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K Introduction

Air conditioning deals with artificial tampering of the conditions of air that may involve cooling
as well as heating coupled with ventilation, filtration, and air circulation. However, air
conditioning is generally perceived as the process relaiing primarily to cooling of air, Control of
environment through supply of heat. however, is generally treated as a process of heating.

Refrigeration, on the other hand, deals solely with cooling and one of its most important
applications is air conditioning. Thus refrigeration and air conditioning are very closely
interrelated as highlighted in Figure 1.1. For the same reason, very often the two subjects are
treated in the same book. In the present book the discussion on air conditioning will focus more
on providing a cool environment; the application of air conditioning to heating will be limited
(o that provided by a heat pump.

Air conditioning Refrigeration

Heating Cooling Industrial  refrigeration

Humidifying Dehumidifying Food preservation

FIGURE 1.1 Relationship of refrigeration and air conditioning.

Refnigeration has played an important role in the growth and attainment of the present-day
standard of living. Because of refrigeration, bulk of the perishable foodstuffs wasted hitherto can
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a luxury. The benefits of air conditioning are well established so much 50 that today it has
become a necessity and a tool for higher productivity.

1.1 HISTORY OF REFRIGERATION

Refrigeration means the artificial withdrawal of heat. producing in a substance of within a space
a temperature lower than that which would exist under the natural inﬂucm:ar of the surruundurgs_
Cooling effect created by a machine or mechanical device 15 classified as mechanical
refngeration.

Since prehistoric times, artificial cooling has been recognized as desirable: food was kept
in cold air in caves and wells to keep it fresh for longer periods.

Two physical phenomena were used in most remote times-—without much understanding of
the principles involved—evapeoration of water, especially through vases of porous pottery
(Figure 1.2) widely used in Egypt, India and China, and terrestrial radiation towards clear sky
during the night. It is known that several centuries before:the birth of Christ, Egyptians made 1ce
by this means by putling porous earthen pols on the roof of the' house during the night.
Evaporation of water in cool dry air together with radiative heat transfer during a clear night
caused jce formation even when the ambient temperature was above the freezing temperature.

FIGURE 1.2 Earthen containers used by Egyptians for cooling water and making ice.
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The first attempt to produce artificial cooling was made in 1755 when Cullen built an
apparatus to make ice artificially by vaporization of water at reduced pressure. This experiment
was followed by others over the years. A phenomenon called Peltier effect was discovered in
1834 which was commercialized after more than a century and culminated in the development of
thermo-electric refrigerators. Refrigeration by this method is based on the fact that when an
electric current is passed around a circuit composed of two different metals one junction becomes
cool and the other becomes warm. Production of cold by mechanical methods is a relatively
recent development. The first development took place in 1834 when Perkins proposed a hand-
operated compressor machine working on ether. In 851, Gorrie developed air refrigeration which
was followed by the development of absorption systems and vapour compression Sysiems USINg
ammonia as refrigerant. Pictet liquefied oxygen in 1877 which signaled the era of cryogenics, 3
field of very low temperature refrigeration, By 1890 the refrigerating industry was fairly
established. and within the next few years machines using ammonia, carbon dioxide and sulphur
dioxide were developed. Vortex tube was discovered by Ranque in 1931, which is simply a
straight length of tubing into which compressed air 15 admitted tangentially at the outer radius
and so throttled that the central core fithe resulting stream can be separated from the peripheral
flow. The central core of air is found to” be cold (as low as 40°C below the inlet temperature)
relative to the hot air at the periphery.

With the advent of electric motors: and halogenated hydrocarbon refrigerants during the
first-half of the twentieth century, rapid .developments in the application of refrigeration 1o

commercial and industral ficlds followed.

1.2 APPLICATIONS OF REFRIGERATION

Modern refrigeration is mostly applied in four general fields (Figure 1.3).

Applizotion of
refrigeration

I =

VrGSECMInn. MW ESpecial industrial
. ransportation  of P : asa iy
fce making ﬁﬁmm“ pioccsses Atr  conditioning
FIGURE 1.3 Applications of refrigeration,
Ice making

Over centuries natural ice was harvested for subsequent use or transported 1o warmer places
lacking natural ice. The use of natural ice progressively increased as can be appreciated from the
fact that millions of tons of natural ice were consumed in the United States in late nineteenth
century. Thus the stage was set for the introduction of large-scale artificial refrigeration. With the
introduction of refrigeration machinery, ice-plants were built near the consumers 10 produce ice
on a commercial scale,
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Preservation and transportation of perishables

Refrigeration is widely used for the preservation of foodstuffs. Its purpese is o prevent or check
spotlage, the more important causes of which are:

e Excessive growth of micrdorganisms, bacterial and fungal

e Changes due to oxidation, giving off flavours ="

* Enzymatic and fermentive processes, causing rancidity Z\=i

* Drying. S

Apart from dramatically reducing the spoilage of perishable foodstuffs, refrigeration has altered
thr:_pattem of consumption and movement of foodstuffs. With the parallel development of
refrigerated transportation including reefer ships, the transformation of supply chain/system, as

shown in Figure 1.4, has done away with the dependence on local markets as exporting to
overseas markets became possible.

LS

Producers - Local
Suppliers COMSUMETS

Spailage I

(a) Non-refnigerated sopply system

Producers - Lacal Mational
| = duppliers CONSUMErs CODSUMErs
Cold stores
Processing
Overseas
CONSUTMERS

{b) Integrated refrigerated supply system

FIGURE 1.4 Supply system transformations with the availability of refrigeration.
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& F]Dhai frozen food chain has been firmly established, cpening the frontier of
transcontinental transportation and distribution of perishable foodstuffs. Typically, the chain
consists of the following links: refrigerated warchouses, refrigernied road transports, refrigerated
(reefer) ships, port facilities and domestic refrigerators. Where a fully developed cold chain is in
place, as illustrated in Figure 1.4(b), surplus agricultural and dairy produces are transported to
production warehouses located near the growing areas. From there the processed food is
transported to long-term warehouses for long-term storage. Canned food items are also
transporied from canning factories to the long-term warehouses, These products arc then
transported to distribution warehouses from where these are made available to consumers through
supermarkets or grocers, The final link of the chain is the domestic freezer and refrigerator.

A brief description of the elements of cold chain (sec Figure 1.5) will be useful io
understand their specific roles and features.

. q e
Agricultural =:;| {: Mdeat and ik B
J dairy  products :«"‘ """:, -

products

Production  warchouss

:'lll? Road iransport
T
7 &

e —E <

—_—
Distributio Frazen Erig:f:fs Factory
cold f1ores products P
m Part
cold stores
Consumers
Refrigerated

ship (reefer)

Port
cold §tores

Disribution
cold stores

FIGURE 1.5 Elements of a frozen food chain.
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Cold store is a building designed to store certain goods, Fﬂ_l'hc"-‘l'”lﬁf _f‘:':“'jét“ff; of
perishable nature, in well-defined conditions of temperature and relative h“m’di‘[:}- masz “g
types of activities, cold stores can be classified into (i) multi-purpose cOX '“‘d““ Iz
(i1} specialized cold stores. The multi-purpose cold store is designed, built ﬂﬂd equipped 1o sm'f‘:
all varieties of products for short as well as longer periods. The specialized cold store is
penerally designed and equipped to store only a single type of product complementary to an
agricultural or foodswff indusiry, e.g. dairy, slaughterhouse, fruit packing stahion, elc.

Refrigerated transport is the main link of the frozen food chain. It can be hma:.l_lj-'
classified into refrigerated trucks and trailers, trains and refrigerated ships (reefers). A special
feature of marine transport is the varying climate, ranging from extreme hot to extreme cold,
through which the ship has to pass during the course of its journey. Since the cargo may vary
from time to time, the refrigeration system should be capable of providing any temperature
between —23.5 to 12.5°C.

Domestic refrigerators and freezers are the last link of the ceold chain, These machines
have become standard fixtures of most homes even in d-g\.'e[u-ping couniries, particulaﬂ}', since
the prices have come down dramatically with the introduction of mass produced hermetically
sealed compressors,

Special industrial processes

Refrigeration has applications in diverse industries, such as manufacturing chemicals, petroleum
refineries, paper and pulp industries. It is also a necessary part of many chemical processes. It is
needed frequently throughout the refining process. One of the main purposes is to crystallize wax
and separate it out. It is also needed for fractional distillation of the lighter hydrocarbons and for
desalination of water. It has also application in many heat treatment processes. Civil engineering
projecis are often aided by the use of refrigeration. Moisture laden soils are frozen to prevent
cave-ins and 10 obtain soil samples. Ice and chilled water have been used in making concrete
mix.

Air conditioning

Air conditioning is one of the most important applications of refrigeration and a rapidly
expanding field of engineering. Further details have been elaborated later in the chapter as well
as in subsequent chapters.

1.3 SCOPE OF AIR CONDITIONING

Climates in the different parts of the world vary with season of the year and with geographical
locations and hence, in very few places the natural environment 15 comfortable for homan beings
or suitable for a specific product or process throughout the year, There is, thus, a need for the
control of the environment for human comfort as well as for some specific equipment, material or
process. Heating is essential in cold climates while cooling i1s generally desirable in hot climates.
Figure 1.6 shows the climatic variation in different geographical zones of the world.

Apart from temperature, human comfort is greatly affected by humidity. Consequently in
addition to cooling, dehumidification and humidification processes are necessary for humid and

LT R

sl

vau- R e Bt - R S N T



Chapter 1 fn!rm'nw:'m“

7 :

AFA Arciic Wet and dry tropical
] . i

i Subarctic Rainy tropical

2 Hot arid

FIGURE 1.6 Different climatic zones of the world.

arid tropics respectively. Indoor air tends to get fouled due to absorption of pollutanis from
many different sources and the same needs to be controlled 1o an acceptable level, These

processes rimrﬂlving artificial tampering of air and its proper distribution in an indoor environ-
ment, in fact, constitute air conditioning (Figure 1.7), M [ itioni

1), More formally, air conditior
defined as a form of air treatment w ’ o, i e

hich controls simultaneously the te e
. mperatur
cleanliness and distribution of J P ¢, humidity,

the air to meet the requirements of the conditi
. _ . itioned space. To
provide these functions with most natural atmospheres, heating, cooling and regulation of

Air conditioning l Temperature I
Humidity \—/
Simultaneous control of
Cleanliness

FIGURE 1.7 The functions of air conditioning.

Heating
Cooling

Debumidilying
Spraying

Ventilation
Washing
Filtration
Crdour
Absorption
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thermal I‘-’ldlﬂltlﬂﬂ will be required for temperature control; humidification and dehumidification
will _ba required for humidity control and introduction of ouwtside ventilation air, filtration,
was.hiln;!_ of DEZ]DLJI' absorption will be required for cleaning the air, Control of sound produced by
the alr‘mlnditmning system itself is also important,

Besides controlling the temperature and humidity of the environment, air conditioning
SEeIves mherl useful purposes as well. By air conditioning, dust, bacteria, allergens such as
pollens, noxious gases and odours can be removed from the air. It can assist in protection from
such Undc,'anrahlahthings as high levels of noise, and it can make possible the exclusion of
harmful or annoying insects. However, the most important function of air conditioning remains
the creation of an acceptable thermal environment.

~ The use of air conditioning is no longer confined 1o the earth. Man has been able to stretch
his reach to the outer space as well as w the depth of ocean with the help of air conditioning.
Man’s landing on moen, prolonged stay in orbital spaceships, space shuttles and submarines
have all been possible because of man’'s ability to create artificial environment.

1.4 HISTORICAL NOTES

The need for air-conditioning was first realized when it was found that certain products could be
produced better in the right environment. With air-conditioning, there was no dependence of the
product quality on the uncertainties of the weather and the factory sites were not limited to areas
with a suitable climate. First to realize the importance of treatment of air was the textile industry
which traditionally had to build its mills in arcas with satisfactory humidity. Industrial
air conditioning later spread to various other areas such as manufacture of rayon and plastics,
colour printing, pharmaceuticals, tobacco industry, manufacture, development, reproduction of
photographic materials, precision machine works invelved in mass production, electrical
equipment, and many hygroscopic preducts. These industrial applications were installed for the
need of the products and not for personnel comfort.

Although sporadic attempts have been recorded for improving the ventilation and thermai
conditions of indoor spaces, the first use of air-conditioning by mechanical means for human
comfort was introduced in the United States of America at the turn of the twenticth century.
There were few comfort cooling installations before 1920, but in the mid-twenties theatres all
across the country were air conditioned to draw more customers. This was followed by the usc of
air conditioning in other commercial premises such as restaurants, night clubs, office blocks, etc.
In the 1930s, air conditioning was introduced in transportation systems such as trains, airplanes,
buses and trolleys. After the Second Weorld War, with the rising family income there was a boom
in domestic air conditioning. This trend of use in the United States was subsequently repeated in
the developing countries as more and more countries achieved higher standards of living.

1.5 CLASSIFICATION OF AIR-CONDITIONING SYSTEMS

There are several different ways of classifying air-conditioning systems, as graphically illustrated
in Figure 1.3.
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FIGURE 1.8 Classification tree of air-conditioning systems.

Based on major function

Comfort air-conditioning systems: Their purpese is to create atmaspheric conditions conducive
to human health, comfort, and efficiency. Air-conditioning systems in homes, offices, stores,
restaurants, theatres, hospitals, and schools are of this type.

Industrial air-conditioning systems: The purpose of these systems is to control atmospheric
cenditions primarily for the proper conduct of research and manufacturing operations. Some of
these systems also serve incidentally for human comfort, bet some do not,

Based on season of the year

Winter air-conditioning systems: These systems when properly designed and installed, maintain
indoor atmospheric conditions for winter comfort and involve heating of the sir and bring the

moisture content, ie. humidity, up to an acceptable level. Heating is accomplished by fumnaces
or boilers fired with gas, oil, or coal.

Summer air-conditioning systems: These systems are meant for contrelling the atmospheric
conditions for summer comfort. In humid tropics, it involves cooling the air and removing excess

moisture from it. For arid tropical climates, cooling is likely to be carried out in conjunction
with humidification.

Year-round air-conditioning systems: These systems comprise heating and cooling equipment
with automatic controls and associated components to produce conditions for human comfort for
all time of the year.
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cd on equipment arrangement

nitary systems: These sy " : o
‘nilary s} ystems make use of air conditioners which are completely factory

cembled and are designed ; o : i ;
:mr,gm.:m of air. gned to provide the functions of cooling, dehumidification, cleaning and

Zentral i .
-station systems: In these types of systems the various components are selected by the

lesign engineer, procured from several manufacturers and erected on the job at site, usually in
he central plant room.

1.6 APPLICATIONS OF AIR CONDITIONING

l"hle main application of air conditioning is for human comfort. Summer coeling has become
shiquitous in large modern office and institutional buildings throughout the world. Even in
-limates where summer temperature is not very high, such buildings are air conditioned,
primarily to offset the heat generated due to occupancy, lighting and equipment, computers and
their paraphernalia.

The other applications, known as indusirial air conditioning, are for maintaining optimum
environments for specific products or processes in factories and industrial premises, which do not
necessarily encompass complete air conditioning as in the case of comfort cooling. These
applications will be discussed in greater detail in subsequent chapters of this book.

1.7 CURRENT STATUS AND FUTURE TRENDS

Currently, most of the air-conditioning systems use vapour compression refrigeration cycles.
Vapour absorption cycles are competitive in those areas, where waste heat is available or an
abundant supply of natural gas is available easily. Solar-powered absorption cycles have been
built and commissioned but they are yet to be viable economically. Evaporative cooling is
economical and viable in hot and dry climates. Uses of sieam jet refrigeration cycle, vortex tube,
thermo-electric cycle, or air and vapour expansion cycles are limited to special applications
where economic considerations are secondary. For example, in aircraft, where the primary
concerns are power-lo-weight ratio and safety, air expansion cycles are used since the
conventional vapour compression cycles are unsuitable. In the case of air conditioning of
submarines, quietness is the primary concern to avoid detection by the cnemies and, hence,
thermao-electric cooling devices are employed, which meet the same criteria. Vortex tubes have
similarly been useful in mine air conditioning due to their safety features.

Two of the dominating issues that confront today's world are the energy and environmental
problems which are closely related. In the aftermath of the oil price boom in the early 1970s,
energy conservation measures have become very important factors in the design and operation of
gir-conditioning systems. There are comstant endeavours lo introduce newer methods of
air conditioning which are more energy efficient. Solar powered air conditioning is an aftractive
option from the environmental point of view, despite the fact that these sysiems are not currently
sconomical. However, with further developments and more so if the energy prices SOAar, solar
systems may become competitive in the tropical climates, Amongst other types of systems under
development, desiccant air conditioning in the near future has some potential to become viable
in the humid tropics, Desiccant cooling allows the atmospheric moisture Lo be removed by
desiccants, followed by evaporative or mechanical cooling. Another interesting option being
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explored is the radiant cooling in conjunction with chilled ceiling with or without desiccant
dehumidification. The discovery of the depletion of ozone layer and global warming has become
iwo of the dominating issues since the 1980s. Due to the harmful effects of the
chlorofluorocarbon (CFC) refrigerants on the ozone layer, these are being phased out and
replaced by environmentally-friendly refrigerants.

Thermal energy storage for cooling or cool storage air conditioning is rapidly gaining
popularity in the United States and Japan because it can significantly reduce the peak electrical
consumphion of buildings. The basic concept of cool storage involves operating the cooling system
at or near the full capacity during the off-peak hours to generatz and store chilled water or ice
which would be later used during periods of peak electrical and/or cooling demand to supplement
or replace conventional mechanical cooling. The current trend towards the use of cool storage
systems for air conditioning has been accompanied by an increasing interest in the distribution of
lower temperature air at as low as 5-6°C. The use of lower supply air temperature is attractive
because smaller fans, ducts, pumps, and piping can be used, resulting in lower first costs, reduced
electrical demand, and lower operating costs in comparison to conventional syslems.
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REVIEW EXERCISES

1.1 Brefly describe how refrigeration and air conditioning are related to one another.
1.2 How did the Egyptians produce ice?

1.3 What are the major links of a frozen food chain?

1.4 What are the different methods of refrigeration employed in refrigerated transparts?
1.5 Name the different types of cold stores and describe their purposes.

1.6 What are the different ways of classifying the air-conditioning systems?

1.7 What are the different functions of air conditioning? |
L8 Point out the differences between the requirements of summer and winfer

' ditioning. _

1.9 i:h;f:ir-mndiimﬂng processes are involved in humid tropics Iafui .md tropics?
1.10 What is the difference between industrial and comfort air conditioning?
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We explaimed in Chapter 1 that air condirioning is concerned with controlling the temperature,
humidity and velocity of air motion in an enclesed space to maintain a comfortable
environment. Towards that end, refrigerarion nzeds to be used to bring about cooling of the air.
Anyone pursuing the study of refrigeration and air conditioning usually goes through courses on
thermodynamics, fluid mechanics and heat transfer as necessary prerequisites. Hence, any
detailed discussion of any topic related to those subjects is not considered necessary in this

refrigeration and air conditioning has been included to help students understand the subject and
use the same as reference material.

2.1 UNITS

Unit is a relative idea, which is very important for measuring physical quantities. Unit may be
defined as any specified amount of a quantity through which any other quantity of the same
kind is measured. Metres, centimetres, kilometres, feet are all units of length.

There are two systems of units:

{a) The International System of units, or the SI system
(b) The British engineering system of units, or the British system

SI units

The International System of units (for the French words Systeme Intemnationale d’Unites) or 51 is
by far the most important and widely accepted system used in the world today. 1t is controlled
by an international organization called the General Conference on Weights and Measures. The
basc units in SI are listed in Table 2.1.
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TABLE 2.1 SI base uniis

Physical quantity MName of unit Symbol
length melre m
mass kilogram kg
time second 5
electric current ampere A
thermodynamic temperature kelvin K
amount of substance mole mol

The SI unit of length is the metre (m) and is defined as 1,650,763.73 wavelengths in vacuum of
the orange-red line of the spectrum of krypten-86 (Kr-86), The SI unit of time is the second (s).
The second is defined as the duration of 9,192,631,770 cycles of the radiation associated with a
specified transition of the cesium atom (Cs-133). The SI unit of mass is the kilogram (kg). It is
defined as the mass of a particular cylinder, maintained under prescribed condition, of platinum-
iridium alloy kept at the International Bureau of Weights and Measures in France.

Derived units: A derived unit involves combinations of the base (or fundamental) units. For
example, the SI unit of force is a derived (or secondary) unit; it is called the newton (M) and
defined from the Newton's second laws of motion, i.c.

F e ma or F = lma
In a coherent system of units such as S, k = 1, hence:

F=ma
The newten (M) is defined as the force required to accelerate a mass of 1 kg at the rate of 1 mfs?, i.e.
1 N = (1'kg)(l mfs®) = 1 ke.mls’

The weight of the body is the force of gravity. This is the force with which the body is attracted
to the earth or some other body. The weight of an object can vary as it is calculated from the
mass of the body and the local acceleration due to gravity. While a weight of a substance can
vary, ils mass remain constant.

Similarly, it follows that the 81 unit of werk (i.e. force x distance) is the newtlon metre

(N-m). A general unit for emergy, more specifically heat and work, 15 introduced by giving the
N-m the name joule (J). Thus,

1 j-:}.ule (1) = 1 newton {N) % 1 metre {m) .or 11=1Nm

A quantity that is closely related to work is power, the rate at which work is done. A commaonly
used unit of power is watt (W) defined as

1 watt (W)= 1ls=1Nmfs

Another base unit that is frequently used in thermodynamics is the mole {mol), Mole is defined
as the amount of substance containing as many elementary entities as there are atoms in
0.012 ke of carbon-12. These elementary entities may be atoms, molecules, electrons, 100§ Or
other particles or specified groups. For example, one mole of diatomic oxygen having a
molecular weight of 32 (compared to 12 for carbon) has a mass of 32 g. The gram molecular
weight of a substance is the number of grams per mole of that substance. Thus the gram
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solecular weight of oxygen is 32 g/mol. But normal ;
km .
of a substance is n, then it can be determined as d ol s used. If the number of Kilomoles

-
where o
m 15 the mass (kg)

M is the molecular weight (kg/kmol),

2.2 THERMODYNAMICS

Thermodynamics is the science of the relationship between heat and work and the properties of
substances in systems. lts development is based on some natural and experimental observations.
Engineering thermodynamics is also the study of systems and the interaction of them with their
surroundings. System can be studied from a macroscopic or a microscopic point of view. In the
macroscopic approach the focus is on the gross or average effects of many molecules of a
substance, These effects can be sensed and measured by instruments. This is called elassical
thermodynamics. On the other hand, in microscopic approach, the average value of all the
molecules in a substance is considered. Thus it iz concerned directly with the structure of the
matter and is called sraristical thermodynamics. Classical Lhr:nnud}'rmmlcs 15 a direct approach
and needs fewer mathematical mmputn:mns and is usually :uinpleri for engineering analysis. But
in this modern age, thermodynamics is perceived as the science that deals with energy.

