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Prefix

Today’s engineering students often struggle with attention during long lectures,
dislike note-taking, and miss recording key concepts. These issues are not solely the
students’ fault; rather, they point out the need for instructors to adapt their teaching
strategies. However, many university-level instructors — especially in engineering —
may not be well-equipped with educational psychology or classroom engagement
techniques.

One effective solution I’ve found through years of teaching and professional
experience is the use of a well-designed textbook. A book with clear explanations, real-
world examples, and dual-unit presentation can empower students to learn indepen-
dently and grasp complex systems with confidence.

While the ASHRAE Handbooks, SMACNA, and CARRIER references are
invaluable in professional HVAC practice, they are often too comprehensive and
fragmented for structured teaching. Therefore, this book was developed to bridge that
gap. Drawing from my two decades of experience in HVAC system design, university
teaching, and on-site engineering instruction, this book presents essential HVAC
content in a streamlined and practical format.

The book integrates real-world examples, including both SI and I-P units, to
align with global usage patterns. Mixed units often appear in engineering documents
across the US, Europe, and Asia, so this approach ensures the content is flexible and
globally relevant.

Examples' numerical values may slightly deviate from hand-calculated results
due to the use of automated software equations that do not round intermediate steps.
This decision reflects the accuracy and workflow common in professional engineering
practice.

I hope this book supports learners, educators, and professionals alike — making
complex HVAC knowledge both accessible and applicable.

Assistant Professor Dr. Nopparat Katkhaw
April 2025






Acknowledgments

This book was made possible through the encouragement and support of the
administrators of the Facebook group. I would like to express my sincere gratitude to
Mr. Patthana Mekkham, Mr. Suwatchai Jungjitdamrong, Mr. Nattapong Meema, Mr.
Jakkrapong Phrommool, Mr. Ekkul Khamsana, Mr. Chatchai Chutimaton, Ms. Rinlapat
Thapdireklap, Mr. Peerasut Chaisrimaneepan, and Mr. Wanchaileum Peerapatphoom
for their knowledge, advice, and valuable guidance in the process of writing this book.

I humbly dedicate this work to my father, Mr. Dilok, and my mother, Mrs.
Chaliao Katkhaw, who gave me both life and the opportunity for education. I also pay
my deepest respects to my teachers—Mr. Samart Methnawin, Mr. Kiri Thirasin, and
Mr. Atipong Nantaphan—and all my former supervisors who imparted to me their
expertise in the field of air-conditioning.

I would also like to thank my colleagues, my family, my wife, and my child for
their constant encouragement and unwavering support, which made this work possible.

Assistant Professor Dr. Nopparat Katkhaw
April 2025






Contents

CHAPTER1
Psychrometrics and Thermal Comfort

1.1 Dry Air and moist @ir .....cc.eeevveeriiieeniiieeniieeeiee e
1.2 Standard AtmoOSPhere.........cccvvveeivieeiiieciie e
1.3  Water Vapor Saturation Pressure...........cccceeevveerneennns
1.4 1deal Gas .....ccceeeceieeeiiieeieeee e
1.5 Properties of MOISt 1T .......ceevuveeriieeniieeniieeeiee e

1.5.1
1.5.2
1.5.3
1.5.4
1.5.5
1.5.6
1.5.7
1.5.8
1.5.9
1.5.10
1.5.11
1.5.12
1.5.13

Total barometric pressure, P ......ccceeeveeeeveeeeveeenns
Humidity Ratio or Mixing Ratio, IV ...................
Saturation Humidity Ratio, Ws.......ccccoovevuerienncee
Specific Humidity, 7....c.cccocveeiiieeiiieeieeeieeee
Absolute Humidity, dy ......ccoceevieeiiiiniieiieiee,
DenSity, 0. cceceeeeiieiieeieeieee e
Specific Volume, v.......cccoevvveeiiieeiiieeiieeeieeeee,
Degree of Saturation, ff........ccccceveeeerieeieennennnen.
Relative Humidity, ¢......cccoooveeviiiiiiiiiiieiee,
Dew-Point Temperature, f4......ccccoeevveeerveeennenn.
Enthalpy of Moist Air, Z1.....cccoecveveeveniineeenne.
Thermodynamic Wet Bulb Temperature, #*.......
Guidelines for Calculating Moist Air Properties

1.6 Psychrometric Chart...........cccceeeviiieniieeniieeeiie e
1.7 Typical Air-Conditioning Process ........cc.cccceveeuennee.

1.7.1
1.7.2
1.7.3
1.7.4

Sensible and Latent Heat ............ccccccoieeniinennn
Moist Air Sensible Heating or Cooling Process.
Moist Air Cooling and Dehumidification...........
Adiabatic Mixing of Two Air-Streams...............



viii

1.7.5 Adiabatic Mixing of Water Injected into Moist Air.........ccceeeevveeeveeennenn. 42
1.7.6  Adiabatic Heating and Humidification...........ccccceeveeviieniiencieeniienieeene, 52
1.7.7 Space Heat Absorption and Moist Air Moisture Gains............cccccvveenenee. 57
1.7.8 Adiabatic Chemical or Desiccant Humidification...........cccceeeevieneennenne. 60
1.7.9  Actual Cooling Coil ProCess........ccccueeriiieiiieeiiieeiiee et 67
1.7.10 Summary of Air-Conditioning Processes Line.........cccccecevveveriieneennenne. 69
1.8 Standard Air and HVAC ProCess........eeecuiieeiiieeiiiieeiieeeiee et 70
1.9 Analysis of Air-Conditioning ProCeSSES ........ceevvieriuieeriiieeniiiieriieeeiieeeieeeees 75
1.9.1 Typical A/C Room with Outdoor Air Intake at Unit Return.................... 75
1.9.2  Over Cooling and Reheat............cccoocviiiiiiiiiiiiniiiicceceee e 87
1.9.3 Fan Temperature RiSe........cccccccviiiiiiiiiiieeciee et 94
1.9.4  AlL Outside AQr SYStEIM.....cc.eeeuieiiieiieeiieeieeiee e ereeereereeseeeaeesereesee e 96
1.9.5 All Outside Air System and Negative Room Pressure..........c..cccccecuenee 100
1.9.6 A/C Room without Outdoor Air Intake at Unit Return ............c.ccccenee. 108
1.9.7 Dedicated Outdoor Air System (DOAS) ......cccooviiiiiiiiiieeeeee, 113
1.9.8 Pre-Cooling Outdoor Air SYStEM .......cccveereierciieriieeiienie e 119
1.10 Humidity Control During Part-Load Conditions ...........cccccccvveevivveenieeennenens 125
1.10.1 Variable Air VOIUME (VAV) c.ooiiiiiiieeiieeeeeeeeeee e 127
1.10.2 Face and ByPass .....ccccueeuieiiieiieiiieiieeeeee ettt 128
1.11 Air to Air Energy RECOVEIY ....ccuiiiiiiiiiieiiieceeeeeeeeee e 131
LIT.T HeAt PIPC .ttt ettt ettt sttt eaeeas 131
1.11.2 Run Around Coil........c.cooiiiiiiiiiniiiiieeeeee e 133
1.11.3 Rotary Hheat Wheel ...........ccoooiiiiiiiiiiiieeeee e 134
1.12 Thermal ComIOTt ......cceiiiiiiiiiiieiiee e 143
1.12.1 Human Thermoregulation............ccoeceeriienieniienieeieeie e 143
1.12.2 Comfort FACOTS .....coouiiiiiiiiiiieniecitetcete e 145
1.12.3 Occupant Thermal Comfort ..........cccceevviieiiiiiiiiiieiee e, 150
RETEIENCES ..ot 155

EQUALIONS ...ttt et e e tae e et e e e e e e e e e e reeeennaeees 158



iX

CHAPTER2
Cooling Load Calculations

2.1 INErOAUCHION.....ciiiiiieiie ettt et e e e e e e sseeeennaeenes 159
2.2 Cooling Load Calculation PrinCiples..........cccevveriiieriienieenieeiieeieeieeeee e 160
2.3 Preliminary Data for Load Calculations ............ccceeevieeeceiieeiiieeeieeeie e 162
2.4 Outdoor and Indoor Design Criteria ..........cevveeerueeriireeniiieeniieeriieenieeesieeenns 163
2.4.1 Outdoor Design Criteria ......c..cecureeiieeeiireeiiieeeiieeeieeeereeesveeesreeesveeenns 163
2.4.2 Indoor Design Criteria........cceerueeeieerieeiienieeieenieeieeneeereeseeereeseneennees 165
2.5 Thermal CondUCHIVILY ...cccueiieiieeiiie ettt eree e 166
2.5.1 Thermal Conductivity Coefficient of Materials ..........c.ccovevvievriennennnen. 166
2.5.2 Overall Heat Transfer Coefficient of Materials............ccccoeevveeriieennenn. 167
2.6 RTS Method for Nonresidential Buildings .........c.cccccveeviiieniiiiniiienieeeieens 170
2.6.1 Clear-Sky Solar Radiation ...........ccoceevueriininiiiniiniiicnienececeeceeeene 173
2.6.1.1. S0lar POSIHION ....ocueeuiiiiiiiieiiciieiceie st 173
2.6.1.2. Clear-Sky Solar Radiation...........ccccecveriiiiinieniiniinieneeieeecneceeniens 179
2.6.1.3. Solar Incidence Angle on a Surface .........cccoecveeevveviiecieniieieeieee. 184
2.6.1.4. Solar Radiation Incident on a Surface..........cccccveeveiveeeciieenciieeeieeee, 187
2.6.2 Heat Gain Through Exterior Surfaces ...........ccocceeeeveencieiniieenieenieees 192
2.6.3 Partitions, Ceilings, and Floors Transmission ..........cccceeeeevieeiiieneennen. 200
2.6.4 Heat gain through fenestration...........cccccceeeviieniieeeiieecie e 202
2.6.5  OCCUPANLS ...etiiiiiieeiiie ettt ettt ettt et e st e e st e e sabeessabeessareeeaas 206
2.6.6  LIGMEING.....coiiiiiiii ettt et e e e 211
2.6.7  IMOTOT .ttt ettt sttt st 213
2.6.8  APPHANCES ....oeieiiiieiiieeiie ettt ettt ere e e snree e 218
2.6.8.1 Cooking APPLIANCES ........eevvieruiiiiieeiieiie ettt 218
2.6.8.2 Hospital and Laboratory Equipment ............cccccveeviiieniieeniieenieeeee, 221
2.6.8.3 Office EQUIPMENT .......ooiuiiiiiiiiieiieeieeee e 222
2.6.8.4 Electrical Power Equipment...........ccccoovveeiiieeiieenieecie e 223
2.6.8.5 Elevator Machine ROOM..........coceeviiriiniiiiiniiniiienieeceeeeees 224
2.6.9  SUPPLY DUCE LOSS..ccuiiieiiieeiiiecite ettt envee e 225
2.6.10 Infiltration and OUtdOOr Ail.......ccceevuiiriiieriiiiieieeieee e 225
2.6.10. 1 INFIration......oouiiiiiiiiecee s 225
2.6.10.20ULAOOT AT .eviiiiiieriieieeeetete ettt ettt ettt e 225
2.6.10.3 Determination of Outdoor Air QuUantity........ccccceeeeveerciveeriveeercneeennne. 228
2.6.11 Cooling Load Calculation............cceeveeeiienieiiiienieeieeie e 244
2.6.12 Time of Peak Heat Gain ..........cceecvieviiieiieiiiiiieieeieee e 250
2.7 DIVETSIEY c.uviieiiieeeiieeeiee e eee et ee et e e stte e et e e etaeeeateeesaeesnsaeesssaeeessaeeassaeeenseeenns 251
2.8 Web Application for RTS Cooling Load Calculation.............ccceveeuerrenenne 252
2.9 Residential Buildings ..........ooouiiiriiiieiiiieiieecieeeee e 253
RETEICIICES ...eneiiiiieiie ettt ettt et et e e beeeeaeeneeas 256

EQUALIONS ...ttt et e et e et e e e e e raeeenaaeenns 257



CHAPTER3
Cooling Load Calculations

3.1 INErOAUCHION ....cciiiiiciieccee ettt e e e et e e e e e naeeeanes 259
3.2 TerMINOLIOZY ...eeiuiiieiiieeiiie ettt ae e e tae e e e e s e e e ennaeeens 260
3.3 AIT OULIEES .ottt et 262
3.4 Selection Of AIr OULICt .....cccuvviiiieiiie e e 266
3.4.1 Throw MeEthOd .......c.oooeviiiiieieiee e 266

