A Textbook of
Refrigeration and

Air Conditioning

R.S. KHURMI
J.K. GUPTA

— E — N il
- —= == — = —
— — — — =

— ==l e —_ =

— — -
— —— S — -
= = = =

e =
—— —— — —— =
= - = S— —
= = - — = —= =

——— ——— —— — — & -

—_— Bl -
== == — = == _
—_ _— — - = i .- F
- - — — —
= — p— - —
— —— =
- - — = = =
== = = — - —
— e
—
L]
] n 1 ——
----
...... —
[ | —




Sole Distributors :

S. CHAND & COMPANY LID.

v (An IS0 9001 : 2000 Company)
v Head Office . 7361, RAM NAGAR, NEW DELHI - 110 055
- Phones : 23672080-81-82, 9899107446, 9911310888;
Fax : 91-11-23677446
Shop at: schandgroup.com; E-mail: schand@vsnl.com
Branches :
* 1st Floor, Heritage, Near Gujarat Vidhyapeeth, Ashram Road,
Ahmedabad-380 014. Ph. 27541965, 27542369, ahmedabad@schandgroup.com
e No. 6, Ahuja Chambers, 15t Cross, Kumara Krupa Road,
Bangalore-560 001. Ph : 22268048, 22354008, bangalore@schandgroup.com
e 238-A M.P. Nagar, Zone 1, Bhopal - 462 011. Ph : 4274723, bhopal@schandgroup.com
e 152, Anna Salal, Chennai-400 002, Ph : 28440026, chennal@schandgroup.com
e 5.C.0. 2419-20, First Floor, Sector- 22-C (Near Aroma Hotel), Chandigarh-160022,
Ph-2725443, 2725446, chandigarh@schandgroup.com
e 1st Floor, Bhartia Tower, Badaombadi, Cuttack-753 009, Ph-2332580; 2332581,
cuttack@schandgroup.com
e 1st Floor, 52-A, Rajpur Road. Dehradun-248 001. Ph : 2740889, 2740861,
dehradun@schandgroup.com
e Pan Bazor, Guwahati-781 001, Ph : 2514155, guwahati@schandgroup.com
e Sultan Bozar, Hyderabad-500 195, Ph : 24651135, 24744815, hyderabad@schandgroup.com
* Mai Hiran Gate. Jalandhar - 144008 . Ph. 2401630, jolondhar@schandgroup.com
® A-14 Janta Store Shopping Complex, University Marg, Bapu Nagar, Jaipur - 302 015,
Phone : 2719126, jaipur@schandgroup.com
® 513-7, M.G. Road, Ermnakulam, Kechi-682 035. Ph : 2381740, cochin@schandgroup.com
* 285/J, Bipin Bihari Ganguli Street, Kolkata-700 012, Ph: 223467459, 22373914,
kolkata@schandgroup.com
* Mahabeer Market, 25 Gwynne Road, Aminabad. Lucknow-226 018. Ph : 2626801, 2284815,
lucknow@schandgroup.com
* Blackie House, 103/5, Walchand Hirachand Marg . Opp. G.P.O.. Mumbai-400 001,
Ph : 22690881, 22610885, mumbai@schandgroup.com
* Komal Bog. Model Mill Chowk, Umrer Road, Nagpur-440 032 Ph : 2723901, 2777666
nagpur@schandgroup.com
e 104, Citicentre Ashok, Govind Mitra Road, Patna-800 004. Ph : 2300489, 2302100,
patna@schandgroup.com
© Copyright Reserved
All rights reserved. No part of this publication may be reproduced, stored in a retrieval
system or transmitted, in any form or by any means, electronic, mechanical, photocopying,
recording or otherwise, without the prior permission of the Publishers.

Multicolour edition conceptualized by R.K. Gupta, CMD

First Edition 1987

Subsequent Editions and Reprints 1989, @1, 93, 95, 96, 98 (Twice), 99,
2000, 2001, 2002, 2003, 2004, 2005, 2006

First Multicolour Revised & Updated Edition 2006

Reprint 2007

ISBN:81-219-2781-1
Code : 10 326

PRINTED IN INDIA

By Ragjendra Ravindra Printers (Pvt.) Ltd.. 7361, Ram Nagar, New Delhi-110 055
and published by Eurasia Publishing House (P) Ltd. 7361, Ram Nagar, New Delhi-110 055

www.EngineeringBooksPdf.com



1.1
1.2
1.3
L4
L5
L6
1.7
1.8
1.9
L10
1.11

REEEREBEERREREE

kEERER

=

bR

TIITY

-
System of Units Rl v
S.1. Units (International System of Units)
Metre
Kilogram

Second

M :
g = =%

p i  Uni | their Val

Rules for S.1. Units P

Mass and Weight 5

\bsol | Ciiaaioniol 1 isias oF
Thermodynamic Systems

Properties of a System

State of a System

Temperature

Absolute Temperature

Thermodynamic Equilibrium

Equality of Temperature

Pressure

Gauge Pressure and Absolute Pressure

Normal Temperature and Pressure (N.T.P.)

Standard Temperature and Pressure (5.T.P.)

Energy

Types of Stored Energy

Heat

Sensible Heat

Latent Heat

Specific Heat

Mechanical Equivalent of Heat

Work

Heat and Work - A Path Function

Comparison of Heat and Work 3 r
Power v
Laws of Thermodynamics ]
Perfect Gas b
Laws of Perfect Gases K% %
General Gas Equation O B
Joule's Law

Characteristic Equation of a Gas

y

(v)
www.EngineeringBooksPdf.com

R e B RN AL AR R R RN R RREECE S v NN LA bR Ww NN N =



1.43  Specific Heats of a Gas 21
1.44  Enthalpy of a Gas 23
1.45 Ratio of Specific Heats 23
1.46  Entropy 24
1.47  Thermodynamic Processes 25
1.48 Work done During a Non-flow Process 26
1.49  Application of First Law of Thermodynamics to a Non-flow Process 27
1.50  Classification of Non-flow Processes 27
1.51  Thermodynamic Cycle 33
1.52  Reversibility and Irreversibility of Thermodynamic Processes 35
1.53  Flow Processes 15
1.54  Application of First Law of Thermodynamics to a Steady Flow Process 36
2. Air Refrigeration Cycles 38 - 67
2.1 Introduction 18
2.2  Units of Refrigeration 39
2.3 Coefficient of Performance of a Refrigerator 39
24  Difference Between a Heat Engine, Refrigerator and Heat Pump 40
2.5  Open Air Refrigeration Cycle 41
2.6 Closed or Dense Air Refrigeration Cycle 41
2.7 Air Refrigerator Working on Reversed Carnot Cycle 41
2.8  Temperature Limitations for Reversed Carnot Cycle 43
2.9  Air Refrigerator Working on a Bell-Coleman Cycle (or Reversed Brayton or joule Cycle) 49
3. Air Refrigeration Systems 68 - 107
3.1 Introduction b
3.2  Methods of Air Refrigeration Systems 69
3.3 Simple Air Cooling System 69
3.4  Simple Air Evaporative Cooling system 82
3.5 Boot-strap Air Cooling System 86
3.6 Boot-strap Air Evaporative Cooling System 89
3.7  Reduced Ambient Air Cooling System 93
3.8 Regenerative Air Cooling System 100
3.9 Comparison of Various Air Cooling Systems used for Aircraft 104
4. Simple Vapour Compression Refrigeration Systems 108 - 160
4.1 Introduction 108
4.2 Advantages and Disadvantages of Vapour Compression Refrigeration
System over Air Refrigeration System 109
4.3 Mechanism of a Simple Vapour Compression Refrigeration System 109
4.4  Pressure - Enthalpy (p-h) Chart 110
4.5  Types of Vapour Compression Cycles 1
4.6  Theoretical Vapour Compression Cycle with Dry Saturated Vapour after Compression111
4.7  Theoretical Vapour Compression Cycle with Wet Vapour after Compression 116
4.8 Theoretical Vapour Compression Cycle with Superheated Vapour after Compression 119
4.9 Theoretical Vapour Compression Cycle with Superheated Vapour before Compression 124
4.10  Theoretical Vapour Compression Cycle with Under-cooling or Subcooling of
Refrigerant 125
4.11  Actual Vapour Compression Cycle 144
4,12  Effect of Suction Pressure 146
4.13  Effect of Discharge Pressure 146
4.14  Improvements in Simple Saturation Cycle 149
4.15 Simple Saturation Cycle with Flash Chamber 149
4.16  Simple Saturation Cycle with Accumulator or Pre-cooler 151
4.17  Simple Saturation Cycle with Sub-cooling of Liquid Refrigerant by Vapour Refrigerant 152
4.18 Simple Saturation Cycle with Sub-cooling of Liquid Refrigerant by Liquid Refrigerant 154

