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PREFACE TO
SECOND EDITION

The HVAC Systems and Components Handbook is the second edition of the Hand-
book of HVAC Design.

To keep up with, and sometimes anticipate the technological and societal
changes in HVAC, this second edition contains important new information. The
entire book has been rearranged to follow a logical progression in format, making
it easier to use as a textbook readable from beginning to end as an overview of the
industry. Each chapter of the first edition was reviewed, updated and sometimes
consolidated with other chapters when appropriate, to focus the book on systems
and components.

Specifically, the new subjects include condensate control, radiant panel heating,
refrigerants, heat pumps, air filtration and air pollution control equipment, scroll
compressors, indoor air quality.

This book is being published concurrently with the HVAC Maintenance and
Operations Handbook. These two complementary volumes form the complete ref-
erence to HVAC technology.

Robert C. Rosaler

xiii



PREFACE TO
FIRST EDITION

Heating, ventilating, and air-conditioning (HVAC)—or creating a comfortable en-
vironment—is at once one of the oldest and one of the most modern technologies.
It encompasses everything from the warming radiant heat of the caveman’s flames
to the comfortably cooled industrial complexes in the Sahara desert and the pres-
surized comfort of the Challenger space module. Today it is not unusual for an
inhabitant of an advanced industrial country to live almost entirely within an arti-
ficially created environment. HVAC has turned many environmentally hostile
regions into useful, productive areas.

The objective of the Handbook of HVAC Design is to provide a practical guide
and a reliable reference for designing and operating HVAC systems. It details the
necessary steps for planning, design, equipment selection, operation and mainte-
nance. Included are the relevant associated disciplines and considerations necessary
for a broad understanding of this subject, including economic factors, pollution
controls, and the physiology of comfort.

Each topic is addressed by a leading organization or practitioner in the field.

Acknowledgments

The editors wish to acknowledge the valuable assistance and guidance of McGraw-
Hill editors Robert Hauserman and Lester Strong.

Nils R. Grimm
Robert C. Rosaler
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A project design program is essential to assure an economical, energy-efficient,
maintainable, and flexible design that will not only be technically adequate but also
meet the client’s and/or user’s needs within the allocated budget. Three good ref-
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Architects Handbook of Professional Practice, 11th ed., Chapter 11, “Project
Practices,” American Institute of Architects, Washington, D.C., 1988.

Project Checklist, document D200, American Institute of Architects, Washing-
ton, D.C., 1982.

Guidelines for Development of Architect/Engineer (A/E) Quality Control Man-

ual, National Society of Professional Engineers (NSPE), Washington, D.C.,
1977.

xvii



ABOUT THE AUTHORS

Nils R. Grimm was section manager for the Sverdrup Corporation in New York
City. A registered professional engineer, he is a member of the American Society
of Heating, Refrigeration, and Air Conditioning Engineers.

Robert C. Rosaler is a consulting engineer with several decades of experience in
HVAC design and plant engineering. He is editor of both the Standard Handbook
of Plant Engineering and the Handbook of HVAC Maintenance and Operations,
also from McGraw-Hill.



Contents

CONIIDULOIS ..o e,

Preface to Second Edition ..........cooeee oo

I = Tor= (o 4 =T 11 o

General REfEreNCES ............uuuuuuuuuuuiiiiiiiiiiiiiiieanaees XVii
ADOUE the AULNOIS ... Xix
Part A. System Considerations ..................cccccciiiiiiiiiiiiiiinines
Section 1. System Fundamentals .........ccccooiiiiiiiiiiii e 1.1.3
1.1 Conceptual and Preliminary Design ..., [1.1.5
1A INOAUCHON .ovevereereeereeceeseneteeess e [1.1.5

112 CONCEPtPRESE ...ooveemierceieieeiiceieeeieeeeseeeeee e [1.1.6

1.1.3  Preliminary Design Phase ...........ccccccciiiiiiiiiiinnnnnnn. ‘_1 1.14

1.1.4  References ... 1.1.18

115 BIbliOGraphy .......ccovoieieeeeeeeeeeeeeeeeeeeeeeeee e [1.1.18

1.2 Heating and Cooling Load Calculations ..........cccccccceiiineeennn. 1.2.1
1.2.1 Introduction ... [1.2.1

1.2.2 Heating and Cooling Loads ..........cccevvvivivievniiiiininnn, 1.2.1

1.2.3  Trane Programs ........cccccooeiiiiiiiiiiiiieeee e [1.2.4

1.2.4  Carrier Programs ..........cccccccvvvvurieeiininiieninnniennennnan. [1.2.11

1.25 References ... [1.2.13

Vii



viii  Contents

Section 2. Design Considerations ..........ccccoceeiiieeiiie e 211
2.1 Applications of HVAC Systems .......cccoooeiiiiiiiiiiiiiiiieecii, [2.1.3
2.1.1  General Considerations ...........cccccevvvvvvivvviivieniinnnnnnn, E
2.1.2  OCCUPANCIES ...oeiiieiiiiiieiiieeeeeeeeiaeeeeeeneeesnneeneeennnennnnnnees 2.1.11]
2.1.3  EXxhaust Systems ..........ccccccvvvvmiririiiiiiiiiiiiiiieiaeanns [2.1.18
214  REfErenCeS ...ooovvviiiiiiiiiiiiiiiiiiiiii s [2.1.25
2.2 HVAC Applications for Cogeneration Systems .................... [2.2.1
2.2.1 Introduction ... z
2.2.2 HVAC Applications for Thermal Energy .................... z
2.2.3  Operational Criteria .........ccccovvveememiiiiiiiiiiiiiiiiiiiineennens @
224 FUEL oo [2.2.9]
225  Prime MOVEIS .........cuuiiiuiiiiiiiiiiiiieinieiiiennieeneneneeennenneees 2.2.10]
2.3 Condensate Control .............cccccooiiiiiiiiiiii, [2.3.1
2.3.1  Condensate Carryover and Drips .......cccccccviiveeeeennnn. [2.3.2]
2.3.2 Condensate Drain Pan .........cccoooiieieieiiiieeeeeeen 2.3.5
2.3.3  Humidity and Temperature in Air Supply
SYSIEM e [2.3.11
2.3.4  Position of Fan in Air Handler ...........ccccooiiiiieennennn. [2.3.15
2.3.5 Seal on the Condensate Drain Line (Draw-
Through Systems) ......ccooeviiiiiiiie e, [2.3.18
236 Condensate Drain Lines ..o, :2.3.28
2.3.7 ReferenCes ... [2.3.30
Part B. Systems and Components ....................cccoeeviieinnee
Section 3. Components for Heating and Cooling ........ccccooeiiiiiiiienennne. 3.1.3
3.1 PIPING o 3.1.5
Part 1: Water and Steam Piping ............c..vveiiiiiiiiiiiiiiiiiieeeeee 3.1.5
3.1.1 Introduction ... [3.1.5]
3.1.2  Hydronic Systems ........ccccccvvvviiiiiiiiiiieeeeeeee E
3.1.3  Steam SyStems ... [3.1.8]
3.1.4  Refrigerant Systems ........cccccccciiiiiiiii [3.1.10
REFEIENCES ... [3.1.11




Part 2: Oil and Gas PipPing .........ccceeeeueeiiiiiiiiieeiiie e [3.1.12
3.1.5  INrOQUCHON .....ooeieeiircieceirceeeeeceeeee e [3.1.12
316 QI PIDING oveoriererreiereceiese s [3.1.12
347 GaS PIPING .o, [3.1.21

3.2 DUCE SIZING ooeeeeiiei e [3.2.1
3.21 Introduction ... [3.2.1]
3.2.2 Manual Method ...........cccoiiiiiiiiiie e [3.2.2]
3.2.3 Computer Method ... @
3.24 References ... [3.2.4]
3.2.5 Bibliography ....cccooooiiiiiiiiii 3.24

3.3 Variable-Air-Volume (VAV) Systems .........cccoooeiiiiiieeiiinnnn.n. [3.3.1
3.3.1  System Design .......eoeviiiiiiiiiiiiiiieeeee e E
3.3.2  Typical System Designs .......cccccceeiiiiiiiiiiiiinieeeeiis E
3.3.3  Fan Modulation Methods ............c..ccoreeeerreermrrrennnne [3.3.23]
3.3.4  Fan Deviation from Catalog Ratings ..........ccccccceeen. :3.3.27
3.3.5  Fan Control Sensor Location ...........cccccvvvieeeeieinnnnns :3.3.31
3.3.6  Fan Selection .........ccoorwerriireierieeiseneeneeeneeee [3.3.35
3.3.7  Return-Air Fans .........cccccoeomimieiniereiseiieieeiseeeeene, [3.3.37
3.3.8  Design Check List for Good Indoor Air Quality

(TAQY) oot [3.3.40
3.3.9  REfErenCe ......occoccoooioieieiieieieieieeeeeee e [3.3.41

3.4 Fans and BIOWErS ... [3.4.1]
3.4.1 Fan Requirements ......cccccooiiiiiiiiiiici e, E
3.4.2  Fan TYPES oo E
3.4.3  Fan Systems ... E
344 FANLAWS ..oooveorieeeiceeieeeeseses s [3.4.20]
345  FanNOISE ....oooeirierrirreeceieeeseeieneseeieseeseseseeeeens [3.4.22
3.46 Fan Construction .........ccccciiiiiiii :3.4.25
347 Fan Selection ........c.cooorwrreireeeieeienesseesenesie [3.4.31
References ... [3.4.40

3.5 Pumps for Heating and Cooling .........ccoovviiiiiiiiiiiiiiiiie, 3.5.1
3.5.1 Introduction ... [3.5.1]
3.5.2 Centrifugal Pumps .......ccccciiiii [3.5.2]

Contents  ix




X

Contents
3.5.3  Positive-Displacement Pumps .........ccccceiiii. [3.5.17
3.54  HVAC System DeSIGNS .....coovoveeveveveeeieeeeeeeeeeenen. [3.5.21
3.5.5 Heating Systems ... :3.5.22
3.5.6  Closed SyStem DESIGN ...veveeeveeeeeeeeeeeeeeeeeereeeeeeeen. [3.5.25
3.5.7 Refrigeration Systems ........cccccceiiiiiiiiii :3.5.37
3.5.8  SEIECHON ....oouieuiieiicieceies s [3.5.39
3.5.9 Variable Speed Energy Conservation ...................... :3.5.40
3.5.10 |Installation and Operation ...........ccccccvvvvviiiiiiiniiennen, :3.5.40
3.5.11 REfErENCE ....ovoeeeieiecicieeeeeeeeeeee e [3.5.42
3.6 ValVeS i [3.6.1]
3.6.1  Introduction ..o, E
3.6.2  Valve SEaliNg ....ocooveveeieeeieeeeeeeeeeeeeeee e [3.6.1]
3.6.3 Isolation Valves and Balancing Valves ..................... [3.6.19
3.6.4  REEreNCe ....ococoovooveeeveeeeeeeceeeeeeeee e [3.6.23
3.7 Valance UNits ......cooooiiiiiiiiiii e [3-7.1]
3.71 Description .....o.ooiiiiiiiiiiie s E
3.7.2  Features ... E
3.7.3  Construction ........ccoevviiiiii E
3.7.4  Operation ......oooiiiiiiiii e E
3.7.5 DesignoftheValance ...............ccccccci, [3.7.5]
Section 4. Heat Generation EQUIDMENt ...........ccccoveurieeicireeeicineeeeeeeene.
41 BOIEIS e [4.1.3]
411 Introduction ..o E
S O = o 1= 1Y/ o1 E
4.1.3 Operating Pressure .......ccccoooiioiioiiiiiiieeeeeeeeeeeeeeeeeeenn E
4.1.4 Boiler Design Classifications ...........cccccceeviiiiiciiinnnnn. E
4.1.5 Selecting a Packaged Boiler ............cccccooviiiiiinennnn. E
4.1.6  General Design Criteria ........cccooiiviiiiiiiiiiiiiiiiiieee, E
417 Water-Tube BOIIErS ..........orrveurrreerrrrerneessnneessenenns [4.1.12]
4.1.8 Fire-Tube BOIlers ......cccocoiiooiiiiiiiiiieeieee e, :4.1.19
41.9  Cast-Iron BOIIErS ........c.cooomreemrieieeereereeinseereeeeseenns [4.1.21
4.1.10 Specific Design Criteria ........ccooeeeiiiiiieiiiiiiieeee, [4.1.23




4.1.11 Systems and Selections .........cccoocciiiiiiiiiiiiiiiiiee, [4.1.25
4.1.12 High Temperature Water Systems ...........cccoccuuiieeee. :4.1 .29
4.1.13 Heat-Recovery Boilers .........cccooiiiiiiiiiiiiiiiiiiiiiiee, :4.1 .38
4.1.14 Solid-Fuel Boilers ........ccccceeveiiiiiiiiieeeee e :4.1.43
4.1.15 Unfired BOIlErs ....ccccooeeiiiiiiieeeeeieee e, :4.1.48
4.1.16 Operation and Maintenance ............ccccceeieeeieeeieennenn. :4.1.49
4.1.17 Electric Boilers ..., [4.1.50
4.2 Burnersand Fuels ... [4.2.1]
4.2.1 Introduction ... [4.2.1]
4.2.2  FUEIS oo 4.2.6
4.3 BUMEr SYStEMS ..o [4.3.1]
4.3.1 Introduction ..., E
432 GasBUMEIS ..o E
4.3.3 Ol BUMETS oooorveerevereeeoeeeieeees s [4.3.3]
434 Solid-FUel BUMETS .......oc.coorveurrrerrreeeeeeieneesnsenens [4.3.7]
435  CONMrOlS oo 4.3.13]

4.4 Factory-Built Prefabricated Vents, Chimneys, and
StACKS ..o [4.4.1]
4.4.1 Introduction ... E
4.4.2 Listed Factory-Built Chimneys and Vents ................. E
443  Steel STaCKS ..ccoieiieiciceeecce e 214_32
4.4.4  Precast Reinforced-Concrete Chimneys .................. :4.4.37
4,45 Chimneys for Incinerators ..........ccccceeeeiieiiiiienennnn. :4.4.46
448 DESIGN ooooreeeereeieees e [4.4.63
447 ReEfErenNCeS ..o [4.4.87
Section 5. Heat Distribution Systems ... 5.1.1
5.1 StAM o [5.1.3]
511 Introduction to Steam ... E
5.1.2 Introduction to Steam Heating Systems .................. m
5.1.3  General System Design .......cccccceiiiiiiiiiiiiiieeeeeees E
5.1.4  Pressure Conditions ........cccoeiiiiiiiiiii E
5.1.5 Piping Arrangements ..........cccciiiiiiiiii e, [5.1.7]

Contents  xi




xii  Contents

5.2

51.6 Condensate Return ...........cccccc
5.1.7  Pipe-Sizing Criteria ..........cccoiiiieiiiiiiiiee
5.1.8  Determining Equivalent Length ...........cccccccceiiiiiiiiis
5.1.9 Basic Tables for Steam Pipe Sizing ......cccccevvvveveeeenee.
5.1.10 Tables for Low-Pressure Steam Pipe Sizing ............
5.1.11 Tables for Sizing Medium- and High-Pressure

Pipe Systems ......ooviiiiii
5112 AirVents ..o
5113 Steam Traps ....cccceviiiiiiiiiieeeeeeeee
5114 Steam Trap TYPES ..oovvvvviiiiiiiiiiieiieeieeeeeeeeeeee,
5.1.15 Balanced-Pressure Steam Traps ......ccccccveevveeeveennnee.
5.1.16 Bimetallic Thermostatic Steam Traps .......................
5.1.17 Liquid-Expansion Steam Traps ......ccccccccervvevvirereennnnn.
5.1.18 Bucket Steam Traps .......ccccoviiiiiiiiiiiieeee
5.1.19 Float-and-Thermostatic Steam Traps ......................
5.1.20 Thermodynamic Steam Traps ........ccccccevvvvvivviennnennn.
5.1.21 Steam Trap Location ..........ccccoviiiiiiiiiiiee
5.1.22 Steam Trap Sizing .....cccccoviiiiiii
5.1.23 Steam Trap Selection ...........cccciii
5.1.24 Determining Condensate Load for a System ............
5.1.25 Water Damage ........iiiiiiiiiiieeceen e
5.1.26 Water Conditioning ..........cccccoiiiii
5.1.27 Freeze Protection ..........ccooiiiiiiii
5.1.28 Piping SUpports .......ccccceiiiiiii
5.1.29 SHrainers ..oooooiiiieeee e
5.1.30 Pressure-Reducing Valves .........ccccoiiiiiiiiiiiiiiiinnnns
51.31 Flash Tanks ...
5.1.32 Steam Separators ...........ccccccciiiiiiiiii
Hot-Water Systems ..o,
5.21 Introduction ...
5.2.2 Classes of Hot-Water Systems ............ccccceeeeiin.
5.2.3 Design of Hot-Water Systems ...........cccooiieeiiiiininnns
524  Piping Layout .......ccoooiiiiiii e

o
—

N
&)

aofo|[o
— — —

N | BN | N
[e]| ]| K2

alfo|[o
— — —

NI =
ol ©

a[o]o
— — —

NNl Noff T
w|[N] =

aofo|[o
— — —

N[ || b
af|affe

a[o]fo
— — —

N[l o
of|ofo

—

[[o
—

o
—

N[ Ro]l
o[ [K2)

oo
— —

N
(2]

(&)}
N
—

(&)
N
N

[($)]

(&)}

o

Nffnofft
=||o

NN
WIIN




5.3

54

5.5

5.2.5 Pressure Drop and Pumping Requirements .............
5.2.6  PiIipe SiZiNG ..ooooiiiiiiiiiiie e
5.2.7 Venting and Expansion Tanks .............ccccccvveeeeinnnn. ‘
5.2.8  Mechanical and Control Equipment ......................... |
Infrared Heating .......ooiiiiii e
5.3.1 Introduction ...
5.3.2  Types of Heaters and Applications ........cccccceeeeeeenee.
5.3.3  Physiology of Infrared Heating ..................................
5.3.4  Spacing and Arrangement of Electric Heaters ..........
5.3.5 Gas Infrared Radiant Heating .................................
Electric Heating .....coooviiiiii e,
541 Introduction ...,
5.4.2  System Selection ........ccccoiiiiiiiiiiiii
5.4.3 Central Hot-Water Systems .........cccccvvviiiiiiiiininn.
54.4  Warm-Air SYStems ........coooiiiiiiiiiiii e
5.4.5 Convector with Metallic Heating Element .................
546 UnitVentilators ...
547 UnitHeaters .......cccooooiiiiiiii
548 Baseboard Heaters .........cccccoiiiiiiiiii
54.9 Infrared Heaters ..........cccooiiiiiiiiiiiiiiieeee e
5.4.10 Valance, Cornice, or Cove Heaters .......c.cccccovvevunn....
5.4.11 Radiant Convector Wall Panels ..............ccccceiiee.
5.4.12 Integrated Heat Recovery .......ccccoovveeiiiiiiiiiiiiiiinnnenn,
5.4.13 Heat Pumps (See Also Chap. 6.3) ......cccccvvvvveenennen.
5.4.14 Specifying Electric Heating Systems ........................ ‘
5.4.15  Electric Circuit DESIGN .........coovvrrerererererereeseseennee |
5.4.16 Heat PUMP TYPES ..oooiiiiiiiiiiiiiieieeee e |
Solar Space Heating .......ccoooiiiiiiiiii e
5.5.1 Introduction ...
5.5.2  Types of Distribution Systems ..............................
5.5.3 General Design .......cccccooiiiiiiiiiiiiieeee e
554 Heat-Transfer Media ........cccccoviiiiiiii
5.5.5  Water Drainback Systems ...........cccccciiiiiiiiinn,

Contents

Xiii




Xiv

Contents

5.6

5.7

5.8

5.5.6  Pumping Considerations ..........cccccccoiiiiiiiiinnieennnnnns
5.5.7  Additional Fluid System Considerations ...................
5.5.8 Materials and Equipment ...
Snow-Melting Systems .........coeiiiiiiiiii e,
5.6.1 INtroduction ......cooooiiii
5.6.2 Determination of the Snow-Melting Load ..................
5.6.3 Piping Layout .........cooiiiiiiii e
5.6.4 Determine the Gallons/Minute (Liters/Second)

Requirement and Specify a Heat Exchanger ............
5.6.5 Select Specialties ..........ccccovviii
5.6.6  Electrical Snow Melting ........ccceeeeiiiiiiiiiis
5.6.7 Electric Heat Output ...
5.6.8 Infrared (Radiant) Snow Melting ...............................
5.6.9  System Controls .........cccooiiiiiiiiiiii e
Heat TraCing ...oooooeiiee e
5.71 Introduction ...
5.7.2  Basic Design Considerations ........cc.ccccccevvvvvveeiieennnn.
5.7.3  Electric Heat-Tracing Design ...........cccccvviiieiiiinininns
5.7.4  Accessory and Control Equipment ...........................
Unit Heaters ... e
5.8.1 Introduction ...
5.8.2  Unit Heating System Differences ..........cccccccccrnnnnnnn
5.8.3  Classification of Unit Heaters .............ccccocceeeiiiiinnis
5.8.4  Typical Unit Heater Connections ..............................
5.8.5  Calculating Heat Loss for a Building .........ccccccoeeennee
5.8.6  Selecting UnitHeaters .................cccccl ‘
5.8.7  When Quietness is @ Factor ..........ccoccooveveveenennnn.
5.8.8  Controls for Unit Heater Operation ........cccccoveeeeeeee.
5.8.9 Locating Unit Heaters ..........cooovviiiiii i, |
5.8.10 Seven Good Reasons for Replacing Rather

Than Repairing Unit Heaters ...........cccccceeiiiiiiinnnn.
5.8.11 References ......cccoeiiiiiiiiiiieee e

o
&)
~

»
(&)}
<]

al[o
ollw;
=[] ©

(63}
»
—

ek
o
N

o
o
~

[&)]
»
N

63}
»
[é)]

()]
»
(=)

(&)}
(o]
(2]

)]
»
N

o
o
o)

o
~
BN

)]
~
—

[$)]
~
-_—

(6)]
N
~

o
N
N

()]
(oo}
—

(6)]
o]
—

[&)]
oo
N

(@)]
o)
~

a
(0]
~

(&)}
(o]
[ee]

o
o
N
o

o
™
N
o

o
®
(¥
o

9
o
N
—

(&)}

8.2

w

S

.8.2

[¢)]




Contents xv

5.9 Hydronic Cabinet Heaters ............ccccoiiiiiiiiiiiiiiiiieeeec, [5.9.1]
5.9.1  Cabinet Unit Heaters—Heating Only ..........cccccccoinnnns E
5.9.2 Fan-Coil Units—Heating and Cooling .........ccccccceeenne [5.9.3]
5.9.3 Unit Ventilators—Heating, Cooling, and

Ventilating .....oeeeeeiiii 5.9.5
5.9.4  SeleCtion .......cccceiiiiiiiii 5.9.5
5.9.5  APPICALONS evveeeeeeeeeeeeeeeeeeeee et [5.9.17
596 References ... [5.9.21

5.10 Heat EXchangers ... [5.10.1
5.10.1  INrOQUCHON .voveveveeeeeeeereeeseeesseeseess s [5.10.1
5.10.2 Shell-and-Tube Heat Exchangers ............ccccccccernnn. [5.10.1
5.10.3 Nonremovable (Fixed-Tubesheet) Tube

Bundles ... [5.10.2
5.10.4 U-Tube Removable Tube Bundles ............ccccccoenns [5.10.4
5.10.5 Packed Floating Tub Sheet Removable

Bundles ... [5.10.5
5.10.6 Internal Floating Head Removable Bundles ............. :5.10.6
5.10.7 Tubes for Shell-and-Tube Design .........cccceevvvvrveeeenee. :5.1 0.6
5.10.8  TUDE JOINES .oocveumeerririeneirceeeeeseeeieeses e [5.10.9
5.10.9 Headers for Shell-and-Tube Design ..........ccccccceeen. :5.1 0.9
5.10.10 Plate-and-Frame Heat Exchangers ...........cccccccennn... :-5.10.10
5.10.11 Brazed Plate Heat Exchangers ...........cccccccceeeeininnns 5.10.14
5.10.12 COIIS .ceouveuriemeerrieeeiesieeeteseseeses et [5.10.15
5.10.13 Maintenance of Heat Exchangers .............cccccconnn. 5.10.18
5.10.14 References .......cccccooviviiiiiiiiiiii e [5.10.19
5.10.15 Bibliography .........ccccocoioererirerininieniseseseseseeseie s

5.11 Radiators for Steam and Hot Water Heating ....................... [5.11.1
5111 INOAUCHON ..ovevoieeiercieeeeeseee e [5.11.1
5.11.2 Heating EIEMENntS ........cocooooveveveeeeeeeeeeeereeeeeeenen, [5.11.2
511.3 ENCIOSUreS ..o [5.11.4
5.11.4  Architectural Enclosures .............ccccooviiiiiiiinne, :5.11 6
5115 RAUNGS oevveeeceeeeeeeeeeeeeeeee e, [5.11.8
511.6 Selection ... 5.11.9



xvi  Contents

5.11.7  Application ... @
5.11.8 Piping Arrangements ..........ccccceeeeiiiiiiiiie e [5.11.12
5.11.9  AULOMANC CONIOl .......veuiircieceiceieeie e [5.11.13
5.11.10 REFErENCES ...ooooveveeceeiececeecee e [5.11.15
5.12 Door Heating ..........cccooiiiiiiii [5.12.1
5.12.1  INtrodUCHON ..o [5.12.1
5.12.2 Characteristics of Door Heating Loads .................... [5.12.1
5.12.3. Types of Door Heating Equipment Available ............ :5.12.2
5.12.4 Controls and Control Systems ...........ccccccvveeeeriniinns [5.12.6
5.12.5 Selection of Door Heaters .........cccccceeviiiiiiiiiieeeennnnns 5.12.8

5.12.6  Alternatives to Door Heating .............c.ccocoei :5.12.1
5.12.7 Door Heater Installation ....................... [5.12.11
5.12.8 Door Heating Worksheet—Explanation ...................... 51212

5.12.9 Door Heating Worksheet—-Sample Form for

USE oo 51215
5.13 Radiant Panel Heating ........cccoooviiiiiiii e [5.13.1
5.13.1  INrOQUCHON ...vvoieeeiercioiiseisee e [5.13.1
5.13.2 Definitions and Terms .........cccoviiiiiiiiie [5.13.1
5.13.3 History and Applications .........ccccccciiiiiiiiiiiiiciiiieen, [5.13.4
5.13.4 Design Considerations ............c.cccocoeiiiiiiiiininee, :5.13.5
5.13.5 System Components ..........ccccccceiiiiiiiiiiiiiieeeees 5.13.12
5.13.6 System Design .....cccccociiiiiiiiiii [5.13.28
5.13.7 Installation Methods .............cccoccooiiiiii :5.13.44
5.13.8  SUMMAIY ..ooeoeeeeeeeeeeeeeeeeeeeee e, [5.13.54
5.13.9  REfEreNCES .....cocccoveveveeieceeieeeieieeeeeeeeiee e,
Section 6. Refrigeration Systems for HVAC ... 6.1.1
6.1 Refrigerants ... 6.1.3
6.1.1 Introduction ... [6.1.3]
6.1.2  Selection Criteria .............cccoooeiiiiiiii E
6.1.3  Refrigerant TYpes ......ccccooiiiiiiiiiiiiiieeeeeen [6.1.7]
6.1.4  Refrigeration Systems ........cccccoiiiiiiiiiiiii, [6.1.11
6.1.5 Materials Compatibility .........ccccoovvriiiiiiiiiiiiiiiiiiiiiiiin, [6.1.13