_i-."

Concept of systems

In thermodynamic analysis, the system is whatever chesen to be studied, i.e. it is the concept of
identifying the subject. Normally the system 15 a specified region that can be separated from
everything clse by a well-defined surface. The defining surface is known as the control surface

ar system boundary. The boundary may be static (fixed) or dynamic (moveable). Anything

external to the system is the surronnding. Thus a system may be defined as a eollection of
matter within the prescribed and identifiable boundaries. In the example of a piston-cylinder
arrangement shown in Figere 2.1, the gas is the system as it is intended to be studied.

Weight

O T . . R S e o e S o S .

Boundary
Gias

- -.—R—___.u..u

FIGURE 2.1 Example of a system,

There are two kinds of systems—closed systems and open systems which are sometimes
referred to as control volume. A system of fixed mass is referred to as a closed system. When
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there is flow of mass through the control surface, the system is called a control volume or apen
system. Thus in closed systems there is constant quantity of matter whereas the open systems deal
with the variable quantity of matter. Consequently, in Open SySlems mass may flow but in the

closed systems mass is constant.

Characteristics of systems

The condition of a system at any instance is called its stare. After defining a system, tools are
needed to describe it and predict its behaviour. With properties we can describe system
behaviour.

Properties are the macroscopic characleristics of a system having numerical values and are
independent of the path or the process of the substance. Some examples of properties are mass,
volume, energy, pressure, and temperature. There are two types of properties, extensive properties
and intensive properties. Simply stated, an intensive property is independent of mass while an
extensive property 15 mass dependent, i.e. its value varies with the mass and size of the system
and can change with time. Mass, volume, and energy are extensive properties. An intensive
property is not dependant on the size of the system and can vary from place to place within a
system. Pressure and temperature are important intensive properties.

When we know the thermodynamic properties of a system, then we know the system
behaviour or condition at any time. This system condition is known as state. More specifically,
a slate represents the condition of a phase. Phase is defined as a quantity of matter that is
homogeneous throughout in both chemical composition and physical structure. Homogeneous in
physical structure means whether the matter is all solid or all liquid or all vapour. A system may
have different phases. A system of liquid water and water vapour contains two phases. In each
pha?se the system may exist in different states. If more than one phase is present in the system at
@ lime, the phases are separated from each other by phase boundaries. A pure subsiance is one
that is uniform and invariable in chemical composition, It can have more than one phase but its
chemical composition must be the same in each phase. For example, if liquid water and water

vapour form a system of two phases, the system can be treated as a pure substance because each
phase has the same composition as shown in Figure 2.2,

Phase boundary

Syslem

FIGURE 2.2 Example of a system of two phases,

Generally speaking, the term property is meant 10 be the property of a system and not the
property of a substance. This is only possible when the system is in equilibrium state,
Equilibrium means the condition of balance, i.e. where two opposite forces are equal.
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h is in thermal equilibrium if the temperature of the
Tiad mechanital souilibe © system. And if there is no change in pressure, then it is
equilibrium. And if tqhm !h:”f”' If 2 system involves two phases, then it is called phase
4 : ¢ chemical composilion is same throughout the system, then it is called

hemical equilibri gind iy : '
chemical equilibrium. When a system is in equilibrium with all possible changes of state, then it |

is called thermodynamic H;ﬁfﬂ'bﬁ'um.
callcd% ; 5351;'_11!1;;1 anges from one equilibrium state to another equilibrium _state, then it is
catel 8 process. e vanous states through which a system passes during a process constitute
the path of the process as illustrated in Figure 2.3.

sguilibrium can be in various forms, A system
cystern is same in every place of

LR

State 2

Y

Path ™

Srare 1

FIGURE 2.3 Path of a process.

The actual process which oceurs in a non-equilibriom condition can be described uvsing the ;
quasi-equilibrium concept. A quasi-equilibrium state 15 One where deviation from thermo-
dynamic equilibrium is infinitesimal. All the states of a quasi-equilibrium process may be .
considered as an equilibrium process. If the process is not possible to be described through the 1
quasi-equilibrium process, then the staies of the system are described both before the process

occurs and after the process is completed, thus restoring equilibrium.
When a system goes through a number of changes of states from its initial state and finally

ceturns to its imitial state, it is called a cyele (Figure 2.4). A cycle may have different processes.

State 2

Cyele

Erate |

FIGURE 2.4 A cyclic process.

[ NN

Intensive properties: specific volume, pressure, lemperature

From the macroscopic point of view we are always concerned with large volume. We are not
interested in molecular dimensions and the behaviour of individual molecules. So from the ]
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MACTOSCOpic point of view, the substance is considered to be g continuows, homogeneous ratter,
that is & continuum. This concept of continuum is valid as long 25 we werk with volumes, areas,
and lengths that are large relative 1o their iniermolecular space. With the continuum concept, it
15 possible to determine the intensive thermodynamic property at a point.

specific volume:
i.E.

Cnepier 2 Raview of Basle Prizeip |'.1-.-_-| _

The specific volume of a substance is defined as the volume per unit of mass,

14

veE —
i

If 2 small volume 8V of a system has a mass of dm, then the specific volume will be

: av
= lm —
iy e O -I!EEH-

where ‘5‘?" is the smallest volume for which the system can be considered as a continuum. This is
the specific volume at g point and can vary with elevation, but the systems we normally consider

are mlative!_}r small and the change in specific volume with elevation is not significant. The units
of the specific volume are m'fkg and m*fmol.

Density is the reciprocal of s
Specific volume is represented by
symbol p. The relation between s

pecific volume as it is defined as the mass per unit volume.
the Greek symbol v and density is represented by the Greek
pecific volume and density is

V= —
e

Pressure: This intensive Property is very important and significant when we consider gas and
liquids. Pressure is defined as the normal component of force per unit of ares, The pressure in a

fluid at rest at a given point is the same in all directions. If 84 is a small area and &F iz the
component of force normal to that small area, then pressure p is defined as

_ g aF
P .SA}-nmﬁ.l." FA
where 84" is the smallest area for which we can consider the fluid a continuum. The unit of
pressure is the force of 1 newton acting on a square metre area. Tt is called pascal (Pa). Thus,

| Pa =1 Nfm?
Another unit of pressure is bar, where

1 bar = 10° pascal
Sometimes atmospheric pressure is used as a standard 1o express other pressures, where
1 atm = 101,325 pascal

Pressure as discussed above is called the absolute pressure. In measuring pressure, two types
of pressures are frequently used. One is gauge pressure and l}-u: other 18 vacuum pressure. When
the pressure in the system is greater than the local atmospheric pressure, then the gange pressure
term 15 used for measurement, Thus,

plgauge) = p(absolute) — p, (absolute)
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when the local atmospheric pressure
| _ IS greater than the pressure in L
F,—.g55ure term 15 used in the measurement, Thus o e e fen fhe et

p(vacuum) = p..(absolute) — p(absolute)
The relationship between the varions methods of pressure measurement is shown in Figure 2.3.

TR r Pressure above the local 4
atmospheric pressure A
'
d
Pressure (goupge) - o
‘
=
Armospheric pressure ": Armospheric i
greater than the local ' y pressuce
atmospheric  pressurs ok
Pressure  (vacuum) #
5
i, - i
— &
: !
2 1
£
5 Pressure {absolure)
S
¥ L ¥ Zero pressufe 4
'FIGURE 2.5 Relationship between different pressures. I
The two commonly used devices for measuring pressure are manomeler and bourdon tube. .t
Manometers measure pressure differences in terms of the length of a column of liquid such as b,
wiler, Mercury. y
The manometer shown in Figure 2.6 has one end opened to the atmosphere and the other
end is attached to a closed vessel containing a fluid. From the length of the manometer fluid, the
difference between the fluid pressure and that of the atmosphere can easily be measured from the 4
equation
P~ Pum = P8L :
where p is the fluid pressure, pyy is the atmospheric pressure, p is the density of the manometer Y
fluid, I is the difference in liquid levels, and g is the acceleration of gravity. .
Temperature and zeroth law of thermodynamics
It is not easy to give an exact definition of temperature, We can sense whether a body 15 hot, ;
cold or warm, but cannot assign any numerical value. And our sense may be wrong because .
sometimes different materials show different characteristics at the same temperature. For example,
_r'|
.I.-
=
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Mmospheric
presiure

—— Manometer fluid

g by = ol

FIGURE 2.6 Manomeler.

a metal chair will feel muech cooler than a wooden chair at the same iemperature. The basiz of
temperature measurement is the zeroth law of thermodynamics, which states that:

When two badies have equality of temperature with a third body then the two bodies have
equality of temperature with each other.

Equality of temperature means that they are in thermal equilibrium, i.e. there is no heat transfer
betwesn the two bodies when they are in contact. From the zeroth law if we consider the third
body as a mercury thermometer, then we can measure the temperature of substances using the
principle of thermal equilibrium.

Several properties of materials change with temperature, which form the basis of sccurate
lemperature measurement. An example is the expansion of mercury with temperature. But now we

need a tﬂmpﬁralur:_scale to relate between the different temperature-measuring devices. The -
temperature scale will be discussed with the second law of thermodynamics.

The first law of thermodynamics and energy

The first law of thermodynamics is called the law of the conservation of energy. Prior to defining
this law, it is helpful to discuss work and heat as they are parts of the first law,

Work: When a body moves through a distance by the action of a force, work is said to be done.

The direction of the foree is in the direction of body ‘movement. The expression of work can be
written as follows: :

3 ]
i

From the thermodynamic point of view, it is important to know the "ljl'l]lk. in I'BIHIIIH:!I'I o IEI']I'EI‘.EI'II!L.

properties, and processes. Work done is observed to be energy Im i thﬂl: : ,nﬂﬂ

contained in a body nor P‘ﬂ'ﬁﬂss{d by a body. The sign convenhon of work is as follows:
LA,

W = O work done by the system
W < 0O work done on the system
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In the SI system of units, the work |
. ork is repressnte
body and the body moves through a distanc

4 43 joule (1), If | newton force is applied to a
e of 1 m as the resull of force, then

) ll=1N-m
Work done duri G
i Unng a quasi-equilibrium process can be found by integrating the following
2
Wi L pdv (2.2)

The shaded area in Figure 2.7 represents the work done on a p-V diagram.

P A

= |
FIGURE 2.7 The p-V diagram.

Heat: It is defined as the form of energy that is transferred across the boundary as a result of
temperature differences between the two systems. If @ > 0 then heat is transferred to the system
and if Q < 0 then heat is transferred from the system. The units of hezt and the units of work are
~. same as both work and heat are a form of energy. In the SI system, the unit of heat is defined as

joule.
The first law of thermodynamics for a thermodynamic cycle states that the integral of hear

“of a cycle is proportional te the integral of work of that cycle. Energy will be introduced as a
new property as the first law is applied to a system that undergoes a change of state. It can be
shown as follows:

Heat — Work = Energy

or
5Q - W = dE (2.3)

Energy E represents all the energy of the system in the given state. This energy can be present in
a variety of forms such as potential energy, kinetic energy, and internal energy. Kinetic energy
and potential energy of the system are associated with the motion and position of the molecules
respectively. And all the other energy of a system is defined as intemal energy, Thus,

Energy = Internal energy + Kinetic energy + Potential energy

The kinetic energy is expressed as % mi® and potential energy as mgz, where z is the elevation
of a system. Then the integral form of heat transfer between two states can be expressed as

follows:

Scannea py camaoacanner




k.Y

Chapter 2 Review of Batic Pr{"“ﬂ”l% k-

+mglzs = 5y ) + W (2.4)

miFs =¥ )

[Q} -_'U: “U] =

Enthalpy: Sometimes, the combinations of thermodynamic properties also form a new thermo-
dynamic property. If there is a constant pressure process and there are no changes in kinetic or

Pﬁm':i{': energy and work is done only by boundary movement, then applying the first law we
Can rnic

80 = 6W + SE 2.5)

L - . 1
B:Ir Inm'l.lﬂlng the equation of work done W= Il Pd'..l"_l the above t,qual-in,n can be written in
the following: form:

Q=+ pV)jyey + MU + pVysa - (2.6)

f:?dﬂ:nl;ra:: '-:ﬂﬂsfirl ldu:ing the process is given in terms of change of U %+ pV between the initial
S, o S of these quantities are thermodynamic properties and only depend on the
+ 90 1t 15 defined as an extensive property called enthalpy (H). Therefore

H=U+ P‘i"r {_1.?]
Change of state

EE :S;T;:qfumil: 1%1 conversion n?’ a solid to a liquid, and liquid to a 2as is to overcome the
e tc::;e:,f : EfE are certain energy relationships for different substances to bring about
Tim one state to another. When sufficient heat energy lied iquid, i
boils and vapour is given off. When enou i R e s
. gh heat energy is taken away from a liquid. ;
and becomes a solid. Figure 2.8 illustrates th Y i
: L 2 ¢ energy-state-temperature relationship for wat
The starting point is 1 kg of ice at condition point A (=10°C) in the diagram. As ht ?s sl::?n:l;;

Steam 'ﬁ.'.‘.[l'mjng F
¢ = 2.01 Kikg *C

DD = i i e e o e e e e D Waler boiling i
! Latent hear
© ’.
; |
E F L, = 2257 klikg
E 1
S lce warming :
c =121 klkg °C \  Heat of
C | vaporization
1 ]
Ly = 334 kl/kg (Heat of | i
fusion) 1 I
Latent heat | -
355 T73.6 30306

Heat coateat (H). kJ

FIGURE 2.8 The temperature versus enthalpy diagram for water at various states.
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added 10 the ice, the temperature is foand to rise till it reaches 0°C. It may be noted that with the
addition of heat the temperature rises. Since the rise in temperature be detected by our
senses, this is termed sensible hear. Refer i Sy ml.-l expizalad
condition point B skll solid | - rring again to the diagram, the water (1 kg) is now at
itk that i Rl id 1ce al a temperature of 0°C. If more heat is added to the ice, it is
heat during the melt emperature change occurs but the ice starts to melt. Since the additional

; ng process BC does not resull in a temperature change, it is not sensible
heat, 351 its effect cannot be measured by a thermometer. It is virtually hidden from our sensory
perception, and so it is called latent hear. Latent heat is defined as the heat which, when
supplied to or removed from a substance, produces a change of state without any change in
temperature. The latent heat of fusion is the heat which must be added to | kg of solid already
at its melting point temperaiure to change its state to liquid at the same lemperature.

If we add more heat to water (point C), the temperature starts rising again, so this is again
sensible heat. As more heat is slowly added to the water the temperature is found to rise dll it
reaches 100°C (Point D). Continuing to add heat, another change of state takes place along the
DE segment of the diagram. The latent heat of vaporization is the heat which must be added to
| kg of liquid (already at its boiling point temperature) to change its state to vapour at the same
temperature. Further heating will result in increasing the temperature of the vapour (steam) and
EF is, therefore, a sensible heat process.

The second law of thermodynamics

Like other physical laws the basis of the second law of thermodynamics is experimental
evidence. There are many statements of the second law. Among them, the two classical
statements of the second law are the Kelvin-Planck statement and Clausius statement,

According to Kelvin—Planck stalement:

It is impossible for any system to operate in o thermodynamic cycle and deliver a net
amount of energy by work 1o its surroundings while receiving energy by heat transfer from a
single thermal reserveir.

Thus work can be done in a cycle by transferring heat only if there are two temperature
levels. Thermal reservoir is a concept where energy remains constant even though energy i5
added or removed. So in the thermal reservoir, heat can be transferred indefinitely without
change in the temperature of the reservoir. The reservoir from which heat is transferred is called
source and the reservoir to which heat is transferred is called sink. The intensive property can be
changed but the temperature remains constant.

According to Clausius Statement:

It is impossible to construct a device that operates in a cycle and produces no effect ather
than the transfer of heat from a cooler body to a hotter body.

From the Clausius statement it is impossible to construct a refrigerator that operates without an
input of work.

Reversible and irreversible processes

The reversible process means an ideal process. Simply stated, a reversible process can easily be
reversed to its initial state. In a reversible process there will be no change in surrounding and
system. Generally, a process becomes irreversible by the following ways.
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Friction is the main ceuse that makes a process irmeversible. Unrestrained expansion of gas
causes irreversibility, Heat transfer through a finite temperature difference is an irreversible
process. But it becomes reversible if the temperature difference approaches zero. Electric current
flow through a resistance causes irreversibility.

Irreversibility is divided into two parts—internal and external. Internal irreversibilities
occur within the system and external irreversibilities occur within the surroundings. In a
reversible process, the deviation from equilibrivm is infinitesimal, But the actual process occurs
al a finite rate, so deviation from equilibriom is finite. So the actual process is umeversible 1o
some degree.

Based on the second law of thermodynamics the most efficient cycle is the Camot cycle.
The Carmot cycle operates between two reservoirs: (a) low-temperature reservoir and (b) high-

lemperature reservoir (Figure 2.9). If every process is reversible, the cyele is also reversible and it
becomes a refrigerator when the cycle is reversed.

High-temperature
reservair

Oy

Waork,

O

Low-temperature
reservoir

FIGURE 2.9 Camot refrigeration cycle,

Two important conclusions can be made from the second law of thermodynamics. They are
known as Camot principles.

® The eificiency of an irreversible heat engine is always less than the efficiency of a
reversible engine operating between the same two reservoirs.

* The efficiencies of all reversible heat engines operating between the same two
reservolrs are the same.

The details of Carnot cycle and heat pump will be discussed in Chapter 3 on vapour
compression refrigeration cycle.

Temperature scale

A temperamure scale is necessary in order o use a common basis for measurement. The common
bases are the freezing and the boiling points of water. They are also called the ice point and the
steam point, The temperatore scale used in SI system is the Celsius scale. Earlier it was called the
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::r:ﬂlllgﬁ"i‘-'ﬂ scale. f“*_“‘r‘-’ it 15 known as the Celsius scale after the Swedish astronomer Anders
Celsius. In the English system, the temperature scale is known as the Fahrenheit scale. Fahrenheit
scale is nﬂme.d after the German instrument maker G. Falirenheit. In the Celsius scale the ice and
the steam points are 0°C and 100°C and in the Fahrenheit scale 32°F and 212°F respectively.

In IhEE'mD-rJ}rnamics, il 15 Very impurmnt to have a [Bmpr_[a[um scale that is jﬂdfpﬁﬂdfnt of
the properties of any substance. It is developed in conjunction with the second law of
thermodynamics. The second Carnot principle states that all reversible heat engines have the
e thermal efficiency operating between the same two reservoirs. That is, the thermal
Efﬁtltﬂ_':}' of a reversible engine is independent of the working fluid and is a function of the
reservolr temperatures only. Thus,

Threv = 1 "‘!%:—" = I{TH1TL} (2.8

The thermal efficiency can also be expressed in the following form from the point of view of
thermodynamic concept.

o T 9
— ———— =T —_—— 3 ".
b Oy : Ty @
perating between the two given constant
ratures can be determined. The temperature
since it gives only a ratio of temperafures.

International Conference on Weights and
s assigned the value 273.16 K. The

| between absolute zero and the triple

ie.

From this if the efficiency of a Camnot cycle o
temperatures is known, the ratio of the reservoir tempe
scale is not compietely defined by the above equation
We need to know the magnitude of the scale. At the
Measures held in 1954, the triple point of water wa
magnitude is defined as 1/273,16 of the temperaure interva
point temperature of waler.

Properties of a pure substance

A pure substance is one that has a homogeneous and invariable chemical compesition and may
have more than one phase. Water is a good example of a pure substance. Water can exist in
different forms such as steam, ice, or a mixture of both. Their chemical composition is same in all
the phases. The major properties of pure substances are pressure, specific volume, and
temperature, Temperatare and specific volume are known as independent properties and pressure
i< determined as a function of temperature and specific volume. We have to know some terms for
proper understanding of the properties of pure substances. These are as follows:

Saturation temperature: It is defined as the temperature at which vaporization takes place at a
given pressure.

Saturation pressure: The pressure at saturation temperature is called the saturation pressure.
Saturated liquid: A substance is called the saturated liquid if it exists as liquid at the saturation

temperature.

Subcooled liguid: A substance is called subcooled liquid if it exists as liquid at saturation
pressure but below the saturation temperature.

Quality of substance: If a substance exists as part liquid and part vapour at the saturation
temperature, then its quality is defined as the ratio of the mass of vapour to the total mass.
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Saturated vapour: A substance is called saturated vapour if it exists as vapour

femperature.

There is a relationship between the

. : saturation pressure and satura
curve is shown in Figure 2,10,

Pk

FIGURE 2.10 The pressure-temperature relationship of

If we determine the tem

x s perature and volume relat; .
resulting curves will be like ationship u

those shown in Figure 2.11.

' qr

Critical
point

Temperature

0.1 MPa

/fﬂl——~ Saturated-liquid line /\'\
Saturated-vapour line

al saturatinnp

tion lemperature. A typical

— T

4 pure substance.

nder various pressures. the

Specific volume

o

FIGURE 2.11 The temperature-volume curves for water,

Figures 2.11 and 2.12 show the p-v-T surface of a substance, such as water that expands on
freezing. The coordinates of a point on the p-v-T surface represent the values that pressure,

Specific volume and temperature would assume when the substance

is at eguilibrium, There are

regions on the p-v-T surfaces labelled solid, liquid and vapour, In these single-phase regions,
the state is fixed by any two of the properties, i.e. pressure, specific volume, and temperature,
since all of these are independent when there is a single phase present. Located between the
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Critieal :
point I
Liguid i
I
= u =1
[ Salid v a |2 I
(- E ._".i i

Triple point & : Liguid-vapour

Vapour '\ Triple line

5 J
LT Solid-vapour

Temperalure Specific volume

FIGURE 2.12 The pressure-volume-temperature relationship.

single-phase regions are the two-phase regions, where the two phases exist in equilibrium, ie.
liquid-vapour, selid-liquid, and solid-vapour. In these regions the state cannot be fixed by
temperature and pressure alone; however, the state can be fixed by specific volume and either
pressure or temperature. Three phases can exist in equilibrium along the line labelled triple line.
At the top of the dome, where the saturated liquid and saturated vapour lines meet, is the critical
point. The critical temperature of a pure substance is the maximum temperature at ‘which liquid
and vapour phases can coexist in equilibrium.