www.EngineerifgBooksPdf.com



9. Compound Vapour Compression Refrigeration Systems 161 - 198

5.1  Introduction 161
5.2 Advantages of Compound (or Multi-stage) Vapour Compression with Intercooler 162
5.3 Types of Compound Vapour Compression with Intercooler 162
5.4 Two Stage Compression with Liquid Intercooler 163
5.5 Two Stage Compression with Water Intercooler and Liquid Sub-cooler 168
5.6  Two Stage Compression with Water Intercooler, Liquid Sub-cooler and Liquid
FlashChamber 171
5.7 Two Stage Compression with Water Intercooler, Liquid Sub-cooler and Flash
Intercooler 176
5.8 Three Stage Compression with Water Intercoolers 181
5.9  Three Stage Compression with Flash Chambers 184
5.10  Three Stage Compression with Flash Intercoolers 188
5.11  Three Stage Compression with Multiple Expansion Valves and Flash Intercoolers 192
6. Multiple Evaporator and Compressor Systems 199 - 237
6.1 Introduction 199
6.2 Types of Multiple Evaporator and Compressor Systems 200
6.3 Multiple Evaporators at the Same Temperature with Single Compressor and
Expansion Valve 201
6.4 Multiple Evaporators at Different Temperatures with Single Compressor,
Individual Expansion Valves and Back Pressure Valves 204
6.5 Multiple Evaporators at Different Temperatures with Single Compressor,
MultipleExpansion Valves and Back Pressure Valves 207
6.6 Multiple Evaporators at Different Temperatures with Individual
Compressors and Individual Expansion Valves 212
6.7 Multiple Evaporators at Different Temperatures with Individual
Compressors andMultiple Expansion Valves 216
6.8 Multiple Evaporators at Different Temperatures with
Compound Compression and Individual Expansion Valves 221
6.9 Multiple Evaporators at Different Temperatures with Compound
Compression, Individual Expansion Valves and Flash Intercoolers 225
6.10  Multiple Evaporators at Different Temperatures with Compound
Compression,Multiple Expansion Valves and Flash Intercoolers 230
1. Vapour Absorption Refrigeration Systems 238 - 249
7.1 Introduction 238
7.2 Simple Vapour Absorption System 239
| Practical Vapour Absorption System 240
7.4 Advantages of Vapour Absorption Refrigeration System over Vapour
Compression Refrigeration System 242
rs Coefficient of Perfformance of an ldeal Vapour Absorption Refrigeration System 242
7.6 Domestic Electrolux (Ammonia Hydrogen) Refrigerator 245
7.7 Lithium Bromide Absorption Refrigeration System 246
8. Refrigerants 250 - 269
8.1 Introduction 250
8.2 Desirable Properties of an Ideal Refrigerant 251
8.3 Classification of Refrigerants 251
8.4 Halo-carbon Refrigerants 251
8.5 Azeotrope Refrigerants 255
B.6 Inorganic Refrigerants 256
8.7 Hydro-carbon Refrigerants 258
8.8 Designation System for Refrigerants 259
8.9 Comparison of Refrigerants 260
8.10 Thermodynamic Properties of Refrigerants 260

(vii)

www.EngineeringBooksPdf.com



8.11  Chemical Properties of Refrigerants 263

8.12 Physical Properties of Refrigerants 265
8.13 Secondary Refrigerants - Brines 266
9. Refrigerant Compressors 270 - 311
9.1 Introduction 270
9.2 Classification of Compressors 271
9.3 Important Terms 271
9.4 Reciprocating Compressors 272
9.5 Work Done by a Single Stage Reciprocating Compressor 273
9.6 Work Done by a Single Stage, Single Acting Reciprocating
Compressor without Clearance Volume : _ 273
9.7 Power Required to Drive a Single Stage Reciprocating Compressor 276
9.8 Work Done by a Reciprocating Compressor with Clearance Volume 278
9.9  Volumetric Efficiency of a Reciprocating Compressor 280
9.10 Factors Effecting Volumetric Efficiency of a Reciprocating Compressor 282
9.11  Overall or Total Volumetric Efficiency of a Reciprocating Compressor 284
9.12  Multi-stage Compression 284
9.13  Advantages of Multi-stage Compression 285
9.14 Two Stage Reciprocating Compressor with Intercooler 285
9.15 Assumptions in Two Stage Compression with Intercooler 285
9.16 _ Intercooling of Refrigerant in a Two Stage Reciprocating Compressor 286
9.17 Work Done by a Two Stage Reciprocating Compressor with Intercooler 287
9.18  Minimum Work Required for a Two Stage Reciprocating Compressor 288
9.19 Performance Characteristics of Refrigerant Reciprocating Compressor 293
9.20 Hermetic Sealed Compressors 301
9.21  Rotary Compressors 302
9.22  Centrifugal Compressors 304
9.23  Advantages and Disadvantages of Centrifugal Compressors over
Reciprocating Compressors 304
9.24  Capacity Control of Compressors 305
9.25 Capacity Control for Reciprocating Compressors 305
9.26 Capacity Control of Centrifugal Compressors 306
9.27 Comparison of Performance of Reciprocating and Centrifugal Compressors 308
10. Condensers 312 - 329
10.1  Introduction 32
10.2 Working of a Condenser 313
10.3  Factors Affecting the Condenser Capacity 314
10.4  Heat Rejection Factor 314
10.5 Classification of Condensers 314
10,6  Air Cooled Condensers 315
10.7  Types of Air Cooled Condensers 116
10.8  Water Cooled Condensers 316
10.9  Types of Water Cooled Condensers 317
10.10 Comparison of Air Cooled and Water Cooled Condensers 3119
10.11 Fouling Factor 320
10.12 Heat Transfer in Condensers 320
10.13 Condensing Heat Transfer Coefficient 322
10.14  Airside Coefficient 323
10.15 Water-side Coefficient 324
10.16 Finned Tubes 324
10.17 Evaporative Condensers 324
10.18 Cooling Towers and Spray Ponds 325
10.19 Capacity of Cooling Towers and Spray Ponds 325
10.20 Types of Cooling Towers _ 325
(wiii)

www.EngineeringBooksPdf.com



10.21 Natural Draft Cooling Towers 326
10.22 Mechanical Draft Cooling Towers 327
10.23 Forced Draft Cooling Towers 328
10.24 Induced Draft Cooling Towers 328
11. Evaporators 330 - 351
11.1  Introduction 330
11.2  Working of an Evaporator 331
11.3  Capacity of an Evaporator 333
11.4  Factors Affecting the Heat Transfer Capacity of an Evaporator 333
11.5 Heat Transfer in Evaporators 334
11.6  Heat Transfer During Boiling 335
11.7  Heat Transfer Coefficient for Nucleate Pool Boiling 335
11.8  Fluid Side Heat Transfer Coefficient 336
11.9 Types of Evaporators 336
11.10 Bare Tube Coil Evaporators 337
11.11  Finned Evaporators 337
11.12 Plate Evaporators 338
11.13 Shell and Tube Evaporators 338
11.14 Shell and Coil Evaporators 339
11.15 Tube-in-Tube or Double Tube Evaporators 339
11.16 Flooded Evaporators 340
11.17 Dry Expansion Evaporators 3N
11.18 Natural Convection Evaporators 342
11.19 Forced Convection Evaporators 343
11.20 Frosting Evaporators | 343
11.21 Non-frosting Evaporators - 1 343
11.22 Defrosting Evaporators ' 1! 344
11.23 Methods of Defrosting an Evaporator - 344
11.24 Manual Defrosting Method .yl 345
11.25 Pressure Control Defrosting Method /e 1 345
11.26 Temperature Control Defrosting Method 1 _J 345
11.27 Water Defrosting Method xw e 346
11.28 Reverse Cycle Defrosting Method 11 ¥ 347
11.29 Simple Hot Gas Defrosting Method 347
11.30 Automatic Hot Gas Defrosting Method 348
11.31 Thermobank Defrosting Method 349
11.32 Electric Defrosting Method 350
12. Expansion Devices 352 - 361
12.1 Introduction 352
12.2 Types of Expansion Devices 353
12.3 Capillary Tube 353
12.4 Hand-operated Expansion Valve 354
12.5 Automatic (or Constant Pressure) Expansion Valve 355
12.6 Thermostatic Expansion Valve 356
12.7 Low-side Float Valve 358
12.8 High-side Float Valve 359
13. Food Preservation 362 - 375
13.1  Introduction 362
13.2 Advantages of Food Preservation 363
13.3 Causes of Food Spoilage 363
13.4 Methods of Food Preservation 365
13.5 Food Preservation by Refrigeration 367
13.6 Domestic Refrigerators for Food Preservation 367
13.7 Commercial Refrigerators for Food Preservation 367

(1x)

www.EngineeringBooksPdf.com



.

13.8  Cold Storages for Food Preservation

368
13.9  Frozen Storages for Food Preservation 370
13.10 Methods of Food Freezing 371
Low Temperature Refrigeration (Cryogenics) 376 - 403
14.1  Introduction 376
14.2  Limitations of Vapour Compression Refrigeration Systems for
Production of Low Temperature 377
14.3  Cascade Refrigeration System 378
14.4  Coefficient of Performance of a Two Stage Cascade System 380
14.5 Solid Carbon Dioxide or Dry Ice 384
14.6  Manufacture of Solid Carbon Dioxide or Dry Ice 384
14.7  Liquefaction of Gases 389
14.8 Linde Systemn for Liquefaction of Air 392
14.9 Claude System for Liquefaction of Air 395
14.10 Liquefaction of Hydrogen 398
14.11 Liquefaction of Helium 399

14.12 Production of Low Temperature by Adiabatic Demagnetisation of a Paramagnetic Salt400

1. Steam Jet Refrigeration System 404 - 420
15.1 Introduction 404
15.2 Principle of Steam Jet Refrigeration System 405
15.3 Water as a Refrigerant 405
15.4 Working of Steam Jet Refrigeration System 406
15.5 5Steam Ejector 406
15.6 Analysis of Steam Jet Refrigeration System 407
15.7 Efficiencies used in Steam Jet Refrigeration System 408
15.8 Mass of Motive Steam Required 409
15.9 Advantages and Disadvantages of Steam Jet Refrigeration System 411