6.2

6.3

6.4

6.5

Contents

6.1.6 RefereNCES ..o,

Positive Displacement Compressors/Chillers and
CONAENSErS ..o

6.2.1 Introduction ...
6.2.2 Reciprocating Compressors .........cccccevveevvevvvereennneenns
6.2.3  Screw COMPIreSSOrS ........eeeeeeeeeeeueeeereenneennenennnnnnnnnnnes
6.2.4  Scroll COMPreSSOrsS .........eevvvvevvererrrrrerrrnerrerernnenn..
6.2.5 Positive Displacement Liquid Chiller Systems ..........
(ST R O] T (=1 g 1T =
Centrifugal Chillers .......cccooeiiiiiiiiii e,
6.3.1 INtroduCtioN ......oeeiiiiieee e
6.3.2 Refrigeration Cycles .........ccoooiiiiiiiiiiiiiiiiiieeeeee,
6.3.3  COMPONENES ....ovviiiiiiiiiiiiiiiiiiiiiiieierire e,
6.3.4  Capacity Control ..........ccccvvvviiiiiiiiiiiiiiiiieviievvievvnanneens
6.3.5 Power Consumption ..........ccccccceivmiiimimmiiiiiiiiiiiiiinnns
6.3.6 RalingS .ooovviiiiiii e ‘
6.3.7  CoNtrols ....ooviiieiiii |
6.3.8 Installation ...
B6.3.9  Operation ......ccccvveiiiiiiiiiii e ———————
6.3.10 Maintenance ............cccocoiiiiiiinii
6.3.11 ReferenCes ... |
SCreWw COMPIrESSOIS ...oiiiiiieieiiiie e et e e e e e e aeeeens
6.4.1 Introduction ...
6.4.2  Twin-Screw COMPreSSOrS .........cevveeevrerreerrerereennnennnnns
6.4.3  Single-Screw COmMPresSors ........ccccccevviiiiiviieeeeeeeenn ‘
6.4.4  Semihermetic Screw COmMpressors ..........ccccccvvvvvnnns |
Absorption Chillers ...........ooiiiiiiiii e
6.5.1 Introduction ...
6.5.2  Description of the Cycle .......cccccvvvviviviiriiiiiiiiiiiiiiiiinn,
6.5.3  EqUIPMENt ..o
6.5.4  ApplicationS .......oeiiiiiiiiii
6.5.5 Energy AnalySiS .......cccccocuiiimiiimiiiiiiiiiiiiiiiiiiieiineenane
6.5.6 UnitSelection .........cccooiiiiiiiiiiii e

XVii

o
N
-_—

»
N
—

)]
N
—

»
N
\l

»
N
o

»
N
[{e]

I
N
-
(0]

o
w
—

»
w
—

(0)]
wollwo

o
|

»
w
\l

[6.3.16

o

w| &
Tl
N || oo

&
w
N
o

[6.3.17

o
w
NN
©

14
w
N
™

»
AN
—_

(0]
~
—

o
P
—

)
.
)
N

o
=
SIS
=l o

[o2]
gl

oo
(¢
wll=|[l=

»

(o2}
gl
Al

(o))
()]
(o8}




xviii  Contents

6.5.7  LOCAliON ooeeei i [6.5.11
6.5.8  INSLAllAtioN ........ooveuriereiciieeecee s [6.5.13
B.5.9  INSUIAHON ....ooiieeiieieceiciieeiceeeccees s [6.5.13
6.5.10 Operation and Controls ...........ccccvvevvvevvveivviiiiiniinnnnnn, :6.5.13
6.5.11 Operation and Maintenance ............ccccccccivieeeeeeennnnnn, :6.5.16
6.5.12 ReferenCes ... [6.5.19
6.6 Heat PUMPS ..o [6.6.1]
6.6.1  Air-Source Heat Pump BasiCs .......cccccccoviiiiiiiiennnnnnn. E
6.6.2 Water-Source and Geothermal Heat Pumps ............ [6.6.6]
Section 7. Cooling Distribution Systems and Equipment ...................... 711
7.1 Chilled Water and Brine ..............cccoooiiiiiiiii, [7.1.3]
711 Introduction ... [7.1.3]
7.1.2  System Description .........cccccccii [7.1.3]
713 WHEre USEd .....oveouceeeneeiicieseeeesseessssesesesseees [7.1.4]
7.1.4  System Arrangement ..........cccccceeiiiiiiiiiiiieeee e [7.1.4]
7.1.5 Distribution Systems ...........cccccocc [7.1.6]
7.1.6  Design Considerations ............ccccccccooiiiiiiiiininne, E
7.1.7 Installation Considerations .........ccccccceeviiiiiiiiiiininnnne. [7.1.8]
7.1.8  System Monitoring .......ccccccevviiiiii [7.1.10
74.9  BHNE oot [7.1.10
7.1.10 Stratified Chilled-Water Storage System .................. [7.1.13
7.1.11  References ... 7.1.18
7.2 AllFAIr SYStEMS oo [7.2.1]
7.2.1  Single-Zone Constant Volume System .................... [7.2.1]
7.2.2  Single-Zone Constant-Volume System with
Reheat ... [7.2.3]
7.2.3  Multizone System ... [7.2.4]
7.2.4  Induction Unit System ........cccooeeeeiiiiiiieee e [7.2.7]
7.2.5 Variable-Air-Volume System .............ccccooeiiii @
7.2.6  Dual-Duct System ........cccoooiiiiiiiiiiiiiiieee e 7.2.11]
7.2.7  Bibliography ... 7.213



7.3 Direct Expansion Systems ..........ocooiiiiiiiiii
7.3.1  System Description ..........ccccceiiieiiiiiiiiiiieeee e
7.3.2 Equipment ...
7.3.3  Applications ......c..eiiiiiiiee e
7.3.4  Design Considerations ..........ccccccceiiiiiiiiiiiiiiieeennns ‘
7.3.5 References ... |

7.4 Co0liNG TOWEIS ...uiiiiiiii e
741 INtroduction ......ccoooiiii
7.4.2 Tower Types and Configurations .............ccccccernnnnnn
7.4.3 Heat Exchange Calculations .......................cl
7.4.4  Cooling Tower Fill ..o
7.4.5  External Influences on Performance ........................ |
7.4.6  Choosing the Design Wet-Bulb Temperature ........... ‘
7.4.7  Typical Components .........cccccccoveiiiiiiiiiiiiiieeeee e
7.4.8  Materials of Construction ...............cccccoc |
7.4.9 Energy Management and Temperature

Control ..o ‘
7.4.10 Wintertime Operation ..........ccccviiiiiiii |

7.5 OIS i
7.51 Introduction ...
7.5.2  Coil Construction and Arrangement ............ccccccoeueee
753 ColTYPES oo
7.5.4  Coil Applications .........ccccoeiiiiii
7.5.5 Coil Selection ........ccoovviiiiiiiiii
7.5.6  Heat-Transfer Calculations ...........cccccccoviiireieeinnnnnns
7.5.7  Metal Resistance of External Fins and Tube

Wall e ‘
7.5.8 Heat-Transfer Coefficient of Inside Surface ..............
759 Heat-Transfer Coefficient of Outside Surface ...........
7.5.10 Dehumidifying Cooling CoilS ..........ccoovviiiiiiiiieeeeennns
7.5.11 References ......cccoieiiieiiiii e |

7.6 Air Filtration and Air Pollution Control Equipment ................
7.6.1  Gas Purification Equipment Categories ....................

Contents

Xix

N
w
N

N
w
N

\'
w
w

N
w
[(e]

N
w
N
o

N
w
A
N

[7.4.13

~
AN
—_

\l
N
—

N
>
—

~
N
N
~

~
~
N
O

~
~
N
©

\l
EN
N
&




XX

Contents

7.7

7.8

7.6.2  Particulate Contaminants ...............ccccccii 7.6.2
7.6.3 Contaminant Effects ........cccccoiiiiiiii :7.6.13
7.8.4  AIFQUANILY oo [7.6.21
7.6.5 Particulate Air Filters ... :7.6.24
7.6.6  Gaseous Contaminant Air Filters ............cccoceeeeun.... [7.6.32
7.6.7  Particulate Air Pollution Control Equipment .............. [7.6.41
7.6.8  Gaseous Contaminant Air Pollution Control

Equipment ..., 7.6.50
7.6.9  Gas Purification Equipment Performance

Testing ..o, [7.6.52
7.6.10 References ... :7.6.56
7.6.11 Bibliography .......cccceiiiiiii e [7.6.58
Air Makeup (Replacement Air or Makeup Air) .......c......cce.. [7.7.1]
7.71 Introduction ... [7.7.1]
7.7.2  Types of Makeup Air (Replacement Air) Units .......... [7.7.2]
7.7.3 Heat Sources ...........cccooiiiiiiiiiiiiiicc e, E
7.7.4 Heat-Recycled and Unheated Air .........ccccccceeeeiinnns [7.7.8]
7.7.5 Cooling SYSteEmMS ....oooviiiiiiiiiiiee e 7.7.9
7.7.6  Types of Units by Air Moving Devices ..................... :7.7.12
7.7.7  Application—General ..........cccccvviiiiiiiiii [7.7.15
7.7.8  Application—Positive-Pressure Heating ................... [7.7.18
7.7.9  SUMMAIY oo, [7.7.19
Desiccant Dehumidifiers ........cc.ccooooiiiiiiiiiiiiee e [7.8.1]
7.8.1 Introduction ... E
7.8.2  Psychometrics of Air Conditioning Loads ................. E
7.8.3  Behavior of Desiccant Materials .................ccccoooel E
7.8.4  Desiccant Dehumidifiers .........ccccccciviiiiiii, @
7.8.5  Applications for Desiccant Systems ......................... f?ﬁ
7.8.6  Evaluating Applications for Desiccant Systems ........ :7.8.12
7.8.7  Controls for Desiccant Systems ............cccccceeeeeeinnne :7.8.20
7.8.8  Controlling Liquid Desiccant Systems ...................... :7.8.26
7.8.9  Commercial Desiccant Systems ..........ccccocoveeveeeen.. [7.8.26
7.8.10  SUMMAIY oo, [7.8.31




Contents  xxi

7.8.11 References ......ccccocccviiiiiiiiii e |7.8.31
7.8.12  BibliOgraphy ..o.oooocvoeeeceeeeeeeeeeeeeeeeeeeee e, [7.8.32
Part C. General Considerations ..................ccccccciiiiiiiiiiiiinnnnnnns
8.1 Automatic Temperature, Pressure, Flow Control Systems ..............
8.1.1 Control BasiCS .....ccoivviiiiiici e [8.1.3]
8.1.1.1 Control SyStems ........ccooviiiiiiiiiiiee e, [8.1.3]
8.1.1.2 Modes of Feedback Control ...........cccccvvveeeeeennn. [8.1.4]
8.1.1.3 Flow-Control Characteristics ...........cccccvvveernnenn. [8.1.7]

8.1.2 Control Equipment TYPES ...coiiiiiiiiieeiiiieeee e [8.1.11
8.1.2.1  SENSOIS ...coouiiemierciiceeecieeeiesieeee e [8.1.11
8.1.2.2 CONTONIEIS ..o.vevererrceircrireeeseneieneeeeseseneeeneens [8.1.15
8.1.2.3 Final-Control Elements ..............cccccceviiiiinnnnnn, :8.1.16
8.1.2.4 Auxiliary Equipment ... [8.1.17

8.1.2.5 Pneumatic, Electric, Electronic

(70T g aToF= Ty Yo =TSN 8.1.17

8.1.3 Control Applications ..........ccoiiiiiiiiiiiii e [8.1.19
8.1.3.1  BOiler CONrol ......cccrverrrereereneiereeereseneeeneens [8.1.19
8.1.3.2 Control of EXcess Al ......ccoooviviviiiiiieee, :8.1 21
8.1.3.3 HVAC Fan Systems ........ccccoiiiieiiiiiiiieeeeee, :8.1.23
8.1.3.4 Refrigeration Control .................cccc, :8.1 .37
8.1.3.5 Central Heating and Cooling Plants .................. :8.1 40
8.1.3.6 Water-Distribution Control ................................ [8.1.47

8.1.4 Building Management Systems ............c.cccciiiiiiiiiiinnenn, [8.1.52
8.1.4.1 Building Management System Types ................. :8.1 .52
8.1.4.2 Management System Applications .................... [8.1.56

8.1.5 Selection .....cooiniiii e, 8.1.62
8.1.6 Total Building Function .......c...cccooiiiiiiiiiiiii e, [8.1.62
8.1.6.1 Type of Building and System Zoning .................. :8.1 .63
8.1.6.2 Types of Occupancy and Use .............ccceeeeeeeee. [8.1.63
8.1.6.3 Accuracy Requirements ..........cccccvviiiiiiiiinnnnennns [8.1.63
8.1.6.4 Economic Justification .............cccooiiiiiiiiiinnnnnnnn. [8.1.63




xxii  Contents

8.2 NOISE CONIOl ... s 8.2.1
8.2.1 Introduction ........ciiiiiiii 8.2.1
8.2.2 The Nature of Sound .......ccooiiiiiiiiiiiiii e, 8.2.1

8.2.2.1 Displacement Amplitude and Particle
VElOCItY o [8.2.3]
8.2.2.2 FreqUENCY .oooevieiiie ettt e e e e eeees @
8.2.2.3 WaveleNgth .....o.ooooviveieieeeeeeeeeeeeeeeeeeeeeeens [8.2.3]
8.2.24 SoundLlevel ... 8.24
8.2.3 The Speed of SouNd iN Air .......c.cccoeveveeieieeieeeeeeeie
8.2.4 The Speed of Sound in Solids  .......ccccoeeieiiiiiiieiieee, 8.2.5
8.2.5 TheDecibel ...coooovniiiiii e, [8-2.5]
8.2.5.1 Sound Power Level ......ccccooceeeiiiiiiiiiiiiiiiiiieeeeeeees @
8.2.5.2 Sound Pressure Level ..............c.cccccl [8.2.8]
8.2.6 Determination of Sound Power Levels ..............cccceee. 8.2.9
8.2.7 Calculating Changes in Sound Power and Sound
Pressure Levels ..., [8.2.10
8.2.7.1 Sound POWEr LeVel ........cooomrieirrirnrinriineens [8.2.10
8.2.7.2 Sound Pressure Level ........ccccoooeviiiiiiiiiiiiiiiennnn, [8.2.10
8.2.8 Propagation of Sound Outdoors ..........c.ccceiiiiiiiiiiinnennn. 8.2.12
8.2.9 The Inverse-Square Law .........ccccooeeiiiiiiiiiiiiiiieiiiiieeeeeen, 8.2.14
8.2.10 Partial Barriers ........cccooeviiiiiiiieei e 8.2.15
8.2.11 Propagation of Sound Indoors ..........cccceeeiiiiiiiiiiiiiniene, [8.2.17
8.2.11.1 Direct Sound Path ........ccccccceeiiiiiiic e, [8.2.17
8.2.11.2 Reverberant Sound Path .............................. [8.2.17
8.2.11.3 Effects of Direct and Reverberant Sound ........... [8.2.18
8.2.12 Sound Transmission LOSS .........ccceeeviiiiiiiiiiiiiieiiieeeeie, [8.2.18
8.2.12.1 The Mass Law .......ccccooiiiiiiiiiiiiiiiircicee e, :8.2.20
8.2.12.1 The Effect of Openings on Partition TL .............. :8.2.21
8.2.12.3 Single-Number TL Ratings: STC Ratings ........... [8.2.21
8.2.13 Noise Reduction and Insertion LoSS .........cceevvviiiinnnnnnn. 8.2.22
8.2.14 The Effects of Sound Absorption on Receiving-

Room NR Characteristics ......ooovvevieeieeieeeee e 8.2.23



Contents  xxiii
8.2.15 FAN NOISE ...iiiiii e 8.2.24
8.2.16 Cooling Tower NOISE .......ccovviiiiiiiiiiee e 8.2.28
8.2.17 Duct Silencers—Terminology and Types ...........ccccceveennns 8.2.28
8.2.18 Effects of Forward and Reverse Flow on Silencer
SN aNd DIL oo 8.2.31
8.2.18.1 Brief Theory of the Effects of Air-Flow
Direction on Silencer Performance ..................... 8.2.35
8.2.19 Combining Active and Dissipative Silencers .................. 8.2.36
8.2.20 Sound Transmission Through Duct Walls—Duct
Break-out and Break-in Noise ..........c.coooviiiiiiiiiiineiennnnnn. 8.2.38
8.2.21 NOISe Criteria ......oouuuiiiieiiiieiiiie e [8.2.41
8.2.21.1 ABA CHENa ..o..ovecveeeeeeeeeeeeeeeeeeeeeeee e [8.2.41]
8.2.21.2 Community and Workplace Noise
Regulations ..., [8.2.49
8.2.21.3 Noise Criteria (NC) CUrves ........ccccoovvvviiieeeeeeennn. :8.2.51
8.2.21.4 Speech Interference Levels ............................. :8.2.57
8.2.21.5 Ambient Noise Levels as Criteria ...................... [8.2.58
8.2.22 Enclosure and Noise Partition Design
Considerations ..........oiiiiiiiii e 8.2.59
8.2.22.1 Actual Versus Predicted Sound
TransmMisSion LOSSES ........uuueeeueemnmnnnnniiiinniinnnnnns 8.2.59
8.2.22.2 JOINS .ooiiiiiieie e |8.2.60
8.2.22.3 Windows and Seals ............cccccooeiiiiiiiiiccn, :8.2.65
8.2.22.4 Doorsand Seals .......ccoeeeeiiiiiiiii [8.2.66
8.2.22.5 Transmission Loss of Composite
Structures ... [8.2.69
8.2.22.6 Flanking Paths .........cccooiiiiiiiiiiieeeee, :8.2.71
8.2.22.7 Room Performance ..........ccccccoceeeiviiiiiiiiiieeeeenn, [8.2.72
8.2.23 Sound Absorption in Rooms .........cccoiiiiiiiiiiiiii e, 8.2.72
8.2.24 Silencer Application ........cccccoiiiiiiiiiiiiii e, 8.2.77
8.2.24.1 Specific Effects of Flow Velocity on Silencer
Attenuation ... [8.2.77
8.2.24.2 Interaction of DIL with Self-Noise ...................... [8.2.78




xxiv  Contents

8.2.24.3 Pressure Drop ......cccccoviiiiiiiiiiiee e [8.2.79
8.2.24.4 Energy Consumption .........cccccceeiiiiiiiiiiiiieeeeeenn, [8.2.82
8.2.24.5 Effects of Silencer Length and Cross
SECHON oo 8.2.84
8.2.24.6 Impact on Silencer Ap of Proximity to Other
Elements in an HVAC Duct System .................. |8.2.85
8.2.24.7 Duct Rumble and Silencer Location ................... [8.2.86
8.2.24.8 Effect of Silencer Location on Residual
Noise Levels ..., 8.2.87
8.2.25 Systemic Noise Analysis Procedure for Ducted
SYSEMS . |8.2.88
8.2.25.1 ProCEAUIE .....cvoueerreereerresereseeseeeseneeeneseneeneens [8.2.91
8.2.25.2 Silencer Selection ..........ccovvieeiiiiiiiii e [8.2.103
8.2.25.3 Calculating the Attenuation Effects of Lined
DUCES o, 8.2.104
8.2.26 ACOUSHIC LOUVEIS ..oiiiiiiiiiiii e 8.2.105
8.2.27 HVAC Silencing Applications .........cccccvviiiiiiiiineeeenieeeinns 8.2.107
8.2.28 Self-Noise of Room Terminal Units ...........cccccooveeeiiinninns 82113
8.2.29 The Use of Individual Air-Handling Units in High-
Rise BUIldiNgS ...cooiiiiiiiiiie e 8.2.119
8.2.30 Built-Up Acoustic Plenums ........cccoooiiiiiiiiiiiiiieeceee, 8.2.119
8.2.31 Fiberglass and Noise Control-Is It Safe? ....................... 8.2.120
8.2.32 References ......oooooiiiiiiiiiiiieee e 8.2.130
8.3 Vibration Control ..........coioiiieeie e 8.3.1
8.3.1 Introduction ... 8.3.1
8.3.2  TREOIY e 8.3.1
8.3.3 Application ......cocooiiiii s [8.3.4]
8.3.3.1 Basic Considerations ............ccccciiiiii @
8.3.3.2 Isolation Materials ..........cccccocomrerrmererrrsrerianns [8.3.9]
8.3.4 SeleCtion .....ccoovniiiiii e 8.3.19



Contents  xxv
8.3.5 Seismic Protection of Resiliently Mounted

Equipment ... 8.3.33
8.3.5.1 TREOIY .ooiiiiiiii e |8.3.33
8.3.5.2 Seismic Specifications ........cccccceeiiiiiiiiiiiiiinnnnnn, [8.3.39

8.3.6 Acoustical Isolation by Means of Vibration-Isolated
Floating Floors .......ooouiuiiiiiiii e [8.3.43
8.3.6.1 Theory and Methods .........cccccciiiiiiiiiiiiiiieeee, :8.3.43
8.3.6.2  SPECHICAION ..vvveeeeeeeeeeeeeeeeeeeeeeeeeeeereeereeeeeeeees [8.3.44
8.4 Energy Conservation PractiCe ..........cccociiiiiiiiiiiiie e 8.4.1
8.4.1 INtrodUCtiON ....ieeiinii 8.4.1
8.4.2 GENETAl ..coovniii e, 8.4.2
8.4.3 Design Parameters ..........cccooiiiiiiiiiiiiiiiiii e 8.4.3
8.4.3.1 Energy Audit ........ccoiiiiiiii e 8.4.3
8.4.3.2 DESIGN oeoovirreiiieriineienes et [8.4.12
8.4.3.3 Types Of SYStEMS ......ccuvveeeeeeeeeeeeeeeeeeeeeeeeeeen. [8.4.22
8.4.3.4 Chillers .....occouiiiiiiiiiee e |8.4.25
8.4.3.5 BOIErS ..oivoeceeeieciireeeeen s [8.4.28
8.4.3.6 Waste Heat and Heat Recovery ...........cccccceeeeenn. [8.4.29

8.4.3.7 Automatic Temperature Controls (See Also
Chapter 8.1) ..o 8.4.38
8.4.4 Life-Cycle COStiNg ..oevvniiiiiiiie e 8.4.44
8.4.4.1 General ......occooiiiiiiiiii e |8.4.44
8.4.4.2 Discounting, Taxes, and Inflation ...................... :8.4.45
8.4.4.3 Related Methods of Evaluation .......................... [8.4.49
8.4.5 Energy Management Systems ...........ccccoiiiiiiiiiiiiiinnnns [8.4.50
8.451 Components .......cccccceiiiiiiii :8.4.52
8.4.5.2 Software Programs ...........ccccccceeeiiiiiiiiiiiiiieeneenn, :8.4.53
8.4.5.3 FUNCHONS ......ooouvemiemcrircieeeieseieeies e [8.4.54
8.4.5.4 Optional Security and Fire Alarm System .......... :8.4.55
8.4.55 Selecting an EMS .......ccovovieeeiieeeeeeeeeeen, [8.4.55
8.4.6 ReferenCes .....coooiiiiiiiiiii 8.4.56



xxvi Contents

8.5 Water Conditioning ......ccccooeiiiiiieiiiiiee e 8.5.1
8.5.1 Introduction ........coiiiiiiii 8.5.1
8.5.2 Why Water Treatment? ..........cooiiiiiiiiiiiiiii e, [8.5.1]

8.5.2.1 Costof Corrosion ..........ccccceeeeiiiiiiiiiiiiiieeeeeeeeeeea, E
8.5.2.2 Cost of Scale and Deposits ........ccceeevevieeeeeennen. [8.5.3]
8.5.3 Water Chemistry .....cccccoooiiiiiiiiiiiiiiiie e [8.5.5]
8.5.3.1 Hydrologic Cycle .......ccooiiiiiiiiiieiieeeeee, E
8.5.3.2 Water Impurities ... [8.5.6]
8.5.3.3 Dissolved Gases ........ccccccciiiiiiiiiiiii 8.5.7
8.5.3.4 Dissolved Minerals ........cccccccovviiiiiiiiiiiiiiii e, |8.5.13
8.5.4 COITOSION oeuiii i e [8.5.14
8.5.4.1 General Corrosion .........cccovveeeeiiieeiiiiiicee e, :8.5.14
8.5.4.2 OXYGEN PItNG +.veoveveeeeeeeeeeeeeeee e, [8.5.16
8.5.4.3 Galvanic COorrosion .........cccccceeeeeeeiiiiiiiiiieeieeeeeeee, :8.5.17
8.5.4.4 Concentration Cell Corrosion ........cccccceeeeeeeeennnnns :8.5.20
8.5.4.5 Stress Corrosion ..........ccccceeiiiiiiiii :8.5.21
8.5.4.6 Erosion-CorroSion .........ccccceeeeiieeeiiiiiiiiieeeeeeeeeeean, 8.5.22
8.5.4.7 Condensate Grooving ........ccccceeeeriiiiiiiiineeeeeeen. [8.5.22
8.5.4.8 Microbiologically Influenced Corrosion
(MIC) e 8.5.22
8.5.5 Scale and Sludge Deposits ........cccoovveiiiiiiiiiiiiiiiieeeieeeenns [8.5.23
8.5.5.1 Mineral Scale and Pipe Scale ........................... :8.5.24
8.5.5.2 Langelier INndex ........ccccooviiiiiiiiiiiiiiiiiieeeeeeen 8.5.25
8.5.5.3 RyznarIndex ..o 8.5.26
8.5.5.4 BOIIEr SCAIE ....oeouvvrrreirrrerereeeeieeeeereeseeneens [8.5.29
8.5.5.5 Condensate SCale .........cccccoeovruerererrrrrererereenn, [8.5.29
8.5.6 Foulants ......ocooiiiiiiii e, 8.5.30
8.5.6.1 Mud, Dirt,and Clay .........ccccccciiiiiiiiiiiiiiee, [8.5.30
8.5.6.2 Black Mud and Mill Scale ...................ooeeeeien. :8.5.31
8.5.6.3 Boiler Foulants ..........ccccocooerueveereerereeeeeereeneenn, [8.5.31
8.5.6.4 Construction Debris ..................l |8.5.32
8.5.6.5 Organic GrowWtNS .......oeeevevveeeeeereeeseeeeseereseeeenen. [8.5.32




Contents  xxvii

8.56.6 AlQAE ...ooooiiiiiiei e |8.5.32
8.5.8.7  FUNGI ..ocoumieuieeceiciieeieeieeeeesieeee s [8.5.33
8.5.6.8 BaACLEMA ...cocooovevecvececeeeieeceeeee e, [8.5.33
8.5.7 Pretreatment Equipment ..., [8.5.33
8.5.7.1 Water Softeners ........ccccciii :8.5.33
8.5.7.2 DealkaliZer .........ccccooevrvrerieeerereeeeieeereenean, [8.5.35
8.5.7.3 Deaerators .......ccccoiiiiiiiiii |8.5.36
8.5.7.4 Abrasive Separators ...........cccccceeiiiiiiiiiiiiieeenenn, :8.5.38
8.5.7.5 Strainers and Filters ...l [8.5.39
8.5.76 FreeCooling ..o [8.5.39
8.5.7.7 GAUGELS .vveeeeeeeeeeeeeeeeeeeeee e, [8.5.40
8.5.8 Treatment of Systems ..o, [8.5.41
8.5.8.1  GENETAl ..o [8.5.41
8.5.8.2 Boiler Water SYStemMS .......cevvevevereeeeereeeeesenen. [8.5.41

8.5.8.3 Treatment for Open Recirculating Water
SYSIEMS oo 8.5.54

8.5.8.4 Treatment of Closed Recirculating Water
SYSIEMS oo 8.5.70
8.5.9 References .......ooooiiiiiiiiiiii e 8.5.75
8.5.10 Bibliography ......ccoooeiiiiiiii 8.5.76

APPENICES ...
Appendix A. Engineering Guide for Altitude Corrections ........................

A INtroduCtion ...
A.2 Adjustment Data for Various Kinds of Air-Conditioning

EQUIPMENT .o
A.24

A.26]

[11]

A.3 Load Calculation .........cooiiiiiiii
A.4 System Pressure LOSS .......ccooviiiiiiiiiii i, A.2
Bibliography .....cooenii A.26

Appendix B. Metric Conversion Factors .........cccccccoviciiiiieeeee e,



P+«-A R T A

SYSTEM
CONSIDERATIONS




SECTION 1

SYSTEM
FUNDAMENTALS




CHAPTER 1.1

CONCEPTUAL AND
PRELIMINARY DESIGN

M. B. Herbert, PE.

Consulting Engineer, Willow Grove, Pennsylvania

1.1.1 INTRODUCTION

Heating, ventilating, and air-conditioning (HVAC) systems are designed to provide
control of space temperature, humidity, air contaminants, differential pressurization,
and air motion. Usually an upper limit is placed on the noise level that is acceptable
within the occupied spaces. To be successful, the systems must satisfactorily per-
form the tasks intended.

Most heating, ventilating, and air-conditioning systems are designed for human
comfort. Human comfort is discussed at length in Ref. 1. This reference should be
studied until it is understood because it is the objective of HVAC design.

Many industrial applications have objectives other than human comfort. If hu-
man comfort can be achieved while the demands of industry are satisfied, the design
will be that much better.

Heating, ventilating, and air-conditioning systems require the solution of energy-
mass balance equations to define the parameters for the selection of appropriate
equipment. The solution of these equations requires the understanding of that
branch of thermodynamics called “psychometrics.” Ref. 2 should be studied.