R I 3 D ) (o] o J SRR 274
3.4.3 Air Diffusion Performance IndeX ............ccccooeviiiiiiiiiiiiiciieccceee e 275
3.4.4 NOISE CONSIIAINTS.....cuviiiieiiiieeeecieee e et e eeeee e e eeeaeeeeeetae e e e eeaaeeeeeeaaeeaeas 288
3.5 Industrial Ventilation .............ccoooeiiiiiiiiiiii e 292
3.5.1  Velocity COONE....cc.evviriiiiiiiiniieieetcet ettt 292
3.5.2  Other Ventilation .........c...ccoeiieiieiiiieeciee et 296
3.6 Return @ir @rille .....cccveieiiiiciiece e 297
3.7 Exhaust Air Grille and Exterior Wall Louver.............cccooveiiiiiiiiiiiiieeee, 302
RETCTOICE ... et e e 305
EQUAtIONS ...ttt e e e e enae e 306

CHAPTER4
Duct Design

4.1 Energy EQUatiOn.........ccocieiiiiiiiiiieiieeiee e 307
4.2 Head and Pressure..........ccouviiieiiiiic et 311
4.3 Pressure Variation in Duct SYStemS.........c.eevieriienieniieiienieeieeee e 313
4.4 Total Pressure LOSS .....ooiiiiii it 317
4.4.1  FrICtION LOSS ..veiiuiiieiiieeiie ettt ettt e etae e e e e e saree e 317
4.4.2  DyNamiC LOSSES.....cccvuiiiiuiieiiiieeiieeeieeeeieeesteeesteeesveeeeaeesaaeessneesseeenns 329
4.4.2.1 FItNg LOSS.cueieiieiieeiieiieeie ettt ettt et e e e saaeennees 329
4.4.2.2 AT GrIIES . ...ooiiiiiiieeeeeee e 343
4.4.2.3 EQUIPMENE ..oviiiiiiiieeiieiieeie ettt ettt et e e enneas 352
4.4.2.4 System EffeCt .....oooviuiiiiiieceeee e 352
4.4.2.5 Effect of Density on Pressure LosS ......cccooveviieriieniieniieniieieeieeeen 358
443 Critical Path ........cccooiiiiiii e 358
4.5 DUCE DESIZN ..ottt ettt ettt ennees 365

4.5.1 Duct Shape SeleCtioN ........ccccuiieeiiiieiiieeciee ettt eee e eaeeesaee e 365



4.5.2 Design Recommendation...........cccceecueieiiiieiiieeiiie e eeiee e 366

4.5.3 Duct Classification and Duct VEIOCIty .......c.cccvvvviierieeciienieeiieeieeiene, 367
4.5.4 Design Methods .......c.eiviiieiiiiieeiieecee et 369
4.5.5 DUCE SIZING .eoovviiiieeiiieiieeie ettt ettt ettt e aaeeseesaae b e e 371
4.5.6 Industrial Exhaust System .........cccccocviiiiiiieiiieeiiie e 387
4.6 DUCt INSUIAtION ...c.eiiiiiiiieiiieeeee et 391
4.7 Terminology CONfUSION ......ccccuiiieiiieeiiieeeiiee ettt eee e e e eree e sreeesree s 396
RETEIENCES ..ot 397
EQUALIONS ...ttt e et e et e e e e e e e e e e e e ennaeens 398
CHAPTER5

Fan and Systems

T B B 1 ot A ] (1 USSR 401
5.1.1  DUCt-SyStem CUIVE....ccuveieiiieeiieeiiieecieeeeseee et eiee e e eiee e aeeeesee e 401
5.1.2 Combined duct SYSteMm.........cccuerieruiriinieiieiiiniteieeteeee e 402
5.1.3  SYSEIM CUIVE..c.uviiiiiiieeiie ettt ettt eeaee e e e e beeenanes 404

TR o | D RS 413
52,1 FanS TYPe..ueiieiiiiieiie ettt et ettt e e aee e e e e e nnes 413
5.2.2  Fan POWET .c.oiiiiiiiiiiie e 423
5.2.3 Fan Testing and Rating ..........ccceecuieiiiniiiiiiiiieieeeeeee e 429
524 AffINILY LAWS.cciiiiiiiiiiie et 431

5.3 Fan and System INterface..........cceeeiuiiiiiiiiiiie e 434
5.3.1 Fan and SyStem......c..covcuiiiiiiieiiieciie et 434
5.3.2 Operating POINL......ccocuieiiiiiieiieie e 436
5.3.3  System Effect......coooiiiiiiiiie e 443

5.3.3.1 System Effect at Fan Outlet Duct..........ccccoooiiviiiiiiniiiieieeeee 444
5.3.3.2 System Effect at Fan Inlet Duct .........cccocovveiiiiniiiieeeeeeeeeen 449
5.3.3.3 System Effects of Factory-Supplied Accessories.........ccceevverrueennnnnn. 455

54 Fan SeleCtiON........coiiiiiiiiiiiiiieieee et st 462

5.5 Multiple Fan Operation..........ccccueeeuieruieeiiienieeiienieeieesee st see e see e enee e 465
5.5.1 Combining Fan Performance Curves...........cccocuveevvreevieeniieeeieeeveeeee 465
5.5.2 Parallel Fan Operation ...........cccoecueeviieniiieiiienieeiieeieeieeeee e see e ens 466
5.5.3  Series Fan Operation..........ccceeecueeeiiieeiieeeiiieeriee et eeceeeeeieeeeveeesvee s 468

5.6 Fan Rotation DIr€CtiONS ......c..ececuiiieiiieiiieeeiie ettt e 469

RETEIENCES ...t 472

EQUALIONS ..ottt st 473



Xii

CHAPTERG

Pipe Design
6.1 Energy Equation, Head, and Pressure...........cccccveeviiieiiieecieeeieeeeeeeee e 475
6.2 Pressure or Head LoSS....cc.cooiiiiiiiiiiiiiiiiceececceeeeecee e 478
6.2.1  FIICtION LOSS .ooiuviiieiiieeiie ettt 478
6.2.2 Valve, Fitting, and Equipment LOSSES ..........ccceoveriirriieniieniienieeiieeins 486
6.3 PIPING SYSLEIM ...ueviiiiiieciee ettt e s raeeens 500
6.3.1 Types of Water Piping SyStemS.........cccveevuieriieniieniieiieeieeieesee e 500
6.3.2 Chilled Water Distribution Systems ..........ccccceceevuerrienienennieneeneeieneenne 501
6.3.3 Chilled Water Piping Arrangement .............cceevveerveerreeeieeeneesveenneennens 505
6.3.4  EQUIPIMENL.....coiiiiiiiiieieiie ettt et e e e ae et e e e raeeeaeeeearee e eseeeans 508
0.3.4.1 Valves and ACCESSOTIES .......evueererieriieiieieniienteetesieenieeeesseeneeeaeseeens 508
6.3.4.2 Fan Coil Unit and Air Handling Unit........c..cccceoiiniininiiniininiennns 512
0.3.4.3 ChlIETS ..eueiiiiiieiece e 513
0.3.4.4 CoOliNG TOWET ......oriiriiiiiiiiiietertereee ettt 514
6.3.4.5 Expansion Tank and Pressure Control in Piping Systems ................ 516
6.3.4.6 Buffer Tank ..........cceeviiiieiiiieciee e e 525
6.4 PIPE DESIZN ...eeeiniiieiiiiecieeee et 527
6.4.1 Basic EQUAtIONS .....ccccuieiiiiiiieiieeie et 527
6.4.2 Chilled Water FIow Rate .........ccoceoiiiiiiiiiiiccecec, 528
6.4.3 Condenser Water Flow Rate...........cccoooiiiiiiiiiiiiieeeee, 534
6.4.4  PIPE DESIZN ..coiiiiiiiiiiiciie ettt et 536
6.4.5 Condensate DIain..........coceeveriiiriiniiiiitciectee e 548
6.5 Pipe INSUIAtION ....ooviiiiiiiiiieiecce e 551
6.6 MaAKE-UP WALET ....ooiviiiiiiieciee ettt e e tee e e ae e e e e nraeeens 555
RETEIENCES ..ottt 558
EQUALIONS ...ttt et e ettt e et e e e bt e e s bee e earaeeeereeeeaneeenns 560

CHAPTER7

Pump and Systems

7.1 PIPING SYSTEIM .oiiiiiiiiiiieiie ettt ettt et e st teesbeessaesabeennaeens 563
7.1.1  Piping SyStEM CUIVE ...oeieiiieeiieeieeeciee ettt eee e aee e eeeree e 563
7.1.2  Combined Piping System CUIVE........ccceevuieriieriienieeiieeieeice e 564
7.1.3  SYSEIM CUIVE..c.eviiieiieeeiie ettt ettt rte e et e e e aeeeeee e e aeeeeaaeesbeeeesseeennnes 566

7.2 Centrifugal PUMP .....ooiiiiiiiiiiiiiec e 571
721 PUMP TYPC.iiiiiiiiiiieiiiie ettt et e et e e et e e e e e e e ennaeeeeas 571

7.2.2  PUMP POWET ..ottt 573



7.2.3  Pump Performance...........cccoueeeiiiiiiiieiiieeceee e 578
724 AFFINIEY LAWS.cociiiiiiiiieieceeee ettt st ens 580
7.3 Pump and System INterface ...........ccoeeviiieiiiieiiie et 583
7.3.1  Operating POINL.......cccueeiieiiieiieeie ettt ae e ens 583
7.3.2  Cavitation and Net Positive Suction Head............ccoooeeniiiiiniiininnnnn, 596
7.3.3 Heat Generated by PUMPS ......c.oooiiiiiiiiiiiiieiiceeeeee e 607
B 1110 I 1) (o1 10§ USSR 608
7.5 Multiple Pump Operation .........cccceeceeerieeeniieeniieenieeeeeeeieeeseeeesieeesvee e 610
7.5.1 Combining Pump Performance Curves ..........cccceevvreevieeecieeecrieeereeeene 610
7.5.2  Parallel Pump Operation..........ccccueevueerieeiiienieeiieeieeieeeeeeieeseeeveesnneens 610
7.5.3  Series PUmpP OPeration ..........ccceecueeriierieeiiieniieiiesie e see e 619
7.5.4 NUMDET Of PUMPS ...oovviiiiieiiieiiecie ettt ens 619
A I 07} 113 (o) N 015 USRI 620
7.7 Pump InStallation ..........cceeeviieiriiiiiiiee e 625
RETETEICES ...eiiiiiieciie ettt e e e e aae e et e e s ba e e s beeesasaeessseeessseeenns 627
EQUALIONS ...ttt ettt te e st e e et e e s bae e nabee e e 628
CHAPTER8
Ventilation

8.1 INtrOAUCHION ....cciiiieiiie ettt ettt e e e e e e re e e easeeeensaeeens 631
8.2 Fundamental..........ccooiiiiiiiiiiiii e 632
8.2.1 Indoor and Outdoor Air Quality Criteria........cccceevverriieneeeiiienieeieenieans 632
8.2.2  TermiNOIOZY .....oevouiiieiiieeiieeeiie ettt e e eare e e e e s 633
8.2.3 Dilution of Contaminants .............ccceereerieenieeiiienie e 635
8.2.4 Contaminant Dilution to Prevent Explosions .........ccccceevveeviieencieeennnnn. 637
8.2.5 Temperature CONtrol.........cccoioiieriiiiiiiiiieiiieie e 639
8.2.6 Outdoor Air and Natural Ventilation...........cccceevvveevieeecieeeiieeeeeeeenn 640
8.2.7  Stack EffECt....cc.eeiiiiiieeiieieee e 643
8.3 General OccuPIEd SPACES ....eeeevvieeiiiieeiieeeiee ettt 648
8.3.1 ASHRAE Standard 62.1 .........ccccoeiiniiiiiiiniiiecceeeeeeeee e 648
8.3.1.1. Outdoor Airflow Rate.........cccvveviiiiiiiieiieeeeeeeee e 648
8.3.1.2. EXNAUSE ATl ..ccuiiiiieiiiiiieeie ettt 656
8.3.1.3. Outdoor Air Supply and Exhaust Based on Pressurization............... 657
8.3.2 ASHRAE Standard 62.2 ..........cccoovuiiiiiiiiiniieeieeeeeeeeeee e 658
8.3.2.1. Total Ventilation Rate ..........c.eevvuiiiiiiiiiiiieiieeeeeeeee e 658
8.3.2.2. Local EXhaust .......cccoeviiiiiiiiiiiiieee e 659
8.3.2.3. Additional ReqUIrements............cceeeevieerieeeiiieenieeeeeeeeeeeieeeevee e 660