16. Psychrometry 421 - 481

16.1  Introduction 421
16.2  Psychrometric Terms 422
16.3  Dalton’s Law of Partial Pressures 424
16.4  Psychrometric Relations 424
16.5 Enthalpy (Total heat) of Moist Air 428
16,6 Thermodynamic Wet Bulb Temperature or Adiabatic Saturation Temperature 435
16.7  Psychrometric Chart 438
16.8  Psychrometric Processes 442
16.9  Sensible Heating 442
16.10 Sensible Cooling - § 443
16.11 By-pass Factor of Heating and Cooling Coil 444
16.12 Efficiency of Heating and Cooling Coils 446
16.13  Humidification and Dehumidification 452
16.14 Methods of Obtaining Humidification and Dehumidification 453
16.15  Sensible Heat Factor 454
16.16 Cooling and Dehumidification 454
16.17 Cooling with Adiabatic Humidification 459
16.18 Cooling and Humidification by Water Injection (Evaporative Cooling) 460
16.19 Heating and Humidification 465
16.20 Heating and Humidification by Steam Injection 466
16.21 Heating and Dehumidification -Adiabatic Chemical Dehumidification 470
16.22 Adiabatic Mixing of Two Air Streams 474
11. Comfort Conditions 482 - 496
17.1  Introduction 482

(x)

www.EngineeringBooksPdf.com



17.2  Thermal Exchanges of Body with Environment 483
17.3  Physiological Hazards Resulting from Heat 485
17.4  Factors Affecting Human Comfort 486
17.5 Effective Temperature 486
17.6  Moadified Comfort Chart 488 .
17.7  Heat Production and Regulation in Human Body 488
17.8  Heat and Moisture Losses from the Human Body 490
17.9  Moisture Content of Air : 490
17.10 Quality and Quantity of Air - 491
17.11  Air Motion 491
17.12 Cold and Hot Surfaces | 491
17.13  Air Stratification , 492
17.14 Factors Affecting Optimum Effective Temperature 492
17.15 Inside Summer Design Conditions 493
17.16 Outside Summer Design Conditions 494
18. Air Conditioning Systems 497 - 532
18.1  Introduction 497
18.2  Factors Affecting Comfort Air Conditioning 497
18.3  Air Conditioning System 498
18.4  Equipments Used in an Air Conditioning System 498
18.5  Classification of Air Conditioning Systems 498
18.6  Comfort Air Conditioning System 499
18.7  Industrial Air Conditioning System 500
18.8  Winter Air Enndltlnnlng System 501
18.9  Summer Air Conditioning System 503
18.10 Year-Round Air Conditioning System 507
18.11 Unitary Air Conditioning System 507
18.12 Central Air Conditioning System 508
18.13 Room Sensible Heat Factor 512
18.14 Grand Sensible Heat Factor 513
18.15 Effective Room Sensible Heat Factor 515
19. Cooling Load Estimation 533 - 576
19.2 Components of a Cooling Load C 534
19.3  Sensible Heat Gain thmugh Building Structure b'.r Conduction fi_ 535
19.4  Heat Gain from Solar Radiation = 539
19.5 Solar Heat Gain (Sensible) through Outside Walls and Roofs 539
19.6  Sol Air Temperature 543
19.7  Solar Heat Gain through Glass Areas 544
19.8  Heat Gain due to Infiltration 544
19.9 Heat Gain due to Ventilation 546
19.10 Heat Gain from Occupants | w— 546
19.11 Heat Gain from Appliances s 547
19.12  Heat Gain from Products ¥ 548
19.13 Heat Gain from Lighting Equipments T o 551
19.14 Heat Gain from Power Equipments LR 551
19.15 Heat Gain through Ducts 552
20. Ducts 577 - 626
20.1  Introduction 577
20.2  Classification of Ducts 578
20.3  Duct Material 578
20.4  Duct Construction 579
20.5 Duct Shape 580

(xi)

www.EngineeringBooksPdf.com



20.6  Pressure in Ducts 580

20.7  Continuity Equation for Ducts 581
20.8 Bernoulli’s Equation for Ducts 582
20.9  Pressure Losses in Ducts 585
20.10 Pressure Loss due to Friction in Ducts 585
20.11 Friction Factor for Ducts 586
20.12 Equivalent Diameter of a Circular Duct for a Rectangular Duct 590
20.13 Friction Chart for Circular Ducts 597
20.14 Dynamic Losses in Ducts 599
20.15 Pressure Loss due to Enlargement in Area and Static Regain 599
20.16 Pressure Loss due to Contraction in Area 602
20.17 Pressure Loss at Suction and Discharge of a Duct 603
20.18 Pressure Loss due to an Obstruction in a Duct 604
20.19 Duct Design 612
20.20 Methods for Determination of Duct Size 613
20.21 System Resistance 621
20.22 Systems in Series 622
20.23 Systems in Parallel 622
21. Fans 627 - 653
21.1  Introduction 627
21.2  Types of Fans 628
21.3  Centrifugal Fans 628
21.4  Axial Flow Fans 629
21.5  Total Pressure Developed by a Fan 630
21.6  Fan Air Power 631
21.7  Fan Efficiencies 631
21.8  Fan Performance Curves 633
21.9  Velocity Triangles for Moving Blades of a Centrifugal Fan 634
21.10 Work Done and Theoretical Total Head Developed by a Centrifugal Fan for
Radial Entry of Air 637
21.11  Specific Speed of a Centrifugal Fan 641
21.12 Fan Similarly Laws 642
21.13 Fan and System Characteristic 645
21.14 Fans in Series b46
21.15 Fans in Parallel 646
22. Appllcaﬂnns of Refrigeration and Air Conditioning 654 - 673
Introduction b54
22_2 Domestic Refrigerator and Freezer il 655
22.3 De-fmsttng in Refrigerators 656
22.4  Controls in Refrigerator 657
22.6  Water Coolers 659
22.7  Capacity of Water Coolers 661
22.8 Applications of Air Conditioning in Industry 662
229 Refrigerated Trucks 664
22.10 Marine Air-conditioning bb5
22.11  lce Manufacture 666
22.12 Cooling of Milk(Milk Processing) 667
2213 Cold Storages 668
22.14 Quick Freezing 668
22.15 Cooling and Heating of Foods 669
22.16 Freeze Drying 670
22.17 Heat and Mass Transfer through the Dried Material 671
Refrigeration Tables with Charts 675 - 700
Index 701 - 708

(xii)

www.EngineeringBooksPdf.com



=

oy
4|
L7
=

(0 fe P

l]#
13.

2R

25.
27.
29.
31.
33.
38.
1 F

39,

41.
43.
45.
47.
49,

51.
53.

Definition,

S.1. Units (International System of Units).

Kilogram.

Kelvin.

Rules for S.I. Units.
Force.

Thermodynamic Systems.
State of a System.
Absolute Temperature.

. Equality of Temperature.

Gauge Pressure and Absolute Pressure.
Standard Temperature and Pressure.
Types of Stored Energy.

Sensible Heat.

Specific Heat.

Work.,

Comparison of Heat and Work.
Laws of Thermodynamics.

Laws of Perfect Gases.

Joule's Law,

Specific Heats of a Gas.

Ratio of Specific Heats.
Thermodynamic Processes.

Application of First Law of Thermo-

dynamics to a Non-flow Process.

Thermodynamic Cycle.
Flow FProcesses.

1.1 Definition

The term “refrigeration’ may be defined
as the process of removing heat from a
substance under controlled conditions. It also
includes the process of reducing and
maintaining the temperature of a body below
the general temperature of its surroundings. In
other words, the refrigeration means a
continued extraction of heat from a body
whose temperature is already below the
temperature of its surroundings.

For example, if some space (say in cold

‘storage) is to be kept at — 2°C (271K), we must

continuously extract heat which flows into 1t
due to leakage through the walls and also the
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2 w A Textbook of Refrigeration and Air Conditioning

heat which is brought into it with the articles stored after the temperature is once reduced to — 2°C
(271K). Thus in a refrigerator, heat is virtually being pumped from a lower temperature to a higher
temperature. According to “Second Law of Thermodynamics, this process can only be performed
with the aid of some external work. It is thus obvious that supply of power (say electric motor) is
regularly required to drive a refrigerator. Theoretically, a refrigerator is a reversed heat engine or
a heat pump which pumps heat from a cold body and delivers it to a hot body. The substance which
works in a heat pump to extract heat from a cold body and to deliver it to a hot body is called a
refrigerant,

The refrigeration system is known to the man since the middle of nineteenth century. The
scientists, of the time, developed a few stray machines to achieve some pleasure. But it paved the
way by inviting the attention of scientists for proper studies and research. They were able to build
a reasonably reliable machine by the end of nineteenth century for refrigeration jobs. But with the
advent of efficient rotary compressors and gas turbines, the science of refrigeration reached the
present height. Today it is used for the manufacture of ice and similar products. It is also widely
used for the cooling of storage chambers in which perishable foods, drinks and medicines are
stored. The refrigeration has also wide applications in submarine ships, aircraft and rockets.

1.2 Fundamental Units

The measurement of physical quantities is one of the most important operations in
engineering. Every quantity is measured in terms of some arbitrary, but internationally accepted
units, called fundamental units.

1.3 Derived Units

Some units are expressed in terms of other units, which are derived from fundamental units,
are known as derived units e.g. the unit of area, velocity, acceleration, pressure etc.

1.4 System of Units

There are only four systems of units, which are commonly used and universally recognised.
These are known as:

1. C.G.S. units, 2. FP.S. units, 3. MLK.S. units and 4. S.I. units.

Since the present courses of studies are conducted in S.1. system of units, therefore we shall
discuss this system of unit only.

1.5 S.l. Units (International System nf Units)

The 1lth General Conference™™ of
Weights and Measures have recommended a
unified and systematically constituted system
of fundamental and derived units for
international use. This system is now being
used in many countries. In India, the standards
of Weights and Measures Act, 1956 (vide
which we switched over to M.K.S. units) has
been revised to recognise all the S.1. units in

industry and commerce. Stopwatch . Simple balance

. Refer Art. 1.37.

** It is known as General Conference of Weights and Measures (G.C.W.M.). It is an international
organisation, of which most of the advanced and developing countries (including India) are members.
The conference has been entrusted with the task of prescribing definitions for various units of weights
and measures, which are the very basis of science and technology today.
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Chapter 1 : Introduction = 3

In this system of units, there are seven fundamental units and two supplementary units,
which cover the entire field of science and engineering, These units are shown in Table 1.1.