Automatic control of the HVAC system is required to maintain desired environ-
mental conditions. The method of control is dictated by the requirements of the
space. The selection and the arrangement of the system components are determined
by the method of control. Controls are necessary because of varying weather con-
ditions and internal loads. These variations must be understood before the system
is designed. Control principles are discussed in Chap. 8.1 and in Ref. 3.

The proliferation of affordable computers has made it possible for most offices
to automate their design efforts. Each office should evaluate its needs, choose from
the available computer programs on the market, and then purchase a compatible
computer and its peripherals.

No one office can afford the time to develop all its own programs. Time is also
required to become proficient with any new program, including those developed
“in-house.”

Purchased programs are not always written to give the information required, thus
they should be amenable to in-house modification. Documentation of purchased

1.15
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programs should describe operation in detail so that modification can be achieved
with a minimum of effort.

1.1.2 CONCEPT PHASE

The conceptual phase of the project is the feasibility stage; here the quality of the
project and the amount of money to be spent are decided. This information should
be gathered and summarized on a form similar to Fig. 1.1.1.

1.1.2.1 Site Location and Orientation of Structure
The considerations involved in the selection of the site for a facility are economic:

. Nearby raw materials

. Nearby finished-goods markets

. Cheap transportation of materials and finished goods

. Adequate utilities and low-cost energy sources for manufacturing
. Available labor pool

Suitable land

7. Weather

AV AWM

These factors can be evaluated by following the analysis given in the Handbook of
Industrial Engineering and Management Bibliography. It is prudent to carefully
evaluate several alternative sites for each project.

The orientation of the structure is dictated by considering existing transportation
routes, obstructions to construction, flow of materials and products through the
plant, personnel accessibility and security from intrusion, and weather.

1.1.2.2 Codes, Rules, and Regulations

Laws are made to establish minimum standards, to protect the public and the en-
vironment from accidents and disasters. Federal, state, and local governments are
involved in these formulations. Insurance underwriters may also impose restraints
on the design and operation of a facility. It is incumbent upon the design team to
understand the applicable restraints before the design is begun. Among the appli-
cable documents that should be studied are

. Occupational Safety and Health Act (OSHA)

. Environmental Protection Agency (EPA) requirements

. National Fire Protection Association (NFPA), Fire Code (referenced in OSHA)
. Local building codes

. Local energy conservation laws, which usually follow the American Society of
Heating, Refrigeration, and Air-Conditioning Engineers (ASHRAE) Standard
90.1A

AW N
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FIGURE 1.1.1 Design information.
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1.1.2.3 Concept Design Procedures

The conceptual phase requires the preparation of a definitive scope of work. De-
scribe the project in words. Break it down to its components. Itemize all unique
requirements, what is required, why, and when. Budgeting restraints on capital costs
and Iabor hours should be included. A convenient form is shown in Fig. 1.1.2. This
form is a starting tool for gathering data. It will suffice for many projects. For a
major project, a more formal written document should be prepared and approved
by the client. This approval should be obtained before proceeding with the design.

The method of design is influenced by the client’s imposed schedule. Fasttrack-
ing methods will identify long delivery items that might require early purchase.
Multiple construction packages are not uncommon, since they appreciably reduce
the length of construction time. Usually, more engineering effort is required to
divide the work into separate bid packages. Points of termination of each contract
must be shown on the drawings and reflected in the scope of work in the specifi-
cations. Great care in the preparation of these documents is required to prevent
omission of some work from all contracts and inclusion of some work in more than
one confract.

Some drawings and some sections of the specifications will be issued in more
than one bid package. To prevent problems, the bid packages should be planned in
the concept stage and carried through to completion of the project. All changes
must be defined clearly for everyone involved in the project.

Every step of the design effort should be documented in written form. When
changes are made that are beyond the scope of work, the written documents help
recover costs necessitated by these changes. Also, any litigation that may be insti-
tuted will usually result in decisions favorable to those with the proper documen-
tation.

After the scope of work has been accurately documented and approved, assemble
the data necessary to accomplish the work:

. Applicable building codes

. Local laws and ordinances

. Names, titles, addresses, and telephone numbers of local officials
. Names, titles, addresses, and telephone numbers of client contacts
. Client’s standards

N AW N -

If the project is similar to previous designs, review what was done before and
how well the previous design fulfilled its intended function.

Use check figures from this project to make an educated guess of the sizes and
capacities of the present project. Use Figs. 1.1.3 and 1.1.4 to record past projects.

Every project has monetary constraints. It is incumbent upon the consultant to
live within the monies committed to the facility. Use Figs. 1.1.5 and 1.1.6 to esti-
mate the capacities and costs of the systems. Do not forget to increase the costs
from the year that the dollars were taken to the year that the construction is to take
place.

Justification for the selection of types of heating, ventilating, and cooling sys-
tems is usually required. Some clients require a detailed economic analysis based
on life cycle costs. Others may require only a reasonable payback time. If a system
cannot be justified on a reasonable payback basis, then it is unreasonable to expect
the more detailed analysis of life cycle costs to reverse the negative results. A
simple comparison between two payback alternatives can be made as follows:
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COMPANY

PO NO. DATE

SHEET NO.

LOCATION
SUBJECT

PROJECT BRIEF
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Address

FIGURE 1.1.2 Project brief.
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FIGURE 1.1.3 Air-conditioning check figures.
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FIGURE 1.14 Heating check figures.
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FIGURE 1.1.5 Conceptual design estimate.



CONCEPTUAL AND PRELIMINARY DESIGN 1.1.13
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FIGURE 1.1.6 Conceptual design estimate for heating.
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$ first cost
$ savings, first year

Payback years N = (1.1.1)

This simple payback can be refined by considering the cost of money, interest rate
i (decimal), and escalation rate e (decimal). The escalation rate is the expected rate
of costs of fuel, power, or services. The actual number of years for payback n is
given by

log [1 + N(R — 1)/R]
n =
log R

(1.1.2)

where

1+e

R=17+7

and N is defined by Eq. (1.1.1). This formula is easily programmed on a hand-held
computer. A nomographic solution is provided in Ref. 4.

There are many other economic models that a client or an engineering staff can
use for economic analysis. Many books have been published on this subject from
which the engineer may choose. Refer to Chap. 8.4.

1.1.3 PRELIMINARY DESIGN PHASE

The preliminary design phase is the verification phase of the project. Review the
concept phase documents, especially if a time lapse has occurred between phases.
Verify that the assumptions are correct and complete. If changes have been made,
even minor ones, document these in writing to all individuals involved.

1.1.3.1 Calculation Book

The calculations are the heart of decision making and equipment selection. The
calculation book should be organized so that the calculations for each area or system
are together. Prepare a table of contents so anyone may find the appropriate cal-
culations for a given system. Use divider sheets between sections to expedite re-
trieval. All calculations should be kept in one place. Whenever calculations are
required elsewhere, make the necessary reproductions and promptly return the orig-
inals to their proper place in the calculation book.

1.1.3.2 Calculations

The calculations reflect on the design team. The calculations should be neat, orderly,
and complete, to aid checking procedures. Most industrial clients require that the
calculations be submitted for their review. Also when revisions are required, much
less time will be spent making the necessary recalculations. All calculations made
during this phase should be considered accurate, final calculations.

Many routine calculations can now be done more rapidly and more accurately
with the aid of a computer. The computer permits rapid evaluation of alternatives
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and changes. If a computer program is not available for a routine calculation, the
calculation should be done and documented on a suitable form. If a form does not
exist, develop one.

All calculations should be dated and signed by the designer and checker. Each
sheet should be assigned an appropriate number. When a calculation sheet is re-
vised, a revision date should be added. When a calculation sheet is superseded, the
sheet should be marked “void.” Do not dispose of superseded calculations until the
project is built satisfactorily and functioning properly.

List all design criteria on sheets such as Fig. 1.1.7, referencing sources where
applicable. List all references used in the design at appropriate points in the cal-
culations.

When you are doing calculations, especially where forms do not exist, always
follow a number with its units, such as feet per second (meters per second), British
thermal units (watts, foot-pounds, newton-meters), etc. This habit will help to pre-
vent the most common blunders committed by engineers.

To avoid loose ends and errors of omission, always try to complete one part or
section of the work before beginning the next. If this is impossible, keep a “things
to do” list, and list these open ends.

1.1.3.3 Equipment Selection

From the calculations and the method of control, the capacity and operating con-
ditions may be determined for each component of the system. Manufacturers’ cat-
alogs give extensive tables and sometimes performance curves for their equipment.
All equipment that moves or is moved vibrates and generates noise. In most HVAC
systems, noise is of utmost importance to the designer. The designer should know
a lot about acoustics and vibrations. Read Chapters 8.2 and 8.3 carefully. Beware
of the manufacturer that is vague or ignorant about the noise and vibration of its
equipment or is reluctant to produce certified test data.

Many equipment test codes have been written by ASHRAE, American Refrig-
eration Institute (ARI), Air Moving and Conditioning Association (AMCA), and
other societies and manufacturer groups. A comprehensive list of these codes is
contained in ASHRAE handbooks. Manufacturer’s catalogs usually contain refer-
ences to codes by which their equipment has been rated. Designers are warned to
remember that the manufacturer’s representative is awarded for sales of equipment,
and not for disseminating advice. Designers should make their own selections of
equipment and should write their own specifications, based on past experience.

1.1.3.4 Equipment Location

Mechanical and electrical equipment must be serviced periodically and eventually
replaced when its useful life has expired. To achieve this end, every piece of equip-
ment must be accessible and have a planned means of replacement.

The roof and ceiling spaces are not adequate equipment rooms. Placing equip-
ment on the roof subjects the roof to heavy traffic, usually enough to void its
guarantee. The roof location also subjects maintenance personnel to the vagaries of
the weather. In severe weather, the roof may be too dangerous for maintenance
personnel.

Ceiling spaces should not be used for locating equipment. Servicing equipment
in the ceiling entails erecting a ladder at the proper point and removing a ceiling
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tile or opening an access door, to gain access to the equipment. Crawling over the
ceiling is dangerous and probably violates OSHA regulations. No matter how care-
ful the maintenance personnel are, eventually the ceiling will become dirty, the tiles
will be broken, and if water is involved, the ceiling will be stained.

Also, the equipment will suffer from lack of proper maintenance, because no
one on a ladder can work efficiently. This work in the occupied space is disruptive
to the normal activities of that space.

Equipment should be located in spaces specifically designed to house them.
Sufficient space should be provided so that workers can walk around pieces of
equipment, swing a wrench, rig a hoist, or replace an electric motor, fan shaft, or
fan belts. Do not forget to provide space for the necessary electrical conduits,
piping, and air ducts associated with this equipment. Boilers and other heat ex-
changers require space for replacing tubes. Valves in piping should be located so
that they may be operated without resorting to a ladder or crawling through a tight
space. If equipment is easily reached, it will be maintained. Adequate space also
provides for good housekeeping, which is a safety feature.

Provision of adequate space in the planning stage can be made only after the
types and sizes of systems have been estimated. Select equipment based on the
estimated loads. Lay out each piece to a suitable scale. Arrange the equipment
room with cutout copies of the equipment. Allow for air ducts, piping, electrical
equipment, access aisles, and maintenance workspace. Cutouts permit several ar-
rangements to be prepared for study.

When you are locating the equipment rooms, be sure each piece of equipment
can be brought into and removed from the premises at any time during the con-
struction. A strike may delay the delivery of a piece of equipment beyond its
scheduled delivery date. This delay should not force construction to be halted, as
it would if the chiller or boiler had to be set in place before the roof or walls were
constructed.

1.1.3.5 Distribution Systems

HVAC distribution systems are of two kinds: air ducts and piping. Air ducts are
used to convey air to and from desired locations. Air ducts include supply air,
return-relief air, exhaust air, and air-conveying systems. Piping is used to convey
steam and condensate, heating hot water, chilled water, brine, cooling tower water,
refrigerants, and other heat-transfer fluids. Energy is required to force the fluids
through these systems. This energy should be considered when systems are eval-
uated or compared.

System Layouts. Locate the air diffusers and heat exchangers on the prints of the
architectural drawings. Note the air-flow rates for diffusers and the required capac-
ities for the heat exchangers. Draw tentative single-line air ducts from the air ap-
paratus to the air diffusers. Mark on these lines the flow rates from the most remote
device to the fan. With these air quantities, the air ducts may be sized. Use Chap.
3.2 or ASHRAE Handbook, Fundamentals, Chap. 32, or the Industrial Ventilation
Manual to size these ducts. Record these sizes on a form similar to those shown
there.

A similar method is used to size the piping systems; see Chap. 3.1. Remember,
steam, condensate, and refrigerant piping must be pitched properly for the systems
to function correctly. Water systems should also be pitched to facilitate draining
and elimination of air.
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Piping systems are briefly described in Chap. 3.1 of this book and in the ASH-
RAE Handbook, Fundamentals. A more substantial treatment is contained in Piping
Handbook (see Bibliography).
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CHAPTER 1.2

HEATING AND COOLING
LOAD CALCULATIONS

Nils R. Grimm, P.E.

Section Manager, Mechanical, Sverdrup Corporation, New York, New York

1.2.1 INTRODUCTION

One of the cardinal rules for a good, economical energy-efficient design is not to
design the total system (be it heating, ventilating, air conditioning, exhaust, humid-
ification, dehumidification, etc.) to meet the most critical requirements of just a
small (or minor) portion of the total area served. That critical area should be isolated
and treated separately.

The designer today has the option of using either a manual method or a computer
program to calculate heating and cooling loads, select equipment, and size piping
and ductwork. For large or complex projects, computer programs are generally the
most cost effective and should be used. On projects where life cycle costs and/or
annual energy budgets are required, computer programs should be used.

Where one or more of the following items will probably be modified during the
design phase of a project, computer programs should be used:

* Building orientation

¢ Wall or roof construction (overall U value)
¢ Percentage of glazing

* Building or room sizes

However, for small projects a manual method should be seriously considered
before one assumes automatically that computer design is the most cost-effective
for all projects.

In the next section, heating and cooling loads are treated together since the
criteria and the computer programs are similar.

1.2.2 HEATING AND COOLING LOADS

The first step in calculating the heating and cooling loads is to establish the project’s
heating design criteria:

1.21
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¢ Ambient dry-bulb or wet-bulb temperature (or relative humidity), wind direction
and speed

* Site elevation above sea level, latitude
* Space dry-bulb or wet-bulb temperature (or relative humidity), ventilation air
« Internal or process heating or cooling and exhaust air requirements

* Hours of operation of the areas or spaces to be heated or cooled (day, night,
weekday, weekends, and holidays)

Even when the owner or user has established the project design criteria, the designer
should determine that they are reasonable.

The winter outdoor design temperature should be based preferably on a mini-
mum temperature that will not be exceeded for 99 percent of the total hours in the
months of December, January, and February (a total of 2160 h) in the northern
hemisphere and the months of June, July, and August in the southern hemisphere
(a total of 2208 h). However, for energy conservation considerations, some govern-
ment agencies and the American Society of Heating, Refrigeration, and Air-
Conditioning Engineers (ASHRAE) Standard 90-75, Energy Conservation in New
Building Design, require the outdoor winter design temperature to be based on a
temperature that will not be exceeded 97.5 percent of the same total heating hours.

Similarly, the summer outdoor design dry-bulb temperature should be based on
the lowest dry-bulb temperature that will not be exceeded 2% percent of the total
hours in June through September (a total of 2928 h) in the northern hemisphere
and in December through March in the southern hemisphere (a total of 2904 h).
For energy conservation reasons, some government agencies require the outdoor
summer design temperature to be based on a dry-bulb temperature that will not be
exceeded 5 percent of the same total cooling hours.

More detailed or current weather data (including elevation above sea level and
latitude) are sometimes required for specific site locations in this country and
around the world than are included in standard design handbooks such as Refs. 1
and 2 or computer programs such as Refs. 3 and 4 or from Ref. 5.

It is generally accepted that the effect of altitude on systems installed at 2000
ft (610 m) or less is negligible and can be safely omitted. However, systems de-
signed for installations at or above 2500 ft (760 m) must be corrected for the effects
of high altitude. Appropriate correction factors and the effects of altitudes at and
above 2500 ft (760 m) are discussed in App. A of this book.

To avoid overdesigning the heating, ventilating, and air-conditioning system so
as to conserve energy and to minimize construction costs, each space or area should
be analyzed separately to determine the minimum and maximum temperatures that
can be maintained and whether humidity control is required or desirable. For a
discussion of humidity control see Chap. 7.7, “Dessicant Dehumidifiers,” in this
book.

The U.S. government has set 68°F (20°C) as the maximum design indoor tem-
perature for personnel comfort during the heating season in areas where employees
work. In manufacturing areas the process requirements govern the actual temper-
ature. From an energy conservation point of view, if a process requires a space
temperature greater than 5°F (2.8°C) above or below 68°F (20°C), the space should,
if possible, be treated separately and operate independently from the general per-
sonnel comfort areas. The staff members working in such areas should be provided
with supplementary spot (localized) heating, ventilating, and air conditioning sys-
tems as the conditions require, in order to maintain personnel comfort.

The space’s dry-bulb temperature, relative humidity, number of people, and ven-
tilation air requirements can be established (once the activity to be performed in
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each space is known) from standard design handbook sources such as Refs. 2, 6 to
8, 10, and 22 for heating and Refs. 1, 6 to 22, 27, and 40 for cooling.

The normal internal loads generally produce a heat gain and therefore usually
are not considered in the space heating load calculations but must be included in
cooling load calculations. These internal loads, including process loads, are listed
in standard design handbook sources such as Refs. 23 and 24.

The process engineering department or quality control group should determine
the manufacturing process space temperature, humidity, and heating requirements.
The manufacturer of the particular process equipment is an alternative source for
the recommended space and process requirements.

The air temperature at the ceiling may exceed the comfort range and should be
considered in calculating the overall heat transmission to or from the outdoors. A
normal 0.75°F (0.42°C) increase in air temperature per 1 ft (0.3 m) of elevation
above the breathing level [5 ft (1.5 m) above finish floor] is expected in normal
applications, with approximately 75°F (24°C) temperature difference between in-
doors and outdoors.

There is limited information on process heating requirements in standard hand-
books, such as Refs. 25 to 35, and on cooling requirements, such as Refs. 25, 27,
and 29 to 35.

Usually the owner and/or user establishes the hours of operation. If the design
engineer is not given the hours of operation for the basis of the design, she or he
must jointly establish them with the owner and/or user.

The method of calculating the heating or cooling loads (manual or computer)
should be determined next.

1.2.2.1 Manual Method

If the manual method is selected, the project heating loads should be calculated by
following one of the accepted procedures found in standard design sources such as
Refs. 21, 22, and 36 to 39. For cooling loads, see Refs. 21 to 24, 37 to 39, 41, and
42.

1.2.2.2 Computer Method

If the computer method has been chosen to calculate the project heating or cooling
loads, one must then select a program to use among the several available. Two of
the most widely used for heating and cooling are Trane’s TRACE and other Cus-
tomer Direct Service (CDS) Network diskettes and Carrier’s E20-II programs.

Regardless of the program used, its specific input and operating instructions must
be strictly followed. It is common to trace erroneous or misleading computer output
data to mistakes in inputting the design data into the computer. It cannot be
overstressed that to get meaningful output results, the input data must be correctly
entered and checked after entry before the program is run. It is also a good policy,
if not a mandatory one, to independently check the computer results the first time
you run a new or modified computer program, to ensure the results are valid.

If the computer program used does not correct the computer output for the effects
of altitude when the elevation of the project is equal to or greater than 2500 ft (760
m) above sea level, the computer output must be manually corrected by using the
appropriate correction factors, listed in App. A of this book.

We outline the computer programs available with TRACE® and other CDS disk-
ettes and E-20-II in the remainder of this chapter. However, this is not to imply that
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these are the only available sources of programs for the HVAC fields. Space re-
straints and similarities to other programs are the same reasons for describing pro-
grams from only two sources. Programs are changing rapidly, and you should keep
up-to-date on these continually.

1.2.3 TRANE PROGRAMS *

Software can dramatically aid the system selection process by simulating various
alternatives accurately and quickly.

Programs are available that perform accurate energy and load analyses which
can then be translated into dollars and cents by modeling a particular utility’s rates.
Still other computerized design tools predict acoustical performance and simplify
HVAC equipment selection, air and water distribution, life-cycle costing, and sys-
tem comparisons.

The following summary describes programs available. (Ref. 43)

1.2.3.1 Analysis Tools
TRACE® 600

Load Calculation and Energy Analysis Software. TRACE® performs life-cycle
cost analyses that help the user evaluate various combinations of alternatives in
building envelope construction, HVAC system design/operation, equipment
choices, and control strategies.

For example, TRACE can help predict the effect of installing better window
glazing on HVAC operating costs, or how changing the temperature difference
across the chiller’s evaporator or condenser will impact the operating costs of the
pumps and cooling tower.

A partial list of the many options TRACE® 600 can model follows. (Those
marked with an asterisk can also be simulated with Trane’s System Analyzer®

software.)

* Variable vs. constant air volume systems* * Gas absorption

* Multiple air distribution systems * Hybrid chiller plants*

* Separate makeup air systems * Decoupled chiller systems*
* Supply air reset* * High-efficiency equipment*
¢ Ventilation reset ¢ Integrated Comfort™ system
¢ Air-side economizer* (ICS) control strategies™

o Water-side economizer™* ¢ Switchover controls*

* Equipment heat recovery* ¢ Variable-speed drives*

* Exhaust-air heat recovery * Thermal storage*

* Desiccant dehumidification ¢ Demand limiting with

prioritized shutdown*

TRACE® 600 is based entirely on ASHRAE algorithms and actual hour-by-hour

*This section courtesy of the Trane Corporation, LaCrosse, WI.
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weather data. An extensive library of predefined building elements and equipment
simplify data entry. Comprehensive output reports detail analysis results to aid the
decision-making process.

The program is accompanied by a reference manual of “recipes” for modeling
complex HVAC systems, equipment, and control strategies.

System Requirements

» IBM-compatible computer (286 or higher) with math coprocessor
* 640 KB of RAM

* 16-20 MB of available hard disk space (10 MB for the program, 6-10 MB for
run-time files)

¢ DOS 3.1 or higher

System Analyzer™

Windows®-Based Energy and Economic Analysis Program. System Analyzer
performs load calculations and allows the user to generate and present impressive
energy and economic analyses in just a few minutes—with little or no HVAC
training. Experienced designers can use the program as a ‘“scoping” tool to quickly
and easily examine different systems and assess the impact of control strategies
such as night setback, demand limiting and optimum start/stop. If a particular
combination of equipment appears promising, TRACE® 600 can be used to conduct
a more detailed analysis later.

Rather than require detailed building entries like TRACE, System Analyzer is
based on simplifying assumptions that expedite the comparison of virtually any
building, system, and equipment combination. The program models many of the
same advanced HVAC options as TRACE® 600 (see the preceding asterisked list),
and includes a library of predefined building and equipment templates that are
readily customized. System Analyzer’s output reports include visual graphs suitable
for inclusion in proposals.

System Requirements

* IBM-compatible computer with 386 (or higher) processor and math coprocessor
* 4 MB of RAM

¢ Windows 3.1 or higher

* 10 MB of available hard disk space

Load Express™®

Light Commercial Load Calculator. Load Express® is a Windows ®-based load
design program for light commercial buildings, with a graphical interface, minimal
entries and libraries of predefined building elements such as walls and roofs. Ad-
ditional elements can be created as needed. Program calculations are based on
ASHRAE-approved algorithms, and the results are documented in reports that detail
the expected cooling load, heating load and airflow capacity. All zone information
is summarized on one screen for easy review.

System Requirements

* IBM-compatible computer with 486 (or higher) processor
* 4 MB of RAM
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* Windows 3.1 or higher
* 16 MB of available hard disk space

TRACE® Load 700

Load Design Tool Designed for Windows®™ 3.1. Performing iterative cooling
and heating load calculations is one of the most common (and time-consuming)
tasks HVAC system designers face. To improve the accuracy and efficiency of this
task, TRACE® Load 700 combines the power building load and design portion of
TRACE® 600 with the simplicity of a Windows®-based operating environment.
Like its predecessor, TRACE® Load 700 uses ASHRAE-standard algorithms to
assure calculation integrity. It also enables nonsequential data entry that encourages
“what if” analysis. Users can edit building construction details in any order and
change the building model as the design progresses.

Two distinct levels of data entry permit either quick calculation of a building’s
load or modeling of complex building geometries and systems. Extensive libraries
of predefined (but editable) templates of construction materials and building load
information increase the speed and accuracy of the modeling process.

TRACE® Load 700 automatically creates detailed reports of entered data and
calculation results. Once the load and design calculations are complete, the resuiting
output file can be exported to TRACE® 600 for a detailed energy analysis.

System Requirements

¢ IBM-compatible computer with 486 (or higher) processor

¢ 8 MB of RAM

* Windows 3.1 or higher (also compatible with Windows 95)
* 10 MB of available hard disk space

Trane Acoustics Program (TAP™)

Automates ASHRAE’s “Algorithms for HVAC Acoustics.” Evaluating the total
effect of sound in an enclosed space requires many complex mathematical equa-
tions. Solving those equations manually takes hours of precious design time and is
prone to error. The Trane Acoustics Program—TAP®—streamlines this analysis
task with easy-to-use menus and dialog boxes that help the user create pictorial
diagrams of sound paths. As path elements are added, moved, or deleted, TAP
dynamically recalculates the resulting sound power levels; and when multiple paths
are involved, TAP not only determines the overall sound level at the receiver, but
also how much of that sound each path contributes. Analysis results can be viewed
on screen or printed either as a series of detailed tables or as plots on an NC or
RC chart with TAP’s built-in graphing function.

System Requirements

* IBM-compatible computer with 486 (or higher) processor
* 8 MB of RAM

* VGA (or better) display

* Windows 3.1 or higher

* 10 MB of available hard disk space
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VentAir 62®

Ventilation Airflow “Calculator” VentAir 62® helps engineers design multiple-
space ventilation systems that satisfy the requirements of ASHRAE Standard 62-
1989. Its user-friendly, Windows®-based interface and powerful calculation engine
simplify the otherwise time-consuming, complex, and iterative computations re-
quired to accomplish that task. The program automates multiple-space Equation 6-
1 of Standard 62 and accurately predicts the effect of reducing the critical zone
airflow requirement. It also generates comprehensive reports that documental design
assumptions, calculations and equations—all of the information needed to dem-
onstrate compliance with the Standard.

System Requirements

¢ IBM-compatible computer with 486 (or higher) processor
* 4 MB of RAM

¢ Windows 3.1 or higher

* 10 MB of available hard disk space

Distribution Design

Windows®-Based Tool for Sizing Ductwork and Water Piping. Choose the
equal friction or static regain method to accurately size the ductwork needed for a
new or existing air distribution. In either case, use the Duct Design portion Distri-
bution Design to create a complete bill of air-side material, from the fan to the
diffusers, that simplifies installation cost estimates. To save valuable design time,
Duct Design interfaces with Trane’s Trace® Load 700 design-and-analysis program
and the VariTrane® air terminal selection program. It also contains a table of
ASHRAE fittings and a computerized version of the Trane Ductulator®.

Similarly, the Water Piping portion of Distribution Design facilitates system
piping design and allows the user to optimize the piping layout for cost and op-
erating savings.

System Requirements

¢ IBM-compatible computer with 386 (or higher) processor and math coprocessor
* 4 MB of RAM
* 400 KB of available hard disk space

Engineering Toolbox

Useful “Calculators” for HVAC System Designers. The Engineers Toolbox is
a selection of five small-but-powerful calculation programs that are invaluable for
HVAC design professionals. This software suite includes:

¢ Diskette Ductulator, an electronic version of the Trane Ductulator®

* PFC Correction Calculator, an application that calculates the trigonometric re-
lationships between inductance and capacitance for AC electric motors

¢ Properties of Air, an electronic version of the Trane psychrometric chart

* Properties of Fluids, an application that accurately predicts the physical properties
of typical chiller mixtures (e.g., water and glycol) and nine refrigerants
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* Refrigerant Line Sizing, an application that combines refrigerant properties and
piping design fundamentals

System Requirements. DOS-based programs:

* IBM AT-compatible computer with math coprocessor
640 KB of RAM

* DOS 3.1 or higher

278 KB of available hard disk space

Windows®™-Based Programs

» IBM-compatible computer with 386 (or higher) processor and math coprocessor
* 4 MB of RAM

* Windows 3.1 or higher

¢ 10 MB of available hard disk space

1.2.3.2 Economics Tools
System Speculator®

Comparative System Cost Estimates. System Speculator®, with its easy-to-use
Windows® interface, helps users of all HVAC experience levels make quick, ed-
ucated cost comparisons of various systems. The program estimates installation,
operating and annual maintenance costs for muitiple combinations of air distribution
system and equipment combinations.