8.3.3 Legal ReqUITeMENtS ........cocuiiiiiiiiiiiiiiiii e 665



Xiv

8.4 Health Care FACIItIes.......ccouviiiiiiiiiieecieie e e 666
8.4.1 Minimum Outdoor ACH and Minimum Total ACH..........cccccuvvvveerennnn. 666
8.4.2 Air Leakage Due to Pressure Difference..........c.coceeeieriieciiencieeninennnn, 667
8.4.3 Analysis of Ventilation SysStem .........cccccccveeiviiieiiieeiieeeieeeee e 668
8.4.4 ANl FIITAtION ....oveiiiiiiii e e 674

8.5 Location Of Al OULIEES ....uvvviiiiiiiie e 675

8.6 Machinery ROOMS .....c..coiuiiiiiiiieeiieiie et 676
8.6.1 Temperature Control.........cccccciieeiiiiiriiiieiiie e 676
8.6.2 Refrigeration Machinery ROOMS ..........ccccceevuiieiieniiiiiiiiiciieceeieeens 677
8.6.3 Generator ROOM...........oi 678
8.6.4 Air Compressor ROOM.........cocuiiiiiiiiieiieiiieiieeie et ens 683

8.7 Commercial KitChen .......coouvviiiiiiiiiiii e 684
B.7.1  INtrOAUCHION. ... .uvviiiiiiiiie ettt et eaaeee s 684
8.7.2 Kitchen Exhaust Hoods and Flow Rates .........cccoeevvvvviiiiiiiiiiiiiiieeeen, 685
8.7.3  RePlaCemMENt Al ....cccueeeiieiieeiieeiieeie ettt ettt e ebeesaeeseesane e 688

RETEICICES ...ttt e et e e e e s s et ae e e e e e 693

EQUALIONS ...ttt ettt e e e e nee e 694

Appendix

.

UIES et ettt et ettt 697
CONVETSIONS FACTOTS ......ouoiviiiiiiieeeeeeeeeeeeeeeeee ettt 699
Index




Psychrometrics involves the analysis of air thermodynamic properties for appli-
cation in heating, ventilation, air-conditioning, and refrigeration (HVAC&R) systems.
This chapter explains the properties of moist air and the basic processes related to it in
HVAC applications, including ideas about thermal comfort and environmental factors
that influence how comfortable people feel.

11 Dry Air and Moist Air

At standard atmospheric conditions, ambient air contains water vapor as part of its
composition. This air is defined as a mixture of dry air and water vapor, commonly referred
to as moist air. Moist air can contain water vapor up to its saturation limit, referred to as
saturated air. If additional water droplets are introduced into air that is already saturated,
the droplets will not evaporate but will either settle or remain suspended as mist. When the
temperature of the saturated air decreases, condensation occurs, forming fog or dew.

Dry air and water vapor behave independently. Under typical atmospheric con-
ditions, dry air remains in the gaseous state and cannot be liquefied by pressure alone.
Therefore, the ideal gas law is applicable for dry air analysis. In contrast, water vapor
exists in gaseous, liquid, or solid phases and can condense under pressure alone. As a
result, its thermodynamic properties are more complex and must be determined experi-
mentally.

Dry air is defined as air free of water vapor and contaminants. The thermody-
namic properties of dry air and water vapor vary with altitude, temperature, and
pressure. At sea level, dry air usually contains these gases in the following amounts:
nitrogen (78.084%), oxygen (20.947%), argon (0.934%), carbon dioxide (0.0314%),
neon (18.2 parts per million), helium (5.2 parts per million), methane (2.0 parts per
million), krypton (1.1 parts per million), hydrogen (0.05 parts per million), xenon
(0.009 parts per million), ozone (0.007 parts per million), nitrogen dioxide (0.002 parts
per million), and iodine (0.001 parts per million), plus small amounts of carbon
monoxide and ammonia (Harrison, 1965).
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1.2 Standard Atmosphere

Air temperature and barometric pressure vary with elevation. A standard atmos-
phere is established as a reference baseline for calculations at various elevations above
sea level. Standard atmospheric conditions at sea level are defined as 15°C (59°F) and
101.325 kPa (14.696 psia). Temperature is assumed to decrease linearly with elevation.
Based on this standard atmosphere, the relationship between pressure, temperature, and
elevation can be expressed using standard atmosphere equations (ASHRAE Handbook
2021).

p=101.325(1 — 2.25577x1072)>>% SI (1)
p=14.696(1 — 6.8754 x107°2)>>>% P (1)
t=15-10.0065Z SI (2
t=59-0.0035662Z P (2

where p = barometric pressure, kPa (psia)
Z = altitude, m (ft)
t = temperature, ‘C ('F)

Equations (1) and (2) are valid only for elevations from —5000 m (—15,000 ft)
to 11,000 m (33,000 ft) above sea level. The pressure-elevation relationship described
by these equations is used to support psychrometric property calculations.

At sea level, the standard atmosphere assumes dry air with a composition that
remains constant with elevation. However, actual atmospheric conditions may vary
with geographic location, seasonal changes, and weather phenomena. These equations
provide a reliable basis for calculating thermodynamic properties of air and moist air
mixtures. They are especially useful in psychrometric analysis and in the design of
HVAC systems for varying elevations, where changes in pressure and temperature
significantly affect equipment performance and capacity sizing.
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1.3 Water Vapor Saturation Pressure

Determining the properties of moist air requires obtaining the saturation pressure
of water vapor, using air temperature to retrieve saturation pressure from steam tables.
Alternatively, the following equation may be used (Hyland and Wexler, 1983).

For the temperature range of —100°C to 0°C (—148°F to 32°F);

In pws = CI/T+Co+ C3T+Cy TP+CsTP+CeT*+C7InT ~ Sland IP (3)

where SI unit IP unit

DPws = saturation pressure, Pa pws =  saturation pressure, psia

T = absolute temperature, T = absolute temperature,
K =°C +273.15 R ="F +459.67

G = - 5.6745359 x 10° Ci = -1.0214165 x 10*

G = 6.3925247 C: = -4.8932428

G = -9.677843 x 1073 C; = -53765794 x 107

G = 6.2215701 x 107 Cs = 1.9202377 x 107

Cs = 2.0747825 x 107 Cs = 3.5575832 x 107"

Cs = -9.484024 x 1071® Cs = -9.0344688 x 107

¢ = 4.1635019 C; = 41635019

For the temperature range of 0° to 200°C (32°F to 392°F);

In pys = Cy/T+Co+CioT+C11 T+C12T+Ci3InT SI and IP 4
where  SI unit IP unit

Cs = -5.8002206 % 10° Cs = -1.0440397 x 10*

Co = 13914993 Co = -1.1294650 x 10!
Cio = -4.8640239 x 10 Cio = -2.7022355x 1072
Cii = 4.1764768 x 107 Cn = 1.2890360 x 107
Cn = -1.4452093x10% Cn = -2.478068 x 10?

Ciz = 6.5459673 Ciz = 6.5459673

The saturation pressure of water vapor (p.ws) refers to the saturation pressure of
pure water vapor without any mixture of air. This pressure depends solely on
temperature and differs slightly from the actual vapor pressure (ps) of saturated moist
air at the same temperature. Therefore, if the actual vapor pressure of saturated air is
known, other thermodynamic properties of the water vapor can be determined.
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14 Ideal Gas

In the analysis of moist air, the ideal gas equation can accurately determine the
components of dry air, water vapor, and moist air, especially at pressures near atmos-
pheric pressure. For a mixture of ideal gases, Dalton’s Law states that all gas and vapor
molecules occupy the same volume, and the total pressure of the mixture is equal to the
sum of the partial pressures of each component. Therefore, the pressure of moist air is
equal to the sum of the partial pressures of dry air and water vapor.

When air and water vapor behave as ideal gases, the ideal gas law and Dalton’s
law describe the behavior of the mixture as follows:

Dry air (da); PpdaV = naaRasT SlandIP  (5)
Water vapor (w); pwV =nwR,T SI and IP (6)
where p = partial pressure, kPa (psia)

V = total mixture volume, m?® (ft)

n = number of moles
R = universal gas constant, 8314.472 J/kmol-K, (1545.349 ft-1b¢/Ibmel- R)
T = absolute temperature, K ('R)

1.5 Properties of Moist Air

Using the ideal gas law and the saturation pressure equation for water vapor,
the ASHRAE Handbook (2021) provides the following methods to determine other
properties of moist air:

15.1 Total Barometric Pressure, p

Typical measurements of moist air pressure indicate that the measured value is
the total barometric pressure, which equals the sum of the partial pressures of dry air
and water vapor, as expressed in the following equation:

P =Pdat pw SI and IP (7

Substituting these values into the ideal gas law yields the properties of moist air
as follows:
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(pdat pw)V = (naa+ nw)RT SI and IP (8)
where ng4,+ ny1s the total number of moles in the moist air.

Based on Equations (5) through (8), the mole fractions (x) of dry air and water
vapor in moist air are determined as follows:

Xda = Pda! (Pda+ Pw) = Pdd/p SI and IP 9)
Xw :pw/(pda +pw) :pw/p SI and IP (10)

15.2 Humidity Ratio or Mixing Ratio, W

The humidity ratio is defined as the ratio of the mass of water vapor (M,,) to the
mass of dry air (Maa), as given by the following equation:

W= M/ Maq SlandIP  (11)

The humidity ratio (W) is expressed in kg,/kga. (Ibw/1bgs in IP units) and is equal
to the ratio of mole fractions (xw/x4) times the ratio of molecular weights (18.015268/
28.966), as shown in the following equation:

W= 0.621945 x,/Xda SlandIP  (12)

Based on Equations (9), (10), and (12), the humidity ratio is determined as fol-
lows:

p
W=0.621945 pu/pa. = 0.621945})—_2 SIandIP  (13)
w

15.3 Saturation Humidity Ratio, W

The saturated humidity ratio is the humidity ratio of air saturated with respect
to water or ice at the same temperature and pressure. It is determined by the following
equation:

P
W =0.621945 —— SlandIP (14)
P =Dy

154 Specific Humidity, y

Specific humidity is the ratio of water vapor mass to moist air mass, as given
by the following equation:

Y = Myw/(My + Maa) SlandIP  (15)
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The following equation also expresses it in terms of the humidity ratio:
y=WI(1+ W) Sland IP  (16)

155 Absolute Humidity, d,

Absolute humidity, or water vapor density, is the ratio of water vapor mass to
moist air volume, as given by the following equation:

dv=M,V Sland IP  (17)

15.6 Density, p

Density is the mass-to-volume ratio of moist air, as shown in the following equa-
tion:

p=My+ Mz)/V=_>~0N)(1+ W) SlandIP (18)

where v is the specific volume of moist air, in m*/kgs, (ft*/Iba, in IP units)

15.7 Specific Volume, v

The specific volume is the volume of moist air per unit mass of dry air, as shown
in the following equation:

v="VIMa.= VI/(28.966n4,) SlandIP (19)

From the ideal gas equation (Equation 5) and the total pressure equation (Equa-
tion 7), the following equation is derived:

RT Ry, T
v = =
28.966(p -p,) p-p,

SlandIP  (20)

From Equation (9), the following is obtained:

_ RT(1+1.607858/) Ry, T(1+1.607858 1)
- 28.966p B p-p,

v SlandIP  (21)

Substituting the value of R into the equation, the following equation is obtained:

v =0.287042(¢ + 273.15)(1 + 1.607858W)/p SI (22

v =0.370486(¢ + 459.67)(1 + 1.607858W)/p P (22)
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where v = specific volume, m*/kgq, (ft*/1bas)
t = dry bulb temperature, “C ('F)
W = humidity ratio, kgu/kga. (1bw/1bda)
p = total pressure, kPa (psia)

15.8 Degree of Saturation, p

The degree of saturation is the ratio of the actual humidity ratio (W) to the satu-
rated humidity ratio (W;) at the same temperature and pressure, as shown in the follo-
wing equation:

w= Wiw Sland IP  (23)

For dry air, the degree of saturation and relative humidity are zero.