Properties of a perfect gas
Two regions are important in considering the properties of a perfect gas.

# The region of high temperature, i.e. the temperature above the eritical temperature.
» The region of low pressure, i.e. the pressure of one atmosphere or less.

The permanent gases oxygen, hydrogen, elc. lie in the first region at ordinary working
temperature. The water vapour in the atmosphere lies in the second region. The behaviour of
substances in these two regions of states is very close to that of perfect gas. The perfect gas can
easily be represented by simple equations relating primary properties, i.e. pressure, specific
volume, and temperature.

The relation between pressure, specific volume and temperature or the equation of slate was
first developed by Robert Boyle. It is often known as Boyle's law, According to Boyle's law, the
product pV remains constant when varying the pressure and volume of a gas while keeping the
lemperature constant. At low pressure (near (o zero) the relation (pVIT) equals to R (Universal gas
constant). Mathematically the equation of state can be expressed as:

£Y .
T R (2.10)

Taking mass into account, the equation of state of a perfect gas becomes
pV = mRT (2.11)
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2.3 HEAT TRANSFER

From thermodynamics we can calculate the amount of energy required to change a system from
one equilibrium state to another equilibrium state since thermodynamics deals with systems in
;,quiiibrium. BI.'IE if we want o know the rate of heat '[mnjfﬂ:‘l’ or hﬂ"l‘l’ fﬂ.ﬁl i Slr'ﬁtﬂm "-'l"i” I:].'III.E'IEE
from one equilibrium state to another then we have to know the subject of heat transfer, Heat
wansfer occurs by three basic mechanisms, i.e. conduction, convection and radiation.

Conduction

When heat transfer occurs through a substance without any motion of the substance, then the
_ mode of heat transfer is called conduction. Like thermodynamics, the equation representing the

rate of conduction ia. established from p'ﬁ}rsi:al phenomena and from experiments, Fourier
presented a mathematical model for the conduction phenomena as follows:

aT
=— kA = (2.12)
where _—y --
g 15 the heat wansfer rate
k is the thermal conductivity

A 15 the cross-sectional area
dTidl is the temperature gradient in the x-direction.
The same has been illusirated in Figure 2.13

HF._-_HH“‘-._.--'"

FIGURE 2.13 Representation of Fourier principle.

Equation (2.12) is negative because heat must flow downside according to the second law of
thermodynamics (Figure 2.13). Thermal conductivity is an important property of a material.
Thermal conductivity gives us a macroscopic representation of molecular effects of substances
that contribute to the conduction of heat. From the Fourier equation, thermal conductivity can be
determined for various substances. The thermal conductivity of a substance gives us the
knowledge of how fast heat will be conducted through thar substance. Table 2.2 shows the
thermal conductivity of some materials.
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TABLE 2.2 Thermal conductivity of various metals at 0°C

Material Thermal conductivity (W/m-K)
Sif‘-’er 410
Copper 385
Aluminium 202
Carbon steel 43
Sandstone 1.83
Glass 0.78
Ice 2.22
Water 0.556
Ammonia 0.540
Air 0.024
Water vapour 0.0206

Convection

If heat transfer through a substance is due to the movements of the substance, d_w_cn it ;5 E}arl'.:]::
convection heat transfer, Convection is divided into two parts—nnrural‘mnvectmn an e
convection. Natural convection is caused by the density differences resulltmg from the pr::rf:c i
heat transfer. But in forced convection external devices are used to increase the c::;:ﬂ s
phenomena. The equation for representing convective heat transfer also came I
observation of physical phenomena. Heat transfer per square area by cnlnm-ectmn is observed <
be proportional to the temperature difference. It can be expressed as follows.

R s = (2.13)
o (T, = Ty)

i< the uniform wall temperature of a heated plate. The uniform flow velocity is

Figure 2.14, T,  unif
ek : is T,. If we introduce the proportionality constant then the

U/, and the ambient fluid temperature
equation will be

L @, -T) (2.14)

A il
-Tq'
L

Ly __;.r"il
] it
= &
t t o 1 f

FIGURE 2.14 Convection heat transfer.

where h_ is the average convection heat transfer coefficient. It is also called the film conductance.
The above equation is called the Newton's law of cooling. For some systems the coefficient can be
calculated analytically but for complex cases it must be determined empincally.
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Radiation

Heat can also be transferred without any medium, i.e. in the ﬁcuum"ThiS_ phf:n::m}enﬂn "
described as electromagnetic radiation. There are many types of clectromagnetic radiations, for
example, X-rays, gamma rays, visible spectrum, etc. The nel heal transfer by radiation
phenaomenon occurs due to temperature difference. To demonstrate the heal transfer rate by
radiation, it is useful to introduce a substance that emits radiation ideally, i.e. a blackbody. The

Edjaﬁon heat transfer rate for a blackbody is propertional to the fourth power of its absolute

.. temperature, 1.8,

Q .4
’ &g (2.15)

{—.T-_Inn-uducing a proportionality constant, the equation becomes

(VI Y NT]

s ¢ Qr = mr‘ {E.IE}
where ¢ is called the Stefan-Boltzmann constant and its value is

o= 567 x 107 wmtk?

But most real material surfaces do not emit electromagnetic radiation ideally. And these materials
are called gray Stl]hlﬁlEItE‘E&. FI?I gray substances a new dimensionless factor called EMissivity is
introduced; emissivity for an ideal blackbody is 1 and but for

: > : a gray body it is always less than
unity. There is _anuiher important factor called the shape factor. The shape factor Lzlug us ho
much energy will leave from one surface and how i

: leave much energy will arrive directly on the other
-_.;mfac:._Lﬂv;e emissivity, the shape fa::?ur is also dimensionless and less than unity. Now
introducing these two new factors (emissivity and shape factor), the net radiant e:.u:hnnge
between two surfaces at temperatures T; and T; respectively can be expressed as

0, = oA FR, &G -1

(217
where A, and F,_, are the area of the body and the shape factor respectively.

Thermal circuit

Thermal circuit or network is a useful concept for the analysis of heat transfer problems. In the

thermal circuit concept, equations of thermal resistance are introduced for differs

: ot maod
transfer. For conduction, the heat transfer equation can be written as es of heat

) R
=l -2
Q. A (2.18)

In analogy with elcclrr:!nic circuits, (T - 7;) can be considered as the potential that causes heat
0 flow against the resistance I/kA. So for conduction, the thermal resistance is

{
R,=—
: (2.19)
’fl'hcnﬂr::wmn's law of cooling, or the convection heat transfer equation, can be rearranged as
=T
Q=2 o (2.20}%

1(h,A)
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The thermal resistance for convection heat transfer is, therefore, given by

psile

A (2.21)

Overall heat transfer coefficient

For the case of combined heat transfer the term overall heat transfer coefficient is very important,
For example, if convection and conduction is present then the overall heat transfer will be the
ratio of the overall temperature difference to the sum of the thermal resistances, ie.

h-n
(L/hA) + (I1kA)

where 1/hA represents the thermal resistance for convection and I/kA represents the thermal
resistance for conduction. The overall heat transfer coefficient is denoted by U and expressed by

the following relation

(2.22)

=

Q= UAAT (2.23)

where

1 .

_ 2.24
= (1/hA) + (IfkA) A4
Materials in series

For the materials placed in series like in Figure 2.15, the overall hea tmnsfer will be the ratio of
the overall temperature difference and the sum of the thermal resistances, Le.

Q:M%__,

J

4
EA A

R S

b

..-r"'_"‘-..“_‘-_-_._’_.

(2.25)

|
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Materials in parallel

For the materials placed in parallel like in Figure 2.16, the overall heal tramstes Wil be

T =T n
0 = ! 0 II (2.26)
I 2

+
-‘:L-ﬂ[ 'k‘lﬂ‘qln' * kﬂﬁﬂzb

-".._-'h\“‘“..'__r"‘-._‘-‘\‘\_‘-'..’,l
Lk _lwk
B T 2a
Ta

2h

- i} i
h i

'..._-\“'-.___,-"'.r'_-‘\h__,__.-'
R,

"y A —

—A— =

WViAS
fy

FIGURE 2.16 Materials in paralle] arrangement.

Heat exchanger

Heat exchanger is a device which transfers heat between two fluids, Based on the mode of heat
transfer, heat exchangers are classified as follows: :

(2} Regenerators, where a hot fluid, then a cold fluid, flow alternately through the same
space containing solid particles. There are two types of regenerators—fixed and rotary.
Heat transfer is affected by the type of surface material, fluid type, and system geometry,

(b Open type exchangers, where fluid streams flow into an open chamber in which
complete physical mixing takes place. Examples include cooling towers and jet
condenser.

(c) Closed type exchanger (recuperators), in which heat transfer occurs between two fluid
streams that do not mix or come in physical contact with each other,

2.4 FLUID MECHANICS

Fluid mechanics is a field of applied mechanics and discusses the behaviour of liquids and gases
at rest or in motion. For any thermal system, fluid is necessary for the transfer of energy. A fluid
is defined as a substance that deforms continuously when acted on by any magnitude of shearing
stress. In refrigeration and air conditioning, we also use different kinds of fluids for transfer of
energy.
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Viscosity is the most i.mpumn.t property of a fluid and shows the resistance to being moved
from place 1o place. Consider a situation as shown in Figure 2.17 where a fluid is flowing
petween two parallel plates.

Maoving plate

=

Fluid /
—_ e

| ]
T T T i r sty
Stationary plate

" FIGURE 2,17 Fluid flow between two parallel plates.

Fluid wvelocity
profile

Here the upper plate is moving with a velocity ¥ and the lower plate is stationary.
Physically it can be understood that fluid molecules will face resistance adjacent to the lower
stationary surface. While the upper plate is moving, 5o it creates a force on the lower layer of the
fluid along the cross-section. The shear stress developed by the fluid is given by

dv

T o — 227
dy (2.27)
If we introduce a constant then the equation locks like the following.
i
Pl (2.28)
dy

The proportionality constant g is called the dynamic viscosity (units kg/m.s). There is another
form of viscosity called the kinematic viscosiry, represented by v (units m*/s). The relationship
between dynamic and kinematic viscosities is expressed by

p=£ (2.29)
el
where p is the density.

In air conditioning and refrigeration the main application of fluid mechanics is in the
modelling of piping and duct systems. The Bernoulli equation which is widely used for relating
pressure, velocity and elevation of a fluid is significant in designing piping and ducts of thermal
systems. For steady frictionless and incompressible flow, the Bernoulli equation is stated as

follows:
Pressure head + Velocity head + Elevation head = Constant
=1 =2
- Vs =V,
e Pam P 31 b gy ~2) =0 (2.30)
o 2
n 7 now
or £2 2 4 gz = +=L+ gz, =Constant (2.31)
g 2 p 2.
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H* we mnsiﬁﬂl‘ a flow system where 4..1. flid Nows tth.'.l'L'IEI'I il j'!-l.]}[: with work and f|"|r_=ﬁ|:|;|-|| then the

4 P h ¥
P A i 2 5 B3 ork + Loss = Constant

L]
L]

L

(2.32)

The last term in LHS of Eq., (2.32) is also termed head loss and can be expressed with a
) di[ﬂtﬂﬁlﬂﬂlEES PﬂIﬂIﬂEtEr_f Whlch iﬁ Eiluﬁd the ﬂﬂ‘r{'}' fr]ll':ﬁﬂﬂ fﬂﬂ'rﬂ'r. Thuﬁ,

d2g (2.33)
where

fis the friction factor
L is the distance along the duct
d 15 the inner diameter

V is the mean velocity.

The friction factor is determined from the flow Reynolds number and the relative
roughness,
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e VVapour Compression
- J Cycle and Heat Pump

SECTION A: VAPOUR COMPRESSION CYCLES

Although different types of refrigeration systems may be employed to cary out the cooling and
dehumidification processes, two methods of refrigeration currently in common use in majonty of
the systems are mechanical vapour compression cycle and vapour absorption cycle. Up to the
present time, the use of other cycles such as thermo-elec=c refrigeration, air and gas expansion
refrigeration, vortex tube, steam jet refrigeration cycles has been limited more [0 such special

applications as in air conditioning of aircraft, ships, submarines, and mines, etc.
.. ch

3.1 REFRIGERATOR AND HEAT PUMP

In the mechanical vapour compression cycle the specific working fluid uvsed, known as
refrigerant, is compressed by a compressor, The compressed vapour is then condensed to a liquid,
following which the pressure is reduced through throttling so that the fluid can evaporate at a
low pressure. There are two main applications of the vapour compression cycle, namely
refrigerators and heat pumps. They are essentially the same device differing in their use and
ohjectives. When the cooling produced by the cycle by removing heat from a cold space is used,
for example, to cool air in an air-conditioning application, as shown in Figure 3.1(a), the device
used is termed refrigerator. When the heat rejected by the refrigeration cycle is gainfplly used
such as for providing winter heating, as shown in Figure 3.1(b), the device used is known as heat

pump.

3%
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rI:ul gﬁn appliances) i windaws)
(walls and -—f—
windows) \_1 ,J’ :'__é’_ .
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gl R R
and windows) \\* Cold air =iz ]
I L
of
Transmission Compress
W through floors

FIGURE 3.1(a) Refrigerator mode of the vapour compression cycle.

Solar heat gain

Transmission
heat zain

Infilization’
Transmissicn heat gl = / exfiltration

Colar heat gaio o ; —

—

Intemal heat gains

Expansion 3
: valve E Hot air
Cold air 1M
=
Coempressot Transmission heal gain

FIGURE 3.1(b) Heat pump mode of the vapour compression cycle.

In Figure 3.2, the source and sink temperatures of both the refrlg:rau?r and heat pump
applications have been depicted in relation to ambient temperature. In the refngt:mmr mode, Op
is the amount of heat removed from the refrigerated space at temperature T7, Qy is the amount of
heat rejected to the relatively warm ambient environment at temperafure T,,f,ﬂ,hm and Wi, is the
net work input to the refrigerator. In the case of heat pump, O, gtnera!l_y_ rejected to atmosphere
is being utilized for space heating, while the cooling produced is unutilized.
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Oy
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valve
Q.
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Heat ink Heat source
Tl'l'hlul. l
- Freezer
Oy Evaporator .| compartment
coils |~
13 Refrigerator
Kitchen air O { T Capillary
W, r 1ube
Condenser coil ‘E
0 Compressor
Hear source

Tt
FIGURE 3.2 Relationship between refrigerator and heat pump modes.

3.2 BASIC CYCLE THEORY

The theoretical basis of all practical refrigeration systems is the reversed-Camot cycle. First the
Carmot cycle will be introduced, followed by the discussion on the reversed Camot cycle. The |
Carnot cycle is a reversible process operating between two given temperatures as shown in

Figure 3.3.
T a

2/ N

Net wark

I
I
I
I
|

4= §

FIGURE 3.3 The T-s diagram of Camot cycle.
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The processes of the Camnot cycle are:

1-2 Isentropic compression
2-3 Isothermal heat addition
3—4 Isentropic expansion

4-1 Isothermal heat rejection

ting between Iwo
The efficiency of the Carnot cycle is the highest among C}TIEE;;I:? rt?-rgcrsibla. that is,
given temperatures. ‘This is because all the processes of (he Camot Cy©
impossible to attain in actal cycles. :
A reversed Camot eycle is illustrated in Figure 3.4. The ¢
processes:

1-2 [sothermal heat addition at lower temperature
7-3 Isentropic compression to higher temperature
3-4 [sothermal heat rejection at higher temperature
4-]1 Isentropic expansion to lower temperature

ycle consists of the following

e e e e W

e T

T A
4 3
;I".q. ‘‘‘‘‘
Met work
T! - = I 2
:R:.f:igl.'rltiuq‘
I
' |
I
| I - 5
5 i3

FIGURE 3.4 The T-s diagram of reversed Carnot cycle.

. ’ i =21 heat removed from the space oOr
Heat absorbed by the refrigerant in process 1-2 Is the ]
material being cooled and is called the refrigerating effect (RE). The md:x‘::rf pn:}'fu?na.ncetl ;f{:-'
refrigeration cycle is the coefficient of performance (COP) defined as the dimensionless rati
the refriperating effect and the work energy required for the same, L¢.

refrigerating effeci

COPpy = COPeymen = nel work energy

T -5)
Therefore, COPcymer = T =T)G — 1) B
; .
=T -T,
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The COP of the Camot cycle is entirely a function O [ne ISMPEIZLLe lidis =l €20 vary

from zero to infinity. Since all the processes in the Carnot cycle are thermocynamicaliy
reversible, the COP obtained from the above equation is higher than that a*:rlnex'a-'l:-‘.e in 2n aciuz]
evele and is the maximum possible for a given temperature limit. Hence, L"Im" "3]“? of COP can

sl he used as a yardstick for the performance of an actual cycle. In the case of imeversible cycle, the
COP is less than that for the reversible one, ie.

I

COPny <717

The COPs of most practical vapour compression heat pump cycles usually have a valus
about balf of that of Camot COP.

3.3 IDEAL VAPOUR COMPRESSION REFRIGERATION CYCLE

The mechanical vapour compression cyele utilizes the evaporation of a liguid refrigerant to
absorb heat and lower the temperature of its summoundings at the evaporator, The simple cycle, as

shown in Figure 3.5, comprises four main components: compressor, condenser, evaporator, and
the expansion device.

| Condenser }
=] A A
14
‘ High-pressure  side
& RS @
Compressor i m Expansicn valve
71 Low-pressure side
T1
( Evaporatot p

L IR o
FIGURE 3.5 Simple vapour compression cycle.

The vapour compression refrigeration cycle operates by continuously changing the
physical properties of a fluid through a cycle, as illustrated in Figures 3.5 and 3.6. The processes
constituting the standard vapour compression cycle are:

1-2 Isothermal heat absorption of low temperature heat energy in the evaporator

2-3 Isentropic compression by the compressor to condenser pressure

3-4 Heat rejection through constant pressure cooling in the condenser >

4-1 Adiabatic expansion through a throtding device which meters the flow of refngerant to
the evaporator in response 1o the lead,
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FIGURE 3.6 Ideal vapour compression cycle.

The working substance i.e. the refrigerant in the same refrigeration system, €nters the
pically o state 3. The

compressor as satrated vapour at state 2 which is then compressed 1sentro 3
refrigerant then enters the condenser at state 3 in superheated condition Blﬂd leaves as sa_n.lmte
liquid at state 4 following heat rejection to the surroundings. Hot feEngamnt vapuur. 15 Sﬂj
liquefied after rejecting the heat to the condensing media such as air or watet The satura'®

liquid at state 4 then expands (o cvaporator pressure at state | lhrI:rlugh a thrF-ttIing device 511::1':
as an expansion valve or capillary tube. Consequent (o the ﬂ_l_ﬂ&?lil’t_l':'l l;':rl'.pansmn, the refnigeran
temperature drops below the ambient temperamre, which is a prerequisiie of heat flow from the
surroundings to the refrigerant in the evaporator. The refrigerant enters the evaporator at state 1
as wet vapour and leaves the evaporator at State 2 ac dry saturated vapour and re-enters the

compressor, thus completing the cycle.
From the analysis of the cycle, it

Refrigerating effect (RE) @, =012 = . (hy = hy)

is obtained that:

Work input W= Wy = (b — ) e
Heat rejection 0.=034 = i, (Ry = By) e T A
e COF = 3y —hy) Py — P

where
i, is the mass flow rate of the refrigerant
hy is the enthalpy of the refrigerant at the evaporator injet _
hy is the enthalpy of the refrigerant at the evaporator outlet and compressor inlet
hy is the enthalpy of the refrigerant at the compressor outlet and condenser inlet

hy is the enthalpy of the refrigerant at the condenser putlet.

The ability to use the latent heats of vaporization and condensation of a refrigerant enables
a vapour compression cycle 1o obtain greater refrigeration effect per unit mass of refrigerant.

In choosing the evaporator and econdenser lemperafures, it has to be ensured that the
temperature of the rcfrigerant in the condenser is higher than that of the surrounding to effect
heat rejection. Similarly, the evaporator temperature would have to be lower than the required
cooling temperature (Figure 3.7). A temperature differential of around 5 to 7°C is commonly

practised.

R
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condensing medium

1 _ Required cocling

3 lempeganice

o= 5

FIGURE 3.7 Evaporator and condenser pressure limitations in practical cycles.

3.4 EEE;TCAL VAPOUR COMPRESSION REFRIGERATION

In practical systems, however, the refrigerant follows the modifi
Figures 3.7 and 3.8. The actual refrigeration cycle differs fundam
respect of pressure drops in refrigerant flow and heat transfer
are cther differences between this eyele and the theoretical

1

ed Rankine cyele, shown in
entally from the ideal cycle in
to or from the surroundings. There
cycle.

TA

= 5 = h

FIGURE 3.8 Simplified p_ractical cycles.

Normally in the practical cycles the temperature of the liquid refrigerant leaving the
condenser is lower than the saturation temperature, and this difference is termed degree of
subcooling. Subcooling ensures that no vapour enter§ the expansion valve and furthermore it
increases the refrigerating effect. The refrigerant is also superheated before leaving the evaporator
to make sure that only the dry vapour will enter the compressor. Because of the extremely smiall
clearance between the piston and cylinder head, it is necessary to ensure that there is no liquid
in the gas entering the compressor as that may cause damage to the piston. The compression is
not 1sentropic and the expansion is close to isenthalpic. During the compression process there are

== O PR THE - BECET - ATl
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;_—,'r;'-.-E,-jjbﬂjE.tEE and heat trensfer either to or from the surroundings. The Repp iTanslEr Sode
ey :r:.-i_s on the temperature of the refrigerant and the surroundings. tanuql;ﬁnr':;e'- e eRlicpy
E;"_EH'E;':I! INCTEASE UT d'-:'crﬂ-ES':_ ds rEF.l'EEE‘II.[Ed b}r ]_2.1 and 1-2 Hines ia F[EUI': 3.9, Due 1o fricticn the
|’{ !:resmre n_f the liquid leaving the Cﬂndlfnser will be less than the pressure of the vapour Eﬂl_ttl"tllg
, it. There is also some pressure drop in the evaporator. Being an irreversible cycle, practical

cycles have a lower COP than the reversed Carnot cycle when operating between the same
temperatiore limits.