System Requirements

* IBM-compatible computer with 386 (or higher) processor and math coprocessor
¢ 4 MB of RAM

* Windows 3.1 (or higher)

* 4 MB of available hard disk space

TRACE® Economics

Life-Cycle Cost Analysis Software. TRACE Economics, a companion to
TRACE® 600, accurately predicts the life-cycle cost, payback period and internal
rate of return associated with a particular HVAC system. Based on energy con-
sumption and utility rate structures (including “stepped” and ‘“‘time-of-day” rates),
the program’s calculations also accounts for depreciation and replacement costs.

System Requirements

* IBM AT-compatible computer (or better) with math coprocessor
* 640 KB of RAM

* 18 MB of available hard disk space (10 MB for the program, 7.5 MB for run-
time files)

* DOS 3.1 or higher
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Equipment Economics®

HVAC Economic Feasibility Program. With Equipment Economics®, the user
can quickly perform an economic analysis that compares several equipment alter-
natives when the load profile is already known or only general building information
is available. The program can model equipment and control strategies based on
utility rates to calculate life-cycle costs and payback periods.

System Requirements

¢ IBM AT-compatible computer (or better) and math coprocessor

¢ 640 KB of RAM

* 15 MB of available hard disk space (10 MB for the program, 5 MB for run-time
files)

* DOS 3.1 or higher

Chiller Economics

Chiller Plant “Cost Estimator.” Some users need to quickly estimate the cost
of operating different chillers systems, and seldom model complex building ge-
ometries and air-side systems. Chiller Economics is a specific-purpose software
program capable of modeling advanced chiller plant configurations and control
strategies, including chiller sequencing, free cooling, thermal storage and building
automation system optimization strategies.

System Requirements.

IBM AT-compatible computer (or better) with math coprocessor
640 KB of RAM

¢ 200 KB of available hard disk space

* DOS 3.1 or higher

FANMOD

Cost Estimating Program for Fans and Air Handlers. The energy used to dis-
tribute air through ductwork is often a significant portion of a building’s overall
energy consumption. FANMOD is another specific-purpose tool that allows the user
to quickly estimate the cost of operating different fan and air-handling systems.
The program can model options such as frequency inverters, inlet vanes and motor
sizes, and can be used to determine the optimum air modulation method for a
particular application.

System Requirements.

* IBM AT-compatible computer (or better) with math coprocessor
¢ 640 KB of RAM

* 200 KB of available hard disk space

¢ DOS 3.1 or higher
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1.2.3.3 Equipment Selection Tools
Equipment Selection Programs

Automated Product Selections. A number of equipment selection programs are
available at no charge to save designers valuable time and encourage comparison
of a wide variety of options. With these tools, the user can avoid countless hours
spent locating the catalog data and performing the necessary calculations (and re-
calculations) by hand. The programs used to select the following equipment include
sound power data and allow the user to make multiple selections:

¢ Modular Climate Changers® air ¢ Model Q® vaneaxial fans
handlers * Centrifugal and propeller
¢ Chilled water coils fans (‘“Fan B”")
* Hot water coils * Commercial self-contained air
* Refrigerant coils conditioners
« Steam coils * Large commercial rooftop air
conditioners

¢ Refrigerant heat-recovery coils
& Ty * Fan-coil terminal units

¢ VariTrane® variable-air-volume
terminal units

System Requirements. DOS-based programs:

¢ IBM AT-compatible computer with math coprocessor
* 640 KB of RAM

* DOS 3.1 higher

* 5.1 MB of available hard disk space

Windows®-based programs:

* IBM-compatible computer with 386 (or higher) processor and math coprocessor
* 4 MB of RAM

¢ Windows 3.1 or higher

* 10 MB of available hard disk space

CAD Equipment Templates

Plan-View, “To Scale” Drawings of Equipment. Trane provides undimensioned
AutoCAD® equipment templates that can be inserted, to scale, into system sche-
matics. The templates are provided at no charge, and are compatible with AutoCAD
DOS Releases 10, 11 and 12 and AutoCAD Release 12 for Windows®. They are
also available in a 2-D drawing exchange format, .DXF, so that they can be used
with other CAD programs.

The package includes 2-D and 3-D templates of a wide variety of Trane equip-
ment and a documentation diskette with installation instructions.

System Requirements

* 3 MB of available hard disk space (2 MB for 2-D template files, 1 MB for 3-D
files)
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1.2.4 CARRIER PROGRAMS *

Carrier’s E20-II programs are available to assist HVAC engineers in the layout and
design of commercial air conditioning systems. This section summarizes the fea-
tures and capabilities of each E20-II program. (Ref. 44)

Hourly Analysis Program v3.20. Advanced system-based HVAC design load pro-
gram AND full 8760-hour-per-year energy analysis program. System-based design
loads is a technique which considers specific HVAC system features when perform-
ing load estimating and system sizing calculations.

* System-based design loads of all common HVAC systems for sizing and selecting
fans, central cooling and heating coils, air terminal equipment, space heating
coils, preheat coils, and central chillers and boilers.

» Performs detailed 8760-hour-per-year simulation of airside and plant equipment.

* Uses ASHRAE-endorsed Transfer Function method and heat extraction proce-
dure.

* Uses ASHRAE clear sky solar algorithms.
¢ Analyzes sloped roofs and skylights.

e Permits hourly scheduling of lights, occupancy, electrical equipment and other
miscellaneous loads.

¢ Analyzes chiller networks.

* Analyzes thermal storage systems.

¢ Analyzes complex electric and gas utility rates, including demand charges.

» Contains weather library of over 500 cities worldwide.

¢ Provides data for common wall and roof constructions, and common windows.
* Built-in transfer function coefficient generator.

¢ Storage for 1200 spaces, 250 air systems, 100 plants, and 20 entire buildings.

Block Load v2.12. HVAC load estimating program suitable for commercial build-
ings of any size. Handles everything from simple rooftop jobs to 150-zone central
air handlers.

¢ Load analysis uses the ASHRAE-endorsed Transfer Function method.

¢ Contains weather library of over 500 cities worldwide.

* Provides selection information for coils fans and terminal diffusers.

* Provides detailed breakdown of zone and system loads, and handy ‘rule-of-thumb’
check figures.

Duct Design v3.24. Used to design duct systems based on the latest ASHRAE &
SMACNA standards.

» Static regain or equal friction sizing methods.
* Supply and return duct systems.

*This section courtesy of the Carrier Corp., Syracuse, NY.
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» Up to 500 sections per duct system.
» Round, rectangular, flat oval and flex duct.

Refrigerant Piping Design v3.00. Determines the minimum pipe size required to
deliver refrigerant between the compressor, condenser, and evaporator. The program
will also size risers so that oil entrainment is ensured.

* Sizes suction, hot gas discharge and liquid lines.

» Sizes single and double vertical risers.

» Handles steel or copper tube.

* Sizes piping for refrigerants R-12, R-22, R-500, R-502 and R-717.

Water Piping Design v3.03. Used to design well-balanced water piping systems.
It allows the designer to look at the balancing required for each piping section.

¢ Allows up to 200 piping sections per analysis.
» Handles closed or open systems.

* Handles steel, copper, or plastic pipe.

» Analyzes water or ethylene glycol.

» Up to 35 different pipe sizes.

Engineering Economic Analysis v2.10. Provides tools for evaluating the long-
term economic performance of building and HVAC system designs. The software
permits consideration of investment and operating costs, investment financing meth-
ods, and rates of cost escalation.

* Calculates payback, cash flow, and savings-to-investment ratio.
¢ Up to three different financed investments can be considered.
¢ Costs for maintenance and four types of fuel may be evaluated.

Bin Operating Cost Analysis v2.11. Calculates annual operating costs for com-
mercial HVAC and non-HVAC energy consuming systems. The modified bin
method is used to provide quick, accurate results.

* Considers costs for air system fans, cooling and heating plants, pumps, lights,
miscellaneous equipment and machinery, and domestic water heating systems.

* Contains weather library of over 300 cities in North America.
» Handles interior and perimeter regions of a building.

Applied Acoustics v1.10. Engineering tool which uses ASHRAE and ARI-
endorsed procedures to determine the acoustic quality of indoor and outdoor spaces.
It estimates the sound pressure level at a receiver location in response to one or
more sound sources.

¢ Computes Noise Criteria, Room Criteria and A-Weighted Sound Level (dBA)
ratings.

¢ Ability to analyze sound levels in indoor or outdoor spaces.
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2.1.1 GENERAL CONSIDERATIONS

As a system design develops from concept to final contract documents, the follow-
ing subjects (in Secs. 2.1.1-2.1.11) should be considered throughout the HVAC
design period.! These subjects are of a general nature inasmuch as they are appli-
cable to all HVAC designs, and they may become specific requirements inasmuch
as codes are continually updated.

2.1.1.1 Cooling Towers and Legionnaire’s Disease

Since the 1976 outbreak of pneumonia in Philadelphia, cooling towers have fre-
quently been linked with the Legionella pneumophila bacteria, or Legionnaires’
disease. Much is yet to be learned about this bacteria, but until it is known to be
eliminated, several precautions should be taken:

1. Keep basins and sumps free of mud, silt, and organic debris.

2. Use inhibitors as recommended by water-treatment specialists. Do not overfeed,
because high concentrations of some inhibitors are nutrients for microbes.

3. Do not permit the water to stagnate. The water should be circulated throughout
the system for at least 1 h each day regardless of the water temperature at the

*Updated for this second edition by Alfred W. Woody, Chief Mechanical Engineer, Giffels Associates,
Inc., Southfield, Michigan.

'The preliminary design, calculations, equipment, and control of heating, ventilating, and air-
conditioning (HVAC) systems are discussed in other chapters.
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tower. The water temperature in indoor piping will probably be 60°F (15.6°C)
or warmer, and one purpose of circulating the water is to disperse active inhib-
itors throughout the system.

4. Minimize leaks from processes to cooling water, especially at food plants. Again,
the processes may contain nutrients for microbes.

2.1.1.2 Elevator Machine Rooms

These spaces are of primary importance to the safe and reliable operation of ele-
vators. In the United States, all ductwork or piping in these rooms must be for the
sole purpose of serving equipment in these rooms unless the designer obtains per-
mission from the authorities in charge of administering ANSI Standard 17.1, Safety
Code for Elevators and Escalators. If architectural or structural features tend to
cause an infringement of this rule, the duct or pipe must be furred in and enclosed
in an approved manner.

2.1.1.3 Energy Conservation

A consequence of the 1973 increase in world oil prices is legislation governing the
design of buildings and their HVAC systems. Numerous U.S. states and munici-
palities include an energy code or invoke a particular issue of ASHRAE Standard
90 as a part of their building code. Standard 90 establishes indoor and outdoor
design conditions, limits the overall U-factor for walls and roofs, limits reheat
systems, requires the economizer cycle on certain fan systems, limits fan motor
power, requires minimum duct and pipe insulation, requires minimum efficiencies
for heating and cooling equipment, etc. Certain occupancies, including hospitals,
laboratories, and computer rooms, are exempt from portions of the standard.

In the interest of freedom of design, the energy codes permit trade-offs between
specified criteria as long as the annual consumption of depletable energy does not
exceed that of a system built in strict conformance with the standard. Certain mu-
nicipalities require that the drawings submitted for building-permit purposes include
a statement to the effect that the design complies with the municipality’s energy
code. Some states issue their own preprinted forms that must be completed to show
compliance with the state’s energy code.

2.1.1.4 Equipment Maintenance

The adage “‘out of sight out of mind” applies to maintenance. Equipment that a
designer knows should be periodically checked and maintained may get neither
when access is difficult. Maintenance instructions are available from equipment
manufacturers; the system designer should be acquainted with these instructions,
and the design should include reasonable access, including walk space and head-
room, for ease of maintenance. Some features for ease of maintenance will increase
project costs, and the client should be included in the decision to accept or reject
these features.

Penthouse and rooftop equipment should be serviceable via stairs or elevators
and via roof walkways (to protect the roofing). Ship’s ladders are inadequate when
tools, parts, chemicals, etc., are to be carried. Rooftop air handlers, especially those
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used in cold climates, should have enclosed service corridors. If heavy rooftop
replacement parts, filters, or equipment are expected to be skidded or rolled across
a roof, the architect must be advised of the loading to permit proper roof system
design.

Truss-mounted air handlers, unit heaters, valves, exhaust fans, etc., should be
over aisles (for servicing from mechanized lifts and rolling platforms) when cat-
walks are impractical. Locate isolated valves and traps within reach of building
columns and trusses to provide a degree of stability for service personnel on ladders.

It is important that access to ceiling spaces be coordinated with the architect.
Lay-in ceilings provide unlimited access to the space above, except possibly at
lights, speakers, sprinklers, etc. When possible, locate valves, dampers, air boxes,
coils, etc., above corridors and janitor closets so as to disturb the client’s operations
the least.

Piping-system diagrams and valve charts are important and should be provided
by the construction documents. Piping should be labeled with service and flow
arrows, and valves should be numbered, especially when not within easy view of
the source (such as steam piping not being within easy view of the boiler).

For piping of approximately 3 in (7.5 cm) and larger, use only flanged or lugged
valves when it is intended that the item immediately adjacent to the valve will be
removed for servicing. Remember that wafer valves are unsuitable inasmuch as
both pipe flanges are required to hold the valve in place (see Chap. 3.6).

Pump performance and strainer clogging can be monitored by the pressure-gauge
arrangement shown in Fig. 2.1.1 or by installing pressure gauges upstream and
downstream of strainers, pumps, etc. Using the readings from one gauge eliminates
the suspicions caused by the inherent inaccuracies among multiple gauges. Fre-
quently remaining serviceable for a long time, ¥-in (10-mm) globe-pattern gauge
valves are preferred to gauge cocks.

The observation of steam-trap operation can be facilitated by having a ¥%-in (10-
mm) test valve at the trap discharge pipe (Fig. 2.1.2). With valve V-1 closed, trap
leakage and cycling may be observed at an open test valve. The test valve can be
used to monitor reverse-flow leaks at check valves.

2.1.1.5 Equipment Noise and Vibration

Noise and vibration can reach unacceptable levels in manufacturing plants as well
as in offices, auditoriums, etc. Once an unacceptable level is “built in,” it is very

Gauge Pressure
vaI_ve gauge
(typical)

\ —

= h=Tof==

Pump

Strainer
FIGURE 2.1.1 Multiple-point pressure gauge.
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FIGURE 2.1.2 Test valve at steam trap.

costly to correct. The noise and vibration control recommendations in Chaps 8.2
and 8.3 of this book and in the 1995 ASHRAE Handbook, HVAC Applications,
should be followed. Sound and vibration specialists should be consulted for HVAC
systems serving auditoriums and other sensitive areas. Fans, dampers, diffusers,
pumps, valves, ducts, and pipes which have sudden size changes or interior protru-
sions or which are undersized can be sources of unwelcome noise.

Fans are the quietest when operating near maximum efficiency, yet even then
they may require sound attenuation at the inlet and outlet. Silencers and/or a suf-
ficient length of acoustically lined ductwork are commonly used to “protect” room
air grilles nearest the fan. Noise through duct and fan sides must also be considered.
In the United States, do not use acoustic duct lining in hospitals except as permitted
by the U.S. Department of Health and Human Services (DHHS) Publication HRS-
M-HF 84-1.

Dampers with abrupt edges and those used for balancing or throttling air flows
cause turbulence in the air stream, which in turn is a potential noise source. Like
dampers, diffusers (as well as registers, grilles, and slots) are potential noise sources
because of their abrupt edges and integral balancing dampers. Diffuser selection,
however, is more advanced in that sound criteria are readily available in the man-
ufacturers’ catalogs. Note, however, that a background noise (or “white” noise) is
preferable in office spaces because it imparts a degree of privacy to conversation.
Diffusers can provide this.

Pumps are also the quietest when operating near maximum efficiency. Flexible
connectors will dampen vibration transmission to the pipe wall but will not stop
water- or liquid-borne noise.

Valves for water, steam, and compressed-air service can be a noise source or
even a source of damaging vibration (cavitation), depending on the valve pattern
and on the degree of throttling or pressure reduction. Here again, the findings of
manufacturers’ research are available for the designer’s use. (See Chap. 3.6 for a
discussion of cavitation in valves.)

Equipment rooms with large fans, pumps, boilers, chillers, compressors, and
cooling towers should not be located adjacent to sound- or vibration-sensitive
spaces. General office, commercial, and institutional occupancies usually require
that this equipment be mounted on springs or vibration isolation pads (with or
without inertia bases) to mitigate the transfer of vibration to the building’s structure.
Spring-mounted equipment requires spring pipe hangers and flexible duct and con-
duit connections. Air-mixing boxes and variable-volume boxes are best located
above corridors, toilet rooms, public spaces, etc. Roof fans, exhaust pipes from
diesel-driven generators, louvers, etc., should be designed and located to minimize
noise levels, especially when near residential areas.
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2.1.1.6 Evaporative Cooling

An air stream will approach at it’s wet bulb temperature a 100 percent saturated
condition after intimate contact with recirculated water. Evaporative cooling can
provide considerable relief without the cost of refrigeration equipment for people
working in otherwise unbearably hot commercial and industrial surroundings, such
as laundries, boiler rooms, and foundries. Motors and transformers have been cooled
(and their efficiency increased) by an evaporatively cooled air stream.

Figure 2.1.3 shows the equipment and psychrometric elements of a ‘“direct”
evaporative cooler. Its greatest application is in hot, arid climates. For example, the
100°F (38°C), 15 percent relative humidity (RH) outdoor air in Arizona could be
cooled to 70°F (21°C), 82 percent RH with an 88 percent efficient unit. Efficiency
is the quotient of the dry-bulb conditions shown at (2), (3), and (4) in Fig. 45.3.
Note that the discharge air from a direct evaporative cooler is near 100 percent
humidity and that condensation will result if the air is in contact with surfaces
below its dew point. The discharge dew point in the above example is 64°F (18°C).

Figure 45.4 schematically shows an “indirect” evaporative cooler. Whereas a
direct evaporative cooler increases the air stream’s moisture, an indirect evaporative
cooler does not; that 1s, there is sensible cooling only at (1) to (2) in Fig. 2.1.4.
Air is expelled externally at (5). When an indirect cooler’s discharge (2) is ducted
to a direct cooler’s inlet, the final discharge (3) will be somewhat cooler and include
less moisture than that of a direct cooler only. Various combinations of direct and
indirect equipment have been used as stand-alone equipment or to augment refrig-
eration equipment for reduced overall operating costs. Refer to the 1992 ASHRAE
Handbook, Systems and Equipment, and the 1995 ASHRAE Handbook, HVAC and
Applications.

Some evaporative cooling equipment operates with an atomizing water spray
only, with any overspray going to the drain. Some additional air cooling is available
when the water temperature is less than the air wet-bulb temperature. Evaporative
cooling involves large quantities of outdoor air, and there must be provisions to
exhaust the air. Evaporative cooling has also been applied to roof cooling; a roof
is wetted by fine sprays, and the water evaporation causes cooler temperatures at
the roof’s upper and lower surfaces. The water supply for all applications must be
analyzed for suitability and, as needed, treated to control scale, algae, bacteria, etc.
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FIGURE 2.1.3 Direct evaporative cooling.
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FIGURE 2.1.4 Indirect evaporative cooling.

2.1.1.7 Fire and Smoke Control Dampers

Wherever practical and/or necessary, building walls and floors are made of fire-
resistant material to hinder the spread of fire. Frequently, HVAC ducts must pene-
trate walls and floors. In order to restore the fire resistance of a penetrated wall,
fire dampers or equal protection must be provided whenever a fire-resistance-rated
wall, floor, or ceiling is penetrated by ducts or grilles. Fire dampers are approved
devices (approved by administrators of the building code, fire marshall and/or in-
surance underwriter) that automatically close in the presence of higher-than-normal
temperatures to restrict the passage of air and flame. Smoke dampers are approved
devices that automatically close to restrict the passage of smoke.

The following are general applications for fire or smoke dampers per the Na-
tional Fire Protection Association Standard NFPA-90A, 1989 edition:

¢ Provide 3-h fire dampers in ducts that penetrate walls and partitions which require
a 3-h or higher resistance rating, provide 1%%-h dampers in ducts that penetrate
those requiring a rating of 2 h or higher but less than 3 h, and provide 1Y2-h
dampers in ducts that penetrate shaft walls requiring a rating of 1 to 2 h.

¢ Provide fire dampers in all nonducted air-transfer openings that penetrate parti-
tions if they require a fire-resistance rating.

* Provide smoke dampers at air-handling equipment whose capacity exceeds
15,000 ft3/min (7080 L/s). The dampers shall isolate the equipment (including
filters) from the remainder of the system except that the smoke dampers may
be omitted (subject to approval by the authority having jurisdiction) when the
entire air-handling system is within the space served or when rooftop air han-
dlers serve ducts in large open spaces directly below the air handler.

Exceptions to the above are allowed when the facility design includes an engineered
smoke control system. Note that schools, hospitals, nursing homes, jails, etc., may
have more stringent requirements.
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Dampers that “snap” closed have often incurred sufficient vacuum on the down-
stream side to collapse the duct (see Ref. 1). Smoke and other control dampers that
close “normally” and restrict the total air flow of a rotating fan can cause pressure
(or vacuum) within the duct equal to fan shutoff pressure. A fan might require a
full minute after the motor is de-energized before coasting to a safe speed (pres-
sure). Provide adequate duct construction, relief doors, or delayed damper closure
(as approved by the authority having jurisdiction).

Refer to the building codes, local fire marshall rules, insurance underwriter’s
rules, and NFPA-90A for criteria regarding fire and smoke dampers.

2.1.1.8 Outdoor Air

This is needed to make up for air removed by exhaust fans; to “pressurize” build-
ings so as to reduce the infiltration of unwanted hot, cold, moist, or dirty outdoor
air; to dilute exhaled carbon dioxide, off-gassing of plastic materials, tobacco
smoke, body odors, etc.; and to replenish oxygen.

A frequently used rule of thumb to provide building pressurization is to size the
return fan’s air flow for 85 percent of the supply fan’s, thereby leaving 15 percent
for pressurization and small toilet-exhaust makeup. This is acceptable for simple,
constant-volume systems and buildings. The required outdoor air can also be es-
tablished by estimating the air flow through window and door cracks, open windows
and doors, curtain walls, exhaust fans, etc. Building pressurization should be less
than 0.15 in water gauge [WG] (4 mm WG) on ground floors that have doors to
the outside so that doors do not “hang” open from outflow of air. The building’s
roof and walls must be basically airtight to attain pressurization. If there are nu-
merous cracks, poor construction joints, and other air leaks throughout the walls,
it is impractical to pressurize the building—and worse, the wind will merely blow
in through the leaks on one side of the building and out through the leaks on the
other side. Variable-air-volume (VAV) systems require special attention regarding
outdoor air because as the supply fan’s air flow is reduced, the outdoor and return
air entering this fan tend to reduce proportionately.

The National Fire Protection Association (NFPA) standards recommend mini-
mum outdoor air quantities for hazardous occupancies. NFPA standards are a re-
quirement insofar as building codes have adopted them by reference. Building codes
frequently specify minimum outdoor air requirements for numerous hazardous and
nonhazardous occupancies. ASHRAE Standard 62 recommends minimum quanti-
ties of outdoor air for numerous activities. In the interest of energy conservation,
5 ft*/min (2.4 L/s) per person had been considered acceptable for sedentary non-
smoking activities, but this was later determined to be inadequate. ASHRAE 62-
1989 requires at least 15 ft*/min (7.1 L/s) per person.

2.1.1.9 Perimeter Heating

The heat loss through outside walls, whether solid or with windows, must be an-
alyzed for occupant comfort. The floor temperature should be no less than 65°F
(18°C), especially for sedentary activities. In order to have comfortable floor tem-
peratures, it is important that perimeter insulation be continuous from the wall
through the floor slab and continue below per Refs. 2 and 3.

Walls with less than 250 Btu/h - lin ft (240 W/lin m) loss may generally be
heated by ceiling diffusers that provide air flow down the window—unless the
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occupants would be especially sensitive to cold, such as in hospitals, nursing homes,
day-care centers, and swimming pools. Walls with 250 to 450 Btu/h - lin ft (240
to 433 W/lin m) can be heated by warm air flowing down from air slots in the
ceiling; the air supply should be approximately 85 to 110°F (29 to 43°C). Walls
with more than 450 Btu/h - lin ft (433 W/lin m) should be heated by underwindow
air supply or radiation. See Ref. 4 for additional discussion. The radiant effect of
cold surfaces may be determined from the procedures in ANSI/ASHRAE Standard
55.

Curtain-wall construction, custom-designed wall-to-roof closures, and architec-
tural details at transitions between differing materials have, at times, been poorly
constructed and sealed, with the result that cold winter air is admitted to the ceiling
plenum and/or occupied spaces. Considering that the infiltration rates published by
curtain-wall manufacturers are frequently exceeded because of poor construction
practices, it is prudent to provide overcapacity in lieu of undercapacity in heating
equipment. The design of finned radiation systems should provide for a continuous
finned element along the wall requiring heat. Do not design short lengths of finned
element connected by bare pipe all within a continuous enclosure. Cold downdrafts
can occur in the area of bare pipe. Reduce the heating-water supply temperature
and then the finned-element size as required to provide the needed heat output and
water velocity.

The surface temperatures of glass, window frames, ceiling plenums, structural
steel, vapor barriers, etc., should be analyzed for potential condensation, especially
when humidifiers or wet processes are installed.

2.1.1.10 Process Loads

Heat release from manufacturing processes is frequently a major portion of an
industrial air-conditioning load. Motors, transformers, hot tanks, ovens, etc., form
the process load. If all motors, etc. in large plants are assumed to be fully loaded
and to be operating continuously, then invariably the air-conditioning system will
be greatly oversized. The designer and client should mutually establish diversity
factors that consider actual motor loads and operating periods, large equipment with
motors near the roof (here the motor heat may be directly exhausted and not affect
the air-conditioned zone), amount of motor input energy carried off by coolants,
etc. Diversity factors could be as much as 0.5 or even 0.3 for research and devel-
opment shops containing numerous machines that are used only occasionally by
the few operators assigned to the shop.

2.1.1.11 Room Air Motion

Ideally, occupied portions [or the lower 6 ft (2 m)] of air-conditioned spaces for
sedentary activities would have 20- to 40-ft/min (0.1- to 0.2-m/s) velocity of air
movement, with the air being within 2°F (1°C) of a set point. It is impractical to
expect this velocity throughout an entire area at all times inasmuch as air would
have to be supplied at approximately a 2-ft*/min - ft* (10.2-L/s - m?) rate or higher.
This rate is easily incurred by the design load of perimeter offices, laboratories,
computer rooms, etc., but would only occur in an inferior office when there is
considerable heat-release equipment. The supply air temperature should be selected
such that, at design conditions, a flow rate of at least 0.8 ft*/min - ft2 (4.1 L/s -
m?), but never less than 0.5 ft*/min - ft?> (2.5 L/s - m?), is provided.
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People doing moderate levels of work in non-air-conditioned industrial plants
might require as much as a 250-ft/min (1.3-m/s) velocity of air movement in order
to be able to continue working as the air temperature approaches 90°F (32°C). This
would not necessarily provide a “full comfort” condition, but it would provide
acceptable relief. Loose paper, hair, and other light objects may start to be blown
about at air movements of 160 ft/min (0.8 m/s); see Ref. 5. Workers influenced
by high ambient temperatures and radiant heat may need as much as a 4000-ft/
min (20-m/s) velocity of a 90°F (32°C) air stream to increase their convective and
evaporative heat loss. These high velocities would be in the form of spot cooling
or of a relief station that the worker could enter and exit at will. Air movement
can only compensate for, but not stop, low levels of radiant heat. Only effective
shielding will stop radiant energy. Continuous air movement of approximately 300
ft/min (1.5 m/s) and higher can be disturbing to workers.

Situations involving these higher air movements and temperatures should be
analyzed by the methods in Refs. 6 to 9.

2.1.2 OCCUPANCIES

2.1.2.1 Clean Rooms

For some manufacturing facilities, an interior room that is conditioned by a unitary
air conditioner with 2-in- (5-cm-) thick throwaway filters might be called a *‘clean
room”’; that is, it is “‘clean” relative to the atmosphere of the surrounding plant.
Generally, however, clean rooms are spaces associated with the micro-chip, laser
optics, medical, etc., industries where airborne particles as small as 0.5 micrometer
(nm) and less are removed. One micrometer equals one-millionth of a meter, or
0.000039 in (0.000001 m).