159 Relative Humidity, ¢

Relative humidity is the ratio of the mole fraction of water vapor to the mole
fraction of saturated water vapor and equals the ratio of the actual water vapor partial
pressure to the saturation vapor pressure at the same dry-bulb temperature and pressure,
as shown in the following equation:

¢ = Xyl Xws :pw/pws SI and IP (24)
Alternatively, it is expressed in terms of the degree of saturation as follows:

b= s STandIP  (25)

1-(1-wW,p)

15.10 Dew-Point Temperature, #;

Dew point temperature is the temperature at which air becomes saturated at the
prevailing pressure. At this temperature, water vapor begins to condense. A common
example is the formation of water droplets on the surface of a glass of ice water. This
phenomenon occurs because the glass surface is at a low temperature, causing the moist
air to cool to its dew point, leading to condensation.

The saturation vapor pressure at the dew point temperature (pws(t4)), is deter-
mined using the following equation:

Pus(td) = pw= (p/W)(0.621945 + ) SlandIP  (26)

where p, = partial pressure of water vapor
Pws(t4) = saturation vapor pressure at the dew point temperature
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The saturation vapor pressure at the dew point temperature (pws(%4)), is obtained
from Equations (3) and (4). Peppers' equation (1988) determines the dew point tempe-
rature as follows:

Between dew points of 0°C to 93°C (32°F to 200°F):

ta= Cia+CisatCisa’+Cria’+Cig p 1% SlandIP  (27)
Below 0°C:
ta=6.09+12.6080+0.49594> ST (28)
ta=90.12+26.1420+0.89270> IP  (28)
where SI units IP units
ta = dew-point temperature, 'C t; = dew-point temperature, ‘F
o = Inpw o = Inpy
pw = partial pressure, kPa pw = partial pressure, psia
Cu = 654 Cis = 10045
Cis = 14.526 Cis = 33.193
Cis = 0.7389 Cie = 2319
Ci7 = 0.09486 Ci7 = 0.17074
Cigs = 0.4569 Cis = 1.2063

15.11 Enthalpy of Moist Air, /

The enthalpy of moist air is the sum of dry-air enthalpy and water vapor enthalpy,
as shown in the following equation:

where  ha, = specific enthalpy for dry air, kJ/kgs. (Btu/1baa)
he = specific enthalpy for saturated water vapor, kJ/kgi. (Btu/lba)

The ASHRAE Handbook (2021) gives the equation to estimate the enthalpy of
dry air at different temperatures:

haa ~ 1.006¢ SI  (30)

haa ~ 0.240¢ P (30)
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For water vapor at 0°C (32°F), it has an enthalpy of 2501 kJ/kg (1075 Btu/lb,,)
and a specific heat capacity of 1.86 kJ/kg-K (0.444 Btu/1b,-F). Therefore, the enthalpy
of water vapor is approximated using the following equation:

he~ 2501 + 1.86¢ SI  (31)
he~ 1075 + 0.444(t — 32) IP
he~ 1061 + 0.444¢ P (31

where ¢ = dry-bulb temperature, ‘C ('F)

Substituting /44, and A into the equation, the specific enthalpy of moist air is
obtained as follows:

h = 1.006¢ + W(2501 + 1.86%) SI (32

h=0.240¢ + W(1061 + 0.4447) P (32)

15.12 Thermodynamic Wet-Bulb Temperature, ¢*

The wet-bulb temperature process can be illustrated by considering moist air
flowing into a long, insulated duct that contains water. As the air moves through the
duct, water evaporates into the air, increasing both the humidity ratio and the enthalpy
of the air until the air becomes saturated at the water temperature, without heat transfer.
This process is known as adiabatic saturation. The saturated air exits the duct at a
temperature called the thermodynamic wet-bulb temperature (t*).

From the first law of thermodynamics, the following is obtained:
h+ (W, ~W)K, =h; SlandIP  (33)

where W:, h:, and h: are the properties at temperature #* and hjv is the enthalpy
of the water that evaporates into the air.

When using a psychrometer to measure wet-bulb temperature, air passes over
the wetted tip of the bulb. Water evaporates into the air, drawing heat from the water
and bulb, lowering its temperature. The procedure is not an adiabatic saturation process
because heat is exchanged with the environment. Therefore, the measured temperature
is called the psychrometric wet-bulb temperature. In the case of a sling psychrometer,
the instrument must be rotated to maintain airflow over the bulb at approximately 0.45
m/s (90 fpm) and long enough to reach thermal equilibrium.
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Moist air at near-atmospheric pressure has a thermodynamic wet-bulb tempera-
ture approximately equal to the psychrometric wet-bulb temperature. Therefore, Equa-
tion (33) is still useful for determining other air properties.

Water enthalpy increases with temperature. At 0°C (32°F), it has zero enthalpy
and a specific heat capacity of approximately 4.186 kJ/kg-K (1.0 Btu/lb,,-°F). Therefore,
water enthalpy at different temperatures is approximated as follows:

h, ~4.186f" ST (34)
h =t —32 P (34)
From Equations (33) and (34), the humidity ratio is determined as follows:

(2501 —2.326¢") W, — 1.006(t — 1)
a 2501 + 1.86t—4.18¢"

SI  (35)

(1093 - 0.556¢™) Wy —0.240( ~ 1)
B 1093 +0.4441 —¢*

P (35)

where ¢ = air temperature, °C (°F)
t* = wet-bulb temperature, °C (°F)

Equation (35) is used to determine the wet-bulb temperature. However, it is
nonlinear and requires iterative solving. Roland Stull (2011) proposed an equation for
calculating the wet-bulb temperature based on the dry-bulb temperature and relative
humidity, as shown in Equation (36). This equation is applicable for moist air at a
pressure of 101.325 kPa. It provides accurate results when the relative humidity is
between 5%RH and 99%RH and the temperature ranges from —20°C to 50°C. The
associated error ranges from —1°C to +0.65°C, with a mean absolute of error less than
0.3°C.

£*= tatan[0.151977 (RH%+8.313659)"*]+ atan (++RH%) — atan(RH%—1.676331)

+0.00391838 (RH%)>? atan(0.023101RH%) — 4.686035 SI  (36)

where t* = wet-bulb temperature, 'C
t = dry-bulb temperature, "C
RH% = relative humidity (100¢)

atan = arctangent function expressed in radians
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The wet-bulb temperature is limited to a maximum equal to the dry-bulb tempe-
rature when the air is saturated.

15.13 Guidelines for Calculating Moist Air Properties

Thermodynamic properties of moist air are interrelated. If two or more proper-
ties are known, the remaining properties can be determined. Based on the above equa-
tions, two principal methods are used to evaluate moist air properties when a subset is
known:

Method 1: If the dry-bulb temperature (¢), relative humidity (¢), and air pressure (p) are
known remaining properties are determined using the chart in Figure 1.1.

/4 Dew-point
temperature, ¢,

Equation 27 or 28

¢t . | Water vapor sat.
PIeSSure, py — Ly Enthalpy, A

Equation 3 or 4

Equation 32

IW*

Pr ! Humidity ratio, W

Dry bulb
temperature, ¢

|

Partial pressure of
water vapor, p,,

Relative
humidity, ¢

Equation 24 Equation 13

\A/4

t »
g Specific volume, v

Total Pressure,
p

Partial pressure of
dry aira DPda

Equation 22

Equation 7

Wet bulb
temperature, ¢*

Equation 35 and p,,;
or 36

Fig. 1.1 Flowchart for Determining Moist Air Properties Given ¢, ¢ and p
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Method 2: If the dry-bulb temperature (£), wet-bulb temperature (¢*), and air pressure (p)
are known, remaining properties are determined using the chart in Figure 1.2.

_ | Water vapor sat.

Dry bulb
temperature, ¢

pressure, p,.(*)

Water vapor sat.
pressure, p,,(?)

Pus(D)

Equation 3 or 4

Equation 3 or 4

Wet bulb
temperature, t*

Total Pressure,
p

Sat. humidity
ratio, W, *

Sat. humidity
ratio, W,

Equation 14

Equation 14

e
Humidity ratio,

/4

Relative
%, humidity, ¢

Equation 25

v

m, Enthalpy, 4

Equation 32

i

| Py Dew-point

Degree of
saturation, [t

Equation 35

Equation 23

Specific
volume, v

Partial pressure of
water vapor, p,,

Equation 22

temperature, #;

Equation 27 or 28

Equation 26

Fig. 1.2 Flowchart for Determining Moist Air Properties Given ¢, t* and p

The equations from both charts can be easily implemented in a spreadsheet
such as Microsoft Excel. These equations are applicable to basic air-conditioning
calculations. As a preliminary tool, an Excel-based calculation file has been developed,
which is available for download at the following link: https://bit.ly/3rjOuCT
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Example 1.1 Dry-bulb temperature of air at 101.325 kPa is measured as 25°C

(298.15 K), with relative humidity measured at 5S0%RH (¢ = 0.5).
SI Units Determine the thermodynamic properties of the corresponding moist
air.

Given: #=25°C (298.15 K), ¢ =0.5 and p = 101.325 kPa.

Required: The remaining thermodynamic properties of the moist air are calculated.
Solution: The remaining moist air properties are determined using the procedure in
the flowchart shown in Figure 1.1, as follows:

o Saturation vapor pressure (pws); from Equation (4), with 7=298.15 K

In pys = Cs/298.15+Co+C10298.15+C11 298.15%+C12298.15°+C13In298.15
Using constants C, we obtain
In p.s = 8.06124

and  pys =P =e875=3169 Pa
o Vapor pressure of moist air (p,); from Equation (24), with ¢ = 0.5:
Ppw=0.5pws =0.5%3169 = 1584.6 Pa

o Partial pressure of dry air (p4,); from Equation (7), with p = 101.325 kPa and
pw = 1.5846 kPa:

Pda=p — pw=101.325 — 1.5846 = 99.74 kPa

o Humidity ratio (W); from Equation (13), with p = 101.325 kPa and
pw = 1.5846 kPa:

Py 1.5846

=0.621945
p-p 101.325 — 1.58466

w

W=0.01 kgw/kga.

W=0.621945

Specific volume (v); from Equation (22), with = 25°C, W = 0.01 kgw/kgu.
and p = 101.325 kPa:

o

v =0.287042(¢ + 273.15)(1 + 1.607858W)/p
v=0.287042(25 + 273.15)(1 + 1.607858%0.01)/101.325
v=10.8582 m*/kgu
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o Dew point temperature (z;); from Equation (27):
ta= Cia+Ciso+Ciea’+Cr70°+Cig p¥: 1984
From p,, = 1.5846 kPa, we find
a=In p,=1In (1.5846)= 0.4603
Substitute the constants C, p,, and a:

ti= C14+C150.4603+C, 60.46032+C170.46033+C181 .5846%-1984
ts=13.89°C

o Enthalpy of moist air (/); from Equation (32):
h=1.006¢ + W(2501+1.86¢)

with 7= 25°C and W= 0.01 kgw/Kkga:

h=1.006x25+0.01(2501+1.86x25)
h=50.614 kJ/kga,

o Wet-bulb temperature (¢*) is obtained from Equation (36) by substituting
the dry-bulb temperature and relative humidity:

£*=tatan[0.151977 (RH%+8.313659)"*]+ atan (++RH%) - atan(RH%-1.676331) +
+0.00391838(RH%)>? atan(0.023101RH%) -4.686035

t*=25atan[0.151977 (50+8.313659) 2]+ atan(25+50) - atan(50-1.676331) +
0.00391838(50)%2 atan(0.023101%50) - 4.686035

t*=18.00°C

From the ASHRAE psychrometric chart at the same condition, the wet-bulb
temperature is 17.88°C, with a difference of 0.67%.
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Example 1.1 Dry-bulb temperature of air at 14.696 psia is measured as 77°F

) (536.67°R), with relative humidity measured at 50% (¢ = 0.5). Deter-
IP Units mine the thermodynamic properties of the corresponding moist air.

Given: t =77 °F (536.67 °R), ¢ = 0.5 and p = 14.696 psia.

Required: The remaining thermodynamic properties of the moist air are calculated.

