MECHANICAL

ENGINEERING

Refrigeration &
Air-Conditioning

Comprehensive Theory
with Solved Examples and Practice Questions

www.madeeasypublications.org



-

MADE ERASYH
Publications

MADE EASY Publications Pvt. Ltd.
Corporate Office: 44-A/4, Kalu Sarai (Near Hauz Khas Metro
Station), New Delhi-110016 | Ph.: 9021300500

Email : inffomep@madeeasy.in | Web : www.madeeasypublications.org

Refrigeration & Air-Conditioning

Copyright © by MADE EASY Publications Pvt. Ltd.

All rights are reserved. No part of this publication may be
reproduced, stored in or introduced into a retrieval system, or
transmitted in any form or by any means (electronic, mechanical,
photo-copying, recording or otherwise), without the prior written
permission of the above mentioned publisher of this book.

MADE EASY Publications Pvt. Ltd. has taken due care
in collecting the data and providing the solutions, before
publishing this book. Inspite of this, if any inaccuracy or
printing error occurs then MADE EASY Publications Pvt.
Ltd. owes no responsibility. We will be grateful if you could

point out any such error. Your suggestions will be appreciated.

First Edition : 2015
Second Edition: 2016
Third Edition : 2017
Fourth Edition : 2018
Fifth Edition: 2019
Sixth Edition : 2020
Seventh Edition : 2021
Eighth Edition : 2022

Ninth Edition : 2023



CONTENTS

Refrigeration & Air-Conditioning

CHAPTER 1

Introduction & Basic Concepts of Refrigeration.......1
1.1 Introduction 1
1.2 Applications of refrigeration 2
1.3 Refrigeration and heating load 3

14  Concept of Heat Engine, Refrigerator and Heat

Pump 4
1.5  Reversed Carnot cycle 6
1.6 Methods of producing low temperatures..........ccoccc 9
Objective Brain Teasers 11
Conventional Brain Teasers 16
CHAPTER 2
Vapour Compression Refrigeration System...... 20
2.1 Introduction 20

2.2 Simple Vapour Compression Refrigeration System.......20

2.3 Effect of Operating Conditions on performance of

VCRS Cycle 22

2.4  Use of liquid- vapour heat exchanger ...........ccvconnueen. 25

2.5  Comparison of Wet Compression and Dry

Compression 29

2.6  Limitations of Simple Vapour Compression System......29

2.7  Cascade System 33
Objective Brain Teasers 36
Conventional Brain Teasers 39

CHAPTER 3

Vapour Absorption Refrigeration Systems.... 46

3.1 Introduction 46

3.2 Simple Vapour Absorption System.........cemreseeesenens 46

3.3 Desirable characteristics of refrigerant-absorbent pair......47

34

35

3.6

3.7

3.8

Maximum COP for a Vapour Absorption Refrigeration

System 48
Modifications to simple vapour absorption system......50

Vapour Absorption Refrigeration System Vs Vapour

Compression Refrigeration System..........cooevveennerennneens 52

Domestic Electrolux (Ammonia-Hydrogen) Refrigerator..54

Some other refrigeration systems ........cc.ooeeceesseeceennns 55
Objective Brain Teasers 58
Conventional Brain Teasers 60

Air Refrigeration Systems.........ccoceeeeunceneeenanes 63
4.1 Introduction 63
4.2  Bell-Coleman or Reversed Brayton or Joule Cycle......63
4.3  Actual Bell-Coleman Cycle 67
4.4  Advantages and Limitations of Air Cycle Refrigeration
Systems 67
4.5  Application of Aircraft Refrigeration.........ecveeeenes 68
46  Methods of Air Refrigeration Systems..........cceeveeveeeene 69
Objective Brain Teasers 74
Conventional Brain Teasers 78

Refrigerants.......ccoceveeeceemssenssessensensssssssenans 86
5.1 Introduction 86
5.2  Designation of Refrigerants 86
53  Types of Refrigerants 87
54  Properties of Refrigerants 88
55  Miscellaneous 90
5.6  Applications of Refrigerants 90

Objective Brain Teasers 91

Conventional Brain Teasers 94




Refrigeration & Air-Conditioning

CHAPTER 6 6.14 Psychrometric Analysis of The air Conditioning

R . . e . System 126
Psychrometric Properties and Air Conditioning
POCESSES..cvrreerreesenssessenssssssssssssssssssssssnes 96 615 Summer Air Conditioning System Provided with
Ventilation Air (Zero Bypass Factor) .......cccveceeenecens 127
6.1  Psychrometry 926
6.16  Winter Air Conditioning 131
6.2  Psychrometric terms 97
Objective Brain Teasers 133
6.3 Psychrometric Chart 103
Conventional Brain Teasers 139
6.4  Typical Air Conditioning Processes.........occmeeerneees 105