Clean rooms are identified by the maximum permissible number of 0.5-um
particles per cubic foot. For example, a class 100 clean room will have no more
than 100 of these particles per cubic foot, a class 10 clean room no more than 10,
etc. This degree of cleanliness can be attained by passing the air through a high-
efficiency particulate air (HEPA) filter installed in the plane of the clean-room
ceiling, after which the air continues in a downward vertical laminar flow (VLF)
to return grilles located in the floor or in the walls at the floor. Horizontal laminar
flow (HLF) rooms are also built wherein the HEPA filters are in one wall and the
return grilles are in the opposite wall. A disadvantage with an HLF room is that
downstream activities may receive contaminants from upstream activities.

An alternative to an entire space being ultraclean is to provide ultraclean cham-
bers within a clean room (e.g., class 100 chambers in a class 10,000 room). This
is feasible when a product requires the class 100 conditions for only a few opera-
tions along the entire assembly line.

The air-conditioning system frequently includes a three-fan configuration (pri-
mary, secondary, and makeup) similar to that shown in Fig. 2.1.5. The primary fan
maintains the high air change through the room and through the final HEPA filters.
The secondary fan maintains a side-stream (to the primary circuit) air flow through
chilled-water or brine cooling coils, humidifiers, and heating coils. The makeup fan
injects conditioned outdoor air into the secondary circuit, thereby providing clean-
room pressurization and makeup for exhaust fans. Clean-room air changes are high,
such that the total room air might be replaced every 7 s, and this generally results
in the fan energy being the major portion of the internal heat gain. Whenever space
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FIGURE 2.1.5 Three-fan clean-room air system.

permits, locate filters downstream of fans so as to intercept containments from the
lubrication and wear of drive belts, couplings, bearings, etc.

For additional discussions, refer to the 1995 ASHRAE HVAC Handbook, Appli-
cations, and to the latest issue of federal Standard 209, entitled Clean Room and
Work Station Requirements, Controlled Environment.

21.2.2 Computer Rooms

These rooms are required to house computer equipment that is sensitive to swings
in temperature and humidity. Equipment of this type normally requires controlled
conditions 24 hours per day, 7 days per week. Computer equipment can be classified
as (1) data processing, (2) computer-aided design and drafting (CADD), and (3)
microcomputer. Microcomputers are generally similar to standard office equipment
and require no special treatment. Some CADD equipment is also microcomputer-
based and falls into the same category. Data processing and larger CADD systems
fall into the realm of specialized computer rooms, and these are discussed below.

Data processing and large CADD systems operate on a multiple-shift basis,
requiring air-conditioning during other than normal working hours. Humidity sta-
bility is of prime importance with data processing equipment and CADD plotters.
The equipment is inherently sensitive to rapid changes in moisture content and
temperature.

To provide for the air-conditioning requirements of computer equipment, two
components are necessary: a space to house the equipment and a system to provide
cooling and humidity control. Fundamental to space construction is a high-quality
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vapor barrier and complete sealing of all space penetrations, such as piping, duct-
work, and cables. To control moisture penetration into the space effectively, it is
necessary to extend the vapor barrier up over the ceiling in the form of a plenum
enclosure. Vapor-sealing the ceiling itself is not generally adequate due to the nature
of its construction and to penetration from lighting and other devices.

A straightforward approach to providing conditioning to computer spaces is to
use packaged, self-contained computer-room units specifically designed for the ser-
vice. Controls for these units have the necessary accuracy and response to provide
the required room conditions. An added advantage to packaged computer-room
units is flexibility. As the needs of the computer room change and as the equipment
and heat loads move around, the air-conditioning units can be relocated to suit the
new configuration. The units can be purchased either with chilled-water or direct-
expansion coils, as desired. Remote condensers or liquid coolers can also be pro-
vided. Large installations lend themselves quite well to heat recovery; therefore,
the designer should be aware of possible potential uses for the energy.

Centrally located air-handling units external to the computer space offer benefits
on large installations. More options are available with regard to introduction of
ventilation air, energy recovery, and control systems. Maintenance is also more
convenient where systems are centrally located. There are obvious additional ben-
efits with noise and vibration control. Use of a centrally located system must be
carefully evaluated with regard to first cost and to potential savings, as the former
will carry a heavy impact.

The load in the room will be primarily sensible. This will require a fairly high
air-flow rate as compared to comfort applications. High air-flow rates require a high
degree of care with air distribution devices in order to avoid drafts. One way to
alleviate this problem is to utilize underfloor distribution where a raised floor is
provided for computer cable access. A typical computer-room arrangement is shown
in Fig. 2.1.6. Major obstructions to air flow below the floor must be minimized so
as to avoid dead spots.

In summary, important points to remember are:

1. Completely surround the room with an effective vapor barrier.

2. Provide well-sealed wall penetrations where ductwork and piping pass into com-
puter space.

3. Provide high-quality humidity and temperature controls capable of holding close
tolerances: = 1°F (0.6°C) for temperature, and +5 percent for relative humidity.

4. Pay close attention to air distribution, avoiding major obstructions under floors
where underfloor distribution is used.

5. Be alert to opportunities for energy recovery.

6. Make sure that the chosen control parameters and design temperatures and con-
ditions satisfy the equipment manufacturer’s specifications.

7. Be attentive to operating-noise levels within the computer space.

8. If chilled water or cooling water is piped to computer-room units within the
computer-room space, provide a looped- or grid-type distribution system with
extra valved outlets for flexibility.

2.1.2.3 Offices

Cooling and heating systems for office buildings and spaces are usually designed
with an emphasis on the occupants’ comfort and well-being. The designer should
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FIGURE 2.1.6 Typical computer-room layout.

remain aware that not only the mechanical systems but also the architectural fea-
tures of the space affect the comfort of the occupants. And the designer will do
well to remember that the mechanical system should in all respects be invisible to
the casual observer.

The application of system design is divided into three parts: the method of
energy transfer, the method of energy distribution, and the method of control. Con-
trols are discussed in Chap. 8.1 and will therefore not be discussed here.

To properly apply a mechanical system to control the office environment, it is
necessary to completely understand the nature of the load involved. This load will
have a different character depending on the part of the office that is being served.
Perimeter zones will have relatively large load swings due to solar loading and heat
loss because of thermal conduction. The loading from the occupants will be rela-
tively minor. Core zones, on the other hand, will impart more loading from building
occupants and installed equipment.

For the office environment, the more common system used today is the variable-
air-volume (VAV) system. This approach was originally developed as a cooling
system, but with proper application of control it will serve equally well on heating.
In climates where there is need for extensive heating, perimeter treatment is required
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to replace the skin loss of the building structure. An old but reliable method is fin-
tube radiation supplied with hot water to replace the skin loss. A system that is
being seen with more regularity is in the form of perimeter air supply. Care should
be taken with the application of perimeter air systems to ensure that wall U-values
are at least to the level of ASHRAE Standard 90. If this is not done, interior surface
temperatures will be too low and the occupants in the vicinity will feel cold.

Avoid striking the surface of exterior windows with conditioned air, as this will
probably cool even double-pane glass to below the dew point of the outdoor air in
the summer. The result will be fogged windows and a less-than-happy client.

In the interest of economy from a final cost and operating basis, it is best to
return the bulk of the air circulated to the supply fan umit. Only enough outdoor
air should be made up to the building space to provide ventilation air, replace toilet
exhaust, and pressurize the building. For large office systems, it is generally more
practical to return spent air to the central unit or units through a ceiling plenum. If
the plenum volume is excessively large, a better approach would be to duct the
return air directly back to the unit. The ceiling plenum will be warmer during the
cooling season when the return air is ducted, and this will require a somewhat
greater room air supply because more heat will be transmitted to the room space
from the ceiling rather than directly back to the coil through the return air.

Terminal devices require special attention when applied to VAV systems. At low
flow rates, the diffuser will tend to dump unless care is taken in the selection to
maintain adequate throw. Slot-type diffusers tend to perform well in this application,
but there are other diffuser designs, such as the perforated type, that are more
economical and will have adequate performance.

The air-handling, refrigeration, and heating equipment could be located either
within an enclosed mechanical-equipment room or on the building roof in the form
of unitary self-contained equipment. For larger systems, of 200 tons (703 kW) of
refrigeration or more, the mechanical-equipment room offers distinct advantages
from the standpoint of maintenance; however, the impact on building cost must be
evaluated carefully. An alternate approach to the enclosed equipment room is a
custom-designed factory-fabricated equipment room. These are shipped to the job-
site in preassembled, bolted-together, ready-to-run modules. For small offices and
retail stores, the most appropriate approach would be roof-mounted, packaged, self-
contained, unitary equipment. It will probably be found that this is the lowest in
first cost, but it will not fare well in a life-cycle analysis because of increased
maintenance costs after 5 to 10 years of service.

2.1.2.4 Test Cells

The cooling and heating of test cells poses many problems.
Within the automotive industry, test cells are used for:

¢ Endurance testing of transmissions and engines
* Hot and cold testing of engines
* Barometric testing and production testing

The treatment of production test cells would be very similar to the treatment of
noisy areas in other parts of an industrial environment. These areas are generally a
little more open in design, with localized protection to contain the scattering of
loose pieces in the event of a mechanical failure of the equipment being tested.
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Hot and cold rooms and barometric cells are usually better left to a package pur-
chase from a manufacturer engaged in that work as a specialty.

Endurance cells, on the other hand, are generally done as a part of the building
package (Fig. 2.1.7). It will be found that these spaces are air-conditioned for
personnel comfort during setup only. The cell would be ventilated while a test is
under way. Heat gains for the nontest air-conditioned mode would be from the
normal sources: ambient surroundings, lights, people, etc. Air distribution for air-
conditioning would be similar to any space with a nominal loading of 200 to 400
ft?/ton (5.3 to 10.6 m?/kW) of refrigeration. It should be remembered, however,
that sufficient outdoor air will be needed to make up for trench and floor exhaust
while maintaining the cell at a negative-pressure condition relative to other areas.
Consult local building codes to ensure compliance with regulations concerning ex-
haust requirements in areas of this nature.

During testing, as stated above, the cell would only be ventilated. Outdoor air
would be provided at a rate of 100 percent in sufficient quantity to maintain rea-
sonable conditions within the cell. Temperatures within the cell could often be in
excess of 120°F (49°C) during a test. Internal-combustion engines are generally
liquid-cooled, but even so, the frame losses are substantial and large amounts of
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1. Engine 11. Suspended ceiling
2. Dynamometer 12. Supply air (conditioned, unconditioned)
3. Blast wall 13. Supply air plenum
4. Blast cupola 14. Cell exhaust
5. Fuel and service trench 15. Exhaust plenum
6. Muffler 16. Control room supply (conditioned)
7. Engine exhaust 17. Exhaust duct
8. Dynamometer 18. Trench exhaust duct
9. Control panel 19. Electric hoist
10, Crane 20. Hoist electric control

FIGURE 2.1.7 Typical test-cell layout.
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outdoor air will be required in order to maintain space conditions to even these
high temperature limits. In cold climates, it is necessary to temper ventilation air
to something above freezing; S0°F (10°C) is usually appropriate, but each situation
needs to be evaluated on its own merit. The engine losses are best obtained from
the manufacturer, but in the absence of this data there is information in the 7995
ASHRAE Handbook, HVAC Applications, that will aid in completing an adequate
heat balance. The dynamometer is most often air-cooled and can be thought of as
similar to an electric motor. The engine horsepower (wattage) output will be con-
verted to electricity, which is usually fed into the building’s electrical system; there-
fore, the dynamometer losses to the cell will be on the order of 15 to 20 percent
of the engine shaft output.

The engine test cell will require a two-stage exhaust system for cooling. The
first stage would be to provide low-level floor and trench exhaust to remove heavy
fuel vapors and to maintain negative conditions in the cell at all times. The second
stage would be interlocked with the ventilation system and would come on during
testing and would exhaust at a rate about 5 to 10 percent greater than the supply
rate to maintain negative-pressure conditions. The second stage would also be ac-
tivated in the event of a fuel spill to purge the cell as quickly as possible. Activation
of the purge should be by automatic control in the event that excessive fumes are
detected. An emergency manual override for the automatic purge should be pro-
vided. Shutdown of the purge should be manual. Consult local codes for explicit
requirements.

Depending on the extent of the engine exhaust system, a helper fan may be
required to preclude excessive back pressure on the engine. Where more than one
cell is involved, one fan would probably serve multiple cells. Controls would need
to be provided to hold the back pressure constant at the engine (Fig. 2.1.8).

Air-conditioning for the test cell could be via either direct-expansion or chilled-
water coils. During a test, the cell conditioning would be shut down in all areas
except the control room. Depending on equipment size, it usually is an advantage
to have a separate system cooling the control room. One approach to heating and
cooling an endurance-type test cell is shown schematically in Fig. 2.1.9. Local
building codes and the latest volumes of NFPA should be reviewed to ensure that
local requirements are being meet. Fuel vapors within the cell should be continually
monitored. The cell should purge automatically in the event that dangerous con-
centrations are approached.

The following is suggested as the sequence of events for the control cycle of
the test cell depicted in Fig. 2.1.9:

Setup Mode

1. AC-1 and RF-1 are running. Outdoor-air and relief-air dampers are modulated
in an economizer arrangement.

2. EF-2 is controlled manually and runs at all times, maintaining negative condi-
tions in the cell and the control room.

3. EF-1 is off and D-1 is shut.

Emergency Ventilation Mode

1. If vapors are detected, D-2 shuts and D-1 opens.

2. EF-1 starts and AC-1 changes to high-volume delivery with cooling coil shut
down and outdoor-air damper open.
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3. HV-1 starts and its outdoor-air damper opens.
4. System should be returned to normal manually.

Test Mode

1. AC-1 cooling coil shuts down.

2. AC-1 changes to high-volume delivery with outdoor-air damper fully open.
D-2 closes and D-3 opens.

3. HV-1 starts and EF-1 starts.

2.1.3 EXHAUST SYSTEMS

One of the early considerations in the design of an exhaust (or ventilation) system
should be the ultimate discharge point into the atmosphere. Most of the emissions
from ventilation systems are nontoxic or inert and thus will not require a permit
for installation or building operation. But should the exhaust air stream contain any
of the criteria pollutants—those pollutants for which emissions and ambient con-
centration criteria have been established, such as CO, NO,, SO,, lead, particulate
matter (PM), and hydrocarbons (HC)—it is likely that a permit to install the system
will be required.

Once it is determined that a permit will be necessary, an emissions estimate
must be made to determine estimates of both uncontrolled (before a pollution con-
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FIGURE 2.1.9 Test-cell heating, ventilating, and cooling.

trol device) and controlled emissions. The emissions estimate may be obtained from
either the supplier of the equipment being contemplated for installation or from the
Environmental Protection Agency (EPA) Publication AP-42, Compilation of Air
Pollutant Emission Factors. AP-42 contains emission factors for many common
industrial processes, which, when applied to process weight figures, yield emission
rates in pounds (kilograms) per hour or tons per year, depending on process oper-
ating time. The permit to install an application may be obtained from the state
agency responsible for enforcing the federal Clean Air Act. In most states, the
Department of Environmental Protection or Department of Natural Resources will
have jurisdiction. In general, the permit-to-install application requires the infor-
mation and data listed in Fig. 2.1.10.

When designing an area or process exhaust system and a control system for the
exhaust, it would be well to keep in mind that federal and local air-quality regu-
lations may govern the type of emission control equipment installed and the max-
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. Applicant name and address.

. Person to contact and telephone number.

. Proposed facility location.

. SIC (Standard Industrial Classification Code).

. Amount of each air contaminant from each source in pph (pounds per hour)
and tpy (tons per year) at maximum and average.

6. What federal requirement will apply to the source?

« NESHAPS (national emission standards for hazardous air pollutants).
« NSPS (news source performance standards).

« PSD (prevention of significant deterioration).

» EOP (emission offset policy).

7. Will BACT (best available control technology) be used?
8. Will the new source cause significant degradation of air quality?
9. How will the new source affect the ambient air quality standard?
10. What monitoring will be installed to monitor the process, exhaust, or control device?

11. What is the construction schedule and the estimated cost of the pollution
abatement devices?

L I R

FIGURE 2.1.10 Commonly requested information for air-quality permit applications.

imum allowable emissions. The factors dictating what regulations apply include the
type of process or equipment being exhausted, the type and quantity of emissions,
the maximum emission rate, and the geographic location of the exhausted process.
In order to determine what specific rules and regulations apply, the requirements
of the U.S. Code of Federal Regulations Title 40 (40 CFR) should be understood
early in the project stages so that all applicable rules may be accommodated. Should
the design office lack the necessary expertise in this area, a qualified consultant
should be engaged. The federal government has issued a list entitled “Major Sta-
tionary Sources.” The exhaust system’s designer should be acquainted with this list,
for it identifies the pollutant sources governed by special requirements. Several of
the more common sources are listed in Fig. 2.1.11, and 40 CFR should be consulted
for the complete listing. One of the major sets of rules included in 40 CFR are the
Prevention of Significant Deterioration (PSD) rules, which establish the extent of
pollution control necessary for the major stationary sources.

If a source is determined to be “major” for any pollutant, the PSD rules may
require that the installation include the best available control technology (BACT).
The BACT is dependent on the energy impact, environmental impact, economic
impact, and other incidental costs associated with the equipment. In addition, the
following items are prerequisites to the issue of a permit for pollutants from a major
source:

1. Review and compliance of control technology with the:
a. State Air Quality Implementation Plan (SIP).
b. New Source Performance Standards (NSPS) (see Fig. 2.1.12).
¢. National Emissions Standards for Hazardous Air Pollutants (NESHAPs).
d. BACT.
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. Fossil fuel-fired generating plants greater than 250 million Btu/h (73 MW) input

. Kraft pulp mills

. Portland cement plants

. Iron and stee! mill plants

. Municipal incinerators greater than 250 tons/day charging

. Petroleum refineries

. Fuet conversion plants

. Chemical process plants

. Fossil fuel boilers, or combination thereof totaling more than 250 million Btu/h
(73 MW) input

10. Petroleum storage and transfer units exceeding 300,000 barre! storage

11. Glass fiber processing plants
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FIGURE 2.1.11 Major stationary sources—partial list.

Fossil-fusl-fired steam with i after 8-17-71
Electric utility steam g with ing after 9-18-78
Incinerators

Portland cement plants

Suliuric acid plants

Asphalt concrete plants

Petroleum refineries

Petroleum liquid storage vessels constructed atter 8-11-73 and prior t0 5-19-78
Petroleum liquid storaga vessels constructed after 5-18-78 and prior o 7-23-84
Sewage treatment plants

. Phosphate fertilizer industry — wet process phosphoric acid plants

. Steel plants — electric arc furnaces

. Stee! plants — etectric arc and argon ization vessels con-
structed after 8-17-83

14. Kraft pulp mills

15. Grain elevators

18. Surface coating of metal furniture

17. Stationary gas turbines

18. Automobile and light-duty truck painting

19. Graphic arts industry — rotogravure printing

20. Pressuro-sensitive tape and label surface coating operalions
21. Industrial surface coating: large appliance

22. Asphalt processing and asphalt roofing manufacture
23. Bulk gasofine terminals

24. Petroleum dry cleaners
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FIGURE 2.1.12 New Source Performance Standards—
partial list.

2. Evidence that the source’s allowable emissions will not cause or contribute to
the deterioration of the National Ambient Air Quality Standard (NAAQS) or the
increment over baseline, which is the amount the source is allowed to increase
the background concentration of the particular pollutant.

3. The results of an approved computerized air-quality model that demonstrates the
acceptability of emissions in terms of health-related criteria.

4. The monitoring of any existing NAAQS pollutant for up to 1 year or for such
time as is approved.
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5. Documentation of the existing (if any) source’s impact and growth since August
7, 1977, in the affected area.

6. A report of the projected impact on visibility, soils, and vegetation.

7. A report of the projected impact on residential, industrial, commercial, and other
growth associated with the area.

8. Promulgation of the proposed major source to allow for public comment. Nor-
mally, the agency processing the permit application will provide for public no-
tice.

One of the first steps regarding potential pollutant sources is to determine the
applicable regulations. For this, an emissions estimate must be made, and the “in-
attainment” or “‘non-attainment” classification of the area in which the source is
to be located must be determined. The EPA has classified all areas throughout the
United States, including all U.S. possessions and territories. The area is classified
as either “in-attainment” (air quality is better than federal standards) or “non-
attainment” (air quality is worse than federal standards).

If the source is to be located in a non-attainment area, the PSD rules and reg-
ulations do not apply, but all sources that contribute to the violation of the NAAQS
are subject to the Emissions Offset Policy (EOP). The following items must be
considered when reviewing a source that is to be located in a nonattainment area:

1. The lowest achievable emission rate (LAER), which is defined as the most strin-
gent emission limit that can be achieved in practice

2. The emission limitation compliance with the SIP, NSPS, and NESHAPS
3. The contribution of the source to the violation of the NAAQS

4. The impact on the non-attainment area of the fugitive dust sources accompanying
the major source

In general, the EOP requires that for a source locating in a non-attainment area,
more than equivalent offsetting emission reductions must be obtained from existing
emissions prior to approval of the new major source or major modification. The
“bubble” concept, wherein the total emissions from the entire facility with the new
source does not exceed the emissions prior to addition of the new source, may be
used to determine the emission rate. If there were emission reductions at “existing”
sources, they would offset the contributions from the new source, or “offset” the
new emissions. This same bubble concept may be used for sources that qualify for
in-attainment or PSD review.

In the design of a polluting or pollution control facility, stack design should be
considered. A stackhead rain-protection device (Figs. 2.1.13 and 2.1.17) should be
used in lieu of the weather cap found on many older installations, since this cap
does not allow for adequate dispersion of the exhaust gas. When specifying or
designing stack heights, it should be noted that the EPA has promulgated rules
governing the minimum stack height; these rules are known as “good engineering
practice” (GEP). A GEP stack has sufficient height to ensure that emissions from
the stack do not result in excessive concentrations of any air pollutant in the vicinity
of the source as a result of atmospheric downwash, eddy currents, or wakes caused
by the building itself or by nearby structures (Figs. 2.1.14 and 2.1.15). For unin-
fluenced stacks, the GEP height is 98 ft (30 m). For stacks on or near structures,
the GEP height is (1) 1.5 times the lesser of the height or width of the structure,
plus the height of the structure, or (2) such height that the owner of the building
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GEP stack height minimizes re-entrainment of exhaust gasses into air which might enter
building ventilation system.

FIGURE 2.1.14 GEP stack.
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can show is necessary for proper dispersion. In addition to GEP stack height, stack
exit velocity must be maintained for proper dispersion characteristics.

Figures 2.1.16 and 2.1.17 illustrate the relationship between velocity at discharge
and the velocity at various distances for the weather-cap and stackhead-type rain
hoods, respectively. Maintaining an adequate exit velocity ensures that the exhaust
gases will not reenter the building through open windows, doors, or mechanical
ventilation equipment. Depending on normal ambient atmospheric conditions, the
exit velocities may range from 2700 to 5400 ft/min (14 to 28 m/s). In practice, it
has been found that 3500 ft/min (18 m/s) is a good average figure for stack exit
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FIGURE 2.1.16 Weather-cap dispersion char-
acteristics. (From Industrial Ventilation—A
Manual of Recommended Practice, 21st ed.,
Committee on Industrial Ventilation, American
Conference of Governmental Industrial Hygien-
ists, copyright 1992, p. 5.62.)

FIGURE 2.1.17 Stackhead dispersion char-
acteristics. (From Industrial Ventilation—A
Manual of Recommended Practice, 21st ed.,
Committee on Industrial Ventilation, American
Conference of Governmental Industrial Hygien-
ists, copyright 1992, p. 5.62.)
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velocity, giving adequate plume rise yet maintaining an acceptable noise level
within the vicinity of the stack.

Care must be taken when designing exhaust systems handling pollutants for
which no specific federal emission limit exists (noncriteria pollutants). All pollutant
not included in the criteria pollutant category or the NESHAPS category are con-
sidered noncriteria pollutants. When establishing or attempting to determine ac-
ceptable concentration levels for noncriteria pollutants, the local authority respon-
sible for regulating air pollution should be consulted since policy varies from district
to district. In general, however, noncriteria pollutants’ allowable emission rates are
based on the American Conference of Governmental Industrial Hygienists (ACGIH)
time-weighted average acceptable exposure levels.

A hazardous air pollutant is one for which no ambient air-quality standard is
applicable, but which may cause or contribute to increased mortality or illness in
the general population. Emission standards for such pollutants are required to be
set at levels that protect the public health. These allowable pollutants’ emission
levels are known as NESHAPS and include levels for radon-222, beryllium, mer-
cury, vinyl chloride, radionuclides, benzene, asbestos, arsenic, and fugitive organic
leaks from equipment.

An exhaust stream that includes numerous pollutants, with some being noncri-
teria pollutants, can be quickly reviewed by assuming that all the exhaust consists
of the most toxic pollutant compound. If the emission levels are acceptable for that
review, they will be acceptable for all other compounds.
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CHAPTER 2.2

HVAC APPLICATIONS FOR
COGENERATION SYSTEMS

Alan J. Smith and Aparajita Sengupta

Brown & Root, Inc., Houston, Texas

2.2.1 INTRODUCTION

A cogeneration facility consists of equipment that uses energy to produce both
electric energy and forms of useful thermal energy (such as heat or steam) for
industrial, commercial, heating, or cooling purposes. Cogeneration facilities are
designed as either topping-cycle or bottoming-cycle facilities. Topping-cycle facil-
ities first transform fuel into useful electric power output; the reject heat from power
production is then used to provide useful thermal energy. In contrast, bottoming-
cycle facilities first apply input energy to a useful thermal process, and the reject
heat emerging from the process is then used for power production. Either of these
cycles can efficiently apply thermal energy to meet process or comfort heating,
ventilating, and air-conditioning (HVAC) by generating steam, hot water or chilled
water.

This chapter describes the various methods of applying thermal energy from a
cogeneration system to HVAC systems.

2.2.2 HVAC APPLICATIONS FOR THERMAL
ENERGY

Feasible methods for applying thermal energy to meet process, HVAC or comfort
(hereafter referred to as “utility””) requirements are:

2221 Steam or Hot-Water Absorption Chiller Units

Steam generation and mechanical drive and/or absorption chillers (Fig. 2.2.1) are
cost-effective in cases where the additional steam supplements a facility’s existing
steam requirements. A hot-water system rather than a steam system should be con-
sidered for facilities with requirements for hot water, as equipment required to
transfer energy from steam to hot water is not required. The steam or hot-water

2.2.1
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generation system design should include a standby energy source to ensure that
utility requirements are met if the cogeneration system operates at a reduced elec-
trical generation level or suffers an unplanned outage. For maintenance purposes,
the exhaust system design for the heat-recovery steam generator (HRSG) units
should include guillotine seal plates and a seal air blower to isolate the HRSG, if
the HRSG is required to operate with fresh air firing while maintenance is being
conducted on the system’s prime mover.

The HRSG typically has a minimum exhaust temperature of 250°F (121°C) when
natural gas fuel is used to fire the prime mover. Maintaining this temperature pro-
tects the HRSG from water-vapor condensation and acid formation that occurs when
the exhaust temperature drops below the dew point. Although an HRSG can be
designed for lower exhaust temperatures, the corrosion-resistant design is not eco-
nomically feasible.

The HRSG normally imposes a back pressure of 8 to 12 in water gauge (in
WG) (1990 to 2985 Pa) on the prime mover exhaust. This back pressure results in
a horsepower penalty of approximately 17.5 hp/in WG (1.89 W/Pa) for a com-
bustion gas turbine rated at 4900 BHP (3653.93 kW). Within the limitations spec-
ified by internal-combustion-engine vendors, exhaust-gas back pressure does not
appreciably reduce the mechanical power output of the engine.

Steam or Hot-Water Generation Control. In facilities that can use a limited
amount of thermal energy from a cogeneration system, the system or hot-water
production rate can be controlled by regulating the throttle of the prime mover or
by bypassing the exhaust-gas heat around the heat-recovery unit and sending it up
the stack. Excess steam or hot water can also be diverted to the condensers.

Using steam turbines, combined-cycle cogeneration systems use thermal energy
not required for utility service to generate additional electricity.! One patented cycle
varies its steam production rate by reinjecting high-pressure steam into the power
turbine section of a combustion gas turbine. This procedure reduces the amount of
steam that must be used by a facility and increases the electric power output of the
unit.