Solution: The remaining moist air properties are determined using the procedure in
the flowchart shown in Figure 1.1, as follows:

o Saturation vapor pressure (pws); from Equation (4), with 7= 536.67°R
In pys = Cs/536.67+Co+C10536.67+C11 536.67°+C12536.67°+C131n536.67
Substituting the constants C, we obtain

In pus =—0.7773

and Dws = elnpws - 88‘0725 =0.4597
o Vapor pressure of moist air (p,); from Equation (24), with ¢ = 0.5:
Ppw=0.5ps =0.5%0.4597 = 0.22985 psia

o Partial pressure of dry air (p4.); from Equation (7), with p = 14.696 psia
and p,, = 0.22985 psia:

Pda =p — pw=14.696 - 0.22985 = 14.26615 psia

o Humidity ratio (W); from Equation (13), with p = 14.496 psia and
pw = 14.496 psia and p,, = 0.22985 psia:

P, 0.22985

=0.621945
p-p, 14.696 — 0.22985

W=0.01 1b,/lbaa

W=10.621945

Specific volume (v); from Equation (22), with = 77 °F, W= 0.01 1b,,/1ba,
and p = 14.496 psia:

O

v=0.370486 (¢ + 459.67) (1+1.607858 W)/p
v=0.370486 (77 + 459.67) (1 + 1.607858x0.01)/14.496
y = 13.7469 ft/Iba,
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o Dew-point temperature (z;); from Equation (27):
ti=Cia+ Cisa+ Ciga? + Cr7e + Clsp?v'1984
From p,, = 0.22985 psia, we find
a=In p,,=1n (0.22985) = -1.470
Substitute the constants C, p,, and a:

ta = C1a+ C15(=1.470) + C16(—=1.470)> + C17(—=1.470)* + Ci1s(—1.470)*1984
ta=57.1°F

o Enthalpy of moist air (%); from Equation (32):
h=0.240t + W (1061 + 0.444¢)
with £ = 77°F and W= 0.01 1b,/1bg.:

h=0.240 x 77+ 0.01(1061 + 0.444 x 77)
h = 29.427 Btu/Iba,

1.6 Psychrometric Chart

A psychrometric chart graphically represents the thermodynamic properties of
moist air. Each chart typically applies to a specific constant pressure. Chart formats
vary by source or manufacturer.

ASHRAE provides multiple psychrometric charts for sea level and for altitudes
of 750 m (2500 ft), 1500 m (5000 ft), and 2250 m (7500 ft). Charts are also available
for various temperature intervals, such as

Normal temperature range: 0—50°C (32—120°F)
Low temperature range: -40—-10°C (—40-50°F)
High temperature range: 10-120°C (60-250°F)
Very high temperature range: 100-200°C (400-600°F)



I Psychrometrics and Thermal comfortl 17

JRUIRdIBdA MMM du] 12d1eDAL] AQ sun [S Ul Uey)) JLIOWOIYIAS] BE°] “SI


http://www.flycarpet.net/

18 I Psychrometrics and Thermal Comfort

JUIadIRdA MMM du Jadie)AT Aq spun J[ Ul Jey)) dWOIYIASd q¢°T “S1q


http://www.flycarpet.net/

I Psychrometrics and Thermal comfortl 19

(2207) 011D :924N08
IDLLIED) JO SYUN [S UI MeyD) OLISWOIYIAS] ] 31



20 I Psychrometrics and Thermal Comfort

The most commonly used psychrometric chart in air-conditioning applications
is the standard sea-level temperature chart, as shown in Figure 1.3. However, if the
pressure differs from the chart value, equations from the moist air properties section
are used instead. In Figure 1.3, the right vertical axis represents humidity ratio (),
ranging from 0 to 30 g./kgi. (0-0.03 1b,/lbs). The horizontal axis shows dry-bulb
temperature lines, which are slightly sloped leftward rather than vertical, as illustrated

in Figure 1.5.

8/Kgaa /

26
22 /

18
14
10
6
2
10 20 30 40 50°C
(a) Humidity ratio (b) Dry-bulb temperature

Fig. 1.5 Humidity Ratio and Dry-Bulb Temperature Lines in SI Units

Enthalpy (/) appears as diagonal lines across the psychrometric chart that are
parallel. Wet-bulb temperature lines (¢*) also slope diagonally in generally the same
direction as enthalpy lines but are not parallel, as shown in Figure 1.6. In the Carrier
psychrometric chart, enthalpy readings differ from the ASHRAE chart. Carrier’s chart
shows saturated air enthalpy, which is not the actual value under typical conditions.
Thus, enthalpy lines run parallel to wet-bulb temperature lines throughout, as illustrated
in Figure 1.4.

Carrier’s saturated air enthalpy values deviate from actual values by no more
than 2%. For greater accuracy, enthalpy values are corrected using the enthalpy devia-
tion, shown as a vertical curve labeled “Enthalpy Deviation” in Figure 1.4. For example,
at 35°C dry-bulb temperature and 10% RH, the enthalpy from Figure 1.4 is 44.5 kJ/kgua,
with an enthalpy deviation of approximately —0.52 kJ/kgs. (between -0.4 and -0.6). Thus,
the actual enthalpy is 44.5 — 0.52 = 43.98 kJ/kgua.

Relative humidity appears as curved lines spaced at 10% intervals. The satura-
tion line, representing 100% RH, marks the boundary of saturated air. The bottom
horizontal line of the chart represents conditions where both humidity ratio and relative
humidity are zero (dry air), as shown in_Figure 1.6b.
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(a) Enthalpy and wet-bulb temperature (b) Relative humidity
Fig. 1.6 Enthalpy, Wet-Bulb Temperature, and Relative Humidity Curves in SI Units

Specific volume lines are shown as diagonal lines, approximately parallel, as
illustrated in Figure 1.7a. For the dew point temperature, there is no dedicated line on
the chart. Instead, it is determined by drawing a horizontal line from the given state
point to intersect the saturation curve and reading the corresponding temperature, as
shown in_Figure 1.7b. On the saturation curve, the temperatures represent the dry-bulb,
wet-bulb, and dew point temperatures, as they are equal at saturation. This simplifies
value reading from the chart.

The narrow region above the saturation curve is called the fog region. This area
represents saturated moist air mixed with suspended liquid water in thermal equilibrium.
In this region, constant-temperature lines follow extended wet-bulb lines.

25

20 / Dewpoint, ° C

(a) Specific volume (b) Dew point temperature

Fig. 1.7 Specific Volume Lines and Dew Point Temperature in SI Units
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In the psychrometric chart, there is a semi-circular protractor located at the top
left corner. The inner scale represents the Sensible Heat Ratio (SHR), while the outer
scale shows the ratio of enthalpy difference to humidity ratio difference (AW/AW),
expressed in units of kJ/g (Btu/lby), as illustrated in Figure 1.8.
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AUMDITYRATIO ~ aw Wby

SI Units IP Units

Fig. 1.8 Example of SHR and AA#/AW Protractor on a Psychrometric Chart in SI Units
Source: ASHRAE Handbook (2021)

These protractors serve as references for process lines on the psychrometric
chart. Any process with the same Sensible Heat Ratio (SHR) or the same AA/AW will
have parallel process lines. This functionality is particularly useful for analyzing pro-
cesses in air conditioning, as demonstrated by examples in later sections.

The Carrier chart shows only the Sensible Heat Factor (SHF) scale on the right
side of the chart. The reference point is the "Alignment Circle", corresponding to a dry-
bulb temperature of 24°C and 50% relative humidity, as shown in Figure 1.4.
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Example 12 Based on Example 1.1, the air has a dry-bulb temperature of 25°C at

101.325 kPa, with 50% relative humidity (¢ = 0.5). Determine the
SI Units moist air thermodynamic properties.

Given: ¢ = 25°C (298.15K), ¢ = 0.5, and p = 101.325 kPa.

Required: The remaining moist air properties.

Solution: Based on the ASHRAE psychrometric chart at 101.325 kPa and compa-
rison with calculated results, the following properties are obtained:

Properties From Equations From chart
Humidity ratio, W(kg,/kgaa) 0.01 0.0098
Specific Volume, v (m*/kg,) 0.8582 0.858
Dew-point temperature, 4 ("C) 13.89 13.87
Enthalpy, 4 (kJ/kgaa) 50.614 50.5

Wet bult temperature, ¢* ("C) 18.00 17.9

30
L
=
2
13.9°C 3=
g
=
jus)
13.9°C 17.9°C 25°C

Fig. 1.9(SI) Example of Reading Values from a Psychrometric Chart
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Example 1.2 Based on Example 1.1, the air has a dry-bulb temperature of 77°F at

14.696 psia, with 50% relative humidity (¢ =

IP Units moist air thermodynamic properties.

Given: 1 = 77°F (536.67°R), ¢ = 0.5, and p = 14.696 psia.
Required: The remaining moist air properties.

0.5). Determine the

Solution: Based on the ASHRAE psychrometric chart at 14.696 psia and compari-
son with calculated results, the following properties are obtained:

Properties From Equations From chart

Humidity ratio, W(1b,/1baa) 0.01 0.0098

Specific Volume, v (ft*/1by,) 13.7469 13.746

Dew-point temperature, s (‘'F) 57.33 57.33

Enthalpy, /& (Btu/lbs,) 29.427 29.3

Wet bult temperature, ¢* ('F) 64.40 64.22
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57.33°F, 7 a=57.33°F~x ¢ W=9.8 Ib,/Ibas | 5
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57.33°F 64.22°F T7°F

Fig. 1.9(IP) Example of Reading Values from a Psychrometric Chart
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1.7 Typical Air-Conditioning Process

1.7.1 Sensible and Latent Heat

According to the thermodynamic definition, sensible heat is the heat exchange
that changes temperature without a phase change, while latent heat is the heat exchange
that causes a phase change at constant temperature. In air-conditioning processes, both
sensible and latent heat are involved. Sensible heat occurs with a change in air tempe-
rature, while latent heat involves the phase change of water vapor, such as condensation
or evaporation.

When analyzing processes on the psychrometric chart, sensible heat represents
the heat transfer during the process from State 1 to State 2 or from State 2 to State 1, as
shown in Figure 1.10(a). Meanwhile, latent heat represents the heat transfer during the
process from State 1 to State 2 or from State 2 to State 1, as illustrated in Figure 1.10(b).

4L 153 t
(a) Sensible heat (b) Latent heat
Fig. 1.10 Sensible Heat and Latent Heat on the Psychrometric Chart

Sensible heat of moist air: Based on the first law of thermodynamics, the sensi-
ble heat of moist air is expressed as

qs = MasAh Sland IP  (37)

Since sensible heat in moist air is the sum of the sensible heat of dry air and the
sensible heat of water vapor, the sensible heat equation can therefore be written as
follows:
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qS = mdaAh = deamdaAt + prmwAt SI al’ld IP (3 8)

where qs = sensible heat of moist air, kW (Btu/hr)
Cpda = specific heat capacity of dry air, 1.006 kJ/kg-K (0.24 Btu/lbg,-F)
cpw = specific heat of water vapor, 1.86 kJ/kg-K (0.444 Btu/lb,-F)
4. = mass flow rate of dry air, kg/s (Ibaa/hr)
ni, = mass flow rate of water vapor in air, kg/s (Ib,/hr)
t = air temperature, "C ('F)

By substituting ¢, and 1, = ria. W, the sensible heat of moist air is calculated
as follows:

qs = tida (1.006 + 1.86 W) At ST (39)

qs = Maa (0.24 + 0.444W)At P (39)
The expression 1.006 + 1.86/ in SI units and 0.24 + 0.444W in IP units is
commonly known as the specific heat capacity of moist air (¢;) (Don and Marylee, 2019)

Latent heat of moist air refers to the energy associated with the evaporation
of water into air or the condensation of water vapor. This quantity may be deter-mined
using an approach analogous to Equation (37) or by independently analyzing the water
vapor component, as shown below.

qi= mwlhgl - mw2hg2 SI and 1P (40)

where q: = latent heat of moist air, kW (Btu/hr)
he = enthalpy of water vapor, kJ/kgs. (Btu/lba.)

where i, = ma,W. Substituting he = 2501+1.86¢ (1061+0.444¢, in IP units):

1= [ W1(2501 + 1.8611) — W(2501 + 1.86£2)] SI
1= [ W1(1061 + 0.44411) — Wa(1061 + 0.4441,)] P
q1 = Maa[2501AW + 1.86(t1 W) —t2W>)] SI
q1 = maa[ 106 1AW + 0.444(t, W1 — t2W)] IP

where AW = W— W,
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From the equation, the term 1.86(¢#1W1 —t2W?>) is approximated by 1.86tmAW,
where fm 1s the average temperature during the process. The latent heat of moist air
is expressed as follows:

q1 = maaAW [2501 + 1.86¢m] SI  (41)
q1 = maaAW [1061 + 0.444¢] IP  (41)
Airflow rate: In air-conditioning applications, the airflow rate is typically

expressed in volumetric terms, such as cubic meters per second (m?3/s) or cubic feet per
minute (cfm). The volumetric airflow rate of air is given by the following expression:

tda = Q/v SI  (42)
tida = 600/v IP  (42)
where O = volumetric airflow rate of air, m*/s (cfm)

v = specific volume of air, m*/kga. (ft*/1bs)
60 = conversion factor from seconds to minutes
rda = mass flow rate of dry air, kg/s (Ibs./hr)

Note: When calculating the mass flow rate of air (maa), the volumetric flow rate

and the specific volume (v) must be taken at the same measurement point.