6.5  AirWasher 114 CHAPTER 7

6.6  Chemical Dehumidification or Sorbent

Dehumidification 15 Refrigeration Equipments........cccoeevemeennene 151

6.7  Air Conditioning 116 7.1 Introduction 151
6.8  Effective Temperature 117 7.2 Compressors 151
69 Human Comfort Chart 118 7.3 Reciprocating compressor 152
6.10 Outside Design Conditions 119 74  Condensers 155
6.11 Source of Heat Load 120 7.5  Throttling/expansion devices 157
6.12 Room Cooling Load 126 7.6 Evaporators 159
6.13  Cooling Coil Load 126 Objective Brain Teasers 159
Conventional Brain Teasers 161




CHAPTER

Introduction & Basic
Concepts of Refrigeration

1.1 INTRODUCTION

Refrigeration is a process of removing heat from a confined space so that its temperature is first lowered
and then maintained at lower temperature compared to that of the surroundings, i.e. it is a phenomenon by virtue
of which one reduces and maintains the temperature of a confined space below that of the surroundings.

In earlier times, refrigeration was achieved by natural means such as evaporative cooling or by use of
ice. Ice was generally transported from colder regions, made at night using nocturnal cooling or harvested in
winter and stored appropriately in ice houses for use in summer. At present, refrigeration is mostly produced by
artificial means.

The device used to produce cold or refrigeration effect is called a refrigeration system or refrigerator.
There can be different kinds of refrigeration systems based on working principle. The basic components of a
refrigeration system are evaporator, compressor, condenser and expansion valve. In addition to these, there may
be a refrigerant accumulator, temperature controller, etc. The refrigerant is a working substance, which circulates
through the refrigeration system during its operation.

For example, R134a is the refrigerant used in domestic refrigerators and low-temperature refrigeration
systems. R22 is the refrigerant used in window air-conditioning units while ammonia is preferred in large air-
conditioning systems. Air is the refrigerant in air-refrigeration cycles which is predominantly used in aircrafts.

Refrigeration cycles are classified mainly into the following:

e Vapour Compression Refrigeration Cycle.

e Vapour Absorption Refrigeration Cycle.

e Air Refrigeration Cycle and Steam-jet Refrigeration Cycle.

Unit of Refrigeration or Rating for Refrigeration
The definition of refrigeration indicates that refrigeration is nothing but the rate of removal of heat. The Sl
unit of heat is Joule, the time rate of which is Watt. The unit of refrigeration effect is Watt (W) or kilo Watt (kW).
The standard unit of refrigeration is ton of refrigeration or simply ton denoted by the symbol TR. One TR
is defined as the amount of heat to be removed from 1000 kg of water at 0° to convert it into ice at 0°C in 24 hours.

Thus, 1 TR = 1X2000 |b2:h144 BB _ 15 000 Btu/h = 200 Btu /min

1.055 kJ 1TR =211 kd/min = 3.516 KW

But 1 Btu

NOTE: In the definition of 1 TR, one ton equals 2000 lb instead of 2240 Ib as per the conversion factor. In US,
one ton is equal to 2000 Ib.
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1.2 APPLICATIONS OF REFRIGERATION

In earlier days, refrigeration was mainly used for the production of ice, which was used for food preservation,
cooling beverages and refrigerated transportation, etc. Now-a-days, with the advancement in technology and
expansion of human needs refrigeration finds a large number of applications in diverse fields. Also the temperature
range of interest in refrigeration extends down to —100°C.

The applications of refrigeration can be grouped into following major areas:

1. Food processing, preservation and distribution

° Refrigeration finds widespread applications in food processing and in storage units.

(@) Milk and milk products: \Whole milk for human consumption is pasteurized at 75°C for a
short time, and then re-cooled to 4°C immediately. This cooling is done in a counterflow
plate heat exchanger with the use of chilled water at 2°C. The pasteurization of milk is
carried out in the following stages:

(i) Raw milk at 4°C is heated by the outgoing milk up to about 25°C.

(i) This milkis finally heated by hot water up to the pasteurizing temperature of 75°C and
held for a few seconds.

(iii) Then milk is cooled by the incoming milk down to about 10°C.
(iv) The final stage of cooling from 10°C to 4°C is by water at 2°C.

(b) Softdrinks: Most of the soft drinks are carbonated, i.e. they have a proportion of dissolved
carbon dioxide, which causes the bubbles and also the typical effervescent taste. Each

litre of water will have dissolved in it 3.5 to 5 litre of carbon dioxide. The solubility of CO,,
in water depends on the pressure and temperature.