Factors that affect the selection of an absorption chiller in a cogeneration system
are:

¢ available steam or hot-water pressure and temperature
* steam consumption rate

* physical size

¢ machine performance under partial-load conditions

Steam and hot-water requirements for typical units are summarized in Table
2.2.1. The steam consumption rate of the two-stage machine is approximately 40
percent less than that of the single-stage machines. Condenser water requirements
are also reduced more than 20 percent compared to the requirements of similar
amounts of single-stage absorption chillers. These rates will even get lower when
compared with the combination centrifugal-absorption chiller units, often called
“piggy-back system”, as described below.

Two-stage absorption machines are designed with absorbent streams using par-
allel or series flow. The configuration of the parallel-flow machine results in reduced

'Combined-cycle systems simultaneously produce power using a fossil-fueled prime mover and a steam
turbine generator unit.
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TABLE 2.2.1 Thermal Energy Requirements for Chillers

Hot-Water Supply

Nominal Steam

Steam Supply Conditions Conditions Consumption Rate

Chiller Type psig kPa °F °C Ibm/(h - ton) kg/(s - W)
Single-stage, absorption small — — 160 71.1 — —
Single-stage absorption 8-15 55.16-103.42 270 132.2 17.5-20 8.1-9.29
Two-stage absorption 100-120 689.50-827.40 300-400 148.9-204 4 9.9-12 4.6-5.5
Combination Centrifugal—absorption 600 & higher 4136.84 & higher — — 8.0 & lower 3.7 & lower
Ammonia Absorption, single-stage* 40-160 275.8-1103.2 — — 30.6-57.8 14.2-26.8
Ammonia Absorption, two-stage* 1-24 6.9-165.5 — — 47.5-67.5 22.1-313

*Used primarily in low temperature applications
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height in all machine sizes and reduced width in larger machine sizes. Either type
of machine can be installed assembled in capacities up to 750 tons (2635.7 kW).
Above 750 tons (2635.7 kW), the series-flow machine must be partially assembled
at the installation site, while the parallel-flow machine can be transported and in-
stalled as a single unit.

The steam utilization characteristics of absorption chillers affect their sizing in
cogeneration systems. The single-stage absorption machine’s electricity and steam
consumption rate per ton (kW) of chilled-water production decreases with reduced
load to approximately 30 percent of design capacity. At this point, consumption
rises unless other cycle enhancement is added. Steam consumption curves decrease
slightly at reduced-load conditions for series-flow two-stage machines. Two-stage
machines using parallel flow maintain flat steam consumption curves over the entire
load range. Occasionally ammonia absorption machines are used in low temperature
applications for cold storage or freezer storage warchouse use.

Combination Centrifugal-Absorption Chiller Units. Noncondensing (back-
pressure) steam turbines driving mechanical chillers can be used in series with
conventional single stage absorption chillers by matching steam flow rates and
exhaust pressure from the steam turbine (Fig. 2.2.1). This type of system (piggy-
back system) must always run as a pair. The traditional distribution of chiller ca-
pacity is one-third of the tonnage for the mechanical-drive chiller and two-thirds
of the tonnage for absorption chiller. At higher steam pressures the capacity distri-
bution may approach 50% tonnage for each type of system.

Typical steam inlet pressure for non-condensing steam turbines is at least 400
Ib/in? (2757.9 X 10? Pa), with exhaust steam pressure approximately 8 Ib/in? (55.1
X 10 Pa). Figure 2.2.4 illustrates the range of inlet steam pressures and flows
commonly used with non-condensing steam turbines. The typical steam consump-
tion rate for steam turbines which power mechanical-drive centrifugal chillers ap-
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FIGURE 2.2.3 Cogeneration system utilizing hot exhaust-gas for HVAC processes
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FIGURE 2.2.4 Range of initial steam conditions normally selected for industrial
steam turbines

proach the two-stage absorption machines. Non-condensing steam turbines enhance
the energy efficiency of a cogeneration cycle, because exhaust steam can be used
for other heating or absorbing processes. For example, the exhaust steam can be
used for a steam absorption chiller rather than being exhausted to the facility’s
condenser (Fig. 2.2.1). A typical chilled water piping system in a combination
centrifugal-absorption chiller system (piggy-back system) connects the pair in se-
ries, allowing chilled water to flow first through the absorption chiller and then the
centrifugal chiller. This arrangement allows the absorption chiller to operate at a
higher chilled water supply temperature, thus causing less operational problems
associated with lower evaporator temperatures.

Exhaust-Gas-Driven Chiller-Heater Units

A modification of the two-stage parallel-flow absorption chiller permits driving the
chiller with high-temperature exhaust gas from a combustion gas turbine or an
internal-combustion engine (Fig. 2.2.3). Moreover, the chillers can be purchased
with an additional second-stage heat exchanger that converts the thermal energy
contained in an internal-combustion engine’s jacket cooling water into additional
chilled-water capacity.

Exhaust-gas chillers simultaneously produce chilled water and hot water. The
units can be equipped with supplemental firing (90 percent efficiency) to add energy
to the exhaust gas as well as maintain utility service if the prime mover fails.

The use of exhaust-gas chillers eliminates the need for a steam or hot-water
generation system and its associated condensate feedwater system. Consequently,
layout space and maintenance requirements are substantially reduced, compared to
the conventional steam or hot-water systems.

The exhaust-gas system design between the prime mover and the exhaust-gas
chiller should include an effective bypass damper or guillotine seal plates combined
with a seal air blower. The guillotine seal plates isolate the chiller from prime mover
exhaust gas during chiller maintenance operations. If a bypass damper is used with-
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TABLE 2.2.2 Operating Parameters for Exhaust-Gas Chiller

Parameter Exhaust Gas Jacket Water
Coefficient of performance 1.14 0.6-0.7
Interconnection efficiency 0.95 0.95
Minimum temperature 550°F (287.8°C) 180°F (82.2°C)
Stack temperature 375°F (max.) (190°C) —
Jacket-water temperature difference — 10-20°F (5.6-11.1°C)

Source: Courtesy of York International.

out seal plates, the user should verify that the damper has performed successfully
in similar service. The position of the bypass damper should also be indicated
directly, to aid operation by confirming the exhaust-gas flow path.

Typical heat-recovery parameters for the exhaust-gas chillers are summarized in
Table 2.2.2. The thermal energy used by the exhaust-gas chiller and its resulting
cooling capacity are then:

Q=MC(T, - T) 2.2.1)
O = MjCpi(T, — T) 22.2)

where Q = heat removed from exhaust gas
Q.. = heat removed from jacket water?
M = exhaust-gas flow rate

Mj = jacket-water mass flow rate?
C, = exhaust-gas specific heat
C,; = jacket-water specific heat?
T, = entering temperature
T, = exiting temperature
Cooling capacity = exhaust-gas jacket-water

cooling capacity = cooling capacity
(1.14 X 095 X Q) + (0.6 X 0.95 X Q)

(2.2.3)

2.2.3 OPERATIONAL CRITERIA

Electricity demand and process energy demand (chilled water, hot water, and steam)
establish sizing and operating criteria for a cogeneration system. These data must
be examined over specific periods of time (seasonally, weekly, daily, and even
hourly in some cases) to establish a specific cyclic pattern for the energy.

The specific components and sources of the demand must be known. Careful
consideration should be given to the decrease in a facility’s electricity requirements
if electric-driven centrifugal chillers are to be replaced by steam absorption units
as part of the cogeneration system.

2Jacket-water heat recovery is associated with internal-combustion engines.
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Typical operational criteria that could result from process data are:

» The facility will be able to efficiently use thermal energy produced by the prime
movers.

» The cogeneration facility will supply the base electric load.
* The cogeneration facility will engage in interchange sales with the local utility.

The decision to engage in interchange sales of electricity to the interconnected
utility should be studied. The capital cost associated with compliance with utility
interconnection standards may exceed the revenue obtained from selling a small
amount of power to the interconnecting utility.

Typical ranges for the electric power generation capacity of industrial, institu-
tional, residential, and commercial cogeneration systems are summarized in Table
2.2.3. Industrial and institutional facilities can achieve significant economic benefit
from cogeneration systems due to their balanced requirements for electric and ther-
mal energy.

TABLE 2.2.3 Typical Cogeneration System Electric
Power Generation Capacities

Application Electrical Output, kW
One and two family homes 5-15
Multifamily dwellings 20-5,000
Office-buildings 2000-10,000
Local shopping centers 100-250
Distribution centers 250-2,500
Regional shopping centers 5,000-15,000
Industrial institutional facilities Site dependent

Source: Richard Stone, “Stand Alone Cogeneration By Large
Building Complexes,”

Energy Economics, Policy and Management (Fairmont Press,
Atlanta), vol. 62, Summer 1982.

2.2.4 FUEL

The selection of a cogeneration system’s fuel supply and an assessment of the
system’s economic viability are affected by fuel supply reliability and by projections
of future fuel prices. Fuel choice also affects the heat-recovery equipment design
downstream of the prime mover. The HVAC unit or the HRSG heat transfer surface
design must be compatible with constituents contained in the prime mover exhaust
gases.

2.2.4.1 Fuel Supply Reliability

Factors useful in assessing fuel supply reliability include:
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* assurances from the supplier that fuel supplies are adequate

* identification of alternative fuel sources, including provisions to use them in the
system design (No. 2 fuel oil or natural gas)

¢ identification of alternative means of providing utility services (a standby
electric-motor-driven chiller or steam generation from another source)

2.2.4.2 Fuel Price Forecasts

The economic benefit of a cogeneration system may be determined through com-
parison of the total cost associated with a cogeneration system and the cost of
providing similar services using electricity purchased from the existing utility. Elec-
tricity cost projections are required in order to make this comparison. Rate structure
information required for this task can be obtained from both the electric service
contract between the facility an the utility and form 10K that the utility files with
the Securities and Exchange Commission.

Form 10K can supply data useful in establishing a demand component and a
fuel component in the rate structure, such as:

* present and future fuel mixture
* historical fuel cost
* projected capital requirements

Industry trade groups and government organizations are also valuable sources
for obtaining fossil-fuel cost, availability, and demand data. Publications prepared
by the U.S. Department of Energy provide sample methodology for making these
projections.

Additionally, federal regulations regarding fuel pricing can materially affect the
fuel selection process. For example, the natural-gas pricing structure has changed
as a result of the 1981 Federal Energy Regulatory Commission (FERC) Order 319,
which authorized transportation services for up to five (5) years of natural gas
purchased from sources other than pipeline companies. Using this program, ‘“‘high-
priority users”’—schools and hospitals—have achieved energy cost savings ranging
from 20 to 45 percent, depending on wellhead prices and transportation costs.

2.2.4.3 Heat-Recovery Equipment

Fuels having large amounts of particulate or corrosive substances may require spe-
cial handling, such as a washing system. This will ensure proper heat transfer across
surfaces inside the recovery equipment by avoiding excessive fouling.

2.2.5 PRIME MOVERS

Combustion gas turbines and internal-combustion engines are the prime movers
used in topping cycles. Typical thermal energy temperatures are summarized in
Table 2.2.4.
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TABLE 2.2.4 Typical Waste-Heat Temperatures

Gas Turbine Internal-combustion Engine
Thermal Energy Source °F °C °F °C
Exhaust gas 900-1000 482-537.8 1000-1200 537.8-648.9
Lube oil 165 (max.) 73.8 160-200 71.1-93.3
Jacket water — — 180-250 82.2-121.1

2.25.1 Combustion Gas Turbine Generators

Combustion gas turbine generator (CGTG) units exhibit the following characteris-
tics in a cogeneration system:

» High temperature of exhaust gas
* High quantity of exhaust gas

With thermal energy recovery, the overall cycle energy efficiency of a CGTG
unit typically exceeds 60 percent. Common types of heat-recovery equipment used
in CGTG cogeneration systems are:

¢ Heat-recovery steam generator (HRSG) or hot-water heater
¢ Exhaust-gas chillers

Combustion turbines typically generate up to 10 Ib/h (16,330 kg/s) of 15 to
150-psig (103.42 to 1034.2-kPa) steam per horsepower (0.7457 kW) of output.
Because of the volume of excess air contained in the CGTG exhaust, it is possible
to supplement the heat contained in the turbine exhaust to gain additional steam-
generating capacity or cooling capacity by burning additional fuel. This supple-
mental gas firing typically has an efficiency of 90 percent.

Heat Balance. Mechanical energy makes up approximately 30 percent of a CGTG
unit’s heat balance under full-load conditions. Exhaust gas contains essentially the
remainder of the energy, with small portions allocated to lube oil and radiation.
This exhaust-gas thermal energy can be directly applied to driving an HRSG or an
exhaust-gas chiller-heater.

The lube oil temperature is low and the quantity of heat is small, and thus, in
most cases, it is not economical to recover heat from this source.

Load Control. Single-and multi-shaft combustion turbines are available. The mul-
tishaft units are designed with separate shafts for the compressor section and the
power turbine section. Separate shafts permit the rotating speed of the compressor
section to be controlled by the requirements of the power turbine, rather than by
the rotating speed of the generator.

Partial-load operating efficiencies between the single-and two-shaft types of
combustion gas turbines are illustrated in Fig. 2.2.5. The two-shaft units are able
to maintain higher exhaust temperatures, and therefore greater operating efficiency,
under partial-load conditions. The two-shaft units, however, will have higher heat
rates at full-load conditions. If partial-load operation of a combustion turbine is
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required because of cogeneration system operating criteria, consideration should be
given to a two-shaft combustion turbine.

2.25.2 Internal-Combustion Engines

Internal-combustion engines exhibit the following characteristics in cogeneration
systems:

¢ High mechanical efficiency

¢ More efficient operation at partial loads (Fig. 2.3.6)
* High-temperature exhaust gases

* Readily available maintenance services

Heat-recovery equipment used in cogeneration systems using internal-
combustion engines includes:
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* Water tube boilers with steam separators

¢ Coil-type hot-water heaters

* Steam separators for use with high-temperature cooling of engine jackets
» Exhaust-gas-driven chillers

Internal-combustion engines typically generate 3 Ib/h (4899 kg/s) of 15- to 150-

psig (103.42- to 1034.32-kPa) steam per horsepower output. Due to the lack of
oxygen in the exhaust gas, electric heaters are required to supplement the exhaust-
gas thermal energy.

Jacket-Water Heat Recovery. Cogeneration heat-recovery systems that use engine
jacket-water thermal energy take four forms:

1.

2.

The heated jacket water may be routed to process needs. Engine cooling is
dependent on the leak-tight integrity of this system.

The jacket cooling-water circuit for each engine transfers heat to an overall
utilization circuit serving facility process needs. The overall utilization circuit
may also be heated by the engine exhaust. This configuration minimizes con-
nections to the jacket cooling-water system.

The recovered heat in the jacket cooling-water system is flashed to steam in an
attached steam flash chamber. Water centers the engine at 235°F (112.7°C) and
exits at 250°F (121.1°C). Steam is produced 235°F (112.7°C), 8 psig (55.168
kPa). Flow must be restricted at the entrance to the steam flash chamber to
maintain sufficient back pressure on the liquid coolant in the engine chambers.

Some engines use natural-convection ebullient cooling. A steam-and-water mix-
ture rises through the engine to a separating tank, where the steam is released
and the water is recirculated. A rapid coolant flow is required through the engine
due to a small rise in the temperature of the fluid. Moreover, back pressure must
be controlled, for the steam bubbles in the engine could rapidly expand, causing
the engine to overheat. This system produces 15-psig (103.42-kPa) steam at
250°F (121.1°C).
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The temperature and pressure of these jacket-water heat-recovery systems make
them suitable for single-stage absorption chiller application (Table 2.2.1).

Heat Balance. A typical heat balance for an internal-combustion engine is illus-
trated in Fig. 2.2.7. The exhaust heat makes up the largest portion of the energy.

The jacket cooling-water component of thermal energy from an internal-
combustion engine contains 30 percent of the heat input (Fig. 2.2.7). Jacket cooling-
water temperatures are summarized in Table 2.2.4. Some internal-combustion-
engine manufacturers discourage operating with high jacket-water temperatures, for
special gasket and seal designs are required.

The lubricating oil system also contains usable heat (Fig. 2.2.7). The normal
operating temperature for the system is 165°F (73.9°C). The lube oil cooling fluid
may also be routed through the exhaust heat-recovery unit if process requirements
specify heat at a higher temperature. By elevating the lube oil coolant temperature
above 180°F (82.2°C) toward 200°F (93.3°C), special lubricants may be required to
ensure an adequate useful life of the oil.

Load Control. The heat rate of an internal-combustion engine remains almost
constant above approximately 50 percent load, as illustrated in Fig. 2.2.6. From the
engine heat balance, energy normally being converted to mechanical energy is trans-
ferred to thermal energy below 50 percent power. Cogeneration systems are suited
to using a large portion of this thermal energy.
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CHAPTER 3.1
PIPING

PART 1: WATER AND STEAM PIPING*
Nils R. Grimm, PE.

Section Manager, Mechanical,
Sverdrup Corporation,
New York, New York

3.1.1 INTRODUCTION

Once the designer has calculated the required flows in gallons per minute (cubic
meters per second or liters per second) for chilled-water, condenser water, process
water, and hot-water systems or pounds per hour (kilograms per hour) for steam
systems and tons or Btu per hour (watts per hour) for refrigeration, calculation of
the size of each piping system can proceed.

3.1.2 HYDRONIC SYSTEMS

With respect to hydronic systems (chilled water, condenser water, process water,
hot water, etc.), the designer has the option of using the manual method or one of
the computer programs.

Whether the piping system is designed manually or by the computer, the effects
of high altitude must be accounted for in the design if the system will be installed
at elevations of 2500 ft (760 m) or higher. Appropriate correction factors and the
effects of altitudes 2500 ft (760 m) and higher are discussed in App. A of this
book.

The following is a guide for design water velocity ranges in piping systems that
will not result in excessive pumping heads or noise:

Boiler feed 8 to 15 ft/s (2.44 to 4.57 m/s)

Chilled water, condenser water, hot wa- 4 to 10 ft/s (1.22 to 3.05 m/s)
ter, process water, makeup water, etc.

Drain lines 4 to 7 ft/s (1.22 to 2.13 m/s)
*Edited for 2nd Edition by Robert O. Couch, Perma-Pipe Corp., Niles, IL.

3.15



3.1.6 COMPONENTS FOR HEATING AND COOLING

Pump suction 4 to 6 ft/s (1.22 to 1.83 m/s)
Pump discharge 8 to 12 ft/s (2.44 to 3.66 m/s)

Where noise is a concern, such as in pipes located within a pipe shaft adjacent to
a private office or other quiet areas, velocities within the pipe should not exceed 4
ft/s (1.22 m/s) unless acoustical treatment is provided. (Noise control and vibration
are discussed in Chapters 8.2 and 8.3 of this book.)

Flow velocities in PVC pipe should be limited to 5 ft. (1.5 m)/sec unless special
care is taken in the design and operation of valves and pumps. This is necessary
to prevent pressure surges (water hammer) that could be damaging to pipe.

Erosion should also be considered in the design of hydronic piping systems,
especially when soft material such as copper and plastic is used. Erosion can result
from particles suspended in the water combined with high velocity. To assist the
designer, Table 3.1 shows maximum water velocities that are suggested to minimize
erosion, especially in soft piping materials.

Pipe size depends on the required amount of flow, the permissible pressure drop
and the desired velocity of the fluid. This may be manually calculated by various
methods given in Refs. 1 to 5. An acceptable method of evaluating water flow is
the Hazen-Williams formula:

1.852 1.852
f = 0.2083 x (%) 2 3.1.1)

i d4.8655

where f = friction head loss in ft of water per 100 ft of pipe (Divide by 2.31 to
obtain pounds per square inch)
C = constant for inside pipe roughness (See Table 3.1.2 below)
Q = flow in U.S. gal/m
id = inside diameter of pipe, in.

Water velocity in f/s may be calculated as follows:

V = 0.408709 x ;‘% (3.1.2)
where V = velocity in /s
Q = flow in U.S. gal/m
id = inside diameter of pipe

TABLE 3.1.1 Maximum Water Velocities to Minimize Erosion

. Maximum water velocity
Annual operating
hours ft/s m/s
1500 11 3.35
2000 10.5 3.20
3000 10 3.05
4000 9 2.74
6000 8 2.44

8000 7 2.13
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TABLE 3.1.2 Typical Values to Use for the Hazen-
Williams Coefficient

Pipe material C
PVC, FRP, PE 150
Very to extremely smooth metal pipes 130-140
Smooth wooden or masonry pipe 120
Vitrified clay 110
Old cast iron or old steel pipe 100
Brick 90
Corrugated metal 60

If the computer method is chosen to size the hydraulic piping systems, the
designer must select a software program from the several that are available. Two
of the most widely used are Trane’s CDS Water Piping Design program and Car-
rier’s E20-1I Piping Data program. In addition to determining the pipe sizes, both
programs print a complete bill of materials (quantity takeoff by pipe size, length,
fittings, and insulation).

Whichever program is used, the specific program input and operating instructions
must be strictly followed. It is common to trace erroneous or misleading computer
output data to mistakes in inputting design data. It cannot be overstressed that in
order to get meaningful output data, input data must be correctly entered and
checked after entry before the program is run. It is also a good, if not mandatory,
policy to independently check the computer results the first time you run a new or
modified program, to ensure that the results are valid.

If the computer program used does not correct the computer output for the effects
of altitude when the elevation of the project is equal to or greater than 2500 ft (760
m) above sea level, the computer output must be manually corrected by using the
appropriate correction factors listed in App. A of this book.

The following describe the programs available to the designer using Trane’s CDS
Water Piping Design program for sizing hydronic systems.

Water Piping Design (DSC-IBM-123). This pipe-sizing program is for open and
closed systems, new and existing systems, and any fluid by inputting the viscosity
and specific gravity. The user inputs the piping layout in simple line-segment form
with the gallons per minute of the coil and pressure drops or with the gallons per
minute for every section of pipe. The program sizes the piping and identifies the
critical path, and then it can be used to balance the piping so that the loops have
equal pressure drops.
The output includes

* Complete bill of materials (including pipe sizes and linear length required, fit-
tings, insulation, and tees)

* Piping system costs for material only or for material and labor
* Total gallons of fluid required

The following summary describes the program available to the designer using
Carrier’s E20-1I Water Piping Design for sizing hydronic systems.
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Water Piping Design (Version 1.0). This program provides the following:

* Enables the designer to look at the balancing required for each piping section,
thereby permitting selective reduction of piping sizes or addition of balancing
valves

¢ Calculates pressure drop and material takeoff for copper, steel, or plastic pipe
* Sizes all sections and displays balancing required for all circuits

* Sizes closed or open systems

¢ Corrects pressure drop for water temperature and/or ethylene glycol

¢ Calculates gallons per minute of total system

¢ Calculates total material required, including fittings

* Ability to store for record or later changes up to 200 piping sections

* Ability to change any item and immediately rerun

* Allows sizing of all normally used piping materials

* Allows balancing of system in a minimum amount of time

* Allows easy sizing of expansion tanks and determination of necessary gallons per
minute of glycol for brine applications

* Estimates piping takeoff fitting by pipe size, quantities (linear feet, fittings, valves,
etc.).

3.1.3 STEAM SYSTEMS

There are few computer programs available for sizing complex networks of steam
piping. Most design is done manually although simple computer programming of
the various formulas such as the Fritzsche and Unwin formulas will save a consid-
erable amount of time. Unwin’s formula which appears to be the preferred method
of district heating engineers is as follows:

0.0001306 x W2 X L <1 + 3—d6->

P= T (3.13)

where P = pressure drop—psi
W = pounds of steam—Ib/m
L = length of pipe—ft
d = inside diameter of pipe—in.
y = Average density of steam Ib/ft?

It is advisable to use values for the specific volume corresponding to the average
pressure if the drop exceeds 10 percent to 15 percent of the initial absolute pressure.

Figure 3.1.1 gives a graphical solution to Unwin’s formula.

The effects of high altitude must be accounted for in the design when the system
will be installed at elevations of 2500 ft (760 m) or higher. Appropriate correc-
tion factors and the effects of altitudes 2500 ft (760 m) and higher are discussed
in App. A.
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FIGURE 3.1.1 Courtesy Perma-Pipe, Inc.

Table 3.1.3 gives reasonable velocities for stem lines based on average practice.
The lower velocities should be used for smaller pipes and the higher velocities for
pipes larger than 12 in (30 cm).

Steam piping systems may also be sized by following one of the accepted pro-
cedures found in standard design handbook sources such as Refs. 2, 3, 5.

TABLE 3.1.3

Condition of steam Psi Bar Ft/min m/s
Saturated 0-15 0-1.03 4000~6000 20.32-30.48
Saturated 50 and up 3.43 and up 6000-10000 30.48-50.08

Superheated 200 and up 13.73 and up 7000-20000 35.56-101.60
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3.1.4 REFRIGERANT SYSTEMS

Here the designer has the option of using the annual method or at least one com-
puter program.

Whether the piping system is designed manually or by computer, the effects of
high altitude must be accounted for in the design when the system will be installed
at elevations of 2500 ft (760 m) or higher. Appropriate correction factors and the
effects of altitudes 2500 ft (760 m) or higher. Appropriate correction factors and
the effects of altitudes 2500 ft (760 m) and higher are discussed in App. A.

Liquid line sizing is considerably less critical than the sizing of suction or hot
gas lines, since liquid refrigerant and oil mix readily. There is no oil movement
(separation) problem in designing liquid lines. It is good practice to limit the pres-
sure drop in liquid lines to an equivalent 2°F (1°C). It is also good practice to limit
the liquid velocity to 360 ft/min (1.83 m/s).

The suction line is the most critical line to size. The gas velocity within this
line must be sufficiently high to move oil to the compressor in horizontal runs and
vertical risers with upward gas flow. At the same time, the pressure drop must be
minimum to prevent penalizing the compressor capacity and increasing the required
horsepower. It is good practice, where possible, to limit the pressure drop in the
suction line to an equivalent temperature penalty of approximately 2°F (1°C). In
addition to the temperature (pressure drop) constraints, the following minimum gas
velocities are required to move the refrigerant oil:

Horizontal suction lines 500 ft/min (2.54 m/s) minimum
Vertical upflow suction lines 1000 ft/min (5.08 m/s) minimum

The velocity in upflow rises must be checked at minimum load; if it falls below
1000 ft/min (5.08 m/s), double risers are required. To avoid excess noise, the
suction line velocity should be below 4000 ft/min (20.32 m/s).

The discharge (hot-gas) line has the same minimum and maximum velocity
criteria as suction lines; however, the pressure drop is not as critical. It is good
practice to limit the pressure drop in the discharge (hot-gas) line to an equivalent
temperature penalty of approximately 2 to 4°F (1 to 2°C).

If the manval method is used to size the project, refrigerant piping systems
should be calculated by following one of the accepted procedures found in standard
design handbook sources such as Refs. 3, 6, and 7.

If the computer method is used to size the project hydraulic piping systems, the
designer must choose a program among the several available. Two of the most
widely used are Trane’s CDS Water Piping Design program and Carrier’s E20-11
Piping Data program. In addition to determining the pipe sizes, both programs print
a complete bill of materials (Quantity takeoff by pipe size, length, fittings, and
insulation). Whichever program is used, it is mandatory that the specific program’s
input and operating instructions be strictly followed. It is common to trace erro-
neous or misleading computer output data to mistakes in inputting design data into
the computer. In order to get meaningful output data, input data must be correctly
entered and checked after entry before the program is run. It is also a good, if not
mandatory, policy to independently check the computer results the first time you
run a new or modified program, to ensure that the results are valid.

If the computer program used does not correct the computer output for the effects
of altitude when the elevation of the project is equal to or greater than 2500 ft
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(760 m) above sea level, the computer output must be manually corrected by using
the appropriate correction factors, listed in App. A.

DX Piping Design (Version 1.0). Described in the following summary, this pro-
gram is available to the designer using Carrier’s E20-II DX Piping Design to size
the refrigerant systems.

* This program will determine the minimum piping size to deliver the refrigerant
between compressor, condenser, and evaporators while ensuring return at maxi-
mum unloading.

» This program is able to size piping systems using ammonia and Refrigerants 12,
22, 500, 503, 717.

 This program is capable of calculating low-temperature as well as comfort cooling
applications.

¢ This program determines when double risers are needed, sizes the riser, and cal-
culates the pressure drop.

¢ This program will include accessories in the liquid line and automatically cal-
culates the subcooling required.

* This program permits entering, for all fittings and accessories, pressure drops in
degrees Fahrenheit or pounds per square inch.

» This program will size copper or steel piping.
* This program can select pipe size based on the specific pressure drop.

* This program will calculate the actual pressure drop in degrees Fahrenheit and
pounds per square inch for selected size.

¢ This program will estimate piping takeoff, listing by pipe size the quantities of
linear feet, fittings, valves, etc.