Air-conditioning process analysis can be performed in two ways: by analyzing
the properties of moist air or by separating the analysis of water vapor and dry air. In
general, the moist air approach is more commonly used, with calculations based on the
mass of dry air, because most available property data for moist air are expressed per
unit mass of dry air. These properties can be found in psychrometric charts or in the
ASHRAE Handbook—Fundamentals. Moreover, in a typical air-conditioning process,
the mass of dry air tends to remain constant, whereas the mass of moist air may vary if
water vapor is added to or removed from the system. It is worth noting that certain
handbooks indicate the quantity of water vapor involved in typical air-conditioning
processes 1is sufficiently small to be neglected, thereby simplifying calculations.
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1.7.2 Moist Air Sensible Heating or Cooling

In air-conditioning systems, heating processes are common, such as electric,
steam, or hot oil coils, or heat transfer at the condenser coil of the air-conditioning unit.
These processes involve the addition of heat while the humidity ratio remains constant.
Conversely, coils commonly known as dry coils undergo cooling processes that maintain
a constant humidity ratio. These processes occur at constant pressure, as illustrated in

Figure 1.11.

Heating or
1 Cooling medium 5 <
. ‘\Q
| | r\\\\«
I 4 &
| | 5% .
| 2 Cooling 1y, -w,
Tyq | 142 | A T A
f | Air | t '
W, : | W, 1@ Heating %>
I I
! i

Fig. 1.11 Schematic for Heating or Cooling Process at Constant Humidity Ratio

Mass balance equations:
dry air: Mdal = Mlda2 Sland IP  (43)
water vapor: Maat W1 = maaaWa Sland IP (44)

First law of thermodynamics:

Based on the properties of moist air:
192 = Mtda (h2 — h1) STand IP  (45)

Equation (45) represents sensible heat only; therefore, its result is equivalent to
that of Equation (39).
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Example 13  Saturated air at 12°C enters a heating coil at an airflow rate of 1 m?*/s
and exits at 22°C. Determine the heat transferred to the air by the
SI Units heating coil.

Heating medium

1 2 5
|
! ' \\\\@\
I I 4 Heating W=28.83
I 19> | 1 .\_L>. A
12°CDB -~ I B
100%RH Air 2°CDB 30,
1 m’s | | \{90]3
| | ﬁ%
| |
| T ]
©=12°C $,=22°C

Fig. 1.12(SI) Schematic Solution for Examplel.3

Given: #; = 12°C, saturated air (100% RH), O =1 m?/s, t» = 22°C, p = 101.325 kPa.
Required: 1¢».

Solution: Determine #1, from the air properties at State 1 (since the airflow rate at
State 1 is given).

o The saturation pressure (pys) is calculated by substituting 7= 273.15+12 =
285.15 K into Equation (3):

lnpws = CS/T+C9+C10T+C11712+C1278+C13 InT
pws = 1417.8 Pa (equal p,, since the air is saturated)
o The humidity ratio (W) is calculated from Equation (13).

1.4178
101.325 - 1.4178

W =0.621945

= 0.00883 kg./kgd

o The specific volume (v) is calculated by substituting #1, W, and p into
Equation (22):

v =0.287042(¢ + 273.15)(1 + 1.607858W)/p
v=0.287042(12 + 273.15)(1 + 1.607858x0.00883)/101.325
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v=0.81926 m*/kgua

o The dry air mass flow rate (r14,) is calculated from Equation (42).

Hda = Q/v
=1/0.81926
=1.2206 kg/s

o All values are substituted into Equation (39) to calculate 1g>:

1q2 = titda (1.006 + 1.86W)At
= 1.2206(1.006 + 1.86x0.00883)(22-12)
= 1248 kW

Example 13  Saturated air at 53.6°F enters a heating coil at an airflow rate of 2000
cfm and exits at 71.6°F. Determine the heat transferred to the air by
IP Units the heating coil.
Heating medium &
1 2 N
L 1 | ,\5\\“
| | ~~. 7 Heatin W =0.0083
| | | o——ilC @ T 008
53.6°F DB A4 |
100%RH Air 1 6°F DB RN A
2000 cfim | | 5
7,
| | \<{6¢
I I
| | i
1,=53.6°F £=71.6°F

Fig. 1.12(IP) Schematic Solution for Examplel.3

Given: #; = 53.6°F, saturated air, Q = 2000 cfm, 1> = 71.6°F, p = 14.696 psia

Required: 1¢».

Solution: Determine 14, from the air properties at State 1 (since the airflow rate at
State 1 is given).
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The saturation pressure (pws) is calculated by substituting 7= 53.6+459.7 =
513.3 °R into Equation (3):
lnpws =C8/T+C9+C10T+CHTZ+C12T3 +C13 InT

pws = 0.206 psia (equal p,, since the air is saturated)

The humidity ratio (/) is calculated from Equation (13).

W =0.621945 0206
e 14.696 — 0.206

=0.00883 1by/1baa

The specific volume (v) is calculated by substituting #1, W, and p into
Equation (22):

v =10.370486(t + 459.67)(1 + 1.607858W)/p
v =10.370486(53.6 + 459.67)(1 + 1.607858x0.00883)/14.696
v=13.12 ft}/Iba
The dry air mass flow rate (7144) is calculated from Equation (42).
maa = 600/
=60(2000/13.12)
= 9146 lbgs/hr

All values are substituted into Equation (39) to calculate 1¢>:

1q2 = Tida (0.24+0.444W)At
= 9146(0.24+0.444 x0.00883)(71.6 -53.6)
= 40143 Btu/h
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1.7.3 Moist Air Cooling and Dehumidification

In a typical air-conditioning process, cooling occurs at the cooling coil of the
air conditioner. As air flows through the coil, its temperature decreases until it drops
below the initial dew point. At this state, water vapor condenses into droplets, gradually
changing the air state. Condensation continues until the final temperature is reached,
and the condensate exits the coil at the same temperature as the final state. This process
is known as cooling and dehumidification, as illustrated in Figure 1.13.

Cooling medium

1 2
} |
| |
:Zda : ‘_ 192 : :;lda
wl Q w2
T =
l | dJ d 3 o | ’ Sensible coolin
| Do 0 |

' my, h,

Fig. 1.13 Schematic for Moist Air Cooling and Dehumidification

Mass balance equations:
dry air: Mdal = Mda2 = Mda SIand IP  (46)
water vapor: Hdal Wi = MaapaWa + iy Sland IP (47)
First law of thermodynamics:
Based on the properties of moist air:
Hda M = Maa ho + 1g2 + ity By

192 = Hgq [(h1 —h2) — (W1 — W2)hy] SI and IP  (48)

As shown in Figure 1.13, 1¢g> represents the total heat, including latent and
sensible heat of the dry air, minus the energy of the condensed water. The sum is ex-
pressed by the following equation.
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192 = qs + q1— mywhy ST and IP  (49)

By substituting Equations (39), (41), and A, =~ 4.186¢ (or ¢t — 32 in IP units) into
Equations (49)

1q2 = 1i1aa[(1.006 + 1.86Wm)At + (2501 + 1.86tm)AW — 4.1866AW] ST (50)
1q2 = 1i1aa [(0.24 + 0.444 W) At + (1061 + 0.4444)AW — (1, — 32)AW] TP (50)

where At = t1 — to, AW= Wi — W>, and tm and Wy, are the average temperature
and average humidity ratio during the process.

Assumptions for air-conditioning systems:

1) In typical air-conditioning processes, fm ~ 24°C (75°F), 55% RH and Wy, ~
0.01
2) At State 2, 2~ 10°C (50°F)

Based on these assumptions, substitute the values into Equation (50) to determine
the total heat for the cooling process.

1q2 = 1i1aa[(1.006 + 1.86x0.01)Az + (2501 + 1.86x24 — 4.186x10)AM]

1q2 = 11140 [(0.24 + 0.444x0.01)Az + (1061 + 0.444x75— (50 — 32)xA W]

12 = 7itaa (1.025A¢+ 2504A 1) ST (51)

1q2 = T1da (0.244At+ 1076AW) P (51)

From the equation, the first term represents sensible heat, while the second term
includes latent heat, minus the energy of the condensed water. For simplicity, this term
is often referred to as latent heat.

Note: In typical air-conditioning systems, a portion of the airflow bypasses the
cooling coil without contacting the coil surface. This bypass air causes deviation from
the ideal process line shown in Figure 1.13. This phenomenon is discussed in detail in
later sections.
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Example 14 Air at 30°C and 50% RH enters a cooling coil at an airflow rate of
5 m?/s and exits at 10°C under saturated conditions. Determine the
SI Units heat transferred during the process and the condensate flow rate.

Given: #1 = 30°C, 50%RH, Q1 = 5 m%/s, t» = 10°C, saturated air (100% RH),
p =101.325 kPa.

Required: 12 and 7.

Solution: Use a spreadsheet to calculate air properties.

o From spreadsheet calculations, the following values are obtained:

vi = 0.8774 m*/kgau, W1=13.47 g/kgua, Wo=7.71 g/Kguua,
h1=64.62 kJ/kgaa, ho=29.5 kl/kgia.

Cooling medium

1 2

L |

I '

I I
30°CDB l 192 |
50%RH | Ajr I 100cDB
5mis | Q |

] S e |

50 0 |

}
|

v m,, h,,

1L=10°C 1,=30°C

Fig 1.14(SI) Schematic Solution for Example 1.4

o The dry air mass flow rate (714,) is calculated by substituting v; into Equation
(42).

e = Q1/vi =5/0.8774 = 5.699 kg/s
o From Equation (34),

hw2=4.186t = 4.186x10 = 41.86 kl/kg,,
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o By substituting all values into Equation (48), the total heat transfer for the
process 1s

192 = tga [(h1— h2) — (W1— W2)hw2]
= 5.699[(64.62— 29.5) — (13.47— 7.71)/1000x41.86]
= 198.8 kW

o From Equation (47), the condensate flow rate is

I’i’lw = mda(Wl _WZ)
ity = 5.699%(13.47 - 7.71)/1000
ity = 0.0328 kg/s

Example 14 Air at 86°F and 50% RH enters a cooling coil at an airflow rate of
10,000 cfm and exits at 50°F under saturated conditions. Determine

IP Units the heat transferred during the process and the condensate flow
rate.

Given: #1 = 86°F, 50% RH, 01 = 10000 cfm, 7, = 50°F, saturated air, p = 14.70 psia.
Required: 19> and 1,
Solution: Use a spreadsheet to calculate air properties.

o From spreadsheet calculations, the following values are obtained:

vi = 14.06 ft*/1bgs, W1=0.01347 1b,/Ibgs, W>=0.00771 1b,,/1b4a,
h2 = 35 Btu/lbgg, h2 =20 Btu/lbg,.

o The dry air mass flow rate (#14.) is calculated by substituting v; into Equation
(42).

tida = 6001/v1 = 60 x 10000/14.06 = 42674 1bga/hr
o From Equation (34).

hwa=1-32=50-32 =18 Btw/lb,
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1 2
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Fig 1.14(IP) Schematic Solution for Example 1.4

o By substituting all values into Equation (48), the total heat transfer for the
process is

192 = mda [(h1— h2) — (W1 — W2)hw2]
= 42674[(35 — 20) — (0.01347 — 0.00771)18]
= 635686 Btu/h

o From Equation (47), the condensate flow rate is

ity = Mad W1 —W>)
ity = 42674 x (0.01347 — 0.00771)
i = 246 1b,/hr
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1.7.4 Adiabatic Mixing of Two Air Streams

In air-conditioning systems, air mixing typically occurs in the mixing or return
air chamber of the air-handling unit (AHU), involving outdoor air and return air from
the conditioned space. As illustrated in Figure 1.15, air at State 1 mixes with air at State
2, forming mixed air at State 3.
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Fig. 1.15 Schematic for Adiabatic Mixing of Two Air-Streams

Mass balance equations:

dry air: Hldal + Mda2 = Nlda Sland IP  (52)

water vapor: Haal W1 + maaxWa = mas W3 Sland IP  (53)

First law of thermodynamics:

Based on moist air property analysis and assuming no heat loss, the fol-
lowing relationship is obtained:

Maa\hy + Maaaha = Maashs ST and IP (54a)
By substituting #i4s3:

hy-hy _ Wo-W3 _ mgq)
hy-hy  W3-Wi  mgg

SI and IP (54b)

hy-h3 _ h3-h)
Wr-ws3  W3-W

or SI and IP (54c¢)
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Equation (54) is in the form AA/AW, which corresponds to a straight line on the
psychrometric chart’s semicircular protractor. Therefore, the process lines from State
1 to State 3 and from State 2 to State 3 are parallel. Since both processes share State 3,
States 1, 2, and 3 lie on the same straight line on the psychrometric chart, as illustrated

in Figure 1.15. Moreover, State 3 is always closer to the state with a higher mass flow
rate.