(c) Storage of vegetables and food products: Table below shows the storage temperature of
a few vegetables and food products and their approximate storage life.
Table: Storage conditions for food products

Product | Tomperatus,'C | evnre, o, | vronniee
Mangoes 10 85-90 2-3 weeks

Potatoes 3t04.5 85-90 5-8 months
Tomatoes 14 to 21 85-90 2—4 weeks

Bananas 14.5 95 8—10 days for ripening
Fish fresh 0.5t0 1.5 90-96 5-15 days

Butter -18t0—-23 80-85 2 months

Pasteurised milk 0.5 — 7 days

Eggs -15t0-0.5 80-85 6—9 months

Grapes -0.5 85-90 3—6 months

Domestic refrigeration includes household refrigerators and home freezers. Domestic units are
usually small in size, producing refrigerating effect in the range 300-500 W at about — 5°C
evaporator temperature.
2. Chemical and Process industries: The industries like petroleum refineries, petrochemical plants and
paper pulp industries etc. require very large cooling capacities. The main applications of refrigeration
in process industries involve the following:

MRDE ERSY www.madeeasypublications.org Theory with | ME
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(@) In petrochemical plant, temperature as low as —150°C with refrigeration capacities as high as
10000 tons of refrigeration (TR) are used for separation of gases by fractional distillation.

(b) Some gases that are produced synthetically, are condensed to liquid state by cooling, so that
these can be easily stored and transported in liquid state.

(c) One of the processes of separation of a substance or pollutant or impurity from a liquid mixture
is by its solidification at low temperature. Lubricating oil is dewaxed in petroleum industry by
cooling it below —25°C. Wax solidifies at about —25°C.

(d) Storage as liquid at low pressure: Liquid occupies less space than gases. Most of the refrigerants
are stored at high pressure. This pressure is usually their saturation pressure at atmospheric
temperature. For some gases, saturation pressure at room temperature is very high hence
these are stored at relatively low pressure and low temperature. For example, natural gas is
stored at 0.7 bar gauge pressure and —130°C.

(e) Inmany chemical reactions, efficiency is better if the reaction occurs below room temperature.
This requires refrigeration. Production of viscose rayon, cellular acetate and synthetic rubber
are some of the examples. Fermentation is also one of the examples of such a reaction.

()  Many compounds decompose at room temperature. Certain drugs, explosives and natural
rubber can be stored for long periods at lower temperatures.

3. Air-conditioning applications: Refrigeration processes are used in various air-conditioning
applications. Air-conditioning applications can by broadly categorized into comfort and industrial air
conditioning applications. Residences, offices, auditorium, aircrafts, large buildings, etc. all have
different design and capacity requirements. Besides this, there are various industrial air-conditioning
applications. The main purpose of industrial air conditioning application is to provide conducive
conditions so that required processes can be carried out. For example, manufacturing of precision
parts like VLSI, chips, textile industry, pharmaceutical industry, etc.

4. Special applications: Some special applications of refrigeration are there in manufacturing processes,
medicine and construction unit, etc. Some listed examples are below:

Cold treatments of metals for desired properties and stabilizing precision parts.

Blood plasma and antibiotics are manufactured by freeze-drying process.

Desalination of water

Manufacturing of ice

1.3 REFRIGERATION AND HEATING LOAD

The refrigeration effect or cooling effect is produced in a refrigeration cycle by the refrigerating equipment.
The average rate at which heat is removed from the cold space by the equipment is known as the cooling load.
It is expressed in kW or TR.

The cooling load on refrigerating equipment results from several different sources. Some of the common
sources of heat that contribute to the cooling load on the refrigerating equipments are as follows:
1. Heat entering into the refrigerated space from outside by conduction through the insulated walls.
2 Solar radiations that enter the refrigerated space through transparent glass or other transparent material.
3. Heat on account of warm outside air entering the refrigerated space through open doors or through
cracks around windows and doors.

MRDE ERSY www.madeeasypublications.org 501\,3:11. hﬁiﬁﬁﬁ ME
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4, Heat emitted by warm products whose temperature is to be lowered to the refrigerated space
temperature.

5. Heat emitted by people occupying the refrigerated space. For example, people present in an air-
conditioned space or the people working in the cold storages during loading and unloading the
goods.

6. Heat emitted by any heat generating equipment installed in the refrigerated space such as lamps,
motors, electronic devices, etc.

Itis to be noted here that all these sources of heat are not present in every application. The significance

of any one heat source with relation to the total cooling load will vary considerably with each application.

In those regions where the atmospheric temperature falls considerably (below 10°C), especially during
winters, heating is needed to keep the rooms warm. The rate of heat to be supplied to such a conditioned
space is known as heating load. In Western countries, the houses are facilitated with solar heating
systems.

1.4 CONCEPT OF HEAT ENGINE, REFRIGERATOR AND HEAT PUMP

Itis a well-known fact that heat flows in the direction of decreasing temperature, i.e. from a high temperature
body to a low temperature body. Such heat transfer occurs in nature without any external aid or device.