-..-4

FIGURE 3.9 Actual cycle details.

Figure 3.10 shows a practical vapour compression refrigeration cycle with typical operating

conditions.

Heated air from condendef
-"E;::EET" i

35°C, 1.45 MPa ||I!||I

T el VL N el e s SR T, LT TR b .
'
|
w
-
s

. Hol gas Al Toe g
{dlsﬁﬁrga}f mr:dzmtr wi + Liguid line
cosling 33°C, 1.45 MPa

High-pressure side Expansion valve

Compressor Low-pressure side
Suction lize |
Afr off enil, 14°C
e 1l Evaporaior
Evaporster, 5°C pe
Pressure, 0.572 MPa = B
il Air on coll, 29°C—" @, =

FIGURE 310 Schematic diagram of a refrigeration cycle showing typical temperatures and
pressures for & summer cooling application. B

|
Scanned by CamScanner




P
e B B b Bl e s X
f
.

s

Chenisy 3 Vapow Compression Cyvcle and Hea fmﬂ %}:1
— — ——— ‘_—-._'_‘-:‘_‘_\_:'\_:.1

—

The capacity of a refrigeratien cycle can be measured in any one of several enits such oy
m/h or KW or kealih. Another wnit very commeonly vsed is ton of relrigeration (TR). which is
ihe mmount of cooling produced by one US ton (2000 Ib) of ice in meling over a period of
24 hours. Therefore,

1 x 2000 x 144

24
where the heat of [usion of ice is 144 Bu/ib.

1 TR is thus equal to 12,000 Bru/h or 200 Btw'min or 3.516 kW of useful heat removal.

1 TR =

= 12000 Biw'h

_ Vapour compression cycle calculation

Basically in the calculation of performance of a vapour compression cycle, the equations given
in Section 3.3 can be used. As regards the eathalpies at the various points in the system, the
same can be obtained either from the Tables of the respective refrigerants or from the p-h
diagrams. In a typical table of thermophysical properties of a refrigerant, for example that of
refrigerant R134a (sec the Appendix B), the enthalpy values of the refrigerant in saturated liquid
and saturated vapour state are provided against a particular temperature/pressure. Additionally,
the same tables also provide the values of specific heat, entropy, viscosity, thermal conductivity,
ete. The properties of superheated vapour state can also be obtained from the tables of ‘properties
of superheated vapour’. o

The same enthalpy values can also be obtained from the pressure-enthalpy (p-h) diagrams
of the respective refrigerants. A skeleton diagram of a typical refrigerant is shown in Figure"li 1.
By plotting the different points in the cycle from the known pressures and temperatures, (he
corresponding enthalpy values can be readily obtained.

» A
: Critical point
4
Subcooled J.
region |
10°C | - Snperheat
II 4 ] 34“: ll ‘\. j f!giﬂﬂ.
' 1
: 1
H 1
: 1
: | ebmies yolm
‘N kg ["15?:_:.11:-“:
== TR
1 2 1 }n :
L] ;E .E
1 s .E
10°C | % g
3 constant! 2 " -

FIGURE 3.11 Skeleton pressure-enthalpy diagram.

The values obtained from the Tables are generally more accurate than those obtained-from
the p-h diagrams. However, practising engineers find it easier to use the p-h diagrams.
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=XAMPLE 3.1

A vapour com i & wat i
and Eﬂpﬂmﬁv]:ﬂ:iﬁr:ln;f?t:i; g;lniéﬂé"gem' RII operates at condensing temperature of 34°C
2 =10°C a5 shown in Figure 3.12, For a mass flow rate of the
refrigerant equal 1o .33 kgfs, determine the J!'u]!cm'ing:E e
(@) IhE'HM“PHHSﬂrPﬂﬁmT
(b) The rr.':ﬁ-igl:rating effect
(€) The coefficient of performance,

-F"'

1

-10%C

]
1 |
; i
: i

i
I ]
r

]

hE P e

v
-l

241.84 40 1.07 w2

14
Condenser = 4

1 High-pressure - side
ﬂ ----------------- i; Expansion wvalve

Compressor
2 L#untuuu side

Evaporator

FIGURE 3.12 Example 3.1,

Solution
From the p-& diagram (Figure 3.12) and tables of R22, we get
hy =40107 kikg Ry =427 KTkg  hy = 241.84 kKlkg =
Compressor work, W = ri(hy = k) = 0.33 kg/s x (427 = 401.07) kl/kg = B.55 kW
Refrigerating capacity = m(h, — k) = 0.33{401.07 - 241.84) = 52.54 kW

p —

: RE 32534
Coefficient of perf: COP= —s——=0/.]4
tcient of performance w855 6.1
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 EXAMPLE32 _h-qh—-\

A vapour compression cycle using refrigerant R22 operates at condensing temperature of 3g°C
and evaporative temperature of ~16°C as shown in Figure 3.13. For a system capacity of 55 kW,
determine the follwing:
() The mass flow rate
(b) The compressor power
{b) The refrigerating effect
() The coefficient of performanee,

P&
I6°C
. /\ i
l
-16°C /'1
= k&

FIGURE 3.13 Example 3.2.
Solution
From the p-h diagram and tables of R22, we get

hy=39864 Klkg  hy =428 Klkg k= 244.44 KIfkg = A,

Refrigerating capacity = m(h, — k) = m{398.64 — 244.44) = 55 kW
Therefore, m = 0.36 ka/s

Compressor work, W =rilhy - by) = 0.36 kgfs » (428 - 398.64) K/kg = 10.57 kW

Coefficient of performance, COP = EE-— i = 50
EXAMPLE 3.3

An ice plant operates on the ideal vapour compression cycle using refrigerant R134a, The
refrigerant enters the compressor as saturated vapour at 0.15 MPa and leaves the condenser as

saturated liquid at 0.7 MPa. Water enters the ice machine at 30°C and leaves as ice at —5°C. For
an ice production rate of 10 kg per hour, determine the power input to the ice plant. The specific
heats of ice and water are 2.1 and 4.18 kg K, respectively, and the latent heat of fusion of ice
is 334 kl/kg.

Solution

Heat needed to be removed per kg of water to convert it to ice-at =5°C is given by

Q= me gy ¥ty — 0+ ML+ me, (0 = 1)

Scanned by CamScanner e



@ | Ramizecasion snd Al Condldanias : =2 )
= whers
m is the mass of watetfice (kg)
L is the lateat heat of fusion of ice (kifkg)
o 0 =1x4.18x(30-0) + 334 + 1 x 2.10 x {0 - (-5)}
= 1254 + 334 + 10.5 = 469.9 K/ §
Thersfore, to produce 10 kg/h of ice, the refrigerating capacity required is
3";—?”:-: 469.9 = 1.30 kW
From the p-h diagram and tables of R134a, we get
hy = 389.11 kikg  hy =425 Kifkg M= 236 kikg = Iy
Refrigerating capacity = rilhy — hy) = m(389.11 - 236) = 1.30 kW
Therefore, m = 0.0084 kg/s
Compressor work, W = nit(hy = i) = 0.0084 ka/s x (425 - 389.11) kkg
= 0,301 kW
RE 130
Coefficient of performance, COP = == 7397 = 4.31
EXAMPLE 3.4 :
working floid operates on 20 ideal wapour

A refrigerator using refrigerant R134a as a tes |
compression refrigeration cycle betwsen 0.12 and 0.7 MPa as shown in Figure 3.14, Tha mass
flaw rate of the refrigerant is 0.06 kg/s. Show the cycle on a 7-5 diagram, and determine the

following: _ _
(a) The rate of heal removal of the refrigerated space and the power input to the

COMpPressor
(b) The rate of heat rejection to the environment

{c) The coefficient of performance.

e o — = = ——

0.7 MPa

0,12 Mrfa o==——— ul /i

¥
L

—
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From the p-h diagram and tables of R134a, we get
hp = 38343 klkg  hy = 428 klkg  hy = 236 klfks = b,
Refrigerating capacity = si(hy — k) = 0.06(385.43 — 236) = .96 k'W

Compressor work, W = ik, — hy) = 0.06 kgfs x (428 — 385.43) klikg
. =155 kW
Rute of heat rejection = 8.96 4 7 55 = 11.51 kw

S

)
3

ey

= 3.51

|

e Coefficient of performance of the refrigerator, COP = L& _
=

[0
LA

EXAMPLE 3.5

In a refrigeration system, would
m, "4 You recommend condensing the refri :
of 0.8 MPa or 1 MPa if heat iz rejected 1o 5 cooling medilfm at SB“E:[mI Rl e =

Kaluntion

Allowing a temperature difference
ke T of 7°C for effect ;
of the mrngtmm: should be 37°C or mghﬂ_r&tg;ﬁfmﬁé IIE]:'LEEEE':. the Eﬂ_IIdE"I_'.ISﬂ.tIHI'I

0.937 MPa. Therefore, the tfecommended pressure would be | MPa

lemperature
re corresponding 1o 37°C is

condenser as saturated liqu PR
the fﬁjiuwiug; Quid and expands adiabatically through

{a) The quality of the refr;

i Bérant at the end i

(b} The power input to the COmpressor PR e T
(c) The coefficient of performance, #

Solution
F{nm the p-h diagram (Figure 3.15) and tables of Ri34a, we per
hy = 33-?.39 klikg hy =435 Kfkg b, = 256.35 kikg = h,
(a) The quality (x) of the refrigerant at the end of the throttling process is’

c=li-h  25635-176.39 i
By T

where x, the guality or dryness fraction, de i geran
. ; . denotes the fraction of i i
two-phase mixture at a particular point, T s

(b} Refrigerating capacity = ik, — k) = m(387.89 - 256.35) = 10 kW
or mass flow rate, m = 0.076 kgls

i

Py
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FIGURE 3.15 Example 3.6,

Compressor work, W =m(h, - b)) = 0,076 kgfs = (435 — 387.89) Kl/kg
= 3.58 kW

RE 10
(¢} Coefficient of performance of the refrigerator. COP = =358 =219

EXAMPLE 3.7

Refrigerant R134a enters the compressor of a refrigerator as superheated vapour at 0.14 MPa and
_17°C at a rate of 0.076 kg/s and lcaves at 1 MPa and 70°C. The refrigerant is cooled in the
condenser to 36°C and 1 MPa and is throttled to 0.13 MPa. Ignoring any heat transfer and
pressure drop in the connecting lines between the components, determine the following:

(a) The rate of heat removal from the refrigerated space
(b) The power input to the compressor

(c) The isentropic efficicney of the compressor

(d) The coefficient of performance.

| Solution
The enthalpies of the refrigerant at varions states are determined from the refrigerant tables

andfor p-h diagrams (Figure 3.16) of R134a
| py = 0,14 MPa, T3 =-12°C, k, = 398 kl/kg
p; =1 MPa, Ty = T0°C, by = 450 klikg
| M= 1 MPa, Ty= I6tC, hq_ = 255 l'.:.].l’i:g
hy = Ry(throttling) hl = 255 Hﬂig

(a) Heat removal from the refrigerated space
ri(hy — hy) = 0.076(398 — 255) = 10.86 kW

{b) Compressor work, W = mi(h, — k) = 0.076 kgfs x {450 - 398) klkg
= 3.95 kW

——

A e
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s B =i
Bl T 255 398 450
s FIGURE 3.16 Example 3.7.
. {e) Isentropic efficiency 7. of the compressor is determined from,
il _ My, -k 442 - 308
: h —Fy = 450 — 308 = 0-84 or 84%
(d) Coefficient of performance of the refrigerator, COP = EHTE - SRH 2.3

3,95

4

SECTION 2: MULTIPRESSURE WAPOUR COMPRESSION CYCLES

The simple vapour compression system that has been dealt with up to this point is a Lwo-pressurs
system. However, there are many instaliations that require refrigerated spaces to be maintained at
various temperature levels like those in a multi-product cold siore storing different produgts at
different temperatures. Idcal]y: this can be achieved by employing two independent systems,
which however, is not a desirable choice because of the obvious investment of additional initial

cosL.

3.5 MULTIPRESSURE SYSTEMS

A multipressure system is a refrigeration system that has two or more low-side pressures. Systems
with more than two pressures may be necessary due to (a) multistage or compound compression
or (b) due to supplying refrigerant to a multi-evaporator system. Cascade systems which employ
more than one refrigerant also have multipressures, although each refrizerant circuit operates on

a lwo-pressure system only. .
Figure 3.17 illustrates the classification of vapour compression refrigeration cycles.

Multistage vapour compression cyecles

For high condensing and low evaporating temperature applications, staging of compressors~is
pecessary because of reduced volumetric efficiency. By employing multiple compressors
combined with intercooling, this handicap may be overcome. Generally, compound compression

1s employed when the pressure ratio exceeds 4 or 5, While with a single-stage compression the
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Vapour compression
cycle

Simple vapoy
compression p:_l,rcllus ’Mﬂhipmﬂum systems

F Cascade syslem

Campouond

: J Multi-evaporator
COmpression

FIGURE 3.17 Multipressure systems.

lowest temperature achieved could be in the region of —30°C, with Iwo-stage COMPIESSION 3
temperature as low as ~55°C, and with three-stage compression a temperature down to -80°C 18
achievable. ) _

Figure 3.18 shows a schematic diagram of a two-stage cycle using ammonia as the
refrigerant while Figure 3.19 shows the thermodynamiic processes of the same cycle. The
high-pressure side of the cycle represented by states 3-4-5-6 is theoretically comparable to a

5 4
—
Candenser
. High-pressusrs
T compressor
Flazk 3
intercaaler
| |
Water intercooler
=
| ey 2
i Low-pressare
';r 1 cOmpressor
g Evaparalos

FIGURE 318 Schematic.diagram of a two-stage compression system with water and flash
intercooling.

single-stage system, with the exception that the evaporator has been substituted by the fash
intercooler and the remaining components constitute the low pressure system. The wapour is
compressed isentropically by the low-pressore compressor to the intermediate pressure (state 2),
The refrigerant is then precooled in a water intercooler to state 2°. Superheated discharge gas
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from the low-stage comEresscr al stete 7 bubbles through the liquid in the miercoole; amd e

pels cooled 1o the safuration \smperature &t the pressure of the ﬂas:h chamber (staie 7) and 5 i
of the liquid evaporaies which goes o the higher stags n]_ung with the vapour frt:lm the lowe:
stage (state 3). Complete desuperheating has been assumed in the case shown in Figures 3,18 anA
3.19, which 1s not practical though. The refrigerant at state 3 -:_nt:rs the compressor and
compressed to state 4. It then enters the condenser and after condensing ]:-E!‘-":s the condenser i
saturated liquid condition (state 5). It then expands through the expansion value 10 siae 6.
Saturated liguid at the cycle intermediate pressure and temperature is drawn from the flash
intercooler and throttled through the low-stage expansion value. The liquid and vapour mixture
enter the evaporator at state 3 and leave at state 1.

s Sy 4 2l

= b

FIGURE 31® Thermodynemic cycle for the system in Figure 3.18.

Intercooling: With certain refrigerants, such as NH; and CO,, the refrigerant effect is greatly
i_mpmved and power requirement decreased by precooling the liguid just before the final
expansion into the evaporator or flash intercocler. The flash intercooler is a pressure vessel or
tank in which a fixed liquid level is maintained by a float valve. The water-cooled intercooler
may be satisfactory for multistage air compression, but water is usually not cold enough to be
suitable for refrigerant compression. Figure 3.20 shows how compression with intercooling
appears on the p-h diagram of a refrigerant. Processes 1-2-3 and 2'-4 are on lines of constant
entropy but the slope of the process 2-3 is flatter than that of 2°-4, indicating reduced work
input. In the case of R12 and R22, intercooling is not effective since the slopes before and after
the intercocler are about the same and, hence, there is no savings in work. It may be noted tha
a part of the heai of low stage compression can be removed by water intercooling in case the
discharge temperature from the stage is substantially higher than the cooler water temperature.
For two-stage compression of a refrigerant with complete intercooling, for minimum work,

the interstage pressure p; is given by

-

B = {p1pa) =

whers p, is the suction pressure of the low-pressuré COMPrCSSOr and p, is the discharge pressure
of the high-pressure COMpPTEssoi.

—-—
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4 AAAAAAAN
i
11
1 k
High-stage Low-stage L
'Eﬂ[ﬂPIﬁEiﬂ!’ COMPressar y -
i jperant in two-stage compression. ¥
FIGURE 3.20 Intercooling of a refrig '
Multi-evaporator systems ; W
. intained at varo :
There are many installations that require refrigerated spaccs Efﬁgﬁaiﬁi for different
temperature levels. For example, in a ool glord TEke Sh Y = t]; schematic layout nf =
products maintained 3t different lemperatures, FlgurELE'r-El shuﬁt'l;‘i EIF{W e ¢
bypical muli-evaporator system. Figure 3.22 is the p-h diagram of the multi-evap |
Figure 3.21. .
4
] gm—— -
1 ' I I:
Condenser
— High-pressure
: ::m
PEESIOE
-r-[}{]—]ﬂ I 1
L Evsporator 3
T Flash intercooler | : '1
E Water intercooler I
ﬁ " o :$7
Expansion valve == e 2
Low-pressure
| compressor

Evaporator

FIGURE 3.21 Schematic diagram of a multi-evaporalor systerm.
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the multi-evaporator system of Figure 3.21.

: ﬂmmd-t system

aFﬁr][:TL:?;i -Tf:c:;ﬂ‘:lf:{ low temperatures (~75°C) with vapour compression cycles, the common
' islage compression is the cascade system. In the - :
L = . i : e o v = 5€ 5¥stems a series of
rFi:i:mj EL; u.l:th pmgrﬂsswd;.- 1(1_1-&&: boiling points may be used in a series of single-stage units
UrE 2,23 Shows & schematic diagram of  simple cascade system using two sinele-stage cycles
=

4 |Cempressor Expansion wvalve
1
Cascade condenser
Condenser +d

R13
Compressor Expansion wvalve
T &
Evaporator

e

T ——

FIGURE 3.23 Schematic diagram of a cascade system.

1
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using refmgerants R13 end R22 respectivaly. Figure 3.24 shows the T-5 dipgram of the CEsCECs
which server 25 the

[

A : .
system. The cascade condenser is the common intermediare heat exchanger ;
mnd&;nssr of the low-temperature stage and evaporalor of the high temperature Siage- In th:lsl casrf.:
R13 is condensed and R22 is evaporated in the cascade condenser. Thus each refrigerant elr=ul

T &

R22
d = — 2 _—

1
\ ri3
!

a

— ¥
m of Figure 3.23.

FIGURE 3.24 The T-s diagram of the cascade sysle

is comparatively simple and is a system in itself, and each refrigerant can be chosen that operates
i best within the required lemperaiuie and pressure range. The cascade system may not be more
afficient than the multi-stage sYStems but its use is primarily 1o obtain a Inwc:_:empemrure. L‘slqg
a single refrigerant has a pumber of limitations becausc of which multi_p[: refrigerants are mcdl in
4 cascade system, Some of the limitations are (a) solidification of refrigerants at low avapumtfng
ramperature; (b) with high boiling refrigerant, Very low pressure in evaporator and large sucuon
' volume; (c) with low boeiling refrigerant, extremely high pressure in‘condenser; (d) low COP with
high pressure ratio; and (e) operational difficulties of mechanical equipment at low temperalures.

EXAMPLE 3.8

In an NH; refrigeration syste

100 kW of refrigeration at -30

with intercooling and removal of flash

on a p-h diagram and calculate the following:
{a) The power required by the compressors
() The coefficient of performance.

the evaporator provides
n 25 shown in the figure,
ig 35°C. Draw the cycle

m installed in a cold store {Figure 3.23),
°C, The system uses two-SI2ge COMPTEssio
gas. The condensing lemperature

Solution
p, = saturation pressure ar —30°C = 119.9 kPa
py = saturation pressure &t 35°C = 1352 kPa

B = J119.2 %1352 = 4027 ¥PFa

—
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P Expansion
LanhEs A valve ) .
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e Ty T 1 CompIessnr
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Eizd - Evaparatar
B

FIGURE 325 Example 3.8.

hy = hga - 3ec = 1423 Klikg
h, = 1582 kl/kg from the p-h diagram of NH,
 hy = hy at 402.7 kPa = 1459.84 ki/kg
T = 1632 kMkg .
hs = ke at 35°C = 366 kl/kg = by
hy = by at 402.7 kPa = 191.8 ki/kg

P oA
1352 kPa 1

1199 kPa —= " 1

= h

FIGURE 3.26 The p-h diagram for Example 3.8.
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mlzamkw_ 300 LW
T -k 1423-191.8

My =M.y =My = My

= (0,244 kafs

Heat and mass balance about the intercooler gives
oy + i ghe = Miahy + iighy (R = g e = ity
(0.244 % 1582) + i,y % 366 = 0.244 X 1913 + i,y % 1459.84
Solving, m. = 0.31 kg's
(a) Low-stage power = 1t (hy — By) = 0.244 % (1582 — 1423) = 38.8 kW
High-stage power = i3 (hy = hg) = 0.31 x (1632 - 1459.84) = 53.4 kW
Total power = 38.8 + 53.4 = 92.2 KW

 refrigeration effect _ 300 KW _ 4,
(k) COP= = ==~ 3.25

=

EXAMPLE 3.9
In a R22 refrigeration system, as shown in Figure 3.27 one Evlapnramr is Ireq_uin:d Lo prnvide
160 kW of refrigeration at -30°C and another evaporator is required to provide 19{!_ KW at 3°C.
The systemn uses [Wo-SIAge compression with intercooling and is arranged as shown in the figure.
‘The condensing femperature is 30°C. _

Draw the cycle on a p-h diagram and calculate the following:

{a) The power required by the cOmpressor

by The coefficient of performance.

: —{ W | i
4
' 3 Condenser

High-pressure

se0 190 kKW . COMPLEssor

§  Evaporator

..._
X

Antereooler  and

i
Qﬁﬁﬁﬁ flash tank:
e
—— < He -
Expansion e s : i
valve
: Low-pressure
_;' i COTPressar
Evaporalor
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T

Fpution 2
_||:|': = Ji#@_:.m-:{: = 393,14 U.Ir]'-'.s
hy = 40714 KIkg \1__
hy = 425 klikg 1
Iil_n;, = h‘mm-c = 135-55 klu"}ig = ﬁ'ﬁ
hy = 2059 = hy
160 kW 160 kW
W e 39304 -12058 ~ 0o kg/s
my = Mty = fily = Ifig
L
g i ‘
i g Mo .
. . '[
. =305 : i
l =

FIGURE 3.28 The p-h diagram for Example 3.9.