Rearranging Equation (53) gives

_ a1 Witiaan Wo

3

SIand IP  (55)

g3
Substituting the enthalpy of moist air from Equation (32) into Equation (54a)
yields
1da1[(1.006¢1+ W1(2501 + 1.86¢)] + ritaa2[1.006:+ W2(2501 + 1.861)] =
Maa3[1.006¢3+ W3(2501 + 1.86¢3)]

Rearranging the equation, the following expression is obtained:

g1 (1.006+1.86 W)ty 41110 (1.006+1.86 )1
B 14,3(1.006+1.863)

f3 SI  (56)

111 (0.24-40.444W )1y +1in 1,0 (0.24+0.444 )15
B 1,443 (0.24+0.444W73)

f3 IP (56)

From Equation (56), #3 can be determined by substituting . However, in a typi-
cal air-conditioning process, the humidity ratio (/) is relatively small. Thus, the term
1.006+1.86W (or 0.24+0.444W, in IP units) can be approximated and canceled out.
Consequently, an approximate expression for #3 is

Ng,10 Tgnt
gy= a1 T Rda2 2 SlandIP  (57)

’hda?)
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Once either the temperature #3 or humidity ratio W3 is known, other psychrome-
tric properties at State 3 can be determined. However, such calculations are often
complex and time-consuming. A more practical approach involves using the straight
line connecting States 1 and 2 on the psychrometric chart. By drawing a horizontal line
for W3 or a vertical line for #3 (W3 yields greater accuracy) until it intersects the line
between States 1 and 2, State 3 can then be identified, as illustrated in Figure 1.15. The
remaining air property at State 3 can be directly read from the chart.

When States 1 and 2 are close, their specific volumes are nearly equal. By substi-
tuting ma, from Equation (42) into Equations (55) and (57), the approximate mixed-
air temperature and humidity ratio can be derived as follows:

1 +0,t Wi+Q,W-
DAL P L e L TS
Qs Qs
where O = volumetric flow rate of air, m*/s (cfm)

t = air temperature, ‘C ('F)
W = humidity ratio, kg,/kga. (1b./1baa)

Example15  Outdoor air at 35°C dry-bulb and 60% RH at an airflow rate of 720

m?/h is mixed with indoor air at 25°C dry-bulb and 50% RH at an

SI Units airflow rate of 5400 m3/h in the adiabatic mixing chamber of the
air-handling unit (AHU). Determine the dry-bulb temperature and
relative humidity of the mixed air.

Given: #; = 35°C, 60%RH, Q1 = 720/3600 = 0.2 m*/s, &, = 25°C, 50%RH,
0> =5400/3600 = 1.5 m*/s, p = 101.325 kPa.

Required: #, and ¢»
Solution: From spreadsheet calculations: vi = 0.9034 m*/kgaa, W1=21.7 g/kgua,

v2 = 0.8582 m*/kgau, W2=10.0 g/kgaa.
o The dry air mass flow rate (#4,) is calculated by substituting v into
Equation (42).
fga1 = Q1/vi = 0.2/0.9034 = 0.2214 kg/s
a2 = Q2/va = 1.5/0.8582 = 1.7478 kg/s
Mda3 = Mda1 T Maa2 = 0.2214 + 1.7484 = 1.9692 kg/s
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o The humidity ratio (#3) is calculated using Equation (55).

_ a1 Witgap Wo

3 .
Mda3

~0.2214x21.7+1.7478x10.0
a 1.9692

=11.32 g/kgua
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Fig 1.16(SI) Schematic Solution for Example 1.5

o The dry-bulb temperature (#3) is calculated using Equation (57).

_mdaltl +ignty _ 0.2214x35+1.7478%25 _
i 1.9692 -

13 26.13°C

From the result, 13= 26.13°C and W3 = 11.32 g/kgua, the relative humidity at
State 3 is 52.8%RH. According to the psychrometric chart, a line drawn from State 1
to State 2, intersected by a horizontal line at 13, yields #; and relative humidity values
at State 3 that closely match the calculated results.
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Example 15 Outdoor air at 95°F dry-bulb and 60% RH at an airflow rate of 400

cfm is mixed with indoor air at 77°F dry-bulb and 50% RH at an

IP Units airflow rate of 3000 cfm in the adiabatic mixing chamber of the air-
handling unit (AHU). Determine the dry-bulb temperature and
relative humidity of the mixed air.

Given: 95°F, 60%RH, 01 =400 cfm, t> = 77°F, 50%RH, 0>= 3000 cfm,
p = 14.696 psia

Required: #, and ¢
Solution: From spreadsheet calculations: 14.47 ft*/1bsa, W1 = 0.0217 1b/lbu,

and v2 = 13.74 ft3/1b4a, W2=0.0100 1b/1bg,.

o The dry air mass flow rate (7144) is calculated by substituting v into
Equation (42).

nda1 = 6001/v1 = 60x400/14.47 = 1659 Ib/hr
fda2 = 600 2/v2 = 60%x3000/13.74 = 13100 Ib/hr
Mda3 = Mdal T Mda2 = 1659 +13100 = 14759 1b/hr

o The humidity ratio (#3) is calculated using Equation (55).

_ gg\ Wy tngga W

W3 -
mga3

~ 1659 x 0.0217+13100 x 0.01
a 14759

=0.01132 1b/1baa

o The dry-bulb temperature (#3) is calculated using Equation (57).

gt gty 1659 X 95413100 X 77
M3 14759

3 79.0 °F

From the result, = 79 °F and W3 = 0.01132 Ib/lby, , the relative humidity at
State 3 is 52.8% RH. According to the psychrometric chart, a line drawn from State 1
to State 2, intersected by a horizontal line at 73, yields #3 and relative humidity values
at State 3 that closely match the calculated results.
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Fig 1.16(IP) Schematic Solution for Example 1.5

175 Adiabatic Mixing of Water Injected into Moist Air

Air-conditioning systems that require increased humidity use steam injection,
which involves introducing steam into the air ducts of the air-handling unit. In the case
of water spray, it is commonly used in air washers in textile factories, where low tempe-
rature and high humidity are required. This process is illustrated in Figure 1.17.

1 2
| |
| ] |
mda | <\ | mdu
mwl | - | mu2
oo Air < _Spray | &
S |
! , |
| |
3-H. g
my;3 My
hw3 hw4

Fig. 1.17 Schematic for Adiabatic Mixing of Water Injected into Moist Air
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Mass balance equations:
dry air: Mdal = Mde2 = Mda Sland IP  (59)
water vapor: w3 + MaaW1 = s + tadW2

My — Myl = M3 — Mlyd = 7’i’lda(W2 - Wl) SI and IP (60)

First law of thermodynamics:

Based on moist air property analysis and assuming no heat loss, the fol-
lowing relationship is obtained:

Hdath1 + M3l = Maahy + mywahwa

tdaa(ha — h) = mwshws — [ — Hiaad(Wa — W) hwa

mda(hz - hl) = mw3(hw3 - hw4) + mda( W2 - Wl)hw4 SI and 1P (61)

Water Spray Process: In the water spray process, air may be heated, cooled,
humidified, or dehumidified depending on the mean surface temperature of the water
droplets (#;) The droplet surface is treated as a wet surface capable of transferring both
sensible and latent heat. The direction of the process depends on temperature and vapor
pressure. When analyzed on the psychrometric chart, as illustrated in Figure 1.18, the
following processes may occur:

Process 1-2a: Heating and Humidification (¢, > #1)

When #; is greater than the air temperature at State 1, water transfers sensible
heat to the air and simultaneously evaporates, adding moisture. As a result, the air
becomes warmer and more humid.

Process 1-2b: Humidification Only (¢ = #1)
When ¢ equals the air temperature at State 1, no sensible heat is transferred.
However, evaporation still occurs, adding moisture and increasing air humidity.

Process 1-2¢: Cooling and Humidification (¢* <, <)

When #* <t < t1, water transfers sensible heat (sensible cooling) and evaporates
into the air. As a result, the air is cooled and humidified. The final air state has higher
enthalpy.
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Ly ¥ h

Fig 1.18 Water Spray Process

Process 1-2d: Cooling and Humidification (¢, = *)

When ¢, equals the wet-bulb temperature (¢*) at State 1, the air is cooled and
humidified, as in the previous case. The process follows a line of constant wet-bulb
temperature on the psychrometric chart.

Process 1-2e: Cooling and Humidification (z; < #; < ¢*)
When #; <t < t*, the process is similar to Process 1-2c. However, the final air
state has lower enthalpy.

Process 1-2: Cooling (¢; = ta)
When ¢, equals the dew point temperature (¢;) of the air at State 1, the water
transfers sensible heat to the air but does not evaporate into it.

Process 1-2g: Cooling and Dehumidification (#; < #4)

When ¢ is lower than the dew point temperature (z;) at State 1, water transfers
sensible heat to the air, causing water vapor in the air to condense into droplets. As a
result, the air is cooled and dehumidified, similar to a typical cooling process.
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Evaporative cooling or steam humidification processes: In cases where
steam or fine water mist is introduced using nozzles that allow complete evaporation,
the outgoing water mass term is negligible. Equations (60) and (61) are simplified as
follows:

taq(ha — hi) = mwhyw = mad(W2 — Wi)hys

From the equations, if initial air conditions and the mass flow rate of water (71,,)
are known, W, and h» can be determined. These values can be used to locate the
intersection point on the psychrometric chart, from which outlet air properties are
determined. However, in many practical cases, only the final temperature or humidity
may be known, while 71, is unknown. In such cases, solving the equations directly
becomes impractical, and a semicircular protractor on the psychrometric chart is
required.

From Equations (60) and (61):

hy-hy

Wy-W,

w

Alternatively, it is expressed as Ah/AW, as follows:

AR Sland IP  (62)

According to the equation, the value of 4, is equal to Ah/ AW, as indicated on
the semi-circular protractor of the psychrometric chart. Therefore, if we know the
thermodynamic properties of the water or steam we are introducing, we draw a line on
the protractor as a process reference. In the case where water is sprayed, the process
follows the 1-2d path shown in Figure 1.18. However, if steam with a high enthalpy
(hg) 1s used, the reference line slopes toward the 1-2a path, as illustrated in Figure 1.19.

According to Equation (62), AW is very tiny, and when multiplied by 4., the
result is also negligible. Therefore, A/ is small, implying that 4> and 4 are nearly equal,
or h = constant. This behavior resembles a wet-bulb temperature process. Therefore,
the wet-bulb temperature during water spray processes tends to remain nearly constant.
For water misting fans that spray water into the air, the process reduces air temperature
and increases humidity. However, it is not an adiabatic process because heat transfer
occurs across the control volume.
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Fig. 1.19 Process Lines for Adiabatic Water Spray or Steam Injection

When estimating #, is required, the moist air enthalpy equation (Equation 32)
can be substituted into Equation (61), resulting in

1.006t; + W2(2501 + 1.8622) — (1.006¢, + W1(2501 + 1.86¢1)) = AWh,, SI

1.006(12— 1) + 2501AW + 1.86(122 — 11 1) = AW, S
0.240, + Wa(1061 + 0.4441) — (0.24011 + Wi(1061 + 0.444) = AWh,, 1P
0.240(t2— t1) + 106 1AW + 0.444(6: W2 — ti W) = AWhy, IP

where AW = W, — W

To estimate #2, 1.86(t2W> — tiW1) = 1.86tmAW in SI units, or 0.444(t.W> — ti Wh)
~ 0.444tmAW in 1P units, is assumed. For typical air-conditioning processes, tm~ 24°C
(75°F) is used. Substituting these into the equation yields the following expression:

tr~ 11+ (hy— 2546)AW ST (63)
trx~ t1+ (hw— 1094)AW/0.24 P (63)

The result from this equation is a preliminary estimate only. Note that the result
is invalid if State 2 lies beyond the saturation line.
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Example 1.6  Outdoor air at 44°C dry-bulb, 24% RH with an airflow rate of 3600
m?/hr flows through a water misting fan. To reduce the air tempera-
SI Units ture to 28°C, determine the amount of water required.