(i) Heat Engine

Itis a prime mover that generates heat from the fossil fuel. It works according to Heat source, T,
the second law of thermodynamics stated by Kelvin and Planck—It is impossible to
construct a device that operates continuously in a cycle and produces no effect other @
than the withdrawal of heat energy from a single reservoir and converts all the heat into 6@—' w
useful work. This means that the heat engine (HE) rejects part of the heat available from Q,
the heat source while converting it to useful work. As shown in adjacent figure, it takes :

Heat sink, T,

heat at the rate of Q, from the heat source and generates the work at the rate of W while

rejecting heat at the rate of Q, to the heat sink. The performance of a heat engine is Figure: Heat engine

measured with the help of its 'thermal efficiency' or 'Carnot efficiency' and is mathematically
represented as

n = 1— Q = — &
T Q
In heat engine, how much work is extracted from a given amount of heat is an T
important quantity. o
1
(i) Refrigerator
y . . @ w
Reverse heat transfer, i.e. from a body at low temperature to a body at high
temperature, is possible only with a special device called refrigerator. Q
It works according to the second law of thermodynamics stated by Clausius. Itis —
2

impossible to construct a device that operates in a cycle and produces no effect other
than the transfer of heat from a body at low temperature to a body at high temperature
without any external aid.

Figure: Refrigerator

MRDE ERSY www.madeeasypublications.org so1ve(’1r hE?(?mVng; ME
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The working principle of the refrigerator (R) is shown in figure. Here Q, is the amount of heat removed
from the cold space at temperature T,. Q, is the amount of heat rejected to the environment at temperature T, and
Wis the net work input to the refrigerator.

In refrigerator, heat extracted from lower temperature is an important quantity.

Coefficient of Performance (COP)

The performance of a device is given by its ability to carry out the assigned task. The performance of a
refrigerator is given by its COP. The objective of the refrigerator is to remove heat (Q,) from a closed space. To
accomplish this, it needs W as work input. Therefore, COP of a refrigerator is :

Desired effect = Q,

COP = Required input W )

But W=aQ,-Q,
Q )
COP; = e - (ii)

The COP may be greater than one in many cases, but not necessarily.
If the refrigerator operates on a reversible cycle then,

T2
=T,

COP,, =

(i) Heat Pump

A heat pump (HP) transfers heat from a low temperature space to a higher Warm house
temperature space. The objective of a heat pump is to supply heat Q, to warm a T
space as shown in figure. The COP of a heat pump is expressed as the ratio of heat Q,
supplied (Q,) to the work input (W). Mathematically, @3 W

coP.. = Desired effect _ Heating effect _ Q (i) )
P Work input Work input W Q

Cold environment

But, W= 01 - 02 T2
Figure: Heat pump

Q .
(COP)p = a - a (iv)
If the heat pump operates on a reversible cycle then,
COP h
ke = 77,

Comparing equations (ii) and (iv),
COP,p = COPg + 1 (V)
For fixed rates of Q, and Q,, equation (iv) shows that the COP,, is always greater than one since the COP is a
positive value. In reality, however, part of Q, is lost to the outside air through piping and other devices, and
COP,,» may drop below one when the outside air temperature is too low.
In heat pump, how much heat is rejected to higher temperature is an important quantity.

MRDE ERSY www.madeeasypublications.org 501\,3:11. hﬁiﬁﬁﬁ ME
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e A heat engine is a work producing device whereas, refrigerator and heat pump are work
consuming devices.
e Arefrigerating machine, that is used for cooling in summer, can be used as a heat pump for
heating in winter. This can be done either
(i) By rotating the machine to interchange positions of two heat exchangers between
space and surroundings, or
(i) By exchanging the functions of the two heat exchangers by the operation of valves.
Example, a four way valve used in a window AC.

NOTE

1.5 REVERSED CARNOT CYCLE

It is only theoretical in its conception but serves as an ideal refrigeration cycle ever to be achieved in
practice. The performance of reversed Carnot cycle is independent of the physical properties of the refrigerant
used, so it is valuable as an indication of the highest COP attainable for given conditions.

The p-vand T-sdiagrams of Carnot cycle using air as refrigerant are shown in figure below.

P T

fe— As —>1
Figure: Reversed Carnot Cycle

Here, T, = Temperature to be maintained in refrigerator
T, = Temperature of the atmosphere to which heat is rejected
In reversed Carnot cycle;
Process 1-2: Isentropic compression
Process 2-3: Isothermal reversible heat rejection
Process 3-4: Isentropic expansion
Process 4-1: Isothermal reversible heat addition
From first law for cyclic processes,

$sQ = paw

If W_., denotes net work input to the refrigerator then
W ., = Heatrejected — Heat absorbed
Wi = Q-Q=T,(s,-5) =T, (51-5,)
T,As— T, As=(T,-T,) As

Q, _Ti(si=ss) __ Tas T,
Thus, COoP - a_ __ N _

us ( )revA Carnot w (T2 — 7—1)AS (7—2 _ 7—1)AS T2 _ 7_1
A high COP is desirable because it indicates that for a required amount of refrigeration, small amount of

work is required.