Heat and mass balance equations about both the high temperature evaporator and the intercooler,
are as follows: :

titghs + 190 + righy = ishy + fitghy
iy = iy =0.855, mg =y
ity X 236.66 + 190 + 0.855 x 424 = i, % 407.14 + 0.835 % 205.9

or my(407.14 — 236.66) = 190 + 362.51 - 176.04
or sy % 170.48 = 376.48

. 37648 _ |
o My = 170 a8 =12.2(8 k.g-lrﬁ !
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The power required by the compressors:
{a) Low-stage power = 0.855(424 - 393.14) = 26.39 kW
High-stage power = 2.208(425 - 407.14) = 19.44 kKW
Total power = 26.39 + 39.44 = 65.83 kW
Total cooling produced 190 4 160 _ 512

) COP= _
W, 65.53

EXAMPLE 3.10
flash gas removal and

315°C. The saturation
o0 kW, The saturation
ty is 170 kW of

d for a fish freezing plant, uses
The condensing temperature 1S
tor is 0°C and its capacity is
¢ iz —40°C and ils capaci

A two-stage ammonia system designe
intercooling operation (Figure 3.19).
temperature of the high-lemperature evapora
temperature of the low-temperature evaporato

refrigeration. _ |
Draw the cycle on a p-h diagram. Determine the following:

{a) The rate of refrigerant compressed by the high-stage cOmpressor

{b) The power required by the compressors
(c) The coefficient of performance.

|
|
!' Condenser

i A
- - 3I5*C i
5 e 4

: = High-pressure

& Evaporalor

Intercooler and

fi -
___B;{]—|—— e flash tank
Expansion -
valve
1 Low-pressure
.; COMPressor
- 40FC, 170 kW
B
Evaporator

FIGURE 329 Example 3.10,

b
c‘carn‘r(:u—ny—ca'mvca'm i



= By s = 140841 kl/ka
iy = 1655 kifke

1461.70 kIfkg

1626 klfkg

hs = Rygasee = 366.07 klkg = ke
hy = hy = 200 klkg

i 170 kW 170 kW

o S
=
mnon

' = -y 1408.41-200 - 1407 kefs

ﬁ'l!|=r1'1.-|,=.rj-ﬂ?_z;r:5%

= ——— i e ——

e L

=
FIGURE 3.30 The p-h diagram for Example 3.10.

{a) Heat and mass balance equations about both the high temperature evaporator and the
intercooler are given below:

righs + 90 + mghy = righs + righy

i = W = 0.1407 Tifs

g % 36007 + 90 + 0.1407 x 1655 = ey x 1461.70 + 0.1407 x 200
or m; (1461.70 — 366.07) = 90 + 0.1407(1655 - 200}

oty % 1095.63 = 294,72
hy = 0.269 kgls
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{b) The power required by the compressors:
(i) Low-stage power = 0.1407(k; - &) = (.1407(1655 - 1408.41) = 34.69 kW
High-stage power = 0.269(h; — h;) = 0.269(1626 - 1461.70) = 44.20 kW

Total power = 34.60 + 44.20 = 78.89 kW |
H 1
. _ Total cooling produced _ 90 +170 _
(i) COP = W, =230 = 3.30 | %_
; 'I-'
4
SECTION C: HEAT PUMPS it

i i igerati stem in which the heat discharged at the
Heat pump is the expression for a refrigerating sy o By

enser is of principal interest and importance (Figure 3.31). The ::uu:rﬁrlng effi
:I?-ﬂvzspﬂmmr ispgem:?da:y and is not necessarily utilized. The mr.dium_ being c_ncﬂ:d SErves alsn : 7
heat source, and the compressor pumps the heat, picked up by the r_nfngcrant in the h:m'PTaamf
tar the higher level in the condenser for practical use. However, in a combined : at:;?nas e
cooling system there is a reversible valve enabling the cycle to operate as an ;.;r COO ::[ it
air heater as shown in Figure 3.31. The three basic heat sources that have been use .

water, and the earth,

Solar h=al gain

TN

Transmission

heat gain \
Transmission heat gain - -

Solar heat gain «.H“ I,J"
o \"E \

Internal heat gains

Infiltiration’
/ exfiltration

- Expansion .
Cold air ?E valve Hot air
() | .
e = 1
=5
Comprassor v Transmission heat gain

FIGURE 331 Heat pump.

3.6 HEAT PUMP CYCLE ANALYSIS

Referring to the same cycle as shown in Figure 3.6 and repeated below as, Figure 3.32, the COP
of the heat pump can be deduced which is greater than that of the refrigeration cycle.
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i
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s L R FIGURE 3.32 Ideal vapour compression cycle.
:ﬂ L.-‘-}q'lt';}.i B it ’
Tiepelbiiolin o _ .
.“-'1.'-.'.'!."%.':: i Rehg:rauﬂg effect, E]_: L] mr{h: _h'l}
(i A PO P P )
L Work input, Wy = i1, (hy = by)

... - Heat rejection, Qy.q = rit, (i — hy)

Coefficient of performaule, COP,, = '"_E:.l_'% =14 COP
i, Ly = T

. A refrigerator may be converted into a heat pump by reversing the direction of flow of the
refrigerant when |.1Em roles of the evaporator and the condenser are reversed. To accomplish that,
a reversing valve 15 needed as shown in Figure 3.33,

i ek :
A Expansion ] Expansion ]
* valve valve
o B [ ¥ &
iy o @ L ] b= -4
g : s olw E £ s uw ¥
E a a o @ G = a & T8 E
a E-T - L=}
-E. : LI | E‘ % :- :-i -E
a
§ & s e & s i~S
= o ! 5 8 ]
JeEcrh Reversing valve
Compressor
o Cooling mode Heaning mode

FIGURE 3.33 The reversing valve operation in a refrigeration cycle.

L —
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Scanned by CamScanner



'.,.,..:If*';"' II Refrigerction cnd Alr Eazf:’:fn::icg
1=

BIBLIDGRAPHY . :
aw-Hill,

Cengel, Y-A. and M.A. Boles, Thermodynamics: An Engineering Approach, 41h ed., McGr

" 2002, . |
wforan, M.I. and H.N. Shapiro, Fundamentals of Engineering
l New York, 1995. | .
van Wylen, G.1, R.E. Sonntag, C. Borgnakke, Fundamentals of Classical Thermodynamics, ;
ath ed.. John Wiley & Sons, New York, 1993.  * i

Thermodynamics, 3rd ed., Wiley, ©

Tt

il o, M "wa

REVIEW EXERCISES

ic air- itioner meant for
31 What modifications are necessary [0 convert 2 domesuc air conditic

summer cooling for use in winter as well? _
i nt on
32 Sketch an ideal vapour compression cycle on p-h and T-s diagrams. Label each poi

the diagram and show the comparable locations on a sketch of the refrigeration system.

diagram and show the refrigerating effect,
What is their arithmetic relationship?

rature on system performance

3.3 Sketch an ideal refrigeration cycle on p-h
heas of compression and heat of rejection.

3.4 Describe the effect of changing the evaporating lempe
characteristics. Use a sketch of the p-h diagram as an aid.

3.5 What is subcooling? What are the effects of subcooling? 1

1.6 A refrigeration system cperating on & vapour CD-'ﬂPfﬂﬁﬂ':_?'ﬂ refrigerancn ‘:Tfif '-’5'"5:
refrigerant R134a as the working fluid has a cooling capal:lll}' of 6 kW. T'J}v.: re ng_-Er:;:l
enters the compressor as saterated vapour at 0.14 MPa and 15 cnmprf:ssnl:d 1isentropically
o 0.8 MPa. The refrigerant leaves the condenser as saturated liquid and expands He
adiabatically through an expansion device. ‘ : :

Show the cyele on a T-s diagram with respect to saturation lines, and determine the 4
following: _ £
(a) The quality of the refrigerant at the end of the throttling process '
(k) The coefficient of performance.

3.7 An NH; refrigeration system designed for a refrigerated warehouse (Figure 3.27) has one
evaporator that provides 200 kW of refrigeration at -20°C. The sysiem uses fwo-stage 5
compression as shown in the figure, with intercocling and removal of flash gas. The

condensing temperature is 35°C. Draw the cycle on a p-A diagram and calculate the
following:

() The ratio of the power required by the high-staze and low-stage :Dmp.rcszu:lr.
(b} The coefficient of performance.

3.8 In an R22 refrigeration system, one evapr;'nratﬂr is required to provide 150 kW of

refrigeration at =30°C a!‘!d another evaporstor is required to provide 200 kW at 5°C.
The system uses two-stage compression with intercooling and is arranged 2s shown in

Fipure 3127. The - g =
e condensing temperaturs is 36°C. Calculate the coefficient of

AT R i nr iy
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Refrigerants

A refrigerant is any body or substance, which acts as a mnling_ agent by ah-s-mbif]g heailfrmn
another body or substance. With regard to the wll?nur COMpPreEssion cyclr_.»:, the .refngemn_l is lh;;
working fluid of the cycle, which alternately vaporiscs am.i ::ctmigmrfs as it absorbs and gwes_ﬂd
heat, Theoretically, any reasonably volatile suhstaru:el which is liguid al._ thl:_ ir.rlnpftmtuml desire
in the evaporator can be used as a refrigerant, bu_l_m practice the choice is limited by factors
cuch 25 toxicity, cost, flammability, chemical stability, etc. BRSO

A primary refrigerant 15 one, which is used m a re:mn;u]aligg cycle and Is nccumpumle,d by 3
change in state. During the cyclic process i undergu-r:_s compression, condensation, u:{pam1uﬂ1: an
evaporation. A secondary refrigerant is one, which is uscd_ as a heat transfer 1med|urn wi c_rut a
change of state but with a change in temperature. {;l‘llilﬂdl w?ta:r used in a conventional
sir-conditioning plant and circulated through the air-cooling coils 15 an emtmp!e of a secondary
refrigerant. Figure 4.1 shows an air-conditioning system that uses both primary and secondary

refrigerants. Fiiet

Airum-n—-S I|i|||||!|l|“|| s"’_ﬂ"'lﬂ
[ ]

1 i
Chilled water ¥ Secondary &  Chilled water

feturn :;:_-frig::’.anl cin:ui.l: supply
Evaporatos e
Chiller L
) _ : ! @ Thermostatic
Pﬂma:ynlmrﬂ?!ﬂm expansion valve
Condenser
Compressor

- FIGURE 4.1 Air-conditioning system using both primary and secondary refrigerants.
67
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4.1 CLASSIFICATION

Many refrigerants have been used over the years and some of them have become obsolete and |
since replaced by newer refrigerants. Some currently popular refrigerants are being phased out
due to their damaging effect on ozone layer.

The generic classification of refrigerants is shown
classification, some of the popular refrigerants have heen listed
properties of some of these refrigerants have been discussed at

in Figure 4.2. Based on this :
in Tables 4.1 to 4.4, The detailed
length later in this chapter.

I_ Conventional refrigerant

|
| | | ]
Inorpanic AZeDlrOpEs Halocarboo Hydrocarbon !
o |
FIGURE 4.2 Classification of refrigerants. i
TABLE 4.1 Halocarbon refrigerants c '
:_.;-
Designation Chemical name Chemical formula Use Remarks 3
R11 Trichloromonofluoromethang CClyF Air conditioning
RI2 Dichlrodiflueromethane CCLFs Do Being phased out
R22 MonochlorodifTuoromethane CHCIF; Refrigeration and air Sull accepeable
conditioning
R134a Tetrafluoroethans CFyCH,F Air conditioning Substituling R12 :
E40 Methyl chloride CH,Cl Refrigeration Ohsolete -
TABLE 4.2 Inorganic refrigerants
Designation Chemical name  Chemical formula Use Remarks
R717 Ammaonia NH; Industrial refrigeration still popular
R718 Whater H;O Absorption cycles -
R719 Air Refrigeration and air Still acceptable }
conditioning
R744 Carbon dioxide COy Marine refrigeration, lce Discontinued |
making
R764 Sulphur dioxide S0, Air conditioning Discontinued
TABLE 4.3 Hydrocarbon refrigerants :
i
l
Designation Chemical name Chemical formula Use Remarks &
R0 Methane CH, _ No direct use - 1
RI70 Ethane CoH; Gas liquefaction - -
R250 Propane CH;CH,;CH, Gas liguefaction -
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TABLE 44 Common azeotropes

Group Designation Composition Chemical formula Use Remarks
R300 R12 T18% CClLF; -
] R115  262% CH,CHF,
£ R501 R22 75% CHCIF; Cascade -
= RIZ  25% CCl,F, systems -
- R502 R12  48.8% CHCIF, .
R115 51.2% CCIF,CF, =

LH-::Enmrb_-:ln refrigerants, listed in Table 4.1, contain
chlorine, fluorine, and bromine. These refriperants are
hydrogen atoms in a hydrocarbon molecule such as ethane

oné or more of the three halogens—
obtained by replacing one or more

or methane with the above-mentioned

is comprised of refrigerants which are non-flammable and most

halogens. The halocarbon family
of them are nen-toxic too, Thus a refrigerant can be found in this group to fit practically any

ap-pii_c:atinn. Because of their overal] performance, these synthetie refrigerants have replaced the
classic refrigerants like NH;, C0O,, and water etc. listed in Table 4.2,

However, in recent years some of the refrigerants in the halocarbon family have lost faveur
because of their negative impact on environmental jcsues, Because of their great stability, fully
halogenated compounds, such as chlorofluorocarbans (CFCs) persist in the ammosphere for many
years and eventually diffuse into the stratosphere. The molecules of CFCs, such as R11 and
RlZ, contain only carbon and the halogens contain chlorine and fluorine. Onee in the upper
atmosphere, the CFC molecules break down releasing chlorine, which destroys ozone and causes
crone depletion. In the lower atmosphere, the CFC molecules absorb infrared radiation, which
may contribute to the warming of the earth, i.e. global warming, Substitution of a hydrogen
atom by one or more of the halogens in a CFC molecule greatly reduces its lifetime in
almosphere and consequently its negative impact, These compounds are referred to as
hydrochlrofluorocarbons (HCFCs). The ozone depleting CFC refrigerants will be phased out as
per the decision of the Montreal protocol, an international treaty.

Like halocarbon refrigerants, many hydrocarbon refrigerants, listed in Table 4.3, are
suiteble as refrigerants. They are commonly used as refrigerants in liquefaction of gases.

Azeotropes, listed in Table 4.4 are those mixtures of two or more substances whis_:h_h:hlavc
as if they were compounds, for they cannot be separated into their components by dssulliauun.
An azeotrope evaporates and condenses as a single substance with properties that are different
from those of its constituents.

4.2 DESIRABLE PROPERTIES OF REFRIGERANTS

No single refrigerant satisfies all the attributes desired of a refrigerant for il,; nmpera!tin% muﬁ;:?n.:f
1 ' [ advantages a e least n
So a refrigerant is chosen that has the greatest number o ‘
disadvamaggn:s. for the specific application invelved. Dhnnusl‘y._ in l:lnst ::::ﬁyﬂ:ﬁm: bgr::n :t};:
; i i ing eratures is notl neces
romise. The best refrigerant for producing 1u-w_tcm|:| _ . )
pmr;-"dlzming moderate temperatures. Similarly, the refrigerant chosen for a reciprocating compressor 1S

1 i ifugal compressor.
different from the one that is chosen for a centn ¢ . .
umﬂu%he ':rri;nﬂam properties that relate to the overall performance of a refrigeration sysiem are

i i ' ffect the
tabulated in Table 4.5, followed by a review of some of the refrigerant properties which alfec
refrigerant eycle performance.

Scanned by CamScanner



p— e —— B

TR e = o T R LR R T

T T .-.l..lu..l.-......1.....-.l.lr..M-.d|._._._-|1 A 0 g L ST

"LONESUIPU0d ¥ £0f pue vonesodeas ¥ 957 U0 paseq, SMNON ERGT SPswEping FYNHSY wol voisspuuad £q padepy

£ 444 i ¥IE'D FLE'E I¥a%'d D20 TrEQn'D I0°TAT iR TeT'D GEdTD JERing Qo0
I irg $Iz D IR PEE10 F500°0 FER0070 1L 0%l Wy BELd oo ELLIELTRL T ER B
SuTgisuosan]
LAR P E1E'Q FELD FLER'D QAo BEROD'D BERIN Lok LD CELEQ <Ipoaagalg  E
b T
rIL Ly EIZ°0 FRe0 FESD0 Leana FOL00'D S6T0Rl in'r GLE"D LA LE AT FrA R T
LLE ki Loz’o ERED F0IEd EI0D LAOG D ET'TO L i o Moowmy £
FTrgIImnm)
9TE LW ole o FLFD FLLO™D LS00 S1%000 blara | e CE1T FAT LRI EL
(i Lemar
ale irr 9zTi'd ELED il BEA0 G REGOG 0 GEROL BL'E alitl GRL'0 fIMETY TOS
azE vL'F (R 1550 TEEID L[] LELO0'D T0GLT ILE Ligt 14z'a suwdold gat
LFE LA b 4] S0 LEGDD fard LI SPLOO 0 LA | f1'E EOI°L IGT T Epix0lE ungiET) PRl
H dyjm 'yed eEmm 4 )
‘aneridmE  dairsisojied MY Ui | LG ELL L | gy EL T SR LAY LR walipedusor o
alawgasyp Jo ‘wirpluinyuny  uasnmdap o ameos  Cparemana Cpavooapy Jepesadpnal YL aamesard  fumeraad WY (EAPEIYT Op]
‘dmesy FEETET R ] FETYE sowsardmocy aipjaeily pinhgy  jEmsa ey (ET% ungssaadway  Jasuapus] JojEsodesy T mpr—

Sroneaiugar jo nesmopy sad souennopad Juersdua saneredwon ' ATAVL

ml Refrigeration and Air Conditioning

Scanned by CamScanner



Chapler 4 ﬂqﬁ-;ﬂmll \'--..

Evaporator and condenser pressure A
It is desimb]_e_ that both these pressures be positive, yet not too high above the atmospheric |
pressure. Fositive pressure prevents leakage of air and moisture into the system and also makes it

easier o detect leaks. The pressure at which the refrigerant vapour will condense at ordinary air

E;‘:;E!-EI IE'.TI'IP'EIH[H.I'E.IS should be low. A high condensing pressure would fg.qui[e; hg_a'l,r:,r matenal
Dmp'tﬁ$ﬂr5, pl]]lt'l.g ﬂﬂd Eﬂﬂﬁ, and alsﬂ in;‘_"rtnsg tha lendencyl L |¢BEBEI:.

Critical temperature

H'l-gh critical IEMFEIMUI: jS- dﬁﬁimhle- A% it 15 impuggj_ble ] cnndﬂnsg the rtrﬁg:ranl_ at &
temperature above the critical, no matier how much the pressure iz increased. The critical
temperatiure of all refrigerants except CO, is sufficiently high and such refrigerants, therefore
present no problem. In the case of CO, the pressure at the end of compression wﬂ;m be tuc:

Lﬁe, necessitating heavy construction to withstand such high pressure. The eritical temperatures
prezsurcs of some common refrigerants are listed in Table 4.6.

TABLE 4.6 Critical temperature and pressure of various refrigerants

Refrigerants Criticsl temperature (°C) Critical pressure in bar
R11 197.96 44.0
Rl2 11178 41.24
R22 96.14 49,90
R134a 101.03 40.56
R302 §2.20 40,75
NH, 132.22 113
H.0 373.99 220
CcO, 30.08 74
CH, 19055 45.9

Boiling and freezing temperatures

A refngerant should have a low boiling lemperature, otherwise it would become necessary to
operate the compressor at high vacuums with the resulting lowered efficiency and capacity. The

refrigerant chosen must have a freezing point well below any temperature that would be
encountered in operation.

Density

Low refrigerant densities are usually preferable, since they permit the use of small suction and
" discharge lines without excessive pressure drops. For larger capacity machines, however, a high
vapour density is desirable since this results in a need for a smaller compressor and a smaller gas

piping.
Latent heat of vaporization

A high latent heat at the evaporator temperature is desirable becaiise it is usually associated with
a high refrigerating effect per unit mass of refrigerant circulated, The values of enthalpy of
vaporization of a number of common refrigerants are listed in Table 4.7.
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TABLE 4.7 Enthalpy of vaporization at 1 atmosphere pressure (1.01 bar)

Refrigerant  Saturation temperature (*C) at 1 atm.  Enthalpy of vaporisation (kl/kg)

R11 23.71 181.36
R12 -29.80 165.91
R22 —40.80 233.79
R134a =26.07 216.83
R114 3.6 131.45
R502 -45.42 172.48
R717 -33.33 1369
R744 —78.4 571.5
R718 100 2257
Joft 2
Stability and inertness — il

An ideal refrigerant should not decompose at any lemperalure normally encountered. Disintegr-
ation of refrigerants may resull in non-condensable gases in the system as well as sludge.

Corrosive properties
any of the materials normally used in system construction.

The refrigerant should not react with : :
products, contaminating the system and possibly

Any such reaction would lead to corrosion
resulting in leakages.

Specific volume

A refrigerant should have low volume per kg when in gaseous state. This not only reduces the
size of the equipment but also means higher compressor efficiency. Figure 4.3 shows the relative
displacement volume required by different refrigerants. As high displacement volume of

Preferred for centrifugal compressers Preferred for reciprocaling cOMPITsSOns

R13H1

2
ol

—Ri34da

Rl R21

o]

FIGURE 4.3 Graphic representation of displacement volume required by different
refrigerants.
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n:rrigeranmhis desirable for centrifugal compressors, the refrigerants shown on the left-hand side
of the vertical line are preferred for

|

I

b he ve this duty, Likewise, the refrigerants on the right of the
I' vertical line are desirable for yge in reciprocating COMpressors,

L

?ﬁsfﬂsfry

It is desirable that both the liquid and the vapour refrigerants have low viscosities because of the
lower pressure drops

! in passing through liquid and suction lines, Heat transfer is also improved
3 in the evaporator and the condenser due to low viscosity.
1t

i Thermal conductivity

For efficient use of evaporator and condenser surfaces, a refri i
' ant should possess a high valye
, of thermal conductivity, = ’ s

Dielectric strength

The clf&ctrical resistance of a refrigerant is important if it is to be used in a hermetically sealed
unit with the mator exposed to the refrigerant,

Oil effect and miscibility with oil

The refrigerant should have no chemical reaction with the lubric

ating oil. Such reaction would
modify the lubricating properties, and

hence, affect lubrication, Certain reactions can even
acidify oils. As regards miscibility, oil miscible refrigerants are advantageous in that they pive

better lubrication because the refrigerant acts as a carrier of oil 1o the maving parts. They also
eliminate oil separation problems and aid in the return of oil from the evaporator,

. 1

el ) Al
oxicity and explosive properties )

T G ok
The refrigerant should be non-paisonous and non-irmitating, In any air-conditioning application,
particularly, there should be no odour. An ideal refrigeran

| should present no danger of
explosion or fire, either in combination with air or ig association with lubricating oil,
Cedal Joyey,

Effects on perishable products

In case of leakage, an ideal refrigerant should have no effect

on any perishable materials with
which it may come into contact,

Leak detection
A 1

A leak should be susceptible to detection by some mechanical or chemical means. The detection
of leaks just by odour can be very dangerous as well as deceiving.

