heat sink by using a low boiling refrigerant.
Air conditioning relates to the control of the environment in enclosed spaces such as building, certain process plants and manufacturing areas. Generally, the temperature, humidity and air velocity of these spaces should be maintained within particular predetermined ranges. The actual values will be dictated by the function of the space, the comfort of the occupants and the environmental requirements of the equipment in the area. The size of the air conditioning plant required to maintain the specific values depends upon an accurate analysis of the probable heat and moisture balances of the system. 
4.1.1 Types of Refrigeration System
4.1.1.1 Simple Vapour Compression System

Out of all refrigeration systems, the vapour compression system is the most important system from the view point of commercial and domestic utility. It is the most practical form of refrigeration. In this system the working fluid is a vapour. It readily evaporates and condenses or changes alternately between the vapour and liquid phases without leaving the refrigeration plant. During evaporation, it absorbs heat from the cold body. This heat is used as its latent heat for converting it from the liquid to vapour. In condensing or cooling or liquefying, it rejects heat to external body, thus creating a cooling effect in the working fluid. This refrigeration system thus acts as a latent heat pump since it pumps its latent heat from the cold body or brine and rejects it or delivers it to the external hot body or cooling medium. The principle upon which the vapour compression system works apply to all the vapours for which tables of Thermodynamic properties are available. 
In a simple vapour compression system fundamental processes are completed in one cycle. These are 

1. Compression 2. Condensation 3. Expansion 4. Vapourisation
The flow diagram of such a cycle is shown in Fig. 4.1.
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heat in a ‘generator’. The solubility of the refrigerant and absorbent must be suitable and the plant
which uses ammonia as the refrigerant and water as absorbent will be described.

14.4.2. Simple Vapour Absorption System

Refer Fig. 14.19 for a simple absorption system. The solubility of ammonia in water at low
| temperatures and pressures is higher than it is at higher temperatures and pressures. The ammonia
tor at point 2 is readily absorbed in the low temperature hot solution in
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       Fig. 4.1 Vapour compression system
The vapour at low temperature and pressure (state 2) enters the compressor where it is compressed isentropically and subsequently its temperature and pressure increase considerably (state 3). This vapour after leaving the compressor enters the condenser where it is condensed into high pressure liquid (state 4) and is collected in a receiver tank. From receiver tank it passes through the expansion valve, here it is throttled down to a lower pressure and has a low temperature (state 1). After finding its way through expansion valve it finally passes on to evaporator where it extracts heat from the surroundings or circulating fluid being refrigerated and vapourises to low pressure vapour (state 2).
4.1.1.2 Simple Vapour Absorption System

Refer Fig. 4.2 for a simple absorption system. The solubility of ammonia in water at low temperatures and pressures is higher than it is at higher temperatures and pressures. The ammonia vapour leaving the evaporator at point 2 is readily absorbed in the low temperature hot solution in the absorber. This process is accompanied by the rejection of heat. The ammonia in water solution is pumped to the higher pressure and is heated in the 
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           Fig. 4.2(a) Simple vapour absorption system
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              4.2(b) Simple vapour absorption system – T- s diagram
generator. Due to reduced solubility of ammonia in water at the higher pressure and temperature, the vapour is removed from the solution. The vapour then passes to the condenser and weakened ammonia in water solution is returned to the absorber.

In this system the work done on compression is less than in vapour compression cycle (since pumping a liquid requires much less work than compressing a vapour between the same pressures) but a heat input to the generator is required. The heat may be supplied by any convenient form e.g. steam or gas heating.

4.1.2 Common Refrigerants and Properties
A refrigerant is defined as any substance that absorbs heat through expansion or evaporation and losses it through condensation in a refrigeration system.
The refrigerants are classified as follows: 1. Primary refrigerants 2. Secondary refrigerants
Primary refrigerants are those working mediums or heat carriers which directly take part in the refrigeration system and cool the substance by the absorption of latent heat e.g. Ammonia, Carbon dioxide, Sulphur dioxide, Methyl chloride, Methylene chloride, Ethyl chloride and Freon group.
Secondary refrigerants are those circulating substances which are first cooled with the help of the primary refrigerants and are then employed for cooling purposes, e.g. ice, solid carbon dioxide etc.