IFV R R B Fundamental and supplementary units.

5.No. Physical quantity Unit

Fundamental units

1. Length (I) Metre (m)

2. Mass (m) Kilogram (kg)

3. Time (1) Second (s)

4. Temperawre (7) Kelvin (K)

5. Electric current (/) Ampere (A)

6. Luminous intensity (/) Candela (cd)

i 4 Amount of substance (n) Mole (mol)
Supplementary units

. Plane angle (ct, B, 8, &) Radian (rad)
2, Solid angle (L) Steradian (sr)

The denived units, which will be commonly used in this book, are given in Tablel.2.

m Derived units.

S.No, Quantity Symbol Unit
1. Linear velocity v m/s
2. Linear acceleration a m/s?
o Angular velocity ] rad/s
4, Angular acceleration o rad/s?
5. Mass density p kg/m*
6. Force, Weight F.W N : IN = lkg-m/s?
7. Pressure p N/m*
8. Work, Energy, Enthalpy W.E.H J; 1] =1IN-m
9. Power P W IW=1Jlls
10, Absolute or dynamic viscosity T} N-s/m?
11. Kinematic viscosity v mfs
1 Frequency I Hz ; 1Hz = | cycle/s
13. Gas constant R Jkg K
14. Thermal conductance h Wim’ K
15. Thermal conductivity k Wim K
16. Specific heat c Jkg K
17. Molar mass or Molecular mass M kg/mol

1.6 Metre

The metre is defined as the length equal to 1 650 763.73 wave lengths in vacuum of the
radiation corresponding to the transition between the levels 2 p, and 5d, of the Krypton — 86
aloin.

1.7 Kilogram

The kilogram is defined as the mass of the international prototype (standard block of
platinum-iridium alloy) of the kilogram, kept at the International Bureau of Weights and Measures
at Sevres, near Paris.
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1.8 Second

The second is defined as the duration of 9 192 631 770 periods of the radiation
corresponding to the transition between the two hyperfine levels of the ground state of the caesium
—~ 133 atom.

1.9 Kelvin

The kelvin is defined as the fraction 1 / 273.16 of the thermodynamic temperature of the
triple point of water.

Note: The triple point of water is taken as a fundamental fixed point having a temperature 273.16 K.

1.10 Presentation of Units and their Values

The frequent changes in the present day life are facilitated by an international body known
as International Standard Organisation (ISO) which makes recommendations regarding
international standard procedures. The implementation of ISO recommendations, in a country, is
assisted by its organisation appointed for the purpose. In India, Bureau of Indian Standards (BIS)
previously known as Indian Standards Institution (ISI) has been created for this purpose. We have
already discussed that the fundamental units in S.I. units for length, mass and time are metre,
kilogram and second respectively. But in actual practice, it 1s not necessary to express all lengths
in metres, all masses in kilograms and all times in seconds. We shall, sometimes, use the
convenient units, which are multiples or divisions of our basic units in tens. As a typical example,
although the metre is the unit of length, yet a small length of one-thousandth of a metre proves 1o
be more convenient unit, especially in the dimensioning of drawings. Such convenient units are
formed by using a prefix in front of the basic units to indicate the multiplier. The full list of these
prefixes is given in the following table.

P 0 W Prefixes used in basic units.

~ Factor by which the unit Standard form Prefix Abbreviation
is multiplied
1 000 000 000 000 | 1012 tera T
1 000 000 000 10° giga G
1 000 000 108 - mega M
1 000 - 10° kilo k
100 10? hecto* h
10 10! deca” da
0.1 104 deci® d
0.01 102 centi* c
0.001 107 O milli m
0.000 001 10-6 micro M
0.000 000 001 1!1‘" - x| nano n
0.000 000 000 001 10442 - pico p

These prefixes are generally becoming obsolete probably due to possible confusion. Moreover, it is
becoming a conventional practice to use only those powers of ten which conform to 107, where x is
a positive or negative whole number. '

>
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5,
By 5
48

With rapid development of Information Technology, computers are
playing a major role in analysis. synthesis and design of machines.

1.11 Rules for S.l. Units

The eleventh General Conference of Weights and Measures recommended only the
fundamental and derived units for S.I. system. But it did not elaborate the rules for the usage of
the units. Later on many scientists and engineers held a number of meetings for the style and usage
of S.I. units. Some of the decisions of the meetings are as follows:

1. For numbers having five or more digits, the digits should be placed in groups of tihree
separated by spaces™ (instead of commas) counting both to the left and right to the decimal point.

2. In a four digit number,”* the space is not required unless the four digit number is used in
a column of numbers with five or more digits.

3. A dash is to be used to separate units that are multiplied together. For example, newton
x metre is written as N-m. It should not be confused with mN, which stands for millinewton.

4. Plurals are never used with symbols. For example, metre or metres are written as m.

5. All symbols are written in small letters except the symbols derived from the proper
names. For example, N for newton and W for watt.
6. The units with names of scientists should not start with capital letter when written in full.
For example, 90 newton and not 90 Newton.
At the ime of writing this book, the authors sought the advice of various international
authorities, regarding the use of units and their values. Keeping in view the international reputation

of the authors, as well as international popularity of their books, it was decided to present units***
and their values as per recommendations of ISO and BIS. It was decided to use :

- In certain countries, comma is still used as the decimal mark.

**  In certain countries, a space is used even in a four digit number.

***  In some of the question papers of the universities and other examining bodies, standard values are
not used. The authors have tried to avoid such questions in the text of the book. However, at certain
places, the questions with sub-standard values have to be included, keeping in view the merits of the
question from the reader’s angle.
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4500 not 4 500 or 4,500

7 589 000 not 7589000 or 7,58,90,00
0.012 55 not 0.01255 or 01255

30 x 106 not 3,00,00,000 or 3 x 107

The above mentioned figures are meant for numerical values only. Now let us discuss about
the units. We know that the fundamental units in S.I. system of units for length, mass and time are
metre, kilogram and second respectively. While expressing these quantities, we find it time
consuming to write the units such as metres, kilograms and seconds, in full, every time we use
them. As a result of this, we find it quite convenient to use some standard abbreviations.

We shall use :

m for metre or metres

km for kilometre or kilometres
kg for kilogram or kilograms

t for tonne or tonnes

8 for second or seconds

min for minute or minutes

N-m for newton x metres (e.g. work done)
kN-m for kilonewton x metres

rev for revolution or revolutions
rad for radian or radians

1.12 Mass and Weight

Sometimes much confusion and misunderstanding is created, while using the various
systems of units in the measurement of force and mass. This happens, because of the lack of clear
understanding of the difference between mass and weight. The following definitions of mass and
weight should be clearly understood.

= - ey - . - .

A man whose mass is 60 kg weighs 588.6 N (60 x 9.81 m/s?) on earth, approximately
96 N (60 x 1.6 m/s") on moon and zero in space. But mass remains the same everywhere.

www.EngineeringBooksPdf.com



Chapter 1 : Introduction m 7

I. Mass. It is the amount of matter contained in a given body, and does not vary with the
change in its position on the earth's surface. The mass of a body is measured by direct comparison
with a standard mass by using a lever balance.

2. Weight. It is the amount of pull, which the earth exerts upon a given body. Since the pull
varies with the distance of the body from the centre of the earth, therefore weight of the body will
also vary with its position on the earth's surface (say latitude and elevation). It 1s thus obvious, that
the weight is a force.

The earth’s pull in metric units, at sea level and 45° latitude, has been adopted as one force
unit and named as one kilogram of force. Thus it is a definite amount of force. But, unfortunately,
it has the same name as the unit of mass. The weight of a body is measured by the use of a spring
balance, which indicates the varying tension in the spring as the body is moved from place to place.

Note: The confusion in the units of mass and weight is eliminated, to a great extent, in S.I. units. In this
system, mass is taken in kg and weight in newtons. The relation between the mass (m) and the weight (W)
of a body is

W=mg or m=Wig

where W is in newtons, m is in kg and g is the acceleration due to gravity in m/s’.

1.13 Force

It is an important factor in the field of Engineering science, which may be defined as an
agent which produces or tends to produce, destroy or tends to destroy the motion. According to
Newton's Second Law of Motion, the applied force or impressed force is directly proportional to
the rate of change of momentum. We know that

Momentum = Mass x Velocity
Let m = Mass of the body,
u = Initial velocity of the body,
v = Final velocity of the body,
a = Constant acceleration, and
t = Time required to change the velocity from u to v.

Change of momentum = mv—mu
mv—mu m(v—u) v—u
and rate of change of momentum = p = > =mda T =a
or Force, Fe<sma or F=kma

where k is a constant of proportionality.

For the sake of convenience, the unit of force adopted is such that it produces a unit
acceleration to a body of unit mass.
F = m a = Mass x Acceleration
In 5.1. system of units, the unit of force is called newton (briefly written as N). A newion
may be defined as the force while acting upon a mass of one kg produces an acceleration of
I m/s* in the direction of which it acts. Thus

IN = 1kgx 1 m/s’=1kg-m/s?
1.14 Absolute and Gravitational Units of Force

We have already discussed that when a body of mass 1 kg is moving with an acceleration
of 1 m/s?, the force acting on the body is 1 newton (briefly written as 1 N). Therefore, when the
same body is moving with an acceleration of 9.81 m/s®, the force acting on the body is 9.81 N. But
we denote |1 kg mass attracted towards the earth with an acceleration of 9.81 m/s? as 1 kilogram-
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force (briefly written as kgf) or 1 kilogram-weight (briefly written as kg-wt). It is thus obvious, that
1 kgf = 1kgx 981 m/s*=981 kg-m/s* =9.81 N
oo (%7 IN =1 kg-m/s?)
The above unit of force i.e. kilogram force (kgf) is called gravitational or engineer's unit
of force, whereas newton is the absolute or scientific or S.1. unit of force. It 1s thus obvious, that
the gravitational or engineer's units of force are ‘g’ times the unit of force in the absolute or S.L
units.