&'as,
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Cost

In ve .

o czlstl‘:::; plants requiring & small charge of refrigerant, the cost factor is unimportant. But

leakage mi = -m'gll-“”|=5 significance in large plants, and the tightness of the construction and
3 mmization are looked after with much care. The rate of leakage s inversely

proportional to the square root of moelecular wei | :
. ) ght. It also depends on the pressure differential,
velocity, density, and capillarity. ’

4.3 COMMON REFRIGERANTS

The characteristics and properties of a number of commonly wsed refrigerants are discussed
below.

Ammonia

Ammonia is one of the oldest and most widely used of all refriperants. It is extensively used in 3
large refrigeration plants such as ice plants, href_ré:in:s, and industrial processing plants. Ammonia ) !
gives a large amount of refrigeration per cubic metre of compressor displacement, which results %
in low compressor cost. The cost of ammonia itsell is less than that of any refrigerant except that L
of carbon dioxide and water. Ammonia is a low-density refrigerant which creates smaller pressure
drops for a given size line. For these reasons, an ammonia system is the most economical system
available for large-sized reciprocating refrigerating systems. The freezing point of ammonia,
~60°C, is low enough so that there is no problem with ordinary refrigeration temperatures. The A
odour of ammonia gives instanl waming of a leak. A small amount of sulphur dioxide causes a '
dense white smoke to appear at an ammonia leak, indicating the sounce of leak. Selphur candles
made of wood or metal pieces dipped in molten sulphur are used for leak detection.

Against the above-menticned advantages, ammonia is highly toxic and highly irritating.
Ammonia is flammable in mixtures of between 16 and 25 per cent in air. Because of its affinity
for water, it is difficult to keep ammonia perfectly dry. When ammonia contain any water, it is
corrosive to copper and most copper alloys, Accordingly, copper, brass or bronze should not be
used in pipes, fittings and bearings in amunonia systems.

At high discharge temperature of ammonia, unless controlled, discharge temperatures can
carhonize or otherwise damage lubricating oil. At the high discharge temperatures generated by

ammonia, there is a tendency for ammonia to dissociate, i.e. breakdown into its constituents of J.
nitrogen and hydrogen. These gases, unless disposed off, collect in the condenser. Their pressures :
are added to the normal condensing pressure, which increases the total head pressure and power i

required. Because of high discharge temperatures, the cylinders of ammonia compressors are
water-jacketed. Water-cooling 13 necessary to keep the cylinder walls cool enough to_make
satisfactory lubrication possible. '

“In spite of these disadvantages, ammonia gives excellent economical service in large
compression refrigeration systems when the systems are under the supervision of compeient g
operating personnel. Ammonia is used fairly extensively in semi-automatic and automatic
refrigeration plants like cold stores, fish freezing plants, etc. Because of the negative impact of
CFC refrigerants on the environment, the industry is showing renewed interest in environ- T

mentally safe refrigerants like ammonia. i
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Carbon dioxide

Carbon dioxide is one of the first refrigerants to be used in mechanical refrigerating systems. It is
odourless, noi-toxic, non-flammable, non-explosive, and non-corrosive. Because GI il.? safc
properties, it has been widely used in the past for marine service and for air ::D:I'Jd‘JI!Jt}nmg in
hospitals, theatres, and hotels and in other places where safety is the prime consideration. At the
present time, the wse of carbon dioxide is limited to some extremely low temperature
applications, particularly in the production of dry ice, ie. solid CO,,

One of the main disadvantages of carbon dioxide is its high operating pressure, which
under standard conditions of -15°C and 30°C js 22.2 bar and 71 bars respectively. The high
suction pressure gives a small piston displacement resulting in smaller compressors, but this
requires the use of extra heavy equipment and piping. Normal condensing temperatures are near
the critical temperature of 31°C for carbon dioxide. This leads to excessive power costs, nearly
three times those of other refrigerants. Carbon dioxide is non-miscible in oil and, therefore, does
not dilute the oil in the crankease of the compressor. Like ammonia, carbon dioxide is lighter
than oil. B

Next to water, carbon dioxide is the cheapest refrigerant. But its high pressure, and the
difficulty in leak detection, results in higher replacement cost compared to that associated with
ammonia, Because of these disadvantages, carbon dioxide was replaced when other safe
refrigerants became available, Leak detection is carried ouf by soap solution anly.

Water

The principal advantage of water as a refrigerant is its availability at virtwally no cost. Another
obvious advantage of water is that it is non-toxic and non-flammable. The two disadvantages of
water are its high freezing point and high vacuoum required. The very large volume of water
vapour at such low operating pressures makes the use of ordinary compression equipment
impossible.

In the past the stcam-jet system with water as the refrigerant has had some use in large
air-conditioning systems. The lithium bromide absorption refrigeration system, using water as
refrigerant, is extensively used in large air-conditioning applications.

Sulphur dioxide

Sulphur dioxide was the most used domestic refrigerant in the 1920s and 1930s, having been
replaced first by methyl chloride and later by the more desirable fluorocarbon refrigerants. Tt is
highly toxic, but non-flammable and nonexplosive. As sulphur dioxide is not oil miscible, it
simplifies the problem of il return, which accounts for the relative popularity of sulphur dioxide
for small automatic cquipment used in the eacier days.

Like most common refrigerants, sulphur dioxide in the pure state 15 non-comrosive to metals
nommally used in the refrigerating systems. However, it combines with moisture o form
sulphurous acids (H,50) and sulphuric acid (H330,), both of which are highly corrosive.

Methyl chloride

Methyl chloride is a halocarbon of the methane series, It has mﬁnf.r of the properties desirable in
a refrigerant, which accounts for its wide use in the past in both domestic and commercial
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ﬂp]:?liﬂﬂ-'llﬂl'li Mﬁlﬂlb'l chloride is comosive to aluminium, zinc, magnesium and the compounds

formed in EDmEI:I-I.natiuns with these materials. It is also both flammable and explosive. In the

‘I presence of moisture, me_thyl chlaride forms a weak hydrochloric acid, which is comosiye, to both

;.:-,j.a_I'EJTDuS and Tlnn-fermus metals. Since natural rubber and synlﬁ'a!;: 'ffé:tﬁ'i':lcll";ﬂﬁ are dissolved by
methyl chloride, neither is a suitable gasket material for use in methyl chloride systems.

T

Halocarbon refrigerants

Due to limitations of the other refrigerants, studies were made to investigate the possibility of
using synthetic chemicals as refrigerants. The outcome of these studies was the development of
the halocarhon group of refrigerants. The refrigerants of this group are non-flammable and most
of them are non-toxic. They are available with evaporating temperature al atmospheric pressure
from approximately 100°C below zero to 100°C above zero. Thus, a refrigerant can be chosen
from this group that will fit practically any application.

All refrigerants in this family are derivatives of the hydrocarbons, methane and ethane.
Refrigerants of this family are called halogenated hydrocarbons, or more simply halocarbaons,
because chlorine and fluorine are part of a family of chemicals called halogens.

Lesks in halocarbon systems may be detected in two ways—by a special torch or by an

electronic leak detector. The presence of any halogen will change the colour of a blue gas flame
in the presence of copper to green or purple. Another halogen leak detection device depends on
= cell whose electrical characteristics change in the presence of halecarbon gases. A change in
electric current through this cell triggers a relay, which operates a light or buzzer 1o indicate a
leak. One unsafe characteristic of all halocarbons is, that they break down at high temperature to
give very irritating and toxic compounds. The temperature at which this happens is high enough
and does not occur in an operating system.
Refrigerant-11 (CCLF): It is non-corrosive, non-toxic and non-flammable refrigerant, The low
operating pressures and the relatively high compressor displacement required necessitate the use
of a centrifugal compressor. Like other fluorocarbon refrigerants, Refrigerant-11 dissolves natural
rubber, Refrigerant-11 is used mainly in the air-conditioning of small office buildings, factories,
stores, theatres, etc. A halide torch may be used for leak detection.

Refrigerant-12: It has been by far the most widely used refrigerant uniil recent years. It is a
completely safe refrigerant in that it is non-toxic, non-flammable, and non-explosive. Moreover,
it is a highly stable compound and, therefore, difficult to break down even under extreme
pperating conditions. Refrigerant-12 condenses at moderae pressures under normal atmospheric
conditions and is a suitable refrigerant for use in high, medium and low temperature applicalions
and with all the three types of compressors. Refrigerant-12 is oil miscible under all operating
conditions that not only simplifies the problem of oil return but also tends to increase the
efficiency and capacity of the system. The horsepower required per kilowatt of capacity compares

favourably with that required for other commonly used refrigerants. However, this refrigerant is };
being phased out because of its damaging effect on ozone layer. ‘E:
Refrigerant-22: This refrigerant was developed primarily as a Jow temperature refrigerant and it Er
is extensively used in domestic and farm freezers and in commercial and industrial low )
temperature systems down 1o evaporator emperatures as low as ~70°C. It is also widely used in E,L
p?':kagnd air conditioners, where, because of space limitations, the relatively small compressor 4
displacement required is a definite advantage. Both the operating pressures and the adiabatic i)
discharge temperature are higher for Refrigerani-22 than for Refrigerant-12. Horsepower :
R |
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requirements are approximately the same. Although miscible with oil al lemperatures prevailing
in the condensing sections, Refrigerant-22 will often separale fTUm the oil in the evaporator.
With proper piping design this problem may be surmounted. Oil separators should always be
used in low temperature applications.

The ability of Refrigerant-22 to absorb moisture is considerably greater thzfil that of
Refrigerant-12 and therefore less trouble is experienced with freeze ups in Refrigerant-22
systems. Being a fluorocarbon, Refrigerant-22 is a safe refrigerant. A halide torch may be used for
leak detection. This refrigerant is also being phased out,

Refrigerant-134a: Due 1o phasing out of Refrigerant-12, which was the most widely Lls-:_fl
refrigerant up to recent years, there was frantic search for a suitable replacement. At this point in
time, R134a is considered to be the most direct substitute for R12 and as a replacement in higher
temperature applications, Its net refrigerating effect (based on —15°C evaporator and 30°C
condenser temperature) is 151 kJ/kg against 116.58 kI/kg for R12.
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REVIEW EXERCISES

4.1 Describe the desirable and undesirable features of ammonia for u

42 Why is it that most
out?

s¢ as a refrigerant.
of the currently popular halocarbon refrigerants are being phased

4.3 What piping material would you recommend for ammonia systems?

4.4 What is an azeotrope? Which popular halocarbon refr

i gerant is an azeotrope? For what
reason 1t 15 often used instead of R227

4.5 Why are positive condenser and evaporator pressures desirable?

4.6 Briefly describe the damag

: s done to ozone layers by chlorofluorocarbon (CEC)
refrigerants,
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frigeraticn cycles discussed in Chapter 4 are heat pumps in which the
energy input to operate the system is in the form of mechanical work. In certain circumstances it
i desirable to use heat directly as the operating energy, for instance in a plant where there is
waste heat from co-generation of process steam plants. The absorption refrigeration system
developed by Ferdinand Carré in France, and later patented in the United States in 1860 during
the period of civil war, is such a heat operated cycle. These cycles are also economical where
inexpensive heal encrgy sources such as geothermal energly. solar heat and cheap natural gas are

available in abundance.

Vapour compression re

5.1 SIMPLE VAPOUR ABSORPTION CYCLE

cycle, as shown in Figure 5.1. is similar to the vapour
compression cycle in many ways, however, it differs in the method employed for compressing the
fluid. In this ¢ycle the compressor is substituted by a generalor, an absorber and a pump. There
i« another difference, that is, in addition to the refrigerant another fluid known as absorbent is

used in vapour absorption cycles.
Two common combinations
in water, water being refrigerant an

The simple vapour absorption refrigeration

(a) a solution of lithium bromide

':"-l':'_r\—-' EI_I

of refrigerant-absorbent are:
4 lithium bromide (LiBr), which is 2 highly hygroscopic salt,
being the absorbent, and (b) aqua-ammonia, where ammonia (NHs) is the refrigerant and water or
aqua is the absorbent. The former combination is used in air conditioning but is not suitable for
low temperature applications. Due to the toxicity of ammonia .Lhe Iaﬁ;lcumbinaﬁﬂn is nu:l-t used
in air-conditioning applEFalinng-i:gbli ahsorbent should have a greater affinity !"ur the refrigerant
and the two must be mutually soluble over the desired range of operating conditions. Ideally, the
absorbent should have a low velatility and the refrigerant should have a reasonably high latent
heat.

79
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YAPOUR COMPRESSION CYCLE

Compressar

Sirong
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'Ii Expansion  valve

High-pressure vapour
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X

Throttle walve

Solution

Evaparater

Absorber
Low-pressure
vapour

VAPOUR ABSORPTION CYCLE
FIGURE 5.1 Comparison of simple vapour compression and vapour absorption cycles.

The operating principle is explained in terms of the various processes that the absorption
cycle undergoes in the course of an aqua ammonia cycle as shown in Figure 5.2. In this cycle,
water (aqua) is the absorbent and ammonia is the refrigerant. After leaving the evaporator the
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Distillation

Low-s1de pressure

Water-ammonia
mixtures

liguid .
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Evaporator
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-
4 - o

I-._IQI..I-E-JI_{::_

_________
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‘ FIGURE 5.2
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refrigerant in the absorber. The strong, i.e. the refrigerant-rich solution formed in the absorber js
then pumped mechanically into the generator at a higher pressure. The refrigerant is distilled
from the solution by the application of heat in the generator, and is then passed to the
condenser, after which the weakened solution returns to the absorber to repeat its cycle. The
refrigerant that goes to the condenser gets condensed and then expands through the expansion
valve before entering into the evaporator.

The waork done on compression is less than that done in the vapour compression cycle
since pumping a liquid requires much less work than compressing & vapour between the same
pressurcs. But in this cyele, a heat input to the generator 15 requircd. But unlike vapour

compression cycles, the heat, however, may be supplied by any convenient form, i.e. gas, steam,
or electricity.

5.2 PRACTICAL ABSORPTION SYSTEMS

’Iﬂ'ﬂ.‘ basic components of a practical vapour absorption cycle are described below. In order to
improve efficiency, some items of additional auxiliary equipment are added in practical systems.
However, detailed studies need to be carried out 1o ensure the most desirable balance between

the initial cost and the operating cost. The purposes and locations of the main components and
auxiliaries are discussed in the following paragraphs.

Generator

The generator unit is basically a shell pantly filled with a strong solution and automatically
maintained at a constant level covering the submerged steam or the hot pas/water twbes, Energy
15 provided from an external source such as process/waste steam or even solar-heated water.

Absorber

In indusirial systems the absorber may consist of one or more shells similar to the shell-and-tube
Iype condensers containing water cooling tubes. The weak solution from the generator and the rnlfﬁ
aephmssalurier from the evaporator are introduced to the absorber and the resulting strong
solution is drawn off from the absorber. The purpose of the cooling water in the tubes is to
remove the heat of condensation and heat of absorption as the vapour condenses and is absorbed

by the weak solution. The lower agua ammonia lemperature in the absorber allows more
absorption of vapour, leading to a refrigerant rich solution.

Heat exchanger

The most common auxiliary is the heat exchanger (Figure 5.3) located between the absorber and
the generator to heat the cool solution from the absorber on its way o the generator and to cool
the solution returning from the generator to the absorber. This operation economises on the
amount of cooling needed for the absorber and the amount of heat nceded fur_ﬂ:m pensrator.
Shell-and-tube heat exchangers are commonly used in large installations. Sometimes a second
heat exchanger may be used to subcool the refrigerant entering 'the expansion valve as shown

later in Figure 5.5. =

refrigerant (ammonia) is absorbed by the liguid solution that has a very high affinity for the |

'.;_"
\

Yt
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High-pressure  vapour ; !!
Stropg  solution : 5: ? _.!
Heat
: Generator 2 Condenser
[
Heal
+ 6
Expansion
§ Hear eachanger ? ” -.-all:rt
:4 Throtiling Low-pressure vapour
g valve :
i
=3 7 v
o Heal &
Absorber ‘ Evaporator Eh— .
Pump . Heat
[
1
FIGURE 5.3 Use of heat exchanger in an absorption cycle.
¢ i
two additional components—analyzer and

For agua ammonia systems (Figure 5.4}
r—are used in addition to the generalor,

rectifie
st

o

ahsorber, condenser, evaporalor and heat

2+ Stropg solution L

g Heat exchanger §

Pump

High-pressure vapour
] Rectificr
} = P
Ehna!y:ﬂ'f
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ar Condenser
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44 Throttling
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FIGURE 5.4 Aqua ammonia absorption cycle with analyzer and rectifier,
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gxchangeris). Both the analyzer and the rectifier are used to remove water vapours from the \
ammonia going to the evaporator. When ammonia is evaporated in the generator, some water js \
also vaporized and tends to flow into the condenser along with the refrigerant. The analyzer and

rectifier are added to the system to separate the water vapours leaving the generator so as to send
dry ammonia to the condenser,

Analyzer

The analyzer may be built as an integral part of the generator or as a separate equipment. Both
the strong agua from the absorber and the returning aqua from the rectifier are introduced from
the top and these flow downward into the generator. In this way the escaping water vapour is
cooled by the incoming solution and most of the vapour is condensed. As the aqua is heated by
the vapour, less heat is required in the generator, thus effecting economy.

Rectifier

The purpose of a rectifier is to cool further the vapour leaving the analyzer so that the residual
vapour 15 condensed, leaving the dEh:.'ﬂ:'E;.:d ammonia vapour to flow into the condenser, The
rectifier is generally water-cooled and may be similar in construction to conventional water-
cooled condensers. Temperatures of 40 to 50°C will usually dehydrate ammonia sufficiently.

Figure 5.5 shows an aqua ammonia absorption cycle—complete with the basic components
and all the auxiliaries including two heat exchangers.

High-pressure  vapour
—eliel  Hectifier

+ — 4

[ Heai
. - Condenser BJ
= o #
:Anaiyz:r - 2
Strong  solwtion t’\‘bgf Receiver
Generator  Heat

Y | |
=,

Heat exchanger §
E .
ki xpansion  walve
.ﬂg lE E ;.: 'I'ﬂl“'.'ll.'l'l'
[T =]
AN
W =
* E_ ¥ Heat
Absorber I_,.-?‘: Evaporator EL-
|
&,
Pomp Heat

£

FIGURE 5.5 Absorption cycle with auxiliaries and two heat exchangers.
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D_n: of the promising areas of development is the exploitation of solar cnergy for
Pbs'f"-'l:’“ﬁn cycles, I5ﬂ|ﬂ-1' collectors can be used 1o heat water and in turn supply the stored energy
in the generator. Figure 5.6 shows a schematic layout of a solar-powered absorption cycle.

Flat plate solar generator collector

High-pressure vapour

= Separalor
| j_

Heat
Condenser ;;;',:?
Q.
REeceiver -:;.' '
Heat Fog
exchanger E

Heat exchanger
Expansion wvalve

BATA A
'| L

Low-pregsire

. — vapour _
- -y |
52 X £2
BT EF |

2 =

A ¥ Heat
Abserb E t &
sorber 4;'; vaporator Ei':}
2
P‘l.lmp ' Heat

-

FIGURE 5.6 Solar powered absorption cycle.

5.3 PROPERTIES OF REFRIGERANTS AND ABSORBENTS

The properties of refrigerants were discussed in Chapter 4. Here the desirable properties of
absorbent and refrigerant-absorbent combinations will be discussed.

Absorbents }
One of the important properties of an absorbent is that it should have a greater affinity for the
refrigerant than the ordinary law of solubility would indicate It should have negligible vapour ’%ﬁ
pressure al generator temperature compared to the refrigerant. The absorbent should be stable and .‘

capable of withstanding the heating operation at the maximum lemperatures encountered in the
generator. It should remain liquid throughout the cyele and should have low specific heat, low
surface tension and low viscosity. Lithium bromide (LiBr) is'a highly hygroscopic salt with great
affinity for water. Similarly, ammonia is highly soluble in water, but the solubility decreases with .
lemperatore rise, i

Sy
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Refrigerani-absorbent combinations

The desirable refrigerant-absorbent combination should be highly soluble at conditions in the
absorber but should have low solubility at conditions in the gencrator. The combination must
not have non-reversible chemical reaction in the operaling temperature rar!gl:. The two
substances should have a large difference in their normal boiling points, as high as around
T00°C, 50 that the absorbent exeris negligible vapour pressure at the generator temperature. The
viscosity should be low to minimize pump work, The lithium bromide-water system is operated
under high vacuum that necessitates the use of a purge unit to remove air and non-condensable
gases. For these systems, the temperature needed to be maintained in the generator should be less
than 120°C to avoid corrosion. In the case of ammonia-water system, the difference in their
boiling temperatures is relatively low (138°C) resulling in the evaporation of some water vapour
that is carried away by the refrigerant, i.e. ammonia.

Although ammonia-water and lithium bromide-water are the most popular combinations,
other combinations have been tried such as methylene chloride and dimethoxy tetraethylene
glycol. In the lithium bromide-water system, water being the refrigerant it cannot be used in a

low-temperature application because water will freeze at 0°C. Consequently, its use is limited to
air-conditioning applications only.

5.4 COMPARISON OF VAPOUR COMPRESSION AND
ABSORPTION CYCLES

The major differences between the two cycles are as follows:

1. Unlike the vapour compression cycle, the vapour absorption cycle is a heat-operated
cycle. The need for electric power is only to operate a pump, which is a small fraction
of the power needed to drive the compressor in a vapour compression eycle. Use of
direct low grade heat compared to electric power, which is high grade cnergy, is
inherently economical.