MRDE ERSY www.madeeasypublications.org so1ve(’1r hE?(QymVng; ME



o o Refrigeration & Air Conditioning
m- -DE E- -SH Introduction & Basic Concepts of Refrigeration

Low value of T, will make COP high. High value of
T, increases the numerator and decreases the denominator @ (b)
and therefore increases the coefficient of performance. The
value of T, has more pronounced effect upon COP than T... ACOP,
The effects of T, and T,on COP are shown in figure. ACOF{

The curve ‘a’ shows the effect of T, on COP when
T, is constant and the curve ‘b’ shows the effect of T, on
COP when T, is constant.

It can be observed from the figure that, if Z_TT ;_T:
AT, = AT,
then, ACOP, > ACOP,

Although, the reversed Carnot cycle is most efficient between the fixed temperature limits and is therefore
useful as a criterion of perfection, it possesses undesirable characteristics because isentropic process of the
cycle requires high speed while the isothermal process requires an extremely low speed. This variation in flow of
air (or any other refrigerant) is not practicable.

EXAMPLE : 1.1 A refrigeration system operates on reversed Carnot cycle between the
temperature limits — 23°C and 45°C. For a refrigerating capacity of 10 TR,

(a) the COP of the system is 3.67
(b) the COP of the system is 4.67.
(c) the heat rejected from the system per hour is 161 MJ nearly.

(d) the power required by the system is 7.5 kW. [MSQ]
Solution: (a, c)
® COPg = T2T—1 7. (273+ 421;3 —_(2:;3— 23)
- % - 3.67
(if) Also, COP, - Refrivgvirritiirr]]% uetﬁect
Work input = %= 34332 kJ/h

Heat rejected = Refrigerating effect per hour + Work input per hour
(10 x 211 x 60) + 34332
160932 kJ/h ~ 161 MJ/h

, 34332
(iii) Power required = 3600 - 9.536 kW
EXAMPLE : 1.2 A refrigerator works on a reversed Carnot cycle. This unit requires 1.5 kW power

for every one TR of refrigeration at —23°C. If this device is now used as a heat
pump, then the corresponding COP will be Correct upto 1 decimal place]

a—

MRDE ERSY www.madeeasypublications.org 501\,3:11. héiﬁﬂffﬁ ME
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Solution:
T, = -23°C =250K
(i) Forrefrigerator: CoP, - Refrigerating effect _ 1x3.516 _ 234
Work done 1.5
(i) Also, cop, = N __25
,-T, T,-250
234 = _ 250
T, -250
or T, = 356.6 K
For heat pump :
Heat rejected or supplied to a space at T,, = Heat absorbed + Work done
= 3516 + 1.5=5.01 kW
Heat rejected 5.01
= e e 33
COPip Work done 1.5
Alternatively, COPp = 1+COP,=1+234=334~33
T For the purpose of heating, it is far more economical to use a heat T,
[ pump rather than an electrical resistance heater. Suppose, if “W” be
g the work input in electric resistance heater, then its heat output will be Qy
“W?” only whereas, in case of heat pump, if W be the work input then @P W
heat output will be more than W as described below.
Q
Qu
COPHP = W T,
Figure: Heat pump
= QH = W+ QL

Though, the initial cost of heat pump will be high, but in the long run it
is more economical compared to electric resistance heater.

EXAMPLE : 1.3 A heat engine of efficiency ‘n’ runs a refrigerator of COP ‘C’. The COP of the
combined refrigerating machine is

;

(a) nC (b) nc

c) C+ (d) n+—
n

Solution: (a)

MRDE ERSY www.madeeasypublications.org so1ve(’1r hE‘,’(?mVng; ME
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E
A
1> T,
A and B are dissimilar
conductors

(a) Seebeck effect

Refrigeration & Air Conditioning
Introduction & Basic Concepts of Refrigeration

T,>T,
A and B are two dissimilar
conductors

(b) Peltier effect

Figure: Principle of thermoelectric refrigeration.