It will be interesting to know that the mass of the body in absolute units is numerically
equal to the weight of the same body in gravitational units. For example, consider a body whose
mass,

m = 100 kg
I'herefore the force, with which the body will be attracted towards the centre of the earth,
F=ma=mg=100x98]1 =981 N

MNow, as per definition, we know that the weight of a body is the force. by which it is
attracted towards the centre of the earth. Therefore weight of the body,

W = 981 N =981 / 9.81 = 100 kgf oo (% lkgf = 9.81 N)

In brief, the weight of a body of mass m kg at a place where gravitational acceleration is
‘¢’ m/s? is m.g newtons.

1.15 Thermodynamic Systems

The thermodynamic system (or simply known as system) may be broadly defined as a
definite area or a space where some thermodynamic process is taking place. It is a region where
our attention is focussed for studying a thermodynamic process. A little observation will show that
a thermodynamic system has its boundaries and anything outside the boundaries is called its

surroundings as shown in Fig. 1.1. These boundaries may be fived like that of a tank enclosing a
certain mass of compressed gas, or movable like the boundary of a certain volume of liquid in a

pipe line.
The thermodynamic systems may be classified into the following three groups :
1. Closed system ; 2. Open system ; and 3. Isolated system.
These systems are discussed, in detail, as follows :

I. Closed system. This is a system of fixed mass and identity whose boundaries are
determined by the space of the matter (working substance) occupied in it.

Weights
System | Piston

BORRY: @000 e e e e

: | [+ Cylinder
I [
S | System (Gas) |
Surroundings I I

: : Surroundings
I i
i e il . i T N

— System boundary

Fig. 1.1. Thermodynamic system. Fig. 1.2. Closed thermodynamic system.

A closed system is shown in Fig. 1.2. The gas in the cylinder is considered as a system. If
heat is supplied to the cylinder from some external source, the temperature of the gas will increase
and the piston will rise.
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As the piston rises, the boundary of the system moves. In other words, the heat and work
energy crosses the boundary of the system during this process, but there is no addition or loss of
the original mass of the working substance. It is thus obvious, that the mass of the working
substance, which comprises the system, is fixed.

Thus, a closed system does not permit any mass transfer across its boundary, but it permits
transfer of energy (heat and work).

2. Open system. In this system, the mass of the working substance crosses the boundary of

the system. Heat and work may also cross the boundary. Fig. 1.3 shows the diagram of an air
compressor which illustrates an open system.

The working substance crosses the Heat
boundary of the system as the low pressure
(L.P.) air enters the compressor and leaves the i

high pressure (H.P.) air. The work crosses the L.P. Airin—» —» H.P. Air out
boundary of the system through the driving I :
shaft and the heat is transferred across the grreall S

boundary from the cylinder walls.

Thus, an open system permits both mass
and energy (heat and work) transfer across the
boundaries and the mass within the system may |
not be constant. 4 System boundary

Note: An open system may be referred to as Fig. 1.3. Open thermodynamic system,

control volume. An open system is equivalent in
every respect to a control volume, but the term open system is used throughout this text as it specifically
implies that the system can have mass and energy crossing the system boundary.

3. Isolated system. A system which is completely uninfluenced by the surroundings is called
an isolated system. It is a system of fixed mass and no heat or work energy cross its boundary. In
other words, an isolated system does not have transfer of either mass or energy (heat or work) with
the surroundings. An open system with its surroundings (known as an universe) is an example of
an isolated system.

Note: The practical examples of isolated system are rare. The concept of this system is particularly useful
in formulating the principles derived from the Second Law of Thermodynamics.

1.16 Properties of a System

The state of a system may be identified or described by certain observable quantities such
as volume, temperature, pressure and density etc. All the quantities, which identify the state of a
system, are called properiies.

System (Air compressor) <— Work | Motor

— o — — -

- oy

Note: Thermodynamics deals with those quantities also which are not properties of any system. For
example, when there is a flow of energy between a system and its surroundings, the energy transferred is
not a property of the system or its surroundings.

The thermodynamic properties of a system may be divided into the following two general
classes:

1. Extensive properties. A quantity of matter in a given system is divided, notionally into a
number of parts. The properties of the system, whose value for the entire system is equal to the sum
of their values for the individual parts of the system are called extensive properties, e.g. total
volume, total mass and total energy of a system are its extensive properties.

2. Intensive properties. It may be noticed that the temperature of the system is not equal to
the sum of the temperatures of its individual parts. It is also true for pressure and density of the
system. Thus properties like temperature, pressure and density are called intensive properties,
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Note: The ratio of any extensive property of a system to the mass of the system is called an average
specific value of that property (also known as intensive property) e.g. specific volume of a system (v ) is
the ratio of the total volume (v) of the system to its total mass (m). Mathematically,

v, = vim

The specific volume is an intensive property.

1.17 State of a System

The state of a system (when the system is in
thermodynamic equilibrium) is the condition of the system
at any particular moment which can be identified by the
statement of its properties, such as pressure, volume,
temperature etc. The number of properties which are
required to describe a system depends upon the nature of
the system.

Consider a system (gas) enclosed in a cylinder and

piston arrangement as shown in Fig. 1.4. Let the system is :_Eﬁﬁmn:g :;

initially in equilibrium when the piston is at position 1, ) (Gas) A o
i 7 L Py vy T Dj"il!ﬂdﬂf L4

represented by its properties p,, v, and T,. When the system g Lpa 1

expands, the piston moves towards right and occupies the 1 I;i:tnn 2

final position at 2. At this, the system is finally in the

equilibrium state represented by the properties p,, v, and 7,,. Fig. 1.4. State of a system.

The initial and final states, on the pressure-volume diagram, are shown in Fig. 1.4.

1.18 Temperature

It is an intensive thermodynamic property, which determines the degree of hotness or the
level of heat intensity of a body. A body is said to be at a high temperature or hot, if it shows high
level of heat intensity in it. Similarly, a body is said to be at a low remperature or cold, if it shows
a low level of heat intensity.

The temperature of a body is measured with the help of an instrument known as
thermometer which is in the form of a glass tube containing mercury in its stem. Following are the
two commonly used scales for measuring the temperature of a body :

1. Celsius or centigrade scale, and 2. Fahrenheit scale.

Each of these scales is based on two fixed points known as freezing point of water under
atmosphenc pressure or ice point and the boiling point of water or steam point.

1. Celsius or centigrade scale. This scale was first used by Celsius in 1742. This scale is
mostly used by engineers and scientists. The freezing point of water on this scale is marked as zero,
and the boiling point of water as 100. The space between these two points has 100 equal divisions,
and each division represents one degree Celsius (written as “C).

2. Fahrenheit scale. This scale was first used in 1665. In this scale, the freezing point of
water is marked as 32 and the boiling point of water as 212. The space between these two points
has 180 equal divisions and each division represents one degree Fahrenheit (written as °F).

Note: The relation between Celsius scale and Fahrenheit scale is given by :

C_F-32 _C_F-3R

00 180 O 5 9

1.19 Absolute Temperature

As a matter of fact, the zero readings of Celsius and Fahrenheit scales are chosen arbitrarily
for the purpose of simplicity. It helps us in our calculations, when changes of temperature in a
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process are known. But, whenever the value of K C F
temperature is used in equations relating to
fundamental laws, then the value of temperature,
whose reference point is true zero or absolute zero,
15 used. The temperature, below which the
temperature of any substance can not fall, is known
a5 ”f“rJ,’”“' b M |"1'|"Hl|!'J!'J"nhl'n"l'H'l'1

The absolute zero temperature, for all sorts of
calculations, is taken as —273°C in case of Celsius
scale and — 460°F in case of Fahrenheit scale. The
temperatures measured from this zero are called
absolute temperatures. The absolute temperature in
Celsius scale is called degrees Kelvin (briefly
written as K)*; such that K = °C + 273. Similarly,
absolute temperature in Fahrenheit scale is called

degrees Rankine (briefly written as °R); such that Relation between various temperatures.
“R = °F + 460.

212 — Water boils

98.4 - Body temp.
68 — Room temp.
32 - Water freezes

109 - Dry ice

=320 - Air freazes

—460 — Absolute zero

1.20 Thermodynamic Equilibrium

A system is said to be in thermodynamic equilibrium, if it satisfies the following three
requirements of equilibrium.

. Mechanical equilibrium. A system is said to be in mechanical equilibrium, when there
is no unbalanced forces acting on any part of the system or the system as a whole.

2. Thermal equilibrium. A system is said to be in thermal equilibrium, when there is no
temperature difference between the parts of the system or between the sysiem and the
surroundings.

3. Chemical equilibrium. A system is said to be in chemical equilibrium, when there is no
chemical reaction within the system and also there is no movement of any chemical constituent
from one part of the system to the other.

1.21 Equality of Temperature

Consider two bodies of the same or different materials, one hot and the other cold. When
these bodies are brought in contact, the hot body becomes colder, and the cold body becomes
warmer. If these bodies remain in contact for some time, a state reaches when there i1s no further
observable change in the properties of the two bodies. This is a state of thermal equilibrium and at
this stage, the two bodies have the equal temperatures. It thus follows that when two bodies are in
thermal equilibrium with each other, their temperatures are equal.

1.22 Pressure

The term ‘pressure’ may be defined as the normal force per unit area. The unit of pressure
depends upon the units of force and area.

In S.I. system of units, the practical unit of pressure is N/mm?, N/m?, kN/m?, MN/m? etc.
But sometimes a bigger unit of pressure (known as bar) is used, such that,

1 bar = 1 x 10° N/m* = 0.1 x 10° N/m* = 0.1 MN/m?