REFERENCES

1. Cameron hydraulic data published by Ingersoll Road Company, Woodcliff Lake, NJ.

2. “Flow of Fluids through Valves, Fittings and Pipe,” Technical Paper 410, Crane Company,
New York.

3. é 993 ASHRAE Handbook, Fundamentals, ASHRAE, Atlanta, GA, 1985, chap. 33, “Pipe
izing.”
4. Carrier Corp., Handbook of Air Conditioning System Design, McGraw-Hill, New York,
1965, part 3, chaps. 1, 2.
S. Ibid., part 3, chaps. 1 and 4.
6. Ibid., part 3, chaps. 1 and 3.
7. Trane Reciprocating Refrigeration Manual, Trane Company, La Crosse, WI, 1989.
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PART 2: OIL AND GAS PIPING

Cleaver-Brooks, Division of Aqua-Chem, Inc.,
Milwaukee, Wisconsin

3.1.5 INTRODUCTION

The fuel oil piping system consists of two lines. The suction line is from the storage
tank to the fuel oil pump inlet. On small burners the fuel oil pump is an integral
part of the burner. The discharge line is from the fuel oil pump outlet to the burner.
On systems that have a return line from the burner to the storage tank, this return
line is considered part of the discharge piping when the piping losses are calculated.

3.1.6 OIL PIPING

Suction

Suction requirements are a function of

1. Vertical lift from tank to pump
2. Pressure drop through valves, fittings, and strainers

3. Friction loss due to oil flow through the suction pipe. This loss varies with:
a. Pumping temperature of the oil, which determines viscosity
b. Total quantity of oil being pumped
¢. Total length of suction line
d. Diameter of suction line

To determine the actual suction requirements, two assumptions must be made,
based on the oil being pumped. First, the maximum suction pressure on the system
should be as follows:

No. 2 oil 12 inHg (305 mmHg)
No. 4 oil 12 inHg (305 mmHg)
Nos. 5 and 6 oil 17 inHg (432 mmHg)

Second, the lowest temperature likely to be encountered with a buried tank is 40°F
(5°C). At this temperature the viscosity of the oil would be:

3.1.12
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No. 2 oil 68 SSU* (12.5 cSt)
No. 4 oil 1000 SSU (21.6 cSt)

In the case of Nos. 5 and 6 oil, the supply temperature of the oil should cor-
respond to a maximum allowable viscosity of 4000 SSU (863 cSt). This viscosity
corresponds to a supply temperature of 110 to 225°F (43 to 105°C) for commercial
grades of Nos. 5 and 6 oils. Then, using Fig. 20.1 and entering at 4000 SSU and
going horizontally to the No. 5 fuel range, the maximum corresponding temperature
is about 70°F (21°C). Likewise, the maximum corresponding temperature for No.
6 fuel is about 115°F (46°C).

The suction pressure limits noted above also allow for the following:

1. The possibility of encountering lower supply temperatures than indicated above,
which would result in higher viscosities

2. Some fouling of suction strainers

3. In the case of heavy oil (Nos. 5 and 6), pump wear, which must be considered
with heavy oils (See Figs. 20.3 to 20.6 for suction pressure curves.)

Strainers. It is a good practice to install suction-side strainers on all oil systems
to remove foreign material that could damage the pump. The pressure drop asso-
ciated with the strainer must be included in the overall suction pressure require-
ments.

Strainers are available as simplex or duplex units. Duplex strainers allow the
ability to inspect and clean one side of the strainer without shutting down the flow
of oil.

Discharge

Pumps. Pumps for fuel oil must be chosen based on several design criteria; vis-
cosity of fuel oil, flow requirements, discharge pressure required, and fluid pumping
temperature.

Viscosity. Charts for commercial grades of fuel oil are shown in Fig. 3.1.2. The
pump must be designed for the viscosity associated with the lowest expected pump-
ing temperatures.

Flow. Fuel oil pumps should be selected for approximately twice the required
flow at the burner. The additional flow will allow for pressure regulation, so that
constant pressure can be supplied at the burner.

Pressure. The supply pressure of the pump is based on the required regulated
pressure at the burner.

A system utilizing a variable orifice for flow control typically requires from 30
to 60 psig (207 to 414 kN/m?). The metering orifice type of system can be used
on all grades of fuel oil. Burners utilizing an oil metering pump usually limit the
supply pressure to prevent seal failure. As with metering orifices, there is no lim-
itation on the grade of fuel oil used.

Temperature. The temperature of the oil must be considered, to ensure that the
seals and gaskets supplied can withstand the fluid temperature.

*SSU is the abbreviation for standard Saybolt unit.
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FIGURE 3.1.2 Viscosity-temperature curves for fuel oil Nos. 2, 4, 5, and 6. Based on U.S.
Department of Commerce’s Commercial Standard CS12-48. (Courtesy of Cleaver-Brooks.)

Pumping. The major difference between calculating hydronic and fuel oil pip-
ing systems is that the actual specific gravity of the oil being pumped must be
accounted for.

The design pump head is equal to the suction lift, dynamic piping loss (including
fittings, valving, etc.), and required supply pressure at the burner (if applicable).

Figure 3.1.3 should be used to determine the equivalent length of straight pipe
that results in the same pressure drop as the corresponding pipe fitting or valve.

Figures 3.1.4 to 3.1.9 should be used to determine the appropriate dynamic
piping losses with respect to type of oil being pumped, flow rate, and pipe size.
The total equivalent length of straight pipe for fittings and valving, from Fig. 3.1.9,
must be added to the total length of horizontal and vertical piping before multiply-
ing by the appropriate piping loss factor.

The pressure loss for each strainer generally must be calculated separately and
added to the total.

To obtain the suction lift in inches (millimeters) of mercury (Hg) from the bot-
tom of the suction pipe (in the tank) to the boiler connection or pump suction
centerline, multiply this vertical distance in feet (meters) by 0.88155 inHg/ft of
water (73.428 mmHg/m of water) by the specific gravity of the oil being pumped.
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limit of 4000 SSU. (Courtesy of Cleaver-Brooks.)
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For No. 2 oil with a specific gravity of 0.85 at maximum 40 SSU and 100°F
(37.8°C):

Suction lift = Cd (3.1.4)
Where the suction lift is inHg (J), C is in inHg/ft (mmHg/m), and 4 is in ft (m).

Heaters. Heaters are used to increase fuel oil temperatures, to provide the vis-
cosity to atomize properly. Oil temperatures corresponding to a viscosity of 100
SSU [2 X 1.6 centistokes (cSt)] or less are recommended.

Heating can be accomplished by using hot water, steam, electricity, or a com-
bination of these. Most packaged boilers have heaters that utilize electric elements
for initial warmup and then transfer to either hot water or steam when the boiler
has reached sufficient temperature and pressure. The heater sizing should be based
on the supply pump design flow rate and temperature.

Electric heaters are commonly used to preheat heavy fuel oils on low-
temperature hot-water boilers or on startup of a high-temperature hot-water or steam
boiler.

The watt density of an electric heater should not exceed 5 W/in? (0.007 W/
mm?) because of dangers with vapor lock and coking on the heater surface. When
steam is used as the heating medium for heavy oils, the steam pressure used should
have a saturation temperature at least equal to the desired oil outlet temperature.

The flow of steam is controlled by using a solenoid valve that responds to a
signal from the oil heater thermostat.

Some steam heaters include electric heating elements to allow firing of oil on a
cold startup. When sufficient steam pressure is available, the electric heater is au-
tomatically de-energized.

Steam from the boiler is regulated to the desired pressure for sufficient heating.
If the boiler pressure exceeds the steam heater pressure by 15 Ib/in* (1 bar) or
more, superheated steam will be produced by the throttling process. Steam heater-
lines should be left uninsulated to allow the steam to desuperheat prior to entering
the heater. It is common practice to discharge the steam condensate leaving the oil
heater to the sewer, to eliminate the possibility of contaminating the steam system
in the event of an oil leak. The heat from the condensate is usually reclaimed prior
to dumping it.

Excessive steam temperatures can also cause coking in the heater.

Hot-water oil heaters are essentially water-to-oil heat exchangers used to pre-
heat oil. However, since the source of heat energy is boiled water circulated by the
pump through the heater, any system leak could cause boiler water contamination.
Therefore, safety-type heater systems are recommended for this service. Such an
exchanger is frequently a double-exchange device using an intermediate fluid.

In cases where the o0il must be heated to a temperature in excess of the hot-
water supply temperature, supplemental heat must be provided by an electric heater.
Tank heaters are commonly an insulated bundle of four pipes submerged in the oil
tank. See Fig. 3.1.10. Tank preheating is required anytime the viscosity of the oil
to be pumped equals 4000 SSU or greater.

Valves

Pressure Relief Valves. These are installed in the discharge line from the supply
pump, to protect the pump and system from over pressure. Pressure relief valves
are also commonly installed on oil heaters to relieve pressure so that oil may cir-
culate even though the burner does not call for oil.
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Pressure Regulators. These reduce system pressure and maintain a desired
pressure at the burner.

Oil Shutoff There are two commonly used styles of oil shutoff valves for
burner service: electric coil and motorized. Electric coil solenoid valves are used
on most small industrial and commercial burners. These valves are normally closed
valves, and they control the flow of oil fuel to the burner. Two such valves for fuel
shutoff are used on commercial and industrial boilers.

The second type of oil shutoff valve is a motorized valve that has a spring return
to close. Motorized valves can be equipped with a proof-of-closure switch which
ensures that the valve is in the closed position or prevents the burner from igniting
if it is not. This type of switch is necessary to meet certain insurance requirements.

Manual Gas Shutoff Valves. Manual gas shutoff valves are typically a lubri-
cated plug type of valve with a 90° rotation to open or close. The valve and handle
should be situated such that when the valve is open, the handle points in the di-
rection of flow.

The number of valves and their locations are based on insurance requirements.
Typically, manual valves are installed upstream of the gas pressure regulator, di-
rectly downstream of the gas pressure regulator, and downstream of the last auto-
matic shutoff valve.

Automatic Gas Shutoff Valves. Three types of automatic gas shutoff valves are
used on burners: solenoid valves, diaphragm valves, and motorized valves.

Of the three automatic valves, the solenoid is the simplest and generally the
least expensive. A controller opens the valve by running an electric current through
a magnetic coil. The coil, acting as a magnet, pulls up the valve disk and allows
the gas or oil to flow. Solenoid action provides fast opening and closing times,
usually less than 1 s.

Diaphragm valves are frequently used on small to medium boilers. These valves
have a slow opening and fast closing time. They are simple, dependable, and in-
expensive. They are full-port valves and operate with little pressure loss.

Motorized shutoff valves are used for large gas burners that require large quan-
tities of gas and relatively high gas pressures. There are two parts to a motorized
valve: the valve and a fluid power actuator. A limit switch stops the pump motor
when the valve is fully open. The valve is closed by spring pressure. The valve
position (open or closed) is visible through windows on the front and side of the
actuator. Motorized valves often contain an override switch which is actuated when
the valve reaches the fully closed position. This proof-of-closure switch is needed
to meet several different insurance company requirements.

Vent Valves. Vent valves are normally open solenoid valves that are wired in
series and are located between two automatic shutoff valves in the main gas line
or, in some cases, the pilot line. The vent valve vents to the atmosphere all gas
contained in the line between the two valves.

Flow Control Valves

1. Butterfly valves are the most commonly used device for controlling the quan-
tity of fuel gas flow to the burner. The pressure drop associated with a fully open
butterfly valve is very low. Butterfly valves can be used for control of air flow and
with special shaft seals can be used for all grades of fuel gas. Linkage arms are
connected to the shaft of the valve and driven directly from the burner-modulating
motor.

2. Modulating gas shutoff valves can be supplied with positioning motors that
can operate on the on/off principle or high/low/off. In the case of the high/low/



PIPING 3.1.21

off shutoff valves, the air damper is controlled by the valve-modulating motor. This
allows the valve position to dictate the amount of combustion air necessary for the
gas input rate.

3. Pneumatic control valves are often butterfly valves that are driven by a pneu-
matic actuator. The signal to the pneumatic actuator is proportional to the combus-
tion air flow and positions the valve to deliver the appropriate amount of gas. Often
additional signals such as steam flow and combustion air flow are used to determine
the signal to the valve and its corresponding position.

Gas Strainer. It may be advisable to use a strainer to protect the regulators and
other control equipment against any dirt or chips that might come through with the
gas.

Gas Compressors or Boosters. 1f the local gas utility cannot provide sufficient
gas pressure to meet the requirements of the boiler, a gas compressor or booster
should be used. Caution: The use of a gas compressor or booster must be cleared
with the local gas utility prior to installation.

3.1.7 GAS PIPING

Figure 3.1.11 illustrates the basic arrangement for piping gas to boilers from street
gas mains for a typical installation.

Line-Sizing Criteria

The first step in designing a gas piping system is to properly size components and
piping to ensure that sufficient pressure is available to meet the demand at the
burner. The boiler manufacturer should be consulted to determine the pressure
required.

The gas service piping installed in the building must be designed, and compo-
nents selected, to provide the required fuel gas flow to the boiler at the manufac-
turer’s recommended pressure. The utility supplying gas to the facility will provide
the designer with information on the maximum available gas pressure for the site.
The gas piping design must be appropriate for the specific site conditions.

The gas train pressure requirements can be expressed as

P,=Pg+P.+P,+P.+P,+P, (3.1.5)

where P, = supply pressure available
P, = pressure drop across gas pressure regulator
P. = pressure drop across gas train components
P, = pressure drop associated with straight runs of pipe
P, = pressure drop associated with elbows, tees, or other fittings

S
Il

w0

P, = pressure drop across burner orifice or annulus
P, = boiler furnace pressure

Pressure drop calculations for regulators and valves are normally based on the
C, factor or coefficient of value capacity of air or in equivalent feet or diameters
of pipe length.

The resistance coefficient k can be used to express the pressure drop as a number
of lost velocity heads
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_ PV

k= Z (3.1.6)

Depending on the information available, the following equations can be used to
determine the pressure drop through valves or across regulators:

k=f '1% (3.1.7)

P=f.%.1’2_‘: (3.1.8)

k= %‘f (3.1.9)

H, = 0.000228Vin WG for air (3.1.10)
- TZZ H, (3.1.11)

C, = 0.0223(ft*/h) @ 1-inWG drop)G for 0- to 2-psig gases (3.1.12)

where k = resistance coefficient

f = Darcy friction factor

L = length of pipe or equivalent length of pipe for fitting, ft
D = diameter of pipe, ft

P = pressure drop or differential, 1b/in?

V = velocity, ft/s

C, = valve conductance based on H,0 @ 1 Ib/in? drop
g = acceleration of gravity
H, = velocity head

G = gas gravity relative to air = P/0.0765

p = density of flowing fluid, 1b/ft3

Note: Metric units must be converted to English units before Egs. (3.1.5) to
(3.1.12) can be applied.

To determine the losses associated with straight runs of pipe (P,) and pipe fittings
(P), Eq. (3.1.5) can be used. Values for equivalent length of pipe or equivalent pipe
diameter are listed in Fig. 3.1.5. The pressure drop for the burner orifice or annulus
(Pp) can be calculated by using Eq. (3.1.8) and making the appropriate gas density
corrections. The furnace pressure P, is a function of the furnace geometry, size,
and firing rate. This pressure is often zero or slightly negative, but for some types
of boilers and furnaces it can run as high as 15 in water column (in WC) (381 mm)
positive.

Gas Train Components

Pressure Regulators. Pressure regulators or pressure-reducing regulators are used
to reduce the supply pressure to the level required for proper burner operation. The
regulated, or downstream, pressure should be sufficient to overcome line losses and
deliver the proper pressure at the burner. Pressure regulators commonly used on
burners come in two types: self-operated and pilot-operated.
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In a self-operated regulator, the downstream, or regulated, pressure acts on one

side of a diaphragm, while a preset spring is balanced against the backside of the
diaphragm. The valve will remain open until the downstream pressure is sufficient
to act against the spring.

Regulators for larger pipe sizes are normally the pilot-operated type. This class

of equipment provides accurate pressure control over a wide range of flows and is
sometimes selected even in smaller sizes where improved flow control is desired.

A gas pressure regulator must be installed in the gas piping to each boiler. The

following items should be considered when a regulator is chosen:

1.

2.

Pressure rating: The regulator must have a pressure rating at least equivalent to
that in the distribution system.

Capacity: The capacity required can be determined by multiplying the maximum
burning rate by 1.15. This 15 percent over-capacity rating of the regulator pro-
vides for proper regulation.

. Spring adjustment: The spring should be suitable for a range of adjustment from

50 percent under the desired regulated pressure to 50 percent over.

. Sharp lockup: The regulator should include this feature because it keeps the

downstream pressure (between the regulator and the boiler) from climbing when
there is no gas flow.

. Regulators in parallel: This type of installation would be used if the required

gas volume were very large and if the pressure drop had to be kept to a mini-
mum.

. Regulators in series: This type of installation would be used if the available gas

pressure were over 5, 10, or 20 psig (34.5, 68.0, or 137.9 kPa), depending on
the regulator characteristics. One regulator would reduce the pressure to 2 to 3
psig (17.8 to 20.7 kPa), and a second regulator would reduce the pressure to the
burner requirements.

. Regulator location: A straight run of gasline piping should be used on both sides

of the regulator to ensure propet regulator operation. This is particularly impor-
tant when pilot-operated regulators are used. The regulator can be located close
to the gas train connection, but 2 to 3 ft (0.6 to 0.9 m) of straight-run piping
should be used on the upstream side of the regulator. Note: Consult your local
gas pressure regulator representative. She or he will study your application and
recommend the proper equipment for your job.



CHAPTER 3.2
DUCT SIZING*

Nils R. Grimm, PE.

Section Manager, Mechanical, Sverdrup Corporation,
New York, New York

3.2.1 INTRODUCTION

The function of a duct system is to provide a means to transmit air from the air-
handling equipment (heating, ventilating, or air conditioning). In an exhaust system
the duct system provides the means to transmit air from the space or areas to the
exhaust fan to the atmosphere.

The primary task of the duct designer is to design duct systems that will fulfill
this function in a practical, economical, and energy-conserving manner within the
prescribed limits of available space, friction loss, velocity, sound levels, and heat
and leakage losses and/or gains.

With the required air volumes in cubic feet per minute (cubic meters per second)
determined for each system, the zone and space requirements known from the
design load calculation, and the type of air distribution system {such as low-velocity
single-zone, variable-air-volume (VAV) or multizone or high-velocity VAV or dual
duct] decided upon, the designer can proceed to size the air ducts.

The designer must also choose one of three methods to size the duct systems:
the equal-friction, equal-velocity, or static regain method. Of the three, the equal-
friction and static regain methods are used most often. The equal-velocity method
is used primarily for industrial exhaust systems where a minimum velocity must
be maintained to transport particles suspended in the exhaust gases.

Static regain is the most accurate method, minimizes balancing problems, and
results in the most economical duct sizes and lowest fan horsepower. It is also the
only method that should be used for high-velocity comfort air-conditioning systems.

The equal-friction method is used primarily on small and/or simple projects. If
manual calculations are made, this method is simpler and easier than static regain;
however, if a computer is used, this advantage disappears.

Typical duct velocities for low-velocity duct systems are shown in Table 3.2.1.
For high-velocity systems, typical duct velocities are shown in Table 3.2.2. The
velocities suggested in Tables 3.2.1 and 3.2.2 may have to be adjusted downward
to meet the required noise criteria. See Chap. 8.2 of this book for a discussion on
noise and sound attenuation.

*Updated for this Second Edition by the Editor.

3.21
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TABLE 3.2.1 Suggested Duct Velocities for Low-Velocity Duct
System, ft/min (m/s)

Main ducts Branch ducts
Application Supply Return Supply Return
Residences 1000 800 600 600
G0 “.1) 3 3)
Apartments
1500 1300 1200 1000
Hotel bedrooms
Hospital bedrooms} 76 (66) 61 1)

1800 1400 1400 1200

Private offices
Director’s rooms

Libraries ©.1) a.n .1) 6.1)
Theaters 1300 1100 1000 800
Auditoriums (6.6) (5.6) 5.1) “.1)
General offices

Expensive restaurants 2000 1500 1600 1200
Expensive stores (10.2) (7.6) 8.1) 6.1
Banks

Average stores 2000 1500 1600 1200
Cafeterias (10.2) (7.6) 8.1) 6.1)
Industrial 2500 1800 2200 1600

(12.7) 0.1 (11.2) 8.1

TABLE 3.2.2 Suggested Duct Velocities for High-Velocity Duct System, ft/min (m/s)

Main duct Branch duct
Application Supply Return Supply Return
Commercial institutions 2500-3800 14001800 2000-3000 1200-1600
Public buildings (12.7-19.3) (7.1-9.1) (10.2-15.2) (6.1-8.0)
Industrial 2500-4000 1800--2200 2200-3200 1500-1800
(12.7-20.3) 9.1-11.2) (11.2-16.3) (1.6-9.1)

Whether the duct system is designed manually or by computer, the effects of
high altitude must be accounted for in the design if the system will be installed at
elevations of 2500 ft (760 m) or higher. Appropriate correction factors and the
effects of altitudes of 2500 ft (760 m) and more are discussed in App. A.

322 MANUAL METHOD

If the manual method is used to size the project duct systems, they should be
calculated by following one of the accepted procedures found in standard design
handbooks such as Refs. 1 and 2. A detailed discussion on air-handling system
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design is shown in Ref. 3. For industrial dilution, ventilation, and exhaust duct
systems, they should be calculated and sized by the procedures set forth in Ref. 4.

When the equal-friction or equal-velocity method is used manually, the time to
calculate duct sizes can be shortened by using Carrier’s Ductronic Calculator or
Trane’s Ductulator. Both will size round or rectangular ducts in U.S. Customary
System (USCS) or metric units.

323 COMPUTER METHOD

If the computer method is used to size the project’s duct systems, one must select
a program among the several available. Two of the most widely used are Trane’s
CDS Duct Design program and Carrier’s E20-1I Duct Layout program. In addition
to determining the duct sizes, both programs print a complete bill of materials
(quantity takeoff by pipe size, length, fittings, and insulation).

Whichever program is used, the specific program’s input and operating instruc-
tions must be strictly followed. It is common to trace erroneous or misleading
computer output data to mistakes in inputting design data. It cannot be overstressed
that in order to get meaningful output data, the input data must be correctly entered
and checked after entry before the program is run. It is also a good, if not man-
datory, policy to independently check the computer results the first time you run a
new or modified program to ensure that the results are valid.

If the computer program used does not correct the output for the effects of
altitude when the elevation of the project is equal to or greater than 2500 ft (760
m) above sea level, then the output must be manually corrected by using the ap-
propriate correction factors, listed in App. A.

3.2.3.1 Trane Programs

The following summary describes programs available to the designer using Trane’s
CDS Duct Design program to size the duct systems.

Varatrain (Static Regain) Duct Design (DSC-IBM-113). With this duct-sizing
program, the user inputs the duct layout in simple line-segment form with the cubic
feet per minute for the zone, the supply fan value of cubic feet per minute, and the
desired noise criteria (NC) level.

The program sizes all the ductwork based on an iterative static regain procedure
and selects all the VAV boxes when desired. It identifies the critical path and down-
sizes the entire ductwork system to match the critical-path pressure drop without
permitting zone NC levels to exceed design limits.

The output of this program is an efficient, self-balancing duct design. It gives
the designer a printout of the static pressure at every duct node, making trouble-
shooting on the jobsite a snap. The program will estimate the duct system and print
a complete bill of materials, including schedule.

Equal-Friction Duct Design (DSC-IBM-108). This program outputs the total
pressure as well as the pressure drop for each trunk section. The output also includes
duct sizes, air velocity, and friction losses. The program can be used for fiber-glass
selection.
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The program will calculate the metal gauges, sheet-metal requirements, and total
poundage and provide a complete bill of materials.

3.2.3.2 Carrier Program

The following summary describes the program available to the designer using Car-
rier’s E20-II Duct Design to size the duct system.

Duct Design. This program:

» Uses the static regain and equal-friction methods simultaneously

¢ Calculates round and rectangular ducts

¢ Allows for sound attenuation and internally insulated ducts

* Permits material changes in duct system for different sections

¢ Shows balancing requirements between circuits in same duct system
¢ Is capable of handling up to 200 sections of ductwork in one system

¢ Calculates sheet-metal poundage and material quantities and shows them in the
summary

3.2.4 REFERENCES

1. 1993 ASHRAE Handbook, Fundamentals, ASHRAE, Atlanta, GA, 1985, chap. 33, “Duct
Design.”

2. Carrier Crop., Air Conditioning System Design, McGraw-Hill, New York, 1965, part 2,
chaps. 1-3.
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CHAPTER 4.1
BOILERS*

T. Neil Rampley, V.P., Gen. Mgr.
Ajax Boiler Inc., Santa Ana, CA

4.1.1 INTRODUCTION

The term boiler applies to a device which (1) generates steam for power, processing
or space heating or (2) heats water for processing, space heating or hot water supply.
Generally, a boiler is considered a steam producer; however, most boilers used
currently for space heating purposes are specially designed to produce hot water.

Boilers are designed to transmit heat from a high temperature source (usually
fuel combustion) to a fluid contained within the boiler vessel. In some cases, the
heat source may be a bank of electric resistance elements, or a bundle of heat
transfer tubes. If the heat source is a high temperature fluid or electricity, the unit
is said to be an “‘unfired” boiler. If the fluid heated is other than water, e.g., Dow-
therm®, the unit is classified as a thermal liquid heater or vaporizer.

To ensure safe control over construction features, stationary boilers installed in
the United States must be constructed in accordance with applicable sections of the
ASME Boiler and Pressure Vessel Code. Known as the ASME Boiler Code, this
group of publications contains rules governing the design, construction, manufac-
turing quality control, testing, installation and operation of boilers. Most states have
adopted the ASME Boiler Code, in most cases in its entirety, providing govern-
mental enforcement of the Code throughout the United States.

In addition, the National Board of Boiler and Pressure Vessel Inspectors, a group
which comprises all of the Chief Boiler Inspectors of the States and other “juris-
dictions” (some cities are separate jurisdictions within the States) provides rules
for uniform boiler inspection procedures, both during manufacture and subsequently
in field installation and operation.

Further evidence of compliance with good design practice and quality control
is found in the product listing programs of “third-party” testing laboratories such
as Underwriters Laboratories Inc. (UL) and the American Gas Association (AGA).

*Section 4.1.17, Electric Boilers, is based on Chapter 29 of the 1st edition, written by Robert G. Reid,
CAM Industries, Kent, WA, as revised by Curt Diedrick, Precision Parts Corp., Morristown, TN. This chapter
is a revision of the 1st edition chapter by Cleaver Brooks, Inc.

4.1.3
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4.1.2 BOILER TYPES

Today’s boiler industry manufactures a broad range of types and sizes of boiler
encompassing tiny packaged residential hot water boilers through huge field-erected
utility power generating boilers which might stand in excess of 200 feet (60 m)
high.

Boilers are classified by the output form of the water being heated.

Steam boilers are classified for HVAC proposes as (1) low-pressure boilers with
maximum allowable working pressure (MAWP) of 15 1b/in? (1.03 bar), constructed
to ASME Section IV, or (2) high-pressure boilers, generally 150 1b/in? (10.3 bar)
MAWP, constructed to ASME Section 1.

Water boilers are generally constructed to ASME Section IV with maximum
allowable working pressure to 160 Ib/in? (11 bar) and maximum temperature 250°F
(121°C).

Water boilers exceeding these Section IV limits are classified as medium or high-
temperature hot water (MTHW or HTHW) boilers.

For HVAC purposes, most boilers are constructed as “packaged boilers.” They
are completely shop assembled with fuel burner, draft system, insulation and jacket
and all controls. The advantages of the “packaged boiler” are:

1. Minimum installation work is required at the job site.

The boiler is mounted on an integral base ready to be moved into place on a
simple foundation pad.

The connections required are (1) sources of water, fuel and electricity, (2) steam
and condensate return piping (or hot water supply and return), (3) a stack for vent
gases and (4) foundation anchor bolts.

2. The boiler is completely constructed in the boiler manufacturer’s plant—
standard models give minimum costs, fast lead times and optimum quality.

3. Responsibility for design and performance is assigned to a single source, the
manufacturer. The boiler is test fired prior to shipping. A third-party (UL or
AGA) label is further evidence of design approval and proper quality control.

4. The input-to-output efficiency of packaged boilers is relatively constant over the
firing range which, depending on boiler size, varies from 60% to 100% to 25%
to 100% capacity. The ratio between maximum and minimum firing rates is
known as “turndown ratio.” A boiler with a 50% minimum firing rate is said to
have a 2:1 turndown ratio.