The heat transfer rate at each junction is given by

Q=®dJ/
where @ is the Peltier coefficient in volts and I is the current in amperes.
EEEE
OBJECTIVE Q.4 Therequired horsepower per ton refrigeration for
4 BRAIN TEASERS a Carnot refrigerator operating between
=Y temperature limits 37°C and -23°C is
Q.1 Arefrigerator has a second law efficiency of 30%, (8) 094 (b) 1.13
and heat is removed from the refrigerated space (¢) 0.785 (@ 132
at arate of 850 kd/min. If the space is maintained Q.5 Aroom is kept warm with a system consisting of
at 0°C while the surrounding air temperature is an electric heater and a heat pump operating on
36°C. The power required by the refrigerator reversed carnot cycle, both supplying equal
is___.[Correctupto 1 decimal place] amount of heat. Heat pump operates between
temperature limits of -23°C and 27°C. The COP
Q.2 The Joule-Thomson coefficient for a refrigerant of the combined heating system is
which is to be used in vapour compression (a) 1.32 (b) 1.43
refrigeration system should be (c) 1.61 (dy 1.71
(&) positive (o) heggtwe Q.6 Aheat pump working on areversed carnot cycle
(c) zero (d) infinite has a COP of 5 for a work input of 1 kW, If it
Q.3 Areversible heat engine operates between the works as arefrigerator then, the refrigerating effect
temperature limits 7, and T, and has an will be
efficiency n. If a reversible refrigeration cycle (@) 1kW (b) 2 kW
operates between same temperature limits then (c) 3kw (d) 4 kW
its COP is Q.7 A carnot refrigerator operates between
temperatures —13°C and 27°C. It is desired to
(@) l—1 () —+1 make the COP equal to 5 by changing
n n temperatures. If the increase (or decrease) in
upper temperature is to be equal to the decrease
©) l (d) 1_1 (orincrease) in lower temperature, then the new
n n value of lower temperature will be
(@) 254.5K (b) 245.7K
(c) 265.8K (d) 270.6K
MEDE ERSYH Theory with
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Q.8

Q.9

Mechanical
Engineering

A reversible refrigerator working between two
fixed temperatures
(@)

Has the same COP whatever be the working
substance

Has its COP increased for working substance
with higher enthalpy of evaporation

Has its COP increased for working substance
with specific heats
None of the above

In a certain ideal refrigeration cycle, the COP of
heat pump is 5. The cycle under identical
conditions running as heat engine will have
efficiency as

(@ O (b) 0.2

(c) 05 (dy 1

Q.10 The power (kW) per ton of refrigeration is

Q.11

N/COP, then Nis equal to . [Corect upto 1
decimal place]

A Carnot refrigerator works between the
temperatures of 200 K and 300 K, if the
refrigerator receives 1 kW of heat, the work
requirement will be
(@) 0.5kwW

(c) 1.5kwW

(b) 0.67 kW
(d) 3 kW

Q.12 The efficiency of a Carnot engine is 0.75, if the

direction of cycle is reversed, what will be the
value of COP of carnot refrigerator.

Q.15

Q.16

Q.17

Q.18

Q.19

MEBDE ERSYH

The COP of a heat pump can be increased either
by decreasing T, by AT or by increasing T, by
AT. The new COP of the heat pump is

(a) same in both the cases

(b) highestif T, is decreased

(c) highestif T, inincreased
(d)

d) independentof changein T and T,

COP of a Carnot heat pump operating between
-3°Cand 27°Cis
(@ 10

(c) 0.111

(b) 9
(d) 0.10

If COP of a refrigerator is 5 and efficiency of a
heat engine of the same temperature limit is 50%.
Then what is the ratio of heat supplied to engine
to heat absorbed by the refrigerator from the

space

(@) 25 (b) 04

(c) 4 (d)y 0.25

If an engine of 40% thermal efficiency drives a

refrigerator having a coefficient of performance
of 5, then the heat input to engine for each kJ of
heat removed from the cold body of the
refrigerator is

(@) 0.50 kJ (b) 0.75kJ
(€ 1kJ (d) 1.25kJ
A refrigerator works on reversed Carnot cycle

producing a temperature of —40°C. Work done

(@) 0.27 (b) 0.33 per TR is 700 kJ per ten minutes. What is the
(c) 1.27 (d) 2.33 value of its COP?
e (@ 3 (b) 4.5
Q.13 When the lower temperature is fixed, how can (©) 58 d) 7.0
the COP of a refrigerating machine be improved?
. . EEEE
(a) By raising the higher temperature
(b) By lowering the higher temperature
(c) By operating the machine at high speeds ANSWER KEY
(d) By operating the machine at low speeds
1. (6.5) 2. (a) 3. (a) 4. (b) 5. (d)
Q.14 Which one of the following is correct relation
between (COP)HPand (COP)R 6. (d) 7. (a) 8. (a) 9. (b) 10. (3.5)
(@) (COP)p—(COP)z =1 11. (a) 12. (b) 13. (b) 14. (a) 15. (c)
(b) (COP)g—(COP)p=1
(c) (COP),p + (COP); =1 16. (a) 17. (b) 18. (a) 19. (a)
(d) (COP)p+(COP)=0
MEDE ERSYH Theory with
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HINTS & EXPLANATIONS