The primary refrigerants are grouped as follows:

(i) Halocarbon compounds: In this group are included refrigerants which contain one or more of three halogens, chlorine and bromine and they are sold in the market under the names as Freon, Genetron, Isotron and Areton.

The list of the halocarbon refrigerants commonly used is given below:

R 10- Carbon tetrachloride (CCl4)

R 11- Trichloro monofluoro methane(CCl3F)
R 12- Dichloro difluoro methane(CCl2F2)

R 13- Mono bromotrifluoro methane(CBrF3)

R 22- Mono chloro difluoro methane(CHClF2)

R 152- Difluoro ethane(C2H6F2)

(ii) Azetropes: The refrigerants belonging to this group consists of mixtures of different substances. An azeotrope behaves like a simple substance. Example: R 500. It contains 73.8% of R 12 and 26.2% of R 152.
(iii) Hydrocarbons: Most of the refrigerants of this group are organic compounds. Some of the important refrigerants of this group are 
R 50- Methane (CH4)

R 170- Ethane(C2H6)

R 290- Propane (C2H8)

R 600- Butane (C4H10)
(iv) Inorganic compounds: Before the introduction of hydrocarbon group these refrigerants were most commonly used for all purposes. The important refrigerants of this group are 
R 717- Ammonia(NH3)
R 718- Water(H2O)

R 729- Air
R 744- Carbon dioxide(CO2)
R 764- Sulphur dioxide
Ideal refrigerants should posses the following properties. 
1. Thermodynamic properties
     (i) Low boiling point

     (ii) Low freezing point

     (iii) Positive pressure in condenser and evaporator

     (iv) High saturation temperature
      (v) High latent heat of vapourisation
2. Chemical properties

      (i) Non toxicity

      (ii) Non flammable and non explosive

      (iii) Non corrosiveness

      (iv) Chemical stability in reacting

      (v) No effect on the quality of stored products like flowers, food with other materials i.e. furs and fabrics

      (vi) Non irritating and colourless

3. Physical properties
      (i) Low specific volume of vapour
      (ii) Low specific heat 

      (iii) High thermal conductivity

      (iv) Low viscosity

      (v) High electrical insulation
4. Other properties

      (i) Ease of leakage location

      (ii) Availability and low cost

     (iii) Ease of handling

     (iv) High C.O.P.

     (v) Low power consumption per tonne of refrigeration
     (vi) Low pressure ratio and pressure difference