2. The vapour compression cycle transforms the low-pressure vapour to high-pressure
vapour by a compressor, whereas in the absorption cycle the same is accomplished by a
generator, an absorber and a pump. :

3. In an absorption system the only moving part is the pump, and that wo is of small
capacity. Hence, essentially the operation of such a system is very quiet and noise-frec.
For the same reason, the wear and tear is also minimal resulting in a longer life span
compared to that of a vapour compression system.

4. The absorption units generally take up more space than that required by the compression
systems;-however, the equipment can be located owtdoors and assembled as a vertical unit.

5. Absorption cycles are almost as efficient at part load as at full load. Load fluctuations
are taken care of by controlling the quantity of the liquid solution and the quantity of
steam supplied o the generator.

5.5 ABSORPTION CYCLE ANALYSIS

In order to perform thermal calculations on the absorption refrigeration cycle, in addition to
temperature-pressure-concentration diagram for lithium bromide-water solutions, the enthalpy
data must be available for the working substances at all important points of the eycle.

AL LTIV ”,’ ALTLINUALTILTV]
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Neglecting the pump work the coefficient of performance of ihe absorption cycle COPy is

defined as
COP,, = rate of refrigeration 5.0 44 '
rate of heat supply to the generator n
and considering pump work, the COP,,. becomes Al
' RE "
= (52) -,
R 43

i

where Q is the heat supplied to the generator and Wp is the pump work. o i 8
The COP of an absorption eyele is usually less than 1 compared to 3 and above for the

vapour compression cycle, however, the absorption cycle being a hEﬂﬁ-ﬂF'«'—‘rfﬁlﬁd one, the cost of

energy input is considerably less (approximately one-third) than that in a work-operated -

compression cycle. Absorption cycles become economic when wasie steam is available for the

operation of the system. e 0
Heat balances across the main components, i.e. the condenser, the evaporatar, the generator
and the absorber are fairly straightferward and the same have been explained in the worked-out

examples.

Vapour absorption cycle calculation

Basically in the calculation of performance of a vapour a..bmrpljm'.: {'._',H:!E.‘ two charts need to be
used—{a) the equilibrium chart for aguzous lithium bromide solutions (Figure B3, Appendix B)
and (b) the enthalpy—concentration diagram for lithium bromide-water solutions {‘FIE“.T: B4,
Appendix B). With the known solution and refrigerant temperatures the corresponding refrigerant
concentration (percentage) in the mixture can be obtained from the equilibrium chart for agqueous
lithium bromide solutions. Then with the known refriperant concentration (mass percentage) and
solution temperature we can get the enthalpy of the solution from the concentration diagram for

lithium bromide-water solutions.
As regards the enthalpy values of water, the same can be obtained from the Table of

saturated water.

Commercial absorption uniis

In commercial absorption plants, the condenser and generator are combined into one vessel since
these components operate at the same pressure. Similarly, since the evaporator and the absorber
operate at the same pressure, these components may also be combined into one vessel with an

internal separator between the high- and low-pressure chambers.
Cooling water frem the cooling tower passes in series through the absorber and condenser,

extracting heat from both the components.

5.6 OPERATION OF ABSORPTION CYCLES

For the efficient operation of a water-lithium bromide cycle, crystallization of lithium bromide
needs to be avoided, Crystallization results in the formation of a slush, which can block the flow

in & pipe, and interrupt the operation of the absorption unit,
With the reduction in refrigeration load capacity, control is necessary to avoid freezing of

refrigerant water. The three common methods used are:
{(a) Reducing the refrigerant water solution flow rate by the pump

() Reducing the generator temperature
{c) Increasing the condensing temperature.
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EXAMPLE 5.1

The operating tem Gilo] ,
; peratures of a lithio ide- ' :
Figure 5.7, are as follows: m bromide-water absorption system, as shown in

Generator 100°C
Condenser 3550
Evaporator e
Absorber 0
HLE.h-pn:s-surt vapour
Swrong  solution + 5 +
Gene EMM 2 Condenzer | Heat
e 5°C 470
™ Hent g
|
B
i1 ‘E Th I":I-1.|:|||15I
== walve
= Low-pressure  vapour
2 |
3 * ry— Heat :
i prdiLoiid | Evaporatar
Pump 3“":": . Q Enc Ehﬂt
_@_ 3 Hear

FIGURE 5.7 Example 5.1: Lithium bromide-water absorption system. -

The mass flow rate delivered by the aqua pump is 0.4 kgf/s. Calculate:
(2) The heat supplied to the generator
{(b) The heat rejected at the condenser and absorber
(€} The cooling produced by the evaporator
(d) The coefficient of performance of the cycle.

Solution

Total mass flow balance:

oo i’i'13=ﬁ1_‘ +?ﬂ5 zﬂ."#kg#s
Lithium bromide balance:

fﬁﬂ_.xl_z i'i;'i,q_-T‘ ar !}-4 x 053 = ﬂ'lfd_ #* 0,69
i, = 0.307 Kgfs
and tg = ity = ity = 0,4 — 0,307 = 0.093 = riy, = 1t

where xy and x; are the concentrations of lithium bromide in the solution and calculated from the
equilibrium chart (Figure 5.8) for the aequeous lithium bromide solution as follows:

(i) For 30°C absorber temperature and 5°C evaporator temperature, x3 = 0.53

(ii) For 100°C generator temperature and 35°C condenser temperature, x; = 0.69

Scanned by CamScanner

.\'

Chapler 5 Vapour Abrorprion c}-ﬂ,lm \



Scanned by CamScanner

300
120y T
110 P > = 150
- =
100 s ;,-"" 1A 100
rdwa p ot
A% P s
F el 1 J?’z’ A = :50
o 809540 L Fao
& iy LA #
ﬂﬁ' ?;,f";" avs 30
". o
'ﬂé _IJ-"'" ..-'"":.r"f L 20
" 60/ LA 71
& AL7 4
¥ 04N % 12
/‘x'f‘ il B%7%d 10
Al ‘I’HJ e n
..-""r..-"'r - 5
0 A 7 s | 4
A St — 3
20,0710 P C2
A ]2 -
- a5 :l
s s H m e
| .
I i s 160 170 180

0
o0 20
Solution remperatore, G

FIGURE 5.8 Example 5.1: chart.

From the enthalphy of lithium bromide-water solution chant:

hy=hat30°C  and  x=0.53 = 65Kk

he=hat 100°C,  x =0.69 = 275 kl/kg

Enthalpies of water and liquid vapour are:
hg = hyope = fy = 2676 kifkg
hy = hasee = By = 146,68 klikg
hy = hyse = h, = 2510.6 klikg
{a} Heat transfer rate lo the generator:
0, = titghy + myhy — righy
= 0.093(2676) + 0.307(275) — 0.4(65)
= 248.8 + B4.42 - 26

= 307.22 kW
(b) Heat transfer rate from the condenser

EC = rﬁj-ﬁs - -ﬁ;f]j]']

30 40 50 6 s 80 90 100 110 120 130 140 150

= 0,093 x 2676 - 0.093 x 146.68 = 248.87 — 13.64 = 23523 kW

Saturation pressure, kPo —

il
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Heat transfer rate from the absorber:

U

= iy + aighy = myly

= 0.307 x 275 + 0.093 x 2510.6 — 0.4 x 65
84.43 + 23348 - 26

= 291.91 kW

(¢) Heat transfer rate to the evaporator:

Q.

= nighy — niyh
= 0.093 x 2510.6 - 0.093 » 146.68
= 23348 - 13.64 = 21984 kW

(d) Coefficient of performance:

Cop

EXAMPLE 5.2

A lithium bromide-water absorption system

_ 219.84
30722

= 0.715

incorporating a heat exchanger, as shown in

Figure 5.9, operates at the following temperatures:

Cienerator temperature = 100°C

Condenser temperature = 36°C

Absorber temperature = 28°C
= 1FC

Evaporator temperature =

Mass flow rate delivered = 0.55 kgfs
by the pump

Solution temperature
entering the generator

a0°C

High-pressure

Vapour

Strong  solution 5
- Hear
L Generator
100°C a, Cﬂgﬁdfgm g :
] Heat x

Heat exchanger E‘]

Pump

Low-pressure . vapour

7

Weak
solution

Hear
Absorber Evaporain
28°C ,-;55 B 4,
a
Heat

g

FIGURE 5.9

Example 5.2: Lithium bromide-water absorption system.
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Calculate;

{a) :;l;rr::c.s of heat transfer to or from the generator, the curtdcns:r, the evaporator, and ]
r -

(b} The coefficient of performance of the cycle.
Solution
Here, iy = iy = 0.55 kg/fs
Total mass flow balance about the generator:
fi, = rity + my =y = 0.55 kgfs
From the equilibrium chart (Figure 5.10) for the aqueous lithium bromide solution:

120 200
s il o E
'| 10 J"fl .--"Ill...|I ..l"'lr b
AT g 150 ° g
w0/ 1 4 .. i i
AV A A4 P 1
A 90 ViA Vol ..-"';,g?.p: T
n":-' F 4 ..l"f ..ll""r | ‘l""'lIl ﬁ_,.r"'. =510 "
O V>V y Pd7dNNs
«f{} FdWd ,,-r"f ,-""_rf":" 40
J J,r"'f P / < - 30 T
oy r L n 7L K
‘:;f“ G 1 L4 A 20 &
s ALY ,ﬁg 2 o
A1 Vil -10 @ %
40 4; % P o e ;
Y, i | = ! I 2 |
30 ’} o1 F,;..—éf" 2 i | 1 :f P
w AT NI ST 2 8 ¥
At A " Ez N
10 : Pl = ;
L L I ; 1 _'
1| | I | i

i
10 20 30 40 50 &0 70 BD 90 100 ILO0 120 130 40 150 160 ITO 1ED
Solation temperature, “C

FIGURE 5.10 Example 5.2: chart.

For 28°C absorber temperature and 10°C evaporator temperature, x; = 0.48
For 100°C generator temperature and 36°C condenser temperature, x3 = 0.68
Lithium bromide balance:
Fpx, =mgx;  or 0,55 % 048 = s, % 0.68
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k. oty =0.388 kgls = i,

and My =rh; =, =055 - 0.388 = 0,162 ka/s
“From the enthalphy of lithium bromide-water solution chart:

by = 51 kWkg (h at 28°C, x = 0.48) from the enthalpy concentration diagram for lithium
bromide-water solutions

hy = 275 kifkg (h at 100°C, x = 0.68)
Enthalpies of water and liquid vapour are:

| hs = by = h, = 2676 Klfkg
hﬁ = 'ﬁjﬁ'l: = Ihf = 15“.36 k..”kg

by = by = "’r = 2519.8 klikg
Heat transfer rate from the condenser:

Q. = thshs ~ mgh,
= 0.162 x 2676 - 0.162 x 150.86
= 433,51 - 24.44
= 409.07 kW
Heat transfer rate 1o the evaporator:
Q. = myhy — ritgh,

= 0.162 x 2519.8 - 0.162 % 150.86
= 408.2 - 24.44 = 383.76 kW

The temperature of 48% solution leaving the heat exchanger at 2 is 50°C. From the
enthalpy concentration diagram, h; = 101 kl/kg,

ﬂhmmuq;u= m]':hz = hy)
= 055(101 - 51) = 28.05 kW
28105 = sty (hy — hy) = 0.388(275 — hy)
hy = 202.71 klkg

From the chart, 68% solution with an enthalpy of 202.71 klfkg has a temperature of 58°C,
Heat transfer rate to the generator:

Eg - fﬁshj + iﬁlhj = mlhl
= (L162 x 2676 + 0.388 % 275 — 0.55 = 101

= 433.51 + 106.70 — 55.55
= 484.66 kW
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Heat transfer rate from the absorber s'
Qo = mghy + myhy — sity by e

= 0.162 % 2519.8 + 0.388 x 202.71 - 0.55 = 51

= 403.2 + 78.65 - 28.05
= 4588 kW

Coefficient of performance,

_ 383.76
= 484,66

= 0.792

cop

EXAMPLE 5.3

In the planning stage for a cooling project, two options were considered: (a)} vapour -:crmpr:ssinu-.}
system and (b) vapour absorption system. The cost of fuel on a heating value basis is Rs 0.5 5
per mega jouls. The COP and the relevant efficiencies for the two systems are tabulated below. 5
At what cost of electricity would the operating cost for both the cycles be equal? Assume 100% °3

stcam cycle efficiency. :
Vapour compression Vapour absorption 3

COP = 3.2 COP = 0.75 ;

Motor efficiency, 1, = 85% Boiler efficiency, m, = 80%

Solution "}
Per kWh of refrigeration: X
1 £
Input to absorption machine from steam = [ﬁ] kWh &
Input to steam from boiler = ﬁ ® i':l'i where 77, (=100%) is the steam cycle efficiency '

1 1 1 1667 1667 :

i P — — = = . “’h 5y

Input to boiler from gas = === = - X o3 7 1 1.667 K .

1 kWh = 3600 kI = 3.6 MJ

Cost of gas = 0.5 % 3.6 x 1.667 = Rs 3 {
Input 1o vapour compression machine from motor = [31—1] kWh ’f.

' iy

- I 1
Input = — x —— = 0.368 kWh
nput to molor from electricity 57 % 085 0

Cost of 0.368 kWh of electricity is to be Rs 3

. 3 ;
Cost of 1 kWh of electricity can be 0368 = Rs 8.15
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REVIEW EXERCISES

Mame any two combinations of refr
combination is used in the air-
YOUr answer,

Why are analyzer and rectifier employed
not in a lithium bromide-water system?
What are the desirable characteristics of absorbent and the absorbent-refrigerant
combinations in a vapour absorption refrigeration cycle?

34 What is the role of a heat exchanger in a vapour absorption cycle? Draw a schematic

diagram of an absorption cycle with heat exchanger and explain how it improves the
operational efficiency?

The operating temperatures of a lithium bromide

s1 igerant-absorbent and their applications. Which
conditioning application? Give reasons in support of
5.2 in the ammonia-water absorption system but
53 .

-water absorption system, as shown in
Figure 5.1, are as follows:
Cienerator 100°C
Condenser 35°C
Evaporator 10°C
Absorber 30°C

The mass flow rate delivered by the aqua pump is 0.5 kgfs. Calculate:
(a) The heat supplied to the generator

(b) The heat rejected at the condenser and absorher

(c) The cooling produced by the gvaporator

(d) The coefficient of performance of the eycle.

5.6 A lithium bromide-water absorption system incorporating a heat exchanger, as shown in

Figure 5.3, operates at the following temperatures:

Generator temperalure = 100"C
Condenser temperature = 36°C
Absorber temperature = 28°C
Evaporator temperature = 10°C
Mass flow rate delivered by the pump = 0.65 kgis

Solution temperature entering the generator = 52°C
Caleulate:

(2) The rates of heat transfer to or from the generator, the condenser, the evaporator,
and the absorber

(b} The coefficient of performance of the cycle.
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Saturation pressure (F), kPa
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FIGURE B3 Equilibrium chart for agueous lithium bromide solutions

Reprinted by permission from ASHRAE, 1997 (page 19.55).
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FIGURE B4 * Enthalpy-concentration diagram for waterflithium bromide solutions.

Reprinted by permission from ASHEAE, 1997 (page 19.34).
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The vapour compression refrigeration cycle is a firmly established system for refrigeration and
air-conditioning applications all over the world. This is because of jts high COP and moderate
cost. Similarly, the vapour absorption cycles are widely used when a cheap source of energy like
wasle steam is readily available. There are also other cycles such as (a) thermoelectric system and
(b) vortex tube, which are used for specific applications despite the fact that their COPs are not
as high as the vapour compression or vapour absorption systems. The steam jet water

refrigeration system was very popular in the early days of refrigeration which, however, has been
superseded by the newer and more efficient systems.

6.1 THERMOELECTRIC REFRIGERATION

Thermoelectric refrigeration is based on the discovery of Seeback who demonstrated in 182] that
in a eircuit of two conductors made of different metals, a current flowed when the two junctions
were held at different temperatures, Following this discovery, Peltier demonstrated in 1934 that
when an electric curment passes around a circuit composed of two different metals, one junction
becomes cool and the other becomes warm (Figure 6.1).

«f— Heat absorbed

FIGURE 6.1 Peltier effect.
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With pure metals the Peltier effect is comparatively small; however, with the advent of
semiconductors in the 1950s, it became possible in Peltier junctions (Figure 6.1) to produce an
effect much larger than that observed with pure metals. Semiconductors are solid crystalline
substances, for example germanium or silicon, that have electrical conductivity greater than
insulators but less than good conductors, Compounds of the metals lead and bismuth with
semimetals tellurium and selenium are the most common semiconductors used for cooling, for
example, bismuth telluride, The lowest temperature obtained by this method is —145°C.

Thermoelectric refrigerator

The coefficient of performance of a thermoelectric refrigerator is much less than that of a
conventional vapour compression system when the required cooling capacity is high. Figure 6.2
shows a simple thermoelectric refrigerator. When current flows through the circuit, the cold

Copper  conduciors

Cy

Cold junction

Semiconductor
element

~or
Current

FIGURE 6.2 A simple thermoelectric refrigerator.

junction becomes cold thus serving as a cooler, while the hot junction becomes hot and acts like

a condenser in a vapour compression system. The components of this cycle are comparable to
those of the vapour compression cycle as shown in Figure 6.3. However, whereas the COP of the

eomventional unit falls off rapidly as the cooling capacity is decreased, that of the thermoelectric
cycle remains almost constant, as shown in Figure 6.4. The thermoelectric method is preferred for
low cooling rates. Apart from the low COP, the cost of the thermoeleciric units makes them
unsuitable for applications where a large cooling capacity must be provided unless other
considerations are more important than the economic ones. There are certain advantages offered
by the thermoelectric refrigerator, making it suitable for some applicalinn& in spite of its obvious
handicaps. The cooling units are of compact size, silent, have no moving parts, and contain no
liquid or gases. They have a very long life as well. Moreover, it is very simple to control the rate
of cooling by adjustment of the current, the response to changes in the supply being very rapid.
To obtain larger cooling capacities, many couples may be combined into modules. By reversing
the direction of current, a refrigeration unit is transformed into a heat pump.
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(a) Thermoeleciric refrigeration cycle {b) Vapour compression cycle 7
Thermoelectric cycle Vapour compression
Eleciron flaw [B) Refrigerant H-::w (B%
Cold junction (E) Evaporator {E}
Barery [A) Compressor [A”)
Hat jonction {F) Cmdunlsr-*r {F")
Semiconducior () Expansion valve (C) .:}
FIGURE 6.3 Comparison of the components of thermoelectric and vapour “
compression cycles. ‘d.,.
o
A
2
i
Conventional ‘ :é
Sy SlEm I l-.;:
o] 2
3 _'_-_I.;'.Il.
A nf
Thermocelectric
Sy IR ]
F a
Cooling capacity :Ii
FIGURE 6.4 Variation of COP with cooling capacity.
Currently, the thermoelectric refrigerators are used for cooling instru:_n:nts, m:dir:ine_s and
other electronic devices which generate heat. If at certain times, heating instead of EGE:].IHE is
required to maintain a constant temperature, this heating can be accomplished by reversing the

and air conditioners cooled with thermoelectric modules have

flow of current. Both refrigerators : ,
n by staying underwater .

been built for nuclear submarines, to enable submarines to avoid detectio
for extended periods.

Much experimental work has
thermoelectric results, Compounds of the

been done to find materials that would give the best
metals lead and bismuth with the semimetals tellurium
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and selenium have given the best results. The most common Et!ﬂiﬂﬂﬂ:ﬁ'uﬂlﬂf Uﬂ?d today for
cooling purposes is bismuth telluride, Bi,Te;. To obtain a larger cooling capacity than that
‘pTUdU'EEd b}r a Si“glg :m_]p[gl many I:DI.]FIIEH arc Cﬂmhiﬂtd 1_I'I I'l'.lﬂl:ll.il].ﬁlﬁ. :

Figure 6.5 shows the schematic diagram of a practical application of &
refrigeration cycle.

thermoelectric

Rectifier

e Aol

AC power

T L LN LT S S S

L
e
4
]
?" DC current
7 :
o
g O 4
f Thermostat :: Pols
/ /
L]
4 %
=
(T T T T o 7l 2ol

FIGURE 6.5 Schematic diagram of a thermoelectrie couple used in a refrigerator.

Thermodynamic analysis of thermoelectric refrigeration system

In the cooling element shown in Figure 6.2, the Peltier heat absorbed at the cold end and the
Peltier heat rejected at the hot end are given by

0, =ml (6.1)
@y = ml (6.2)

where 7, and m; are the Peltier coefficients which are functions of temperatures T, and T, of the
cold and hot ends respectively. It may be seen that if T}, is maintained at ambient temperature, T,
will be lower than the ambient temperature. The direction of the flow of current will decide as to
which of the junctions or ends will become cold or hot.

The energy balance of the system is

0y - 0. =EI (6.3)
where, I is the current, E is the emf supplied, (. and (0 fiwd are the actual amounts of heat flows
al the cold and hot ends respectively.