Sometimes the pressure is expressed in another unit, called Pa (named after Pascal) and kPa,
such that
1Pa = 1 N/m* and 1 kPa = IkN/m?

In S.I. units, degrees Kelvin is not written as °K but only K.
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1.23 Gauge Pressure and Absolute Pressure

All the pressure gauges read the difference between the actual pressure in any system and

the atmospheric pressure. The reading of the pressure gauge is known as gauge pressure, while the
actual pressure is called absolute pressure. Mathematically,

Absolute pressure = Atmospheric pressure + Gauge pressure

This relation is used for pressures above atmospheric, as shown in Fig. 1.5 (a). For
pressures below atmospheric, the gauge pressure will be negative. This negative gauge pressure is
known as vacuum pressure. Therefore

Absolute pressure = Atmospheric pressure — Vacuum pressure
This relation is shown in Fig. 1.5 (b).

.'T r-—--—T— e — *
| Gauge pressure - e o e e e
1 Gauge pressure (—ve)
? f T ) or Vacuum pressure
Absolute
pressure Atmospheric s kg ‘
| pressure BT
l | l l Absolute pressure
() Relation between absolute, atmospheric {h) Relation between absolute, atmospheric and
and gauge pressure. VACUUIM pressure.
Fig. 1.5

The standard value of atmospheric pressure is taken as 1.013 bar (or 760 mm of Hg) at sea

level.
Note: We know that | bar = 10° N/m?

Atmospheric pressure = 1.013 x 10° = 1013 x 10° N/m?
We also know that atmospheric pressure

= 760 mm of Hg
5 | mmof Hg = 1013 x 10°/760 = 133.3 N/m*
or | Nfm?* = 760/1013 x 107 = 7.5 x 10~ mm of Hg

1.24 Normal Temperature and Pressure (N.T.P.)

The conditions of temperature and pressure at 0°C (273K) temperature and 760 mm of Hg
pressure are termed as normal temperature and pressure (briefly written as N.T.P.).

1.25 Standard Temperature and Pressure (S.T.P.)

The temperature and pressure of any gas, under standard atmospheric conditions, is taken
as 15°C (288K) and 760 mm of Hg respectively.

1.26 Energy

The energy is defined as the capacity to do work. In other words, a system is said to possess
energy when it is capable of doing work. The energy possessed by a system is of the following two

lypes:
|. Stored energy, and 2. Transit energy (or energy in transition)

The stored energy is the energy possessed by a system within its boundaries. The potential
energy, kinetic energy and internal energy are the examples of stored energy.
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The transit energv (or energy in transition) is the energy possessed by a system which is
capable of crossing its boundaries. The heat, work and electrical energy are the examples of transit
energy.

It may be noted that only the stored energy is a thermodynamic property whereas the transit
energy is not a thermodynamic property as it depends upon the path.

1.27 Types of Stored Energy

We have discussed above that the potential energy, kinetic energy and internal energy are the
different types of stored energy. These energies are discussed, in detail, as follows:

1. Potential energy. It is the energy possessed by a body or a system, for doing work, by
virtue of its position above the ground level. For example, a body raised to some height above the
ground level possesses potential energy because it can do some work by falling on earth's surface.

Let W = Weight of the body,

m = Mass of the body,
z = Distance through which the body falls, and
g = Acceleration due to gravity = 9.81 m/s’.

". Potential energy, PE = Wz=mgz

It may be noted that

(a) When W is in newtons and z in metres, then potential energy will be in N-m.

(b) When m is in kg and z in metres, then the potential energy will also be in N-m, as
discussed below:

We know that potential energy,

m 1 kg-
PE = mgz = kgx = Xm =N-m i | IN= kglm]
5 )

2. Kinetic energy. It is the energy possessed h}rla body or a system, for doing work, by
virtue of its mass and velocity of motion.

Let m = Mass of the body, and

V = Velocity of the body.
When m is in kg and V 1s in m/s, then kinetic energy will be in N-m, as discussed below :
We know that Kinetic energy,

[ m’ _kg-m 1 kg-m

KE=SmV* =kgx51— 5 Xm =N-m ‘..['-‘1N= 2 ]

3. Internal energy. It is the energy possessed by a body or a system due to its molecular
arrangement and motion of the molecules. It is usually represented by U.

In the study of thermodynamics, we are mainly concerned with the change in internal energy
(dU) which depends upon the change in temperature of the system.

Notes: 1. The total energy of the system (E) is equal to the sum of the above three types of energies.
Mathematically,

!
E=PE+KE+U=mgz+ 5XmVi+U

Any other form of the energy such as chemical energy, electrical energy etc. is neglected. For unit
mass, the above expression is written as
w2

e =pe+ketu=gz+ -1—+H

2. When the system is stationary and the effect of gravity is neglected, then PE =0, and KE = 0. In
such a case,
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1.28 Heat

The heat is defined as the energy transferred, without transfer of mass across the boundary
of a system because of a temperature difference between the system and the surroundings. It is
usually represented by @ and is expressed in joule (J) or kilo-joule (kJ).

The heat can be transferred in three distinct ways, i.e. conduction, convection and radiation.
The transfer of heat through solids takes place by conduction, while the transfer of heat through
fluids is by convecrion. The radiarion is an electromagnetic wave phenomenon in which energy
can be transported through transparent substances and even through a vacuum. These three modes
of heat transfer are quite different, but they have one factor in common. All these modes occur
across the surface area of a system because of a temperature difference between the system and the
surroundings.

The following points are worth noting about heat :

I. The heat is transferred across a boundary from a system at a higher temperature to a
system at a lower temperature by virtue of the temperature difference.

2. The heat is a form of transit energy which can be identified only when it crosses the
boundary of a system. It exists only during transfer of energy into or out of a system.

3. The heat flowing into a system 1s considered as posiiive and the heat flowing out of a
system is considered as negative,

1.29 Sensible Heat

When a substance is heated and the temperature rises as the heat is added, the increase in
heat 1s called sensible hear. Similarly, when heat is removed from a substance and the temperature
falls, the heat removed (or subtracted) is called sensible heat. It is usually denoted by h, .

Thus, the sensible heat may be defined as the heat which causes a change in temperature in

a substance. For example, the heat absorbed in heating of water upto the boiling temperature is the
sensible heat.

1.30 Latent Heat

All pure substances are able to change their state. Solids become liquids and liquids become
gas. These changes of state occur at the same temperature and pressure combinations for any given
substance. It takes the addition of heat or the removal of heat to produce these changes. The heat
which brings about a change of state with no change in temperature is called /arens (or hidden)
heat. 1t is usually denoted by h. |

The latent heat of ice is 335 klJ/kg. This means that the heat absorbed by 1 kg of ice to
change it into water at 0°C and at atmospheric pressure is 335 kJ. This heat is called latent hear of
fusion (or melting ) of ice. The water starts vaporising at 100°C (i.e. boiling temperature) and
changes its state from water to steam (i.e. gaseous form). The heat absorbed during this change of
state from liquid to gas is called latent heat of vaporisation or condensation. The latent heat of
vaporisation of water at 100°C and at atmospheric pressure is 2257 kl/kg.

1.31 Specific Heat

The specific heat of a substance may be broadly defined as the amount of heat required to
raise the temperature of a unit mass of any substance through one degree. It is generally denoted
by ¢. In S.1. system of units, the unit of specific heat (¢) is taken as kJ/kg K. If m kg of a substance
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of specific heat ¢ is required to raise the temperature from an initial temperature of 7' to a final
temperature of 7., then heat required,

Q=mc(T,-T)K
where T, and T, may be either in °C or K.

Thermometer Tharmometer

Heat Q

Heat is transferred from warmer object to cooler object.

The average values of specific heats for some commonly used substances are given in
following table :

LELIER Y Values of specific heats for some commonly used substances.

Substance Specific heat Substance Specific heat
(kJ/kg K) (kJ/ kg K)
Steel 0.490 Air 1.000
Copper 0.406 Nitrogen 1.010
Gilass 0.783 Oxygen 0.925
Mercury 0.138 R-12 (Dichlorodifluoromethane ) 0.892
Brick (.837 R-22 (Monochlorodifluoromethane) 1.089
Water 4.187 R-717 (Ammonia) 4.606
lce 2.110 R-744 (Carbon dioxide) 1%
Steam 2.094 Salt brine 20% 3.560

1.32 Mechanical Equivalent of Heat

It was established by Joule that heat and mechanical energies are mutually convertible. He
established, experimentally, that there is a numerical relation between the unit of heat and the unit
of work. This relation is denoted by J (named after Joule) and is known as Joule's equivalent or
mechanical equivalent of heat.

Note :  In S.1. system of units, the unit of work done is joule or kilo joule (such that 1J = 1 N-m or
1kJ = 1kN-m). The unit of heat is also joule or kilo joule. So we can straightway convert heat units into

mechanical units and vice versa.

1.33 Work

In mechanics, work is defined as the product of the force (F) and the distance moved (x) in
the direction of the force. Mathematically,

Work done = Fxx
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The unit of work depends upon the unit of force and the distance moved. In S.1. system of
units, the practical unit of work is newton-metre (briefly written as N-m). The work of 1 N-m is
known as joule (briefly written as J) such that ] N-m =1 J.

In thermodynamics, work may be defined as follows:

1. According to Obert, work is defined as the energy transferred (without the transfer of
mass) across the boundary of a system because of an intensive property difference other than
temperature that exists between the system and the surroundings.

In engineering practice, the intensive property difference is the pressure difference. The
pressure difference (between the system and the surrounding) at the surface of the system gives rise
to a force and the action of this force over a distance is called mechanical work.

In some cases, the intensive property difference may be the electrical potential difference
between the system and the surrounding. In this case, the resulting energy transfer across the
system and boundary is known as electrical work.