Given: t; = 44°C, 24%RH, Q1 = 3600/3600 = 1.0 m*/s, , = 28°C.

Required: riy.

Assumption: p = 101.325 kPa, sprayed water temperature (¢,,) = 27 C; assume an
adiabatic process.

Solution: From spreadsheet calculations, we yield the following values:

v =0.918 m*/kga, Wi = 13.89 g/kgua, i1 = 80.13 kl/kgaa,

o The inlet enthalpy (4.) and mass flow rate (714,) are determined as follows:

B = 41868, = 4.186x27 = 113.0 kJ/kgy or 0.113 kl/g,,
e = O1/vi = 1/0.918 = 1.089 kg/s

o Equation (62) yields AW/AW = h,, = 0.113 kJ/g,. This value is used to draw
areference line on the semicircular protractor. The process line is then drawn
from State 1, parallel to this reference line, intersecting the #, = 28°C dry-
bulb on the psychrometric chart. The resulting process is illustrated in Figure
1.20.

SENSIBLE HEAT _ Hs
TOTAL HEAT T

(4]
3 S
R
&
o ° N &
_entaer_an \\Z 7 Q\$
HUMIDITY RATIO T AW kJigw ~ ~ cg\
W,=20.75
%%
1 Humidification 2 q}s\“
I !
| W,=13.89
3600 m¥hr | = I
44°CDB Alr <’; 28°C
24%RH | P I
| o |
]
I 1 1
Water
27°C

1,=28°C t,=44°C

Fig. 1.20(SI) Schematic Solution for Example 1.6
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o The psychrometric chart indicates that the humidity ratio at State 2 W> =20.75
gw/kgia at 87% RH. Equation (60) then uses this value to calculate the
amount of water spray.

1ty = Maa(W2— W1) = 1.089(20.75 -13.89)
=747 g/s

Example 1.6 Outdoor air at 110°F dry-bulb, 24% RH with an airflow rate of 2000
cfm flows through a water misting fan. To reduce the air temperature
IP Units to 82°F, determine the amount of water required.

Given: 110°F, 24% RH, Q1 = 2000 ctm, #, = 82°F, p = 14.696 psia.

Required: 71,

Assumption: p = 14.696 psia, sprayed water temperature (#,) = 80°F; assume an
adiabatic process.

Solution: From spreadsheet calculations, we yield the following values:

vi = 14.67 {3 /1bae, W1 = 0.01324 1b,,/1bya, i1 = 41.1 Btu/lba..

o The inlet enthalpy (4v) and mass flow rate (#14.) are determined as follows:

hyw = t,—32=80—32 =48 Btu/lb,,
tiaa = 6001/v1 = 60x2000/14.67 = 8180 1bas/hr

o Equation (62) yields Ah/AW = h,, = 48 Btu/lbg.. This value is used to draw a
reference line on the semi-circular protractor. The process line is then drawn
from State 1, parallel to this reference line, intersecting #, = 82°F dry-bulb on
the psychrometric chart. The resulting process is illustrated in Figure 1.20.

o The psychrometric chart indicates that the humidity ratio at State 2 1s W> =
0.02075 1b,/1bag, at 87% RH. Equation (60) then uses this value to calculate
the amount of water spray.

1y = maa(W2— W1) = 8180(0.02075-0.01324)
ni, = 61.43 1b,/hr
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Fig. 1.20(IP) Schematic Solution for Example 1.6

Example 1.7  Air at 24°C dry-bulb, 30%RH with an airflow rate of 3600 m*/hr is

to be humidified to 50%RH by injecting steam at 110°C into the
SI Units system. Determine the required steam mass flow rate and final air
temperature.

Given: #; =24°C, ¢1 =30% RH, Q1 = 3600/3600 = 1.0 m*/s, ¢» = 50% RH, #, = 110°C
Required: 71, and .
Assumption: p = 101.325 kPa.
Solution: From spreadsheet calculations, we yield the following values:
vi = 0.849 m*/kgus, W1=5.61 gu/Kgaa, h1 = 38.42 kJ/kgua

o From enthalpy equations:
hyw = hg=2501+1.86t,

=2501+1.86x110
= 2705 kJ/kg, or 2.705 kJ/gw
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and tda = O1/vi = 1/0.849 = 1.177 kg/s

o Equation (62) yields AW/AW = hg=2.705 kJ/g.. This value is used to draw a
reference line on the semicircular protractor. The process line is then drawn
from State 1, parallel to this reference line, intersecting the 50% RH line on
the psychrometric chart. The result is shown in Figure 1.21.
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Fig. 1.21(SI) Schematic Solution for Example 1.7

o From the psychrometric chart, /= 24.8°C and W>=9.9 g,/kgs.. Substituting
these into Equation (60), the required steam mass flow rate is determined
as follows:

1ty = tidd(W2— W1) = 1.177(9.9 -5.61)
= 5.051 g/s
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Example 1.7 Air at 75°F dry-bulb, 30%RH with an airflow rate of 2000 cfm is

IP Units

Given: #

to be humidified to 50%RH by injecting steam at 230°F into the
system. Determine the required steam mass flow rate and final air
temperature.

= 75°F, ¢1 = 30% RH, Q1 = 2000 cfim, ¢ = 50% RH, #, = 230°F.

Required: 71, and .
Assumption: p = 14.696 psia.

Solution

@)

o

: From spreadsheet calculations, we yield the following values:

vi = 13.6 ft*/1bga, W1 = 0.00551 Ib,/1bsa, h1 = 24.03 Btu/lbg,.
From the enthalpy equations:

hw = hg= 1060+0.44t,,
= 1060+0.44x230
= 1161.2 Btu/lb,,

and fda = 6001/v1 = 60x2000/13.6 = 8824 lbg./hr

Equation (62) yields AW/AW = hg= 1161.2 Btu/lb,,.. This value is used to
draw a reference line on the semi-circular protractor. The process line is
then drawn from State 1, parallel to this reference line, intersecting the 50%
RH line on the psychrometric chart. The result is shown in Figure 1.21.
From the psychrometric chart, 2= 76.6 °F and 2= 0.0099 1b,,/1bg,. Substi-
tuting these into Equation (60), The required steam mass flow rate is deter-
mined as follows:

titw= titaa(Wa— W1) = 8824(0.0099-0.00551)
rite= 38.74 lb,/hr
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Fig. 1.21(IP) Schematic Solution for Example 1.7

1.7.6 Adiabatic Heating and Humidification
Heating and humidification processes occur commonly in high-precision air-
conditioning systems, where both heat and moisture may require compensation under
part-load conditions. These processes can be analyzed separately—one for heating and
one for steam injection—or combined into a single analysis. In the case of combined
analysis, the process is described by the following equation:
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Fig. 1.22 Schematic for Adiabatic Heating and Humidification Process
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Mass balance equations:
dry air: Hldal = Mda2 = Hldg Sl and IP  (64)

water vapor: Maat W1 + i = a2 W2 Sl and IP  (65)
First law of thermodynamics:
tdath1 + nivwhy, + 192 = Mda2h2 SI and IP (66)

By combining Equations (64), (65), and (66), the following expressions are
obtained:

Ah

—_— = it + Ay
N L. Sland [P (67)

Equation (67) is still expressed in the form of AA/AW and shown on the semi-
circular protractor of the psychrometric chart.

Example 1.8 Air at 13°C dry-bulb, 90%RH with an airflow rate of 7200 m*/h
flows through a device that heats and humidifies the air by
SI Units injecting steam at 110°C until the air reaches 20°C dry-bulb and

65% RH. Determine the amount of steam injected, heat added to
the air, and air temperature exiting the heating coil.

Given: #; = 13°C, ¢1 = 90% RH, Q1 = 7200/3600 = 2.0 m*/s, t, = 20°C, ¢» = 65% RH,
tw=110°C, p = 101.325 kPa.

Required: 7w, 1g2 and 1.
Solution: From spreadsheet calculations, we yield the following values:

vi = 0.822 m*/kgus, W1= 8.48 gu/Kgua, h1 = 34.49 kJ/kgua,
W>=9.58 guw/Kgda, h2 = 44.44 kJ/kg4a.

o From the enthalpy equations:
hw= hg=2501 + 1.86t, =2501 + 1.86x110 = 2705 kJ/kg, or 2.705 kJ/g
and fda = Q1/vi = 2.0/0.822 =2.43 kg/s

o From Equation (65), the required flow rate of steam is determined as
follows:

1ty = titad(Wa— W1) = 2.43(9.58 — 8.48) = 2.68 g/s or 0.00268 kg/s
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o Equation (66) determines the added heat to the air as follows:

192 = Mda2hs — Mdath1 — mhy, = 2.43(44.44 — 34.49) — 0.00268x2705
1g2=16.96 kW

o From the sensible heat equation (Equation 39):

192= qs = tida (1.006 + 1.86W)(t1'— t1)
ti =13 +16.96/[2.43x(1.006+1.86x8.48/1000)] = 19.82°C

o A quick alternative to estimate #1' uses the semi-circular protractor together
with separating the heating and steam injection processes. The procedure is
as follows:

1) Draw a reference line based on AW/AW = hy=2.705 kl/g., then draw
the steam injection process line from State 2, parallel to this reference
line, as illustrated in Figure 1.23.

2) Draw the sensible heating process line from State 1 to intersect the
steam injection process line. The point of intersection is denoted as
State 1, as shown in Figure 1.23.

3) Read #' to calculate 1g> using Equation (39).
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Fig. 1.23(SI) Schematic Solution for Example 1.8
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Example 1.8 Air enters at 55°F dry-bulb, 90%RH with an airflow rate of 4000
cfm and flows through a device that heats and humidifies the air
IP Units by injecting steam at 230°F until the air reaches 68°F dry-bulb

and 65% RH. Determine the amount of steam injected, heat
added to the air, and air temperature exiting the heating coil.

Given: 1 = 55°F, ¢1 = 90% RH, Q; = 4000 cfim, » = 68°F, ¢ = 65%RH, #,, = 230°F,
p = 14.696 psia.

Required: iy, 192 and 1.
Solution: Spreadsheet calculations, we yield the following values:

vi=13.08 ft*/bss, Wi= 0.00848 Ib,/1bgs, 711 = 14.82 Btu/lba,
W>=0.00958 1by/1bga, h12=19.10 Btu/lbga.

o From the enthalpy equations:

hyw= hg=1061+0.444¢, = 1061+0.444x230 = 1163 Btu/lb,,
tida = 6001/vi= 60x4000/13.08 = 18349 lba/hr

o From Equation (65), the required flow rate of steam is determined as follows:
1ty = Maa(W2— W1) =18349(0.00958-0.00848) = 20.18 1b,/hr
o Equation (66) determines the added heat to the air as follows:

192 = Mda2ho — Maath1 — rivhy, = 18349(19.10-14.82)-20.18x1163
1g2= 55064 Btu/h

o From the sensible heat equation (Equation 39):

192 = qs = Mda (0.24+0.444w) (t1>-t1)
t1r = 55+55064/[18349%(0.24+0.444%0.00848)]
ty = 67.31°F

o A quick alternative to estimate #;' uses the semi-circular protractor together
with separating the heating and steam injection processes. The procedure is
as follows:

1) Draw a reference line based on AhW/AW = hy= 1163 Btu/lb,, then
draw the steam injection process line from State 2, parallel to this
reference line, as illustrated in Figure 1.23.
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2) Draw the sensible heating process line from State 1 to intersect the
steam injection process line. The point of intersection is denoted as
State 1’, as shown in Figure 1.23.

3) Read #1' to calculate 19> using Equation (39).
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Fig. 1.23(IP) Schematic Solution for Example 1.8

This method suits users of the psychrometric chart as a tool for analysis. Once

you have obtained #;. This estimate may deviate slightly due to limitations in chart
reading.
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