Thermoelectric phenomena

When two dissimilar metals or semiconductors are connected and the junctions held at different
temperatures, five phenomena take place simultaneously: :
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* Seebeck effect
* Joule effect

* Fourier effect
*  Peliier effect

* Thomson effect

ilﬁ:nh-ﬂck cffect: If AE and AT are the emf output and the temperature difference of the junctions, :

AE = AT (6.4)

The proportionality constant is denoted by

AL

Seebeck coefficient, &y = AT (6.5)

where Oy = O — DG {6.6)
and e, o, are the coefficients for metals A and B or P and N,

Peltier effect: If direct current is passed through a pair of dissimilar metals, there is heating at [
one junction, cooling at the other depending upon the material combinations. Peltier varied the |
current [ and observed the heating and cooling rate @ for different sets of elements. It is found

that:
e [ (6.7)
ie. = mand (6.8)
where Map = Ma = Wy (6.9)
Thomson effect: When a current passes through a single conductor having a temperature
gradient, heat transfer is giving by: %
dg __ (dT )
e ‘”(m;] G0 9
where T is the Thomson coefficient (volt/K) and J4(/dx is the Thomson heat transfer per unit
length. Using the first and second laws of thermodynamics, Zemansky obtained the relation
between Seebeck and Peltier coefficients as
Loy = QT (6.11)
Mg = g dﬂ'nb
. S S A2
or T T (6.12)
Substituting Eq. (6.11) into Eq. (6.8), we find that
0 = o4 IT (6.13)
Joule effect: When electrical current J flows through a conductor of resistance R, there is
dissipation of electrical energy. This is the well known joule effect. The energy dissipated is
given by &
@ =FR (6.14) |
1
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Fourier (conduction) effect: If the ends of any element are maintained at different temperatures,
. (he heat transfer from the hot end to the cold end is related by

e

; Quses = UATy ~ T (6.15)
kA
e 6.16)

~ The cooling and heating effects due to thermoelectric effect are given by
Qe = oy IT, (6.17)
Qy = O ITy, (6.18)

e

6.2 VORTEX TUBE REFRIGERATION

G. Ranque, a French engineer discovered this phenomenon in 1931 which is called the “vortex
effect” and the device is known as vorfex tube or Rangue wube, Subsequently, K. Hilsch carmied
oul extensive investigations on wvortex ubes and recommended optimom dimensions and
measured the performance. Since then, radic research has been carried out, mainly in the
USSR, in order to improve its efficiency. Thotgh the general principle of operation is fairly
clear, the quantitative theory of its performance has not yet been established.

The vortex tube is an instrument capable of converting an ordinary supply of compressed
air (7-10 bar) into two streams, one hot and one cold, This device is essentially a straight length
of ¢ylindrical tube into which compressed air is admitted tangentially at the outer radius,
creating cyclone spinning at very high rpm. While spiralling inwards (Figure 6.6} and so

13

Air nozzle

FIGURE 6.6 Cyclone spinning of air admitted into the vortex tube.

throttled that the central core of the resulting air stream can be separated from the peripheral
flow. With this device, cold air temperatures SH'CE;I_D_W_IE_T}WE_'E_IEHPEWIEW are readily
obtainable with moderate inlet pressures. There are two versions of the tube—counterflow
{Figuf: _f;.T:I or uniflow {Fig!_ri_ﬁ_,ﬂl- In the counterflow 'u.rlersmn, hot air and cold air come out
through the opposite ends of the tube. In the uniflow version, the cold stream comes out of the
same end as the warmi stream, as a central core of air which is separated by a special arrangement

of onfice and valve. The uniflow tube is less efficient compared to the counterflow type.
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Compressed air

C:D w, ol s, T,

Warm air, T Orifice

FIGURE 6.7 Counterflow type vortex tube.
Compressed air

Celd air, T,

Warm air, Ty -""/

FIGURE 6.8 Uniflow type vortex tube.

The counterflow type of vortex tube at one end is partially closed by a diaphragm with a
central orifice approximately half the tube diameter. At the other end of the tube a valve restricts ﬁ'
the exit. When the valve is partly open, a stream of cold air leaves through the orifice and a 4
stredm of warm air leaves through the valve. The temperature of the cold stream and its flow rate [}
depend on the setting of the valve. When the valve is fully closed, all the air comes out through |
the orifice and no reduction in temperature is found. As the valve is opened, the flow rate of the .
cold stream rises and its temperature falls to a minimum value when'the flow rate is about one-

quarter or one-third of the total. !
' geo f the vortex tube (Figure 6.9) can be described by the diameter of the  §

The geometry o
vortex tube [, the diameter of the orifice d, the length of the vortex tube L, the geometry and the

Orifice &
!,f //', of o3
Y f
Cold gas «— -d— —————— 0 — === Throtile valve
1 ! ~
- L >

FIGURE 6.9 The geometry of vortex tube,
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iy pumber of nozzles, and the design of the valve, The setting of the: valve dﬁ:ﬂﬂil"ﬂrﬁ lhﬂll'aﬁu of
S8 e hot and cold mass flow fractions tespectively. The optimum diameter of the-orifice Is found
. 1o be half the tube diameter, 1.¢.

- Figure 6.10 shows a practical setup of a vortex tube application, where the compressor
:-,'v._-_ supplies compressed air to storage tank. The compressed air enters through the nozzle i the
L vortex tube, where the air is split into two streams. The cold air produced at E flows into the
B -space F that is to be cooled. Warm air is exhausted through the tbe D. The system has the
la advantage of great mechanical simplicity and instantaneous operation but its efficiency is very

low.

IR

ij 1 Pressure gouge

Warm air
D
i —

Air pozzle 1 Cold air
E
Alr storage lank
= Conditiorned
space
F
Air
COmMpressor
L |

FIGURE 6.10 A practical vortex tube refrigeration system.

The use of vortex tube is convenient where a supply of compressed air is available, to
obtain rapidly and momentarily a fall in temperature. Its applications are still relatively limited
to laboratory trials, to control of temperature of small electronic boxes, to aviation or to obtain
a rapid fall in t:mp:‘j_sgmrfﬁj.ln certain manufactures, sach as chocolate, or waxes, cooling
machining operations, deep mine air conditioning, etc. The use of vortex cooling may often
prove to be a better proposition than the more cfficient conventional vapour compression
systems when any of the following requirements apply:

» Light weight, portability .
= Low capacity or localized cooling or freezing : .
e No moving parts—high reliability L SpA gt
» May be used where electricity is not available or prohibited on safety grounds
» Low initial cost .
* [nstantaneous operation
+ No expen attendant required
b lesr

e
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The main disadvantage of the vortex tube is its low efficiency, i.e. COP ranging from 0.1-0.2.

It

i5 also uneconomical for large systems.
On comparing with the Joule-Thomson refrigeration system (Chapter §), it may be observed
that the vortex tube system is a modification of the same cycle with the expander having been =4
replaced by a vortex tube. In the Joule cycle, where the work of expansion is utilized, a %
temperature drop is obtained equal to the isentropic lemperafure drop (Figure 6.11), ic. 4§

AT, = Ty — Ty, where

(=0}
.;"_i =(}fi} ' (6.19)
“ 4
T &
T3
T
4
o |

FIGURE 6.11 Temperature in voriex ube.

The temperature drop obtained with the vortex tube is smaller, about one-half that of isentropic
drop. The air expands to a lemperature T, and velocity ¢ which is given by

i
Ez" =¢c,(T; - Ty) (6.20)

air would be obtained at temperature Tj.

If all this kinetic energy could be removed, cold
From the nozzle, the high velocity gas travels from the periphery of the tube to the axis

during which the separation of kinefic energy OCcurs. The kinetic energy is obtained by the outer
layers due to which they are heated and emerge from the hot end of the tube at state h. The

central core after having lost the Kinetic energy cmerges from the cold end at state ¢, 1.e. at a
temperature slightly above the static temperature of the expanded gas. The pressure of the cold

gas stream is usually lowered further dug to expansion in the vortex chamber.
The COP of the system is less than that of the Joule cycle as it can be seen that the

temperature drop is less than the isentropic temperature drop. Also, the quantity of cold air is
only a fraction of the air supplied. The energy balance of the vortex tube gives
T3 - .“:Tt + #-IlTJr

where, i1, + tty = 1 and T, and T, arc the stagnation temperatures of the two streams.
The energy efficiency 7, of the vortex tube can now be defined as the ratio of the actual

(6.21)

cooling to ideal cooling, which is given by
M= T)
=L Jes 6.2
n =t (6.22)
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It is seem that if all the air goes through the throttle valve, there will be no energy
separation. Similarly, if all the air leaves through the orifice, there will again be no energy
separation. Thus, there will be optimum values of fractions 7). and 7, each for the maximum
. temperature drop, refrigerating effect, and COP.

6.3 STEAM JET WATER VAPOUR REFRIGERATING SYSTEM

Water was considered as a suitable refrigerating medium in the earlier times. However, waler

could mot be introduced for refrigeration due o its inherent disadvantages as a refrigerant, ie.

the high evaporating vacuum required, the endrmous volume of vapour to be compressed, and

the relatively high freezing point. With the advent of air conditioning requiring relatively a high

evaporator temperature, inlerest in this system was revived. (==

: In a steam jet water vapour refrigerating system, refrigeration is obtained by direct
evaporation and subsequent self-cocling of water. The principle of operation of this system is
based on the fact that water under a high vacuum boils at a relatively low temperature which
causes evaporation to occur and this reduces the temperature, Since water is the refrigerant used
in this type of systems, only temperatures down to about 4°C are practicable and as such its use
is limited primarily to air conditioning. If temperatres below 0°C are to be maintained in the
evaporator, antifreeze may be added or I:nri.nc_ma:.-' be used, however, such use is UACOMImOn
mainly because of the necessity of maintaining extremely high vacuum.

The use of this system is limited to installations where there is an abundance of steam and
condensing water at a low cost and where the desired temperatures are in the range of 4°C to
10°C, Apart from air conditioning, these sysiems were particularly adapted to the processing of
the cold water for such applications as rubber mills, distilleries, chemical plants, pagi:lle_'.g‘lm.i]]s,
food processing plants and aboard ships. It has another application in the cooling of lettuce and

- =

other leafy vegetables. The system, once very popular has largely been superseded by more

efficient systemssis e . =

The advantages of this cycle in air conditioning Tomprise complete safety of water as a
refrigerant, freedom from vibration, and ability to adjust quickly to load vanations. In factories
or plants, additional auxiliary equipment is not necessary. Moreover, water vapour is non-toxic,
non-explosive and cheap. The inherent disadvantages of water as a refrigerant are the high
evaporating vacuum required, the enormous volume of vapour to be compressed, and the
comparatively high freezing point.

A typical steam-jet system is shown diagrammatically in Figure 6.12 and the GﬂrrFSpﬂnl:ling
temperature-entropy diagram is shown in Figure 6.13. High pressure steam is supplied to the
nozzle inlet and is expanded to 2 in the ejector. Here water vapour, originating from the flash
chamber at 6, is entrained with the high velocity steam jet and compressed through 4 into the
diffuser exit at 5. The velocity of the mixture is then reduced, the kinetic energy is mnw:r'fed
into an increase in static head, and the mass is discharged to the condenser. Both the motive
vapour and the vapour drawn from the evaporator are condensed, and the condensate is then
divided into two flows, one to feed the evaporator as make up water and the other to supply the
boiler through a feed pump. The water in the flash chamber is cooled by the absorption from it
of the latent heat of that portion of water flashed and removed by the ejector. The amount of
water lost in the cooling process is very small and the remaining water is :m:ulat_er]‘ from the
chamber as a secondary cooling medium to the point of me_lmd. Upon return it is usually
sprayed into the flash chamber to provide exposure of the maximum surface area.
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Fuel supply

l

Steam nozzle Ejector

Make-up
waler

Condenser

Lead

Pump 1

t
§h

To drain

FIGURE 6.12 Water vapour refrigeration system using steam ejector.

T &
o
£
Boiler pressure 1 ____,_-"'/ M
25 R 'j_':.
Condenser  pressure \ | j‘iir__,.-"’/
P e, e
T \

Flashing of maks-up water 1 |
i
223 4 6
g T X 3
= i -

FIGURE 6.13 Steam-jet refrigeration cycle represented on a T-s diagram.

The operating pressures required are extremely low, since an evaporation temperature of
4°C requires an absolute pressure in the evaporator of 6 mm of mercury. If condensation is to be
accomplished at approximately 38°C, the condenser pressure must be 50 mm of mercury
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absolute. Operation under these conditions resulté in a compression ratio of 8 to-1, which
approaches the limit for efficient operation. The air and water vapour remaining in the condenser

are temoved by means of a secondary ejector or & vacuum pump and are discharged frgn;: the
system. " .

In Figure 6.12, 1 represents the initial conditibn of the motive steam before passage
through' thé nozzle 102, thereafter.losing kinetic engrgy the final condition becomes 3. Point 6
reprézents the initial condition of the water vapour flashed in the evaporator and 4 the reésultant

condition of the mixture of high-velocity steam and entrained water vapour before compression.

If compression were isentropic, the final conditien would then be §'

at discharge of the mixture
to the condenser. Make up water

is available at 7, slightly lower in temperature than the

condenser conditions, and is throttled to point & in the flash chamber. Because of unavoidable «ir iy
losses encountered in expansion, entrainment, and compression, the actual path of expansion and
entrainment of the motive steam is 1-2-4, Compressién of 1

‘the mixture actually occurs along 4-5.

The nozzle efficiency 1), is the ratio of the actual enthalpy drop to the isentropic enthalpy

drop of the motive steam passing through the nozzle, This efficiency will ordinarily range from
0.87 to 0.95 in properly designed nozzles. RO o

The entrainment efficiency, 1,, indicates the loszes that originate in
portion of the kinetie energy of the motive steam to the flashed vapour and s
63 per cent, The loss of this kinetic encrgy, 1 — 1), is dissipated as heat
The compression efficiency 7, indicates the loss encountered in
the mixture for compression in the diffuser section of the ejector. The ratio between the
isentropic enthalpy increases theoretically required to the act

. | ual enthalpy increase needed to
accomplish this compression is the compression efficiency, which may be taken as 75 to 80 per
cent.

the tranaf:_[_- of a
hould be taken as

added to the mixture.
utilizing the Kinetic energy of -

=

Thermodynamics of cooling Sl
During expansion of steam through the nozzle, the irreversibilities and fluid friction cause the
reduction in the speed of steam, ie. the enthalpy drop is reduced. By definition of the nozzle
efficiency,

My = By =l - R (6:23) .1

The quantity (h, — hy) is equivalent to kinetic energy of the motive steam, Le. CH2, now
available for entrainment of the vapour in the flash chamber. For the well-designed nozzle, the
value of 1, ranges from 0.9 to 0.94,

During the entrainment process the motive steam loses its kinetic energy, thereby the statc
of the motive steam is represented by state 3, and is expressed by the entrainment efficiency, 7.,
Le. :

g . h! e h] = TL.:[.II” = kz} [5.24)
The reported values of 1, are around (.65, : s
The state of the mixture of motive steam and flash vapour is represented by point ol
The isentropic compression of vapour is represented by 4-5". However, the compression is

again far from the ideal value due to friction, which necessitates the introduction of 7.,
compression efficiency, whose value ranges from 0.75 to 0.8, ie.

Wy — hy = ks — hy) (6.25)
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Tht I".‘IIEI'E,}" for cnmpmssmn comes fmm motive sn:am. If m, h-r.- the mass of motive steam " '-
per unit mass of flash vapour, then - - - _ :

i, - L mylhy = hy) = [?"1 + 1)(hs - hqj (6.26) . L
whe;rp "]“3'1“[5" (my + 1) is the total mass Df vapour. c:ﬂmpre::sed Using Eq_s (6. 23- ﬁﬁj‘}, B
{6 6:'}'13['[15 PR a5 : 2 ke
L AT — {lé—h ' R i
- R Y - m -
T T £ 2 " A, i
: a1 ; P T 2
. W g e L (627
e hs i . M
. el By . T, o :
in té‘:ms n:lf isentropic enthalpies, A3 and Ws. i f ' s P
The flash vapour at state 6 is wet and has to be evaluated. Tt is -:ln:m: usmg the ejector.as
the contrdl volume, i.e. ki
- it |h| 'I' l‘l,ﬁ = {m; + 1}hs [5.23} '_::_:
Suhsnmlmg :]1-: value of m; from Eq. {(6.27) into Eq. (6.28) and simplifying, we get o
S T .. B 629 ¢
x j:] — hi = l._:r_'_: )
1 - T r?r;’?.rrlrf h; X 'I:d. i ::Ir_: - '
The refrigerating effect may be evaluated by carrying out energy balance across the flash f
chamber, i.c.
@, + IWy | + mahy = mghg 3 . (6.30)
Since'mg‘= m, = 1, we have
i Q. = (hs — hy) = IW,| (631}
The coergy input to the steam per unit mass of the flash vapour can be expressed as r feagt 1
(my + (W, )
Quseam = My MI - 'h1 I} R T 4 (6.32) {
; Mo : ; |
i o L : : .
Therefore, COP = o = hn = 1W,| (6.33)
§ L (Lm)W,) it
s F;'Ilf"l
In practice, the amount of stcam {kg."mm‘j needed fc-r given capacity (TR) of rl:fngn:rntmn
lei is required and lhe same is found from 3w
' !mTRmI & s
7 : ' 6.34
M B =Ry = W1 ( _:'
ie. P (635)

mmll':-"*" J:Iﬁ _h]_ IWFI{

Scanned by CamScanner



E Chapter 6 Other Refrigeration @::ﬂ| A
BIBLIOGRAPHY

|

|

E. Goldsmid, H.J., Thermeelectric Refrigeration, Plenum Press, New York, 1964,

i Sparks, N.R, and C.C. Dilio, Mechanical Refrigeration, McGraw-Hill Book Company, Ltd,, 1959,

REVIEW EXERCISES

6.1 What is Peltier effect? Bricfly discuss how the Peltier effect forms the basis of
thermoelectric refrigeration.

6.2 Draw a block diagram of a thermoelectric refrigerator and indicate how different
components of this cycle correspond to those of the vapour compression cycle.

6.3 What are the five phenomena that take place simultaneously when two dissimilar metals
or semiconductors are connected and the junctions held at different temperatures?

6.4 What are the applications of thermoelectric refrigerators?

6.5 With the aid of a skerch, briefly describe how does the vortex tube refrigerator work?
6.6 What are the advantages and limitations of a vortex mbe refrigeration system?

6.7 Why is a vortex tube refrigeration system suitable for mining operations?

6.8 Brefly describe the principle of operation of a steam jet water vapour refrigerating
system. What are its advantages and limitations?

6.9 Define the various efficiencies in a steam je1 waler vapour refrigerating system.

6.10 What is the function of an ejector in a steam jet water vapour refrigerating system?

o _ ) 1
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— The dry saturated vapour (2t state 2) is drawn by the compressor from evaporator at lower
pressure p, and then it (vapour) is compressed isentropically 1o the upper pressure gy

— The isentropic compression is shown by the line 2-3. Since the vapour is dry and saturated al
the start of compression it becomes superheated at the end of compression as given by paint 3.

— The process of condensation which takes place at constant pressure is given by the line 3-4.

— The vapour now reduced to saturated liquid is throttled through the expansion valve and the
process is shown by the line 4-1.
At the point | 2 mixture of vapour and liquid enters the evaporator where it gets dry saturated
as shown by the point 2. The cycle is thus completed.
Heat extracted (or net refrigerating effect produced).
R‘.‘I = h: = ;11.
Work done W=hy-h,
R. IrI: _;r[

n —
COP. =~ =3

The values of k,. &, and fiy can be directly read for p-/t chart.

FT"] FACTORS AFFECTING THE PERFORMANCE OF A SIMPLE VAPOUR
§ | COMPRESSION SYSTEM | - _

The factors which affect the performance of a vapour compression system oré as follows:

1. Effect of suction pressure: The effect of decrease in suction pressure is shown in Fig. 3.7.

The C.O.P. of the original cycle,

h'l - h[
C.OP. ==
'”J - .&:

|
£
.-.. L
T
I
|
i

l
li II.-'II..E'
e~y (Enthalpy)

o i, T e e e o T

Al

Fig. 2.7. Effect of dacreass in soction pressure.

103
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i
The C.0.P. of the cycle when suction pressure is decreased,
h:- _h]- A [h: _h|}_[h: —h:-]
hln- —h:- 5 f-‘rfj -lhzj-!lh:" -lb:j"'[lrlj- -'h}j

COP=

This shows that the refrigerating effect is decreased amd work reguired is increased, The nel ¢ff:
ix to reduce the refrigerating capacity of the system {(with the same amonnt af refrigerant flow)

the C.O.F.
2. Effect of delivery pressure: Fig. 3.8 shows the effect of increase in delivery pressare.
p {Pressure)
&

= 1 (Enthalpy)
Fig. 3.5, Effect of increase in delivery pressure,

C.0O.P. of the ongnal c¢ycle.

h1 -lr

"7 7 P s

C.0.P. of the cycle when delivery pressure is increased,

Gt = 2 Ay =iy ) =y — By
=ty (hy =iy )+ (hy — ;)

The effect of increasing the delivery/discharge pressure is just similar 1o the effcct of decreasing
the suction pressure. The only difference is thar the effect of decreasing the suction pressure is more

predaminani than the effect of increasing the discharge pressure.
The following poinis may be noted:

(i) As the discharge temperature required in the summer is more as compared with winter. the
same machine will give less refrigerating effect (load capacity decreased) at a higher cost,

(if) The increase in discharge pressure is necessary for hivh condensin g temperature and decrease
in swction pressure is necessary fo maimtain low temperature in the evaporator.

3. Effect of superheating. As may be seen from the Fig. 3.9 the effect of superheating is to
increase the refrigerating effect but this increase in refrigerating effect is at the cost of increase in
amount of work spent o attain the upper pressure limit. Since the increase in work is more as compared
to increase in refrigerating effect. therefore overall effect of the superheating is to give a low value of

COP
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i
p (Pressure)
4
| o N
| d”l_ 1"-." 3 TI
Pr | A W /

I
!
|
L e {— H

# (Enthalpy)

Fie. 5.9 Effect of superhealing.

4. Effect of sub-cooling of liquid, ‘Sub-cooling’ is the process of cooling the ligpeid refrl']g.fm-’jf
® 5 .k - h_ m ins ]
selow the condensing femperature for a given pressure. In the Fig. 3.10 the process nli bum fcri cmEnu
shown by 4-4' As is evident from the figure the effect of sub-cooling is to increase (e g g

sifoct. Thus sub-cooling results in increase of C.0.P, provided that no further energy fas to be speni
s obtain the extra cold coolant required.

P (Pressure)
[

I
5
R
\
|

£u
-

L

A4
4 |
A 5
FI Ll _-.r.-n- i f
;; > 1 2 JI.'

i {Enthalpy)

k — .

Fin. A.10, Effect of sub-cooling of liquid.

The sub-cooling or under-cooling may be done by any of the following methods:

(i) Inserting a special coil between the condenser and the expansion valve,
{#f) Circulating greater quantity of cooling water through the condenser.
(iff) Using water cooler than main circulating water.

5. Elfect of suction temperature and condenser temperature. The performance of the vapour
compression refrigerating cycle varies considerably with both vaporising and condensing lemperaiure.
Of the two, the vaporising temperature has far the greater effect. It is seen that the capacity and
performance of the refrigerating system improve as the vaporising temperature incredases and the
condensing temperature decreases, Thus refrigerating system should always be designed to operate af
the highest possible vaporising remperatre and lowest possible condensing  temperatre, of course,
keeping in view the reguirements of the application.
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