1. (5.5) (5.0 t0 6.0)

Given: T,=36°C =309 K, T, =0°C = 273 K,

Q, = 850 kd/min

T 309
= =——=8.58
COPrey T,-T, 36
COP,
Since, = Sl
i = cor,,
COPact = COPrev'nll
= 858x0.3
= 2574
Thus, power required,
P= ﬂ:330.2 kd/min = 5.5 kW
2574
3 (a)
n- 1l
T,
7-2
2 - 1-
= T n
T, 1
COP = =
=T, Ly
T
cop= 1 __ 1=
L_1 1-1+n1
1-n
cop = 1=n_1_4
n n
4. (b)
For a Carnot refrigerator,
T, 250 25
COP = —L ="
T,-T7, 60 6
Q _ 25
Ww ~ 6
w_ e
- Q" 2

Refrigeration & Air Conditioning
Introduction & Basic Concepts of Refrigeration

1TR
1THP =

HP
TR

(d)

For heat pump :

3.5 kW
0.746 kW
3.5 6
—  X— =
0.746 25

1.126

(COP).p = Ty _ 300 _6
T,—-T, 300-250
- Q
Wp=—ee—
" (COP)p
For electric heater:
Q=W
(COP)g, = 1
Q+Q 2(COP),p
COP = - =
( )system Q N Q (COP)HP +1
(COP)yp
- 2xB6_12 _yp
6+1 7
(d)
(COP),+ = (COP)p—1
=5-1=4
RE.
or =4
W/'n
RE. = 4x1=4KkW
(a)
For carnot refrigerator,
coP = -2
ST
260
= — = 65
Current COP 20

So decrease in COP is required.
Let the change of temperature be ‘x’ then new

COP would be

5 =

T,
T,

Tz_x

(Ti+x) = (Tz = x)

27 + 273 =300 K
273-13=260K

13
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5 _ 260 - x
(300+x)— (260 - x)
5 _ 260 — x
or = 40+2x
200 + 10x = 260 - x
11x = 60
60
- — =545
T
T; = T,-x
T; = 260-5.45
T; = 254.55K
9. (b)
1 1
= = _=02
e = Com, 5
10. (3.5)
1TR Q4
COP = — ==
1TR N
W= Cop~cop
= N = 1TR = 3.5 kW
11. (a)
cop= 20 _,
T,—T, 300-200
Q4
Also, COP = W
Q 1
W= —A-=—=05kW
= COP 2
12. (b)
3
= 075="2
n 4
As we know,
1 4 1
COP, = ——1==-1==
R n 3 3
= 033
14. (a)

Relation between coefficient of performance of

heat pump and refrigerator:

MEBDE ERSYH

(COP), =

(COP)e = 717

To have relation among them, subtracting 1 on
the (COP),,p, we get

— 7—H -1 = TL
Ty =T, Ty =T,
= (COP)4
Hence,
(COP), = (COP),p—1
15. (c)
Assuming initially,
[T ]
v—®
[ 7]
T,=30°C=3803K; T, =10°C =283 K
T, 303
P)... = H_ _22°_15
(COP)p T T, 0 15.15

If higher temperature is decreased by 5°C.
New conditions

T, =25°C=298K

7, = 10°C =283K
Then the COP of heat pump is

298
(COP)p = “=19.86

If lower temperature is increased by 5°C.
New conditions
T,,=30°C =303K

www.madeeasypublications.org Theory with | ME

Solved Examples



MEBDE ERSY

Refrigeration & Air Conditioning
Introduction & Basic Concepts of Refrigeration

T, =15°C =288K 18. (a)
Then the COP of heat pump is Ny, = 04
COP) =5
303 ( f
(COP)p = =g =20.2 N
TZ T1
Hence COP will be highest when lower
temperature is increased rather than decreasing Q
higher temperature by same amount.
w—(R @ -w
16. (a)
RE
COP = 727;'573 - % =10
T, i
For heat engine
w
04 = —
@ a
For refrigerator
_RE
_3°C w
If RE =1kJ
7. (b) - =02 K
(COP)R = 51 nHE = 50% = 05 5
L _RE 0 -2 _%2_ g5y
-7, " w 0.4 04
2 n 19. (a)
= W, = % W = 700 kd/ten minutes
700
= kd/s
T3 T W 10 x 60 /
Now, (COP)R = ﬁ = L
W 700/10 x 60
W—’CRD Q‘@—> w _ 3.5x10x60
RE 700
=3
[ ] [ ] mea.
L=l _ g5
T Q
= W=05 01
By equating, we get
RE _Q
5 2
= & _ 2 0.4
RE 5
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4) CONVENTIONAL BRAIN TEASERS

Q.1 Areversed Carnot cycle working as heat pump is delivering 4 x 10* kJ/min to heat the conditioned space
and maintaining it at 25°C when the outside atmospheric air temperature is 15°C.
(i) Determine the heat drawn in or pumped into conditioned space from atmospheric air and power
required to operate cycle.
(ii) Ifthe same conditioned space is heated by electric coil heaters, determine consumption of electricity
in terms of power consumed.