5. Packaged boilers save space and are adaptable to a wide variety of locations
from subbasements to penthouses. Some manufacturers provide boilers equipped
for outdoor operation.

4.1.3 OPERATING PRESSURE

Low-pressure heating boilers in the United States are fabricated in accordance with
Section IV of the ASME Code, which limits the maximum allowable working
pressure of low-pressure steam boilers to 15 psig (1.03 bar) and low-pressure hot
water boilers to 160 psig (11 bar) at temperatures not exceeding 250°F (121°C).
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In practice, while the above limits are labeled maxima, the practical operating
limits are lower to allow for operation of pressure and temperature controls and
relief valves. Realistic maximum operating values are:

* Low-pressure steam boilers 13.5 psig (0.93 bar)
* Low-pressure hot water boilers 140 psig (9.6 bar) at 230°F (110°C).

» For operating pressures or temperatures above these values, the boiler must be
constructed to ASME Code Section L.

4.1.4 BOILER DESIGN CLASSIFICATIONS

Boiler designs can be broadly separated into three classifications, water-tube, fire-
tube and cast-iron sectional.

¢ Water-tube boilers are constructed to contain water inside the tubes and other
vessel members with hot combustion gases passing across the outside tube sur-
faces. See Fig. 4.1.1.

» Fire-tube boilers are built to channel hot combustion gases through the inside
tube passages. See Fig. 4.1.2.

¢ Cast-iron sectional boilers are patterned after the fire-tube concept; however, the
hot gas passages are formed into the multiple cast-iron sections which are bolted
together.

FIGURE 4.1.1 Atmospheric watertube boiler. (Courtesy of
Ajax Boiler Inc.)
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FIGURE 4.1.2 Firetube boiler. (Courtesy of Cleaver-Brooks.)

Further subgroups are, for water-tube boilers:

» straight tube (See Fig. 4.1.1)
* bent tube (See Fig. 4.1.3)
¢ coiled tube (See Fig. 4.1.4)

In all of these subgroups, tubes may be plain or finned and, while in most cases
tube material is carbon steel, finned tubes tend to be copper or composite steel/
copper construction.

Further subgroups for fire-tube boilers are:

¢ Scotch, in which the horizontal tube banks are housed within a horizontal cylin-
drical pressure vessel or “‘shell” (shown in Fig. 4.1.2)

* Firebox, where the horizontal tube bank and box-shaped shell are mounted above
a refractory-lined “firebox” or combustion chamber

* Vertical fire-tube boilers, generally smaller in size where the fire-tubes are
mounted vertically in a vertical, cylindrical shell.



BOILERS 4.1.7

FIGURE 4.1.3 Bent tube watertube boiler. (Courtesy of
Bryan Steam Corp.)

4.1.5 SELECTING A PACKAGED BOILER

There are several criteria involved in selecting a packaged boiler. These include:

1.

The fluid to be produced (low pressure steam, high pressure steam, hot water,
high temperature hot water).

. The size of the unit (the rate of heat transfer).
. The service—space heating, humidification air reheat, laundry, kitchen or do-

mestic water system use.

. The level of availability required and the need for redundant capacity. Generally,

it is preferable to provide redundancy by having multiple boilers with a total
capacity exceeding design load. For example, two boilers each capable of pro-
viding 75% of the required energy output would provide complete redundancy
(100% backup) for a large part of the heating season.

. Type of fuel, primarily natural gas or No. 2 fuel oil and, to a lesser degree,

heavy fuel oil, grades 4 through 6 and, in remote locations, propane. Other types
of fuel are available, e.g., coal, wood, biomass, but these are seldom used in
conventional applications.

. Type of combustion air system. For all fuel types, gas and oil, forced draft

systems are available wherein combustion air is provided by a blower mounted
on the inlet to the combustion chamber, generally part of the burner assembly.
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FIGURE 4.1.4 Coiled tube copper high-fin boiler.
(Courtesy Ace Boiler Inc.)

Also available, for gas fuels only, are “atmospheric” boilers where combustion
air is induced into the bottom of the combustion chamber by the action of the stack
effect (the buoyancy of the hot gases rising up the stack or chimney.)

Atmospheric boilers are simpler and less expensive to buy and maintain than
forced draft units, but generally are less efficient. Most smaller gas-fired boilers
sold in the United States are atmospheric units. Larger gas-fired units, where im-
proved operating efficiency outweighs increased first cost and maintenance costs,
tend to be forced draft units.

A third option is the induced draft system, wherein a blower mounted in the
boiler flue gas outlet draws gas through the boiler. In this case, the blower is
handling flue gas and must be constructed for high temperature operation and cor-
rosion resistance. The required volumetric flow from a draft inducer is approxi-
mately double that of the equivalent forced draft blower.

7. Controls system complexity
8. Emissions control requirements
9. Location, available space, and access limitations
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10. Noise levels

11.

Life cycle costing, including warranty coverage

4.1.6 GENERAL DESIGN CRITERIA

There are several design criteria which apply to all types of boiler.

1.

The combustion system must operate effectively to provide complete combus-
tion within the area designated as the combustion chamber. The definition of
“complete” here depends upon local air quality regulations. In the absence of
specific regulations, maximum limitations of 100 ppm (parts per million) car-
bon monoxide (CO) and 250 ppm Nitrogen oxides (NO,) are generally deemed
acceptable. Refer to Section 4.1.10 of this chapter for more information on
emissions.

. The combustion chamber must contain sufficient water-backed surface, referred

to as “radiant heating surface,” to absorb radiant heat from the flame zone
without “steam-packing.” Steam-packing occurs when all the water in the tube
turns to steam at which point the steam becomes superheated and tube metal
temperatures rapidly rise to unacceptable, even damaging, levels.

. Hot gases leaving the combustion chamber must pass across the water-backed

heat transfer surfaces, referred to as convective heating surface, with sufficient
velocity to effectively transfer heat through the hot surface film. Each unit area
of tube surface will transfer an increasing amount of heat as scrubbing velocity
increases.

. There must be adequate heat transfer surface to absorb an appropriate amount

of heat from the gases leaving the combustion chamber. The generally accepted
criterion for “adequate” here is 5 sq. ft. of heat transfer surface per boiler
horsepower (0.0474 m2/kW) although successful and efficient boiler designs
exist with between 4 and 9 sq. ft. per boiler horsepower (0.0379-0.0853 m?/
kW).

The definition of boiler heating surface is often a subject of controversy.
Heating surface continues to be defined in the appropriate sections (I and IV)
of the ASME BPV Code and reference should be made to the current version
of these publications in the event a dispute arises.

. Furnace Heat Release. The furnace heat release rate per unit of furnace volume

has, for many years, been a governing factor in the selection of boilers. Current
packaged boiler designs utilize furnace heat release rates as high as 150,000
Btu/hr/ft® (1550 kW/m?). While it is clear that the permissible furnace heat
release rate depends upon the design and relative placement of water-backed
and refractory surfaces, optimum emissions (NOx, CO) levels are obtained in
these boilers with low furnace heat release rates, generally not exceeding
70,000 Btu/hr/ft® (725 kW/m?).

. The boiler must function with minimum excess air. “Excess air” is the term

used to describe the air entering the combustion process whose oxygen content
is not consumed in burning the fuel. This air appears at the boiler stack and
can be measured in terms of the oxygen content of the stack gases. Excess air
is usually expressed as a percentage of the stoichiometric requirement. Air
which passes through but does not impact the combustion process wastes en-
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10

11

ergy because fuel has been consumed to heat the excess air to the boiler exit
temperature and, in the case of forced draft units, electrical power has been
wasted in blowing the excess air through the boiler.

Some degree of excess air is inevitable, however, since (1) none of the
available combustion processes provides completely homogeneous fuel-air mix-
ing and (2) allowance must be made for the effects of wear on the burner air
fuel ratio controls. Further, in some recent low emissions designs, a high level
of excess air is used to lower combustion chamber temperatures and thus reduce
formation of nitrogen oxides.

. Water circulation within the boiler must be adequate to carry heat away from

b

localized high temperature areas (hot spots) and thus prevent damage from
overheating. In a water boiler this is particularly important since hot spots may
result in the localized generation of steam bubbles which, on moving to lower
temperature areas, collapse, resulting in noise and vibration.

In steam boilers, circulation is further complicated by the need to provide
proper “disengaging” space for the steam bubbles to break free of the water
surface and adequate internal circulation to allow continuous delivery of water
and steam-water mix to the surfaces receiving heat from the combustion process
and prevent *‘steam-packing.” In most steam boilers, this circulation is gener-
ated through a designated flow path of heated “riser” passages and unheated
“downcomer” passages.

In steam boilers, boiler size must be adjusted to take account of “‘factor of
evaporation.” Steam boilers in lower pressure ranges [up to 150 psi (10.3 bar)]
are generally rated on a “from and at 212°F (100°C) basis. This identifies the
performance as though available heat is used only to boil the water at a tem-
perature of 212°F (100°C) at atmospheric pressure. In fact, water in steam
boilers must first be heated from entering temperature to boiling temperature
and then boiled and then, where applicable, heated to superheat temperatures.
Table 4.1.1 gives factors of evaporation in 1b/bhp.

Water level controls must be properly applied, installed and maintained. Failure
to maintain a high enough water line in the boiler will inevitably result in
damage to the pressure vessel with possible failure. Too high a water level in
steam boilers will result in abnormally wet steam and carryover of water into
the steam piping system degrading the heat transfer system and overworking
condensate traps.

In hot water heating applications, the boiler must be selected appropriately and
the system designed to avoid “thermal shock.” Thermal shock occurs when a
rapid reduction in inlet water temperature results in changes in temperature-
induced stresses in boiler pressure vessel components. In extreme cases, con-
flicting expansion—contraction loads can result in failure of the pressure vessel
requiring substantial repairs or even complete vessel replacement. Water-tube
boilers are generally more resistant to thermal shock; however, good design
practice dictates selection of hot water boilers with long-term (20 years or
longer) warranties against thermal shock damage.

In hot water heating applications, operation with boiler inlet water temperatures
below condensing should be minimized. The temperature at which water vapor
in combustion products gases will condense is approximately 135°F (57°C).
Condensation will occur anytime combustion products come into contact with
boiler metal surfaces at or below this temperature. While some boilers are
designed to accept condensing in order to obtain ultra high efficiencies, con-
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TABLE 4.1.1.

Factor of Evaporation, 1b/bhp Dry Saturated Steam

Feed- Gauge pressure, psig
water

temp., °F| 0 2 10 15 20 | 40 | s0 60 80 | 100 | 120 | 140 | 150 | 160 | 180 | 200 | 220 | 240
30 29.0 | 29.0 | 28.8 | 28.7 | 28.6 | 284 | 28.3 | 28.2 | 28.2 | 28.1 | 28.0 | 28.0 | 27.9 | 27.9 | 279 | 279 | 279 | 27.8
40 293 1292 | 29.1 | 29.0 | 289 | 28.7 | 28.6 | 28.5 | 28.4 | 28.3 | 28.2 | 28.2 | 28.2 | 28.2 | 28.2 | 28.1 | 28.1 | 28.1
50 29.6 | 29.5 | 293 | 29.2 | 29.1 | 28.9 { 28.8 | 28.8 | 28.7 | 28.6 | 28.5 | 28.5 | 28.4 | 28.4 | 28.4 | 28.3 | 28.3 | 283
60 29.8 | 29.8 | 29.6 | 29.5 | 29.4 | 29.2 | 29.1 | 29.0 | 28.9 | 28.8 | 28.8 | 28.7 | 28.7 | 28.6 | 28.6 | 28.6 | 28.6 | 28.5
70 30.1 | 30.0 | 299 | 29.8 | 29.7 | 29.5 | 294 | 29.3 | 29.2 | 29.1 | 29.0 | 29.0 | 28.9 | 28.9 | 28.9 | 28.3 | 28.8 | 28.8
80 304 | 303 | 30.1 ] 30.0 | 300 | 29.8 | 29.6 | 29.6 | 29.5 | 29.3 | 29.2 | 29.2 | 29.2 | 29.2 | 29.1 | 29.1 | 29.1 | 29.0
90 30.6 | 30.6 | 30.4 | 303 | 30.2 | 30.0 | 29.9 | 29.8 | 29.7 | 29.6 | 29.5 | 29.5 | 29.4 | 29.4 | 29.4 | 29.3 | 29.3 | 29.3
100 309 | 30.8 | 30.6 | 30.6 | 30.5 | 30.3 | 30.2 | 30.1 | 30.0 | 29.8 | 29.8 | 29.8 | 29.7 | 29.7 | 29.7 | 29.6 | 29.6 | 29.6
110 31.2 | 31.2 1 30.9 | 30.8 | 30.8 | 30.6 | 30.4 | 30.3 { 30.2 | 30.0 | 30.0 | 30.0 | 30.0 | 30.0 | 29.9 | 29.9 | 29.8 | 29.8
120 315 | 31.4 | 31.2 | 31.2 | 31.1 { 30.8 | 30.7 | 30.6 | 30.5 | 30.4 | 30.3 | 30.3 | 30.2 | 30.2 | 30.2 { 30.1 | 30.1 [ 30.1
130 31.8 | 31.7 | 315 | 31.4 | 314 | 31.1 | 31.0 | 30.9 | 30.8 | 30.7 | 30.6 | 30.6 | 30.5 | 30.5 | 30.4 | 304 | 304 | 304
140 32.1 | 32.0 | 31.8 | 31.7 | 31.6 | 314 | 31.3 j 31.2 | 31.1 | 31.0 | 30.9 | 30.8 | 30.8 | 30.8 { 30.8 | 30.7 | 30.7 | 30.6
150 324 | 324 | 321 | 32.0 | 31.9 | 31.7 | 31.6 | 31.5 | 31.4 | 31.2 | 31.2 | 31.2 | 31.1 | 31.1 | 31.0 | 31.0 | 30.9 | 30.9
160 3271 327 | 324 | 324 | 323 | 320 | 31.9 | 31.8 | 31.7 | 31.5 | 31.4 | 31.4 | 314 | 314 | 31.3 | 31.3 | 31.2 | 31.2
170 33.0 | 33.0 | 32.7 | 32.6 | 32.6 | 323 | 32.2 | 32.1 | 320 | 31.8 | 31.7 | 31.7 | 31.7 | 3i.6 | 31.6 | 31.6 | 31.5 | 315
180 334 | 333 [ 33.0 | 33.0 | 32.9 | 32.6 | 32.5 | 32.4 | 32.3 | 32.2 | 32.1 | 32.0 | 32.0 | 32.0 | 319 | 31.9 | 31.8 | 31.8
190 33.8 | 33.7 | 33.4 | 333 | 33.2 | 329 | 32.8 | 32.7 | 32.6 | 32.5 | 32.4 | 324 | 323 | 323 | 32.2 | 32.2 | 32.1 | 32.1
200 341 | 34.0 | 33.7 | 33.6 | 33.5 | 33.2 | 33.1 | 33.0 | 329 | 32.8 { 32.7 | 32.6 | 32.6 | 32.6 | 32.6 | 32.5 | 324 | 324
212 345 | 344 | 342 | 341 | 339 | 33.6 | 33.5 | 33.4 | 33.3 | 33.2 | 33.1 | 33.0 ] 33.0 | 33.0 | 329 | 32.9 | 32.8 | 32.8

Note: These metric conversion factors can be used: 1 psig = .069 bar, 1 1b = 0.45 kg, and °C = % (°F — 32), 1 bhp = 9.81 kW.
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ventional boilers of steel construction will suffer corrosion damage if operated
in this mode, as will conventional steel boiler stacks.

12. The boiler must, when completely assembled, be capable of being installed in
the space available, including allowance for access areas and periodic main-
tenance functions such as inspection and tube replacement.

13. The following installation features must be properly designed: Foundations,
electrical supply, water supply, relief valve venting, combustion air supply,
noise parameters, and alarm systems.

4.1.7 WATER-TUBE BOILERS

4.1.7.1 Operating Pressure

Water-tube boilers are available for all operating pressures from 15 psi (103 kPa)
through the ultra-high pressures used in utility boilers which often exceed 3500 psi
(241 bar).

The most common design pressures are 15, 150, 200, 250 and 300 1b/in? (1.03,
10.3, 13.8, 17.2, 20.7 bar) for steam boilers, 30, 60, 125 and 160 Ib/in> (2.1, 4.1,
8.6, 11.0 bar) for water boilers and 300, 400 and 500 1b/in? (20.7, 27.6, 34.5) for
HTHW boilers.

4.1.7.2 Size Range

Water-tube boilers are available in all sizes from residential through large utility
power generation boilers. Above 800 bhp (7849 kW), water-tube boilers are used
almost exclusively since the large rolled shell of the scotch boiler becomes prohib-
itively expensive, both to manufacture and to transport.

In recent years, small packaged water-tube boilers, ranging to 800 bhp (7849
kW) have become the preferred design for hot water space heating applications.
This preference has developed because, unlike fire-tube boilers, water-tube boilers
are largely impervious to and invariably guaranteed against damage caused by
*“thermal shock.” Thermal shock usually occurs when a hot boiler is subjected to
a surge of cold water. However, with some fire-tube designs, continuous operation
outside a limited temperature differential band (outlet temperature minus inlet tem-
perature) has the same effect. In most fire-tube designs, thermal shock causes large
differential expansion forces which often loosen rolled tube joints and, in extreme
cases, result in rupture of the boiler vessel.

4.1.7.3 Types of Water-Tube Boiler

1. Straight tube: This type consists of parallel tubes joined at each end to a heater
box which may be rectangular or cylindrical. Straight tube boilers are generally
of the horizontal inclined tube pattern (see Fig. 4.1.5) but may have vertical
tubes with headers at top and bottom.

2. Bent tube: This type has a number of variants.

(a) Serpentine tube: This variant incorporates tubes bent into a multiple pass
arrangement connected top and bottom to one or more drums (see Fig.
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FIGURE 4.1.5 Straight tube watertube boiler. (Courtesy Ajax Boiler Inc.)

4.1.3). In some designs, the tubes are individually connected to the drums
using mechanical taper joints.

(b) D-style: This unit consists of an upper drum and a lower drum connected
by tubes (see Fig. 4.1.6).

(¢) A-style: Fig. 4.1.7 shows a typical A-style boiler comprising a single upper
drum and the lower drums in symmetrical pattern.

(d) O-style: Similar to A-style, but with one lower drum (see Fig. 4.1.8).

3. Coiled tube: This type of boiler is used generally up to around 350 bhp (3334
kW) and bhas a vertical cylindrical coil comprising one or more tube flow paths
(see Fig. 4.1.4).

4.1.7.4 Watertube Boiler Design

1. Pressure Vessel: Watertube boilers use drums fabricated from steel pipe or rolled
steel plate. Small drums are equipped with inspection openings at each end.
Large drums requiring entry for internal inspection and maintenance are
equipped with manways. In smaller watertube boilers, upper and lower drums
are connected using downcomer tubes located in the coolest section of the boiler
to enhance downward flow. In larger boilers, the upper drum is generally con-
nected to the lower drum only by the boiler tubes. In steam boilers, the upper
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FIGURE 4.1.6 D style watertube boiler. (Courtesy of Cleaver-Brooks.)

drum will contain baffling to direct and dry the steam before it exits the boiler
(see Fig. 4.1.9).

2. Tubes and Tube Attachments: The most commonly used watertube material is
SA-178 steel and tube sizes vary between 1”7 (25.4 mm) and 2” (50.8 mm) outside
diameter. Tubes may be straight or bent. On smaller units, straight tubes facilitate
inspection and mechanical cleaning of inside surfaces. For bent tubes, good
design practice requires that tubes maintain their round cross-section in the
bends.

Tubes are generally expanded into drums and tube sheets. However, some
smaller boilers are provided with mechanical tube fittings to allow for replace-
ment without tube rolling and some boilers may have tube joints which are
welded in addition to being rolled. In most instances, straight tubes with rolled
joints provide the most economical replacement potential.

Tubes which are not vertical must be sloped to encourage convection flow.
The exact amount of slope depends on the location of the tubes in the boiler.
Low pressure boilers with large (2”/50.8 mm) tubes need relatively little pitch
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FIGURE 4.1.7 A-style boiler. (Courtesy of Cleaver-
Brooks.)

or slope but higher pressure boilers, or those with smaller (1”/25.4 mm or less)
diameter tubes, should be pitched with minimum slope from horizontal as fol-
lows. All furnace floor tubes must have a minimum slope of 6.5° to the horizon
to achieve good circulation and drainage. All furnace roof tubes must have a
minimum slope of 7.5° to the horizon to permit good circulation and maximum
steam-relieving capacity.

. Furnace Design (Six Wall Cooling): Furnace design is important because as
much as 50% of the total heat transfer can occur within the furnace. Several
surfaces are used to contain the heat of the combustion process and channel it
to the heat-absorbing surfaces (see Fig. 4.1.10).

(a) Tangent tube walls provide a single row of tubes placed adjacent to one
another.

(b) Multiple-row tube walls provide more water flow per square foot of radiant
heating surface. A double-row configuration maximizes radiant heating sur-
face and extends boiler life.

(¢) Finned Tube walls. Fins are welded to the tubes to extend external heating
surface. The tube wall temperature is higher with this type of wall because
less cooling water is available per unit of heat-absorbing surface.

(d) Membrane Tube Walls. Solid fins are welded between tubes in this construc-
tion. The tube wall temperature is higher than with plain tube construction,
as with finned tubes.

(e) Refractory walls. Many boilers are constructed with no water-backed surface
in one or more of the furnace walls and/or the furnace floor. In this case,
the material of construction is generally refractory cement backed with high
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TWO-DRUM BOILER — ALL TUBES
TERMINATE IN DRUMS. NO
HEADERS, NO HANDHOLES,

FULL-LENGTH INTERNAL STEAM
BAFFLE AND OUTLET STEAM
PURIFIER ENSURE DRY STEAM.

MONOLUITHIC REFRACTORY
BAFFLES. NO WARPING.
NO LEAKAGE.

PANEL BOARD IS AN INTEGRAL
PART ON THE STREAM GENERATOR BOTH DRUMS HAVE LARGE
— ALL INTERWIRED AND MOUNTED MANHOLES FOR EASY ACCESS

BEFORE SHIPMENT. TO INTERNALS.

ENTIRE GENERATOR IS MOUNTED
ON A RIGID STRUCTURAL BASE
EXTENDED TO FORM THE REAR

FAN PLATFORM.

FIGURE 4.1.8 O-style boiler. (Courtesy of Cleaver-Brooks.)
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FIGURE 4.1.9 Steam separator-drum internals. (Courtesy of Cleaver-Brooks.)
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temperature insulation. The hot surface material may be formed of refractory
clay material or ceramic fiber product. In either case, the material may be
applied by spreading or may take the form of preformed panels.

4. Convection Heating Surface: Convection heating surface is designed to incor-
porate the maximum number of tubes in the smallest possible space consistent
with flue gas pressure drop limitations and adequate accessibility to clean and,
if necessary, replace tubes.

Sootblowers are sometimes provided in convection sections when heating oil
or solid fuels are fired.

5. Boiler Casing and Insulation: Modern watertube boilers with forced draft com-
bustion systems use pressurized furnaces to maximize flue gas pressure drop
across the convection tube banks. Two types of casing are used; membrane and
double-wall.

(a) Membrane construction. Membranes between the tubes in the outermost tube
rows or a continuous membrane casing outside the tubes provide a means
of containing the hot combustion gases. The membrane is backed by insu-
lation or an insulation/air gap combination (see Fig. 4.1.10d).

(b) Double-Wall construction (Fig. 4.1.11). Double-wall constructions consist of
an inner and outer casing with either insulation or circulated combustion air
between the casings. The inner casing is welded or otherwise sealed to
provide a leakproof containment for the two combustion gases.
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4-3p" BLOCK INSULATION
10-GA. INNER SEAL CASING

REAR FRONT
3" THE
2" BLOCK (Hi-Temp) :
242" BLOCK (HI TEMP) g 14" PLATE
FURNACE OR X
i A 10-GA. INNER SEAL CASING COMBUSTION 2k OUTER SEAL
f 2.1/2" BLOCK INSULATION CHAMBER
14" OUTER SEAL CASING
2
3% ALL TUBES 2" 0.0 BURNER
o3 2" 0D.
EH CORRECTION CoRRECTIoN
@2 SECTION FLOW OF 212" H.T. BLOCK
] COMBUSTION

VERTICAL 2" H.T. BLOCK
INSULATION
3" TILE

$8008087,000: 2.2 BLOCK
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0595 ©
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10-GAL OUTER CASING

FIGURE 4.1.11 Double-wall construction. Nofe: This is the plan of a D-type boiler. (Courtesy
of Cleaver-Brooks.)
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Insulation 1s laid over the inner casing to reduce heat losses or, in some cases,
the gap between the inner and outer casings is arranged to form a channel for
combustion air flow. By this means, the heat energy which would have been lost
to the boiler room is captured by the combustion air and returned to the furnace.

The outer casing provides additional strength, a cover for the insulation and an
aesthetic appearance.

4.1.8 FIRE-TUBE BOILERS

Fire-tube boiler designs originated many years ago and form the basis for many of
the modern boiler pressure vessel/combustion chamber concepts. The needs for
conservation of space and improved energy conversion efficiencies have resulted in
modification to the early designs, but the basic functional principle remains un-
changed.

4.1.8.1 Operating Pressure

Fire-tube boilers are commonly available for maximum allowable working pressures
up to 150 psi (10.3 bar). Some manufacturers build custom scotch units to 300 psi
(20.6 bar); however these are generally limited in size to 250 boiler horsepower
(2453 kw) because of the high cost of producing the rolled cylindrical outer shell.

4.1.8.2 Size Ranges

Fire-tube boilers are generally available in the range 20 through 800 bhp (196~
7848 kW) and in pressure up to 150 psi (10.3 bar).
The larger units, 150 hp (1471 kW) and above tend to use the scotch design.
The scotch boiler, used for many years as the mainstay of marine propulsion
boilers, is rugged and dependable; however, its application to water heating is lim-
ited (see “Thermal Shock™ section 4.1.6.10 of this chapter).

4.1.8.3 Types of Fire-Tube Boilers

1. The modified scotch boiler (see Fig. 4.1.2) is the most readily recognizable type
of fire-tube boiler though not, in fact, the most prolific. In this type, the burner
fires into a cylindrical steel combustion chamber after which the hot gases pass
through one, two or three tube passes before leaving the boiler. Two, three and
four pass boiler gas flows are identified in Fig. 4.1.12. The combustion chamber
and all of the tubes are immersed in boiler water inside a larger cylindrical
pressure vessel, or shell.

Scotch boilers are further classified into “dryback™ and “wetback” types. In
the dryback boiler, the “turnaround space” in which combustion gases are di-
rected from combustion chamber to tube-pass and from tube-pass to tube-pass
is an insulated steel casing. In the wetback design, the same enclosure is water
cooled.

2. The firebox boiler (see Fig. 4.1.13) comprises a bank of fire tubes immersed in
boiler water mounted adjacent to, generally above, a combustion chamber fire-
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FIGURE 4.1.12 Firetube boiler pass arrangements. (Courtesy Ajax Boiler
Inc.)

box) lined with high temperature refractory materials. Earlier firebox boilers
were often factory-built pressure vessels mounted on field erected fireboxes, but
current types are almost universally totally factory packaged with combustion
chamber and shipped complete to the jobsite.
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FIGURE 4.1.13 Firebox boiler. (Courtesy of Cleaver-Brooks.)

Packaged firebox boilers are produced by a large number of manufacturers in
widely varying formats and in sizes up to around 300 bhp (2943 kW). In the typical
current design, the pressure vessel is rectangular in shape (see Fig. 4.1.14) with
water legs framing the sides and rear of the combustion chamber.
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FIGURE 4.1.14 Cross section through typical packaged firebox boiler. (Courtesy Ajax Boiler

Inc.)
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4.1.8.4 Firetube Boiler Design

1. Pressure Vessel: Firetube boilers use round drums rolled from steel plate or
rectangular drums and headers fabricated and welded from steel plate. Rectan-
gular boilers are fabricated in sizes through 400 bhp (3924 kW) and cylindrical,
or scotch, boilers are fabricated in sizes up to 1000 bhp (9810 kW). In all cases,
the relatively large expanses of flat pressure vessel surfaces often require stay
rods for support against internal pressure.

2, Tubes and Tube Attachments: The most commonly used tube material is SA178
steel and tube sizes vary between 12" (38 mm) and 3” (76 mm) outside diameter.
Tubes are generally straight but are occasionally used in a bent pattern.
Straight tubes facilitate inspection and mechanical cleaning.
Tubes are normally expanded into tube sheets and, in some cases, seal
welded, especially for those joints exposed to combustion gases leaving