2. According to Keenan, work is said to be done by a svstem during a given operation if the
sole effect of the system on things external to the system (surroundings) can be reduced 1o the
raising of a weight.

The weight may not be actually raised but the net effect external to the system should be the
raising of a weight.

For example, consider a system consisting of a storage battery, as shown in Fig. 1.6. The
terminals connected to a resistance through a switch constitute external to the system (i.e.
surroundings). When the switch is closed for a certain period of time, then the current will flow
through the battery and the resistance, as a result the resistance becomes warmer. This clearly
shows that the system (battery) has interaction with the surroundings. In other words, the energy
transfer (electrical energy) has taken place between the system and the surroundings because of
potential difference (not the temperature).

Winding drum
v _ [T 1
SWItth  Resistance 5""“”" Mntur—-[ I

i I
' System : System !
: '.l I ;‘ houndary \ ‘ System {Eaﬂer',r} K A

N

Fig. 1.6. Thermodynamic work.

Now according to the mechanics definition of work, there is no force which moves through
a distance. Thus no work is done by the system. However, according to the thermodynamic
definition, the work is done by the system because the resistance can be replaced by an ideal motor
(100% efficient) driving a winding drum, thereby raising weight. Thus, the sole effect external to
the system (surroundings) has been reduced to the raising of a weight. Hence, thermodynamic work
15 done by the system.
Note : The work done by the system is considered as positive work, while the work done on the system is
considered as negative work.

1.34 Heat and Work - A Path Function

Consider that a system from an initial equilibrium state 1 reaches to a final equilibrium state
2 by two different paths 1-A-2 and 1-B-2, as shown in Fig. 1.7. The processes are quasi-static.
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When the system changes from its mitial state 1 to final state 2, the quantity of heat transfer
will depend upon the intermediate stages through which the system passes, i.e. its path. In other
words, heat is a path function. Thus, heat is an inexact
differential and is written as 8Q. On integrating, for the path T P2
1-A-2,

2
_[E'Q :[g]i? =0, or 0,
|

Pressure

2
It may be noted that Iﬁﬂ #Q; — Q| because heat is not
1

; i i ; ; Vo —»] ja—dv V¥
a point function.Thus, it is meaningless to say ‘heat in a system y !
or heat of a system’. The heat can not be interpreted similar to Volume ——»
k8
temperature and pressure. Fig. 1.7. Heat and work-a

The work, like heat, is not a thermodynamic property, path function.
therefore it is a path function as its value depends upon the
particular path followed during the process. Since the areas under the curves 1-A-2 and 1-B-2 are
different, therefore work done by these two processes will also be different**. Hence, work is an
inexact differential and is written as 8W. On integration, for the path 1-A-2,

Fi
[ow=W]=w,_, or W,
|

2
As discussed above, J.ﬁw #W, - W, because work is not a point function. Thus, it is
1

meaningless to say ‘work in a system or work of a system’. Since the work can not be interpreted
similar to temperature and pressure of the system, therefore it is a path function and it depends
upon the process. It is not a point function as the temperature and pressure. The work done in
taking the system from state 1 to state 2 will be different for different paths.

1.35 Comparison of Heat and Work

There are many similarities between heat and work. These are

. The heat and work are both transient phenomena. The systems do not possess heat or
work. When a system undergoes a change, heat transfer or work done may occur.

2. The heat and work are boundary phenomena. They are observed at the boundary of the
system.

3. The heat and work represent the energy crossing the boundary of the system.

4. The heat and work are path functions and hence they are inexact differentials. They are
written as 60 and oW.

1.36 Power
It may be defined as the rate of doing work or work done per unit time. Mathematically,
p _ Work done
OV = Time taken N——

" Heat is not a thermodynamic property whereas the temperature and pressure are thermodynamic
properties.

**  The area under the pressure-volume (pv) diagram represents the work done during the process and
is given by p dv.
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In 5.1, system of units, the unit of power 1s watt (briefly written as W) which is equal to
1 J/s or 1 N-m/s. Generally, a bigger unit of power called kilowatt (briefly written as kW) is used
which is equal to 1000 W.
Notes: 1. If T is the torque transmitted in N-m or J and o is the angular speed in rad/s, then
Power, P=T =T x 2rn N/60 watt ... (% = 2rN/60)
where N is the speed in r.p.m.
2. The ratio of power output to power input is known as ¢fficiency. It is denoted by a Greek letter
eta (1) . It is always less than unity and is represented as percentage. Mathematically,

Power output
Power input

1.37 Laws of Thermodynamics

The following three laws of thermodynamics are important from the subject point of view:

Efficiency, n =

1. Zeroth Law of Thermodynamics. This law states, “When two systems are each in
thermal equilibriwm with a third system, then the two systems are also in thermal equilibrium with
one another.”

This law provides the basis of temperature measurement.
2. First Law of Thermodynamics. This law may be stated as follows :

(a) The heat and mechanical work are mutually convertible. According to this law, when
a closed system undergoes a thermodynamic ¢ycle, the net heat transfer is equal to the net work
transfer. In other words, the cyclic integral of heat transfers is equal to the cyclic integral of work
transfers. Mathematically,
§ s0=¢ sw

where symbol t}[) stands for cyclic integral (integral around a complete cycle), and 8Q and W

represent infinitesimal elements of heat and work transfers respectively. It may be noted that 6Q
and &W are expressed in same units.

(b) The energy can neither be created nor destroyed though it can be transformed from
one form to another. According to this law, when a system undergoes a change of state (or a
thermodynamic process), then both heat transfer and work transfer takes place. The net energy
transfer 1s stored within the system and is known as stored energy or total energy of the system.
Mathematically,

00 - OW = dE
The symbol & is used for a quantity which is inexact differential and symbol d is used for

a quantity which 1s an exact differential. The quantity E 1s an extensive property and represents the
total energy of the system at a particular state.

3. Second Law of Thermodynamics : The second law of thermodynamics may be defined
in many ways, but the two common statements according to Kelvin-Planck and Clausius are as
follows :

According to Kelvin-Planck *It is impossible to construct an engine working in a cyclic
process, whose sole purpose is to convert heat energy from a single thermal reservoir into an
equivalent amount of work’, In other words, no actual heat engine, working on a cyclic process,
can convert whole of the heat supplied to it, into mechanical work. It means that there is a
degradation of energy in the process of producing mechanical work from the heat supplied. Thus
the Kelvin-Planck statement of the second law of thermodynamics, is sometimes known as law of
degradation of energy.
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According to Clausius statement “/t is impossible for a self acting machine, working in a
cyclic process, to transfer heat from a body at a lower temperature 1o a body at a higher
temperature without the aid of an external agency”. In other words, heat cannot flow itself from
a cold body to a hot body without the help of an external agency ( i.e. without the expenditure of
mechanical work).

1.38 Perfect Gas

A perfect gas (or an ideal gas) may be defined as a state of a substance, whose evaporation
from its liquid state is complete,® and strictly obeys all the gas laws under all conditions of
temperature and pressure. In actual practice, there is no real or actual gas which strictly obeys the
gas laws over the entire range of temperature and pressure. But, the real gases which are ordinarily
difficult to liquify, such as oxygen, nitrogen, hydrogen and air, within certain temperature and
pressure limits, may be regarded as perfect gases.

1.39 Laws of Perfect Gases

The physical properties of a gas are controlled by the following three variables :

1. Pressure exerted by the gas, 2. Volume occupied by the gas, and 3. Temperature of the
gas.

The behaviour of a perfect gas, undergoing any change in the above mentioned variables, is
governed by the following laws, which have been established from experimental results.

(@) Boyle's Law. This law was
formulated by Robert Boyle in 1662. It
states, “The absolute pressure of a given
mass of a perfect gas varies inversely as
its  volume, when rthe temperature
remains constant.” Mathematically,

Pn-:l or pv = Constant
v

The more useful form of the above
equation 1s

P\ ZE PV =Py Wy
= ... = Constant Boyle's law

where suffixes 1, 2 and 3 ... refer to different sets of conditions.

(b) Charles' Law. This law was formulated by a Frenchman Jacques A.C. Charles in about
1787. It may be stated in the following two different forms :

(i) “The volume of a given mass of a perfect gas varies directly as its absolute temperature,
when the absolute pressure remains consitani.” Mathematically,

¥
veeT or — = Constant

T
s S L S
or LT T = ... = Constant

where suffixes 1, 2 and 3 ... refer to different sets of conditions.

. lfﬂs:vnpnmnun is partial, the substance is called vapour. A vapour, therefore, contains some particles
of liquid in suspension. It is thus obvious that steam, carbon dioxide, sulphur dioxide and ammonia
are regarded as vapours. It may be noted that a vapour becomes dry, when it is completely evaporated.
If the dry vapour is further heated, the process is called super heating and the vapour is called
superheated vapour. The behaviour of superheated vapour is similar to that of a perfect gas.
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(if) “All perfect gases change in volume by 1/ 273th of its original volume at 0°C for every
[" change in temperature, when the pressure remains constant.”

Let vy = Volume of a given mass of gas at 0°C, and

vy = Volume of the same mass of gas at r°C.

Then, according to the above statement,

IR 5 2I3F) F
VT ¥
or -
T Iy
where T = Absolute temperature corresponding to °C, and
T, = Absolute temperature corresponding to 0°C.

A little consideration will show that the volume of a gas goes on decreasing by 1/273 th of
its original volume for every 1°C decrease in temperature. It is thus obvious, that at a temperature
of -273°C, the volume of the gas would become *zero. The temperature at which the volume of a
gas becomes zero is called absolute zero temperature.

Note: In all calculations of a perfect gas, the pressure and temperature values are expressed in absolute
units.