Solution:

T,=298K

T, =288 K

S
Given: Qz=4x10*kJ/min, T, = T, = 15°C = 288 K, T, = T, = 25°C = 298 K
(i) Heat delivered per minute at 25°C is given by

Qp = m(s,—s)x T,

4
5 s, s,) = ass-=134228KJ°K
Therefore heat absorbed from atmosphere at 15°C

Q, = m(s;-s,)T,

But we know that (s, - s,) = (s, - S;)

So, Q, = 288x134.228
= 38657.72 kd/min
Now, Work done per minute = 4 x 10* - 38657.72
= 1342.28 kdJ/min
1342.28
So, Power required = 0 - 22.37kW

(ii) With electric heating coils, for same heat to be delivered,

4
Consumption of electricity = 422)0 = 666.67 KW
MBDE ERSY www.madeeasypublications.org Theory with | M
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mHDE EHSH Introduction & Basic Concepts of Refrigeration 1 7
Q.2 “Refrigeration can be produced either by expansion of a gas or throttling of gas”. Discuss the above
statement.
Solution:
Refrigeration by expansion of air Cold water out
According to the first law of thermodynamics applied Heat exchanger | |77
to closed system, '
Q=W+ AU

For reversible adiabatic process, Q = 0.
Therefore, W=-AU

This means that there is reduction in temperature. The
temperature of the gas can be reduced by an adiabatic

i1 Water in

Expander [
expansion of the gas. This principle was used in the _ 178
Bell-Coleman air-refrigeration system. §b A Q%
The effect of expansion for producing colds can be 'ﬁ'

explained by the following example. T Compressor

Assuming the temperature of the atmosphere is 27°C
and if airis compressed isentropically with the pressure
ratio 5 then the final temperature of the compressed air
T, is given by

P 0.286
T,=T, (32) =300(5)"*% = 475K

1

Refrigerator

L . , . Air Refrigerator .
This air with high temperature and pressure is cooled in the heat exchanger, then the final temperature will

be 27°C under ideal condition and pressure will be 5 bar considering the pressure loss in heat exchanger
is zero and if this air expands isentropically until the pressure falls to atmospheric pressure then the final
temperature,

300
3 = 50286

=189.5K

which is below atmospheric temperature (300 K).

This principle is universally used for producing low temperature in all air-refrigeration systems.
Refrigeration by Throttling of the gas

As we know that adiabatic throttling process is a constant enthalpy process, and as the enthalpy is only a
function of temperature and the temperature of perfect gas remains constant after and before throttling.
However with actual gases the temperature of the gas after throttling may either increase, decrease or
remain constant.

The term which indicates the magnitude and sign of the change in temperature is called the Joule Thomson

or

Coefficient and is given by

MRDE ERSY www.madeeasypublications.org 501\,3.} hE‘,’(Lymgfg; ME
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which is the change in the temperature with respect to the pressure during constant enthalpy process.

The pressure versus temperature lines are drawn as shown in figure, taking enthalpy as a parameter.

Temperature, K —>

Inversion
curve

Pressure —>

Constant enthalpy lines for actual gas

In throttling process, the pressure of the gas decreases so that motion along the curve is towards the left. The
graph shows that, if throttling occurs from the point ato b, the temperature of the gas increases, and at the
point b; the temperature is maximum, and the Joule Thomson coefficient is zero. This point is known as
“Inversion point” of the gas. If throttling occurs from the point b to ¢, then the temperature of the gas drops.

This is obvious from figure, that for reducing the temperature of the gas after throttling, the value of u must
be positive. The amount of the temperature drop depends upon Joule Thomson coefficient, the pressure
drop, and the original state of the gas. In any event, the resulting temperature will be too high for refrigerating
purposes unless the original temperature is relatively low.

Use of positive values of Joule Thomson coefficient are made in the liquification of gases such as air,
nitrogen and oxygen.

Q.3 Aheat pump is driven by the work output of a heat engine as shown in figure. If we assume ideal devices
then show that,
Qi+Cp _ Troom[ Tt = Tamp }
Q/—n 7—H 7—room - Tafrb
TH Tamb
C.)H‘l QLZ
W =
Q1 Qo
| House, T, om |
Solution:
QHZ QHZ 7—room
We k P = e — — =
eknow CPhe = W " 00— T~ Tam
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