4.2 Compressor Types and Application
Industrial applications largely employ reciprocating, centrifugal and, more recently, screw compressors, and scroll compressors. Water-cooled systems are more efficient than air-cooled alternatives because the temperatures produced by refrigerant condensation are lower with water than with air.
4.2.1 Reciprocating Compressor
A reciprocating compressor consists of a cylinder, piston, inlet and outlet valves. The arrangement of the compressor is shown in Fig. 4.3.  During the downward motion of the piston, the pressure inside the cylinder falls below the atmospheric pressure and the inlet valve is opened due to the pressure difference. The refrigerant is taken into the cylinder until the piston reaches bottom dead centre position. As the piston starts moving upwards, the inlet valve closed and the pressure starts increasing continuously until the pressure inside the cylinder is above the pressure of the delivery side which is connected to the receiver. Then the delivery valve opens and refrigerant is delivered during the remaining upward motion of the piston to the receiver. Once the piston reaches it top dead centre position, it starts moving downward again and the cycle is repeated.
The maximum efficiency of reciprocating compressors is lower than that of centrifugal and screw compressors. Efficiency is reduced by clearance volume (the compressed gas volume that is left at the top of the piston stroke), throttling losses at the intake and discharge valves, abrupt changes in gas flow, and friction. Lower efficiency also results from the smaller sizes of reciprocating units, because motor losses and friction account for a larger fraction of energy input in smaller systems.
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Fig 4.3 Reciprocating Compressor 
4.2.2 Centrifugal Compressor
The centrifugal compressors are used to supply large quantities of refrigerant but at a lower pressure ratio. It consists of a rotating impeller, diffuser and casing as shown in Fig. 4.4. The impeller consists of a disc on which radial blades are attached. The diffuser is the other part of the compressor which surrounds the impeller and provides diverging passages for refrigerant flow thus increasing the refrigerant pressure. The refrigerant coming out from the diffuser is collected in the casing and taken out from the outlet of the compressor.
The refrigerant enters the eye of the compressor at low velocity and atmospheric pressure. The refrigerant moves radially outward passing through the impeller and is guided by the impeller vanes. The impeller increases the momentum of the refrigerant flowing through it, causing a rise in pressure of the refrigerant. The refrigerant leaving the impeller enters the diffuser where its velocity is reduced by providing more cross sectional area for the refrigerant flow. 
Centrifugal compressors are the most efficient type when they are operating near full load. Their efficiency advantage is greatest in large sizes, and they offer considerable economy of scale, so they dominate the market for large chillers. They are able to use a wide range of refrigerants efficiently, so they will probably continue to be the dominant type in large sizes.
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Fig 4.4 Centrifugal Compressor

4.2.3 Screw Compressor
Screw compressor or helical rotary compressor compresses refrigerant by trapping it in the threads of a rotating screw-shaped rotor. Screw compressors have increasingly taken 
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Fig 4.5 Screw Compressor
 over from reciprocating compressors of medium sizes and large sizes, and they have even entered the size domain of centrifugal machines. Screw compressors are applicable to refrigerants that have higher condensing pressures.
4.2.4 Scroll Compressor
In the scroll compressor the gas is compressed between two scroll-shaped vanes. One of the vanes is fixed, and the other moves within it. The moving vane does not rotate, but its 
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Fig. 4.6 Scroll Compressor

center revolves with respect to the center of the fixed vane. This motion squeezes the refrigerant gas along a spiral path, from the outside of the vanes toward the center, where the discharge port is located. The compressor has only two moving parts, the moving vane and a shaft with an off center crank to drive the moving vane.
The application criteria of various refrigeration compressors are given in the Table 4.1.
Table 4.1: Application criteria of various refrigeration compressors
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14.3. SIMPLE VAPOUR COMPRESSION SYSTEM

14.3.1. Introduction

Out of all refrigeration systems, the vapour compression system is the most important system
from the view point of commercial and domestic utility. It is the most practical form of refrigeration.
In this system the working fluid is a vapour. It readily evaporates and condenses or changes
alternately between the vapour and liquid phases without leaving the refrigerating plant. During
evaporation, it absorbs heat from the cold body. This heat is used as its latent heat for converting it
from the liquid to vapour. In condensing or cooling or liquifying, it rejects heat to external body, thus
creating a cooling effect in the working fluid. This refrigeration system thus acts as a latent heat
pump since it pumps its latent heat from the cold body or brine and rejects it or delivers it to the
external hot body or cooling medium. The principle upon which the vapour compression system works
apply to all the vapours for which tables of Thermodynamic properties are available.

14.3.2. Simple Vapour Compression Cycle
In a simple vapour compression system fundamental processes are completed in one cycle.
These are :

1. Compression 2. Condensation 3. Expansion 4. Vapourisation.
The flow diagram of such a cycle is shown in Fig. 14.7.
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Fig. 14.7. Vapour compression system.

The vapour at low temperature and pressure (state 2) enters the “compressor” where it is
compressed isentropically and subsequently its temperature and pressure increase considerably”
(state ‘3"). This vapour after leaving the compressor enters the “condenser” where it is condensed into
high pressure liquid (state ‘4’) and is collected in a “receiver tank”. From receiver tank it passes





4.3 Performance Assessment of Refrigeration Plants
The capacity of mechanical equipment is generally given in H.P. electrical equipments in kW. Similarly the capacity of refrigeration unit is generally given in tons of refrigeration (TR).
1 TR of refrigeration = 3024 kCal/hr heat rejected.

The refrigeration TR is assessed as TR = Q x Cp x (Ti – To) / 3024

Where 
Q is mass flow rate of coolant in kg/hr 

Cp is coolant specific heat in kCal /kg 0C 

Ti is inlet temperature of coolant to evaporator (chiller) in °C 

To is outlet temperature of coolant from evaporator (chiller) in °C.
The performance of a mechanical power developing system is measured by a factor known as efficiency. Similarly the performance of a refrigeration system is measured by a factor known as coefficient of performance (C.O.P.). The C.O.P. of a refrigeration system is a ratio of heat removed from a system to the work supplied to achieve the heat removal.
                      Q

C.O.P. =  
                     W      
Where 

Q = Heat removed in kJ per unit time

W= Work supplied in kJ per unit time

In case of air conditioning units, the airflow at the Fan Coil Units (FCU) or the Air Handling Units (AHU) can be measured with an anemometer.  Dry bulb and wet bulb temperatures are measured at the inlet and outlet of AHU or the FCU and the refrigeration load in TR is assessed as;
                              Q × ρ × (hin - hout)
          TR = 

                                    3024
Where

Q is the air flow in m3/h

hin is enthalpy of inlet air kCal/kg

ρ is density of air kg/m3
hout is enthalpy of outlet air kCal/kg
4.4 Energy Conservation Opportunities
a) Cold Insulation

Insulate all cold lines / vessels using economic insulation thickness to minimize heat gains; and choose appropriate (correct) insulation.

b) Building Envelope

Optimise air conditioning volumes by measures such as use of false ceiling and segregation of critical areas for air conditioning by air curtains.

c) Building Heat Loads Minimisation

Minimise the air conditioning loads by measures such as roof cooling, roof painting, efficient lighting, pre-cooling of fresh air by air- to-air heat exchangers, variable volume air system, optimal thermo-static setting of temperature of air conditioned spaces, sun film applications, etc. 

e) Process Heat Loads Minimisation

Minimize process heat loads in terms of TR capacity as well as refrigeration level, i.e., temperature required, by way of:

i) Flow optimization  

ii) Heat transfer area increase to accept higher temperature coolant

iii) Avoiding wastages like heat gains, loss of chilled water, idle flows.

iv) Frequent cleaning / de-scaling of all heat exchangers 

f) At the Refrigeration A/C Plant Area

i) Ensure regular maintenance of all A/C plant components as per manufacturer guide-lines.

ii) Ensure adequate quantity of chilled water and cooling water flows, avoid bypass flows by closing valves of idle equipment.

iii) Minimize part load operations by matching loads and plant capacity on line; adopt variable speed drives for varying process load. 

iv) Make efforts to continuously optimize condenser and evaporator parameters for minimizing specific energy consumption and maximizing capacity.

v) Adopt VAR system where economics permit as a non CFC solution.
QUESTIONS
 1. A Carnot refrigerator requires 1.3 kW per tonne of refrigeration to maintain a region at low temperature of -380. Determine

(i) C.O.P. of Carnot refrigerator

(ii) Higher temperature of the cycle

(iii) The heat delivered and C.O.P. when this device is used as heat pump.
2. Ice is formed at 00C from water at 200C. The temperature of the brine is -80C. Find out the kg of ice formed per kWh. Assume that the refrigeration cycle used is perfect reversed Carnot cycle. Take latent heat of ice as 335kJ/kg.

3. Explain the working principle of vapour absorption refrigeration system.
4. Name different types of compressors used in refrigeration system.
5. List a few types of air conditioning systems in use.