(¢) Gay-Lussac Law. This law states, “The absolute pressure of a given mass of a perfect
gas varies directly as its absolute temperature, when the volume remains constant”.
Mathematically,

pe=T or % = Constant
A1_M_ M
or = = =...= tant
T T, T Cons

where suffixes 1, 2 and 3 ... refer to different sets of conditions.

1.40 General Gas Equation

In the previous section we have discussed the gas laws which give us the relation between
the two variables when the third variable is constant. But in actual practice, all the three variables
i.e. pressure, volume and temperature, change simultaneously. In order to deal with all practical
cases, the Boyle's law and Charles’ law are combined together, which give us a general gas

equation.

According to Boyle's law

1 1
P““‘; or Fﬂ; ... ( Keeping T constant )
and according to Charles' law,
voe T ... ( Keeping p constant )

It is thus obvious that

1
vee— and Thoth or veet
p P
. It is only theoretical. Its exact value is — 273.16° C. But for all practical purposes, this value is taken

as - 273° C,
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pveT or pv=C_CT
where C is a constant, whose value depends upon the mass and properties of the gas concerned.
The more useful form of the general gas equation is :
pvi  Pva _ P
_Tl - T, Soe = Constant
where suffixes 1, 2 and 3 .... refer to different sets of conditions.

1.41 Joule's Law

It states, “The change of internal energy of a perfect gas is directly proportional to the
change of temperature”. Mathematically,

dE o< dT or dE=mcdl=mc(I,-T))
where m = Mass of the gas, and
¢ = A constant of proportionality, known as specific heat.

An important consequence of this law is that if the temperature of a given mass m of a gas
changes from T, to T,, then the internal energy will change from E, to E, and the change in internal
energy (E, — E,) will be same irrespective of the manner how the pressure (p) and volume (v) of
the gas have changed.

Note: From the Joule's law, we see that whenever a gas expands, without doing any external work and
without taking in or giving out heat, its internal energy as well as temperature does not change.

1.42 Characteristic Equation of a Gas

It is a modified form of general gas equation. If the volume (v) in the general gas equation
i1s taken as that of 1 kg of gas (known as its specific volume, and denoted by v,), then the constant
C (in the general gas equation) is represented by another constant R (in the characteristic equation
of gas). Thus the general gas equation may be rewritten as :

pv, = RT
where R is known as characteristic gas constant or simply gas constant.
For any mass m kg of a gas, the characteristic gas equation becomes :
mpv. = mRT
or pv=mRT e (v my =v)
Notes: 1. The units of gas constant (R) may be obtained as discussed below :

pv  N/m’xm’
R= T~ taxk = NmkgK=JkgK .. (v IN-m=1))

2. The value of gas constant (R) is different for different gases. In 5.1. units, its value for atmospheric
air is taken 287 J/kg K or 0.287 kl/kg K.

3. The equation p v =m R T may also be expressed in another form ie.

m L
p = ?RT—F}RT o i P

where p (rho) is the density of the given gas.

1.43 Specific Heats of a Gas

The specific heat of a substance may be broadly defined as the amount of heat required to
raise the temperature of its unit mass through one degree. All the liquids and solids have one
specific heat only. But a gas can have any number of specific heats (lying between zero and
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infinity) depending upon the conditions, under which it is heated. The

Fixed
following two types of specific heats of a gas are important from the | l . 2
R
i

subject point of view:

1. Specific heat at constant volume. It is the amount of heat
required to raise the temperature of a unit mass of gas through one
degree when it is heated at a constant volume. It is generally denoted U

shown in Fig. 1.8. Now, if this gas is heated, it will increase the
:;mperatu.re anr:i pressure of the gas in the container. Since the Iu;l_ of Fig. 1.8. Heat being
e container is fixed, therefore the volume of the gas remains supplied at constant
unchanged. volume.
Let m = Mass of the gas,
T, = Initial temperature of the gas, and
I, = Final temperature of the gas.
Total heat supplied to the gas at constant volume,
Q,, = Mass x Sp. heat at constant volume x Rise in temperature
=mc (T,-1T))
It may be noted that whenever a gas is heated at constant volume, no work is done by the
gas®. The whole heat energy is utilised in increasing the temperature and pressure of the gas. In
other words, all the amount of heat supplied remains within the body of the gas, and represents the

increase in internal energy of the gas. M

2. Specific heat at constant pressure. It is the amount of heat

required to raise the temperature of a unit mass of gas through one

degree, when it is heated at constant pressure. [t is generally denoted
by c .
P

by c,. " 4
Consider a gas contained in a container with a fixed lid as i

T
Movable |
SEf8T 1T T T 1 'l'_'-'l'14

Consider a gas contained in a container with a movable lid as | '.
shown in Fig. 1.9. Now if this gas is heated, it will increase the e
temperature and pressure of the gas in the container. Since the lid of i

the container is movable, therefore it will move upwards, in order to
counterbalance the tendency for pressure to rise.

Let m = Mass of the gas, Fig. 1.9. Heat being
T, = Initial temperature of the gas, supplied at constant
pressure.

v, = Initial volume of the gas, and
T,, v, = Corresponding values for the final condition of the gas.
*. Total heat supplied to the gas at constant pressure,
Q,, = Mass x Sp. heat at constant pressure X Rise in temperature
=mc,(T,-1))
Whenever a gas is heated at a constant pressure, the heat supplied to the gas is utilised for
the following two purposes :

*  We know that work done by the gas,
W=pdv=p(v,-v)
where p = Pressure of the gas, and
dv = Change in volume = v, — v,
When there is no change in volume, then dv = 0. Therefore W = 0.
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1. To raise the temperature of the gas. This heat remains within the body of the gas, and

represents the increase in internal energy. Mathematically, increase in internal energy,
dU = mc, (T,-T)
2. To do some external work during expansion. Mathematically, work done by the gas,
W,=pv,-v)=mR([T,-T)

It is thus obvious, that the specific heat at constant pressure is higher than the specific heat
at constant volume.

From above, we may write as

Q,=dU+W_, o Q,-W_,=dU
... (First Law of Thermodynamics)

1.44 Enthalpy of a Gas

In Thermodynamics, one of the basic quantities most frequently recurring is the sum of the
internal energy (/) and the product of pressure and volume (pv). This sum (U + pv) is termed as
enthalpy and is wntten as H. Mathematically,

Enthalpy, H = U + pv

Since (U + pv) is made up entirely of properties, therefore enthalpy (H) is also a property.
For a umit mass, specific enthalpy,

h=u+pyv,

where u = Specific internal energy, and
v, = Specific volume.
Note: We know that Q,, =dU+W _,=dU+pdv

When gas is heated at constant pressure from an initial condition 1 to a final condition 2, then change
in internal energy,

du = U, - U,
and work done by the gas, W, = pdv=p(v,=v)
0, = W-U)+p,-v)
= (Uy+pvy)) - (U +pv)=H,-H,
and for per unit mass, q,.. = hy-h,
Thus, for a constant pressure process, the heat supplied to the gas is equal to the change of enthalpy.

1.45 Ratio of Specific Heats

The ratio of two specific heats (i.e. ¢ /c ) of a gas is an important constant in the field of
Thermodynamics and is represented by a Greek letter gamma (). It is also known as adiabaric
index. Since c, is always greater than c,, therefore the value of 7y is always greater than unity.

We know that

c,—¢, = R or E‘F=EH+R
Dividing both sides by c,,

C
= R Wil or ‘r=l+£

) Cy Cy Cy
The values of c,, ¢, and y for some common gases are given below :
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CETRED values of ¢, and ¢, for some common gases.

S.No. Name of gas C, C, o E‘r_
(kJ/kgK) (k)/kgK) Cy
1. Air 1.000 0.720 " 1.40
p Carbon dioxide (CO,) 0.846 0.657 1.29
- § Oxygen (O,) 0.913 0.653 1.39
4, Nitrogen (N,) 1.043 0.745 1.40
- Ammonia (NH,) - 2.177 1.692 1.29
6. Carbon monoxide (CO) 1.047 0.749 1.40
T Hydrogen (H,) 14.257 10.133 1.40
8. Argon (A) 0.523 0.314 1.67 "
9, Helium (He) 5.234 3.153 1.66
10. Methane (CH,) 2.169 1.650 1.31

1.46 Entropy

The term ‘entropy’ which literally means transformation, was first introduced by Clausius.
It is an important thermodynamic property of a working substance, which increases with the
addition of heat, and decreases with its removal. As a matter of fact, it is tedious to define the term
entropy. But it is comparatively easy to define change of entropy of a working substance. In a
reversible process, over a small range of temperature, the increase or decrease of entropy, when
multiplied by the absolute temperature, gives the heat absorbed or rejected by the working
substance. Mathematically, heat absorbed by the working substance,

80 = TdS or dS=§E- ()
where I' = Absolute temperature, and

dS = Increase in entropy.

Note: The above relation also holds good for heat rejected by the working substance. In that case, dS
will be decrease in entropy.

The engineers and scientists use it for providing quick solution to problems dealing with
adiabatic expansion. The entropy is usually represented by §.

The adiabatic expansion on the temperature-entropy (7-5) diagram is shown by the curve
1-2 in Fig. 1.10.

The total change in entropy may be obtained by
integrating the equation (i) from state 1 to state 2.

2 2
_![d«'f =J; % ... (i)

The unit of entropy depends upon the unit of heat
employed and the absolute temperature. 3

Therefore, if the heat supplied or rejected is in kJ and r
the temperature is in K, then the unit of entropy is kJ/K. The :
entropy may be expressed in so many units of entropy Si
without assigning any dimensional units. Since the entropy

is expressed per unit mass of the working substance, it Fig. 1.10. Temperature-entropy
diagram,
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would be more correct to speak *specific entropyv. The absolute values of entropy cannot be
determined, but only the change in entropy may be obtained by using equation ().
Theoretically, the entropy of a substance is zero at gbsolute zero temperarure. Hence, in

entropy calculations, some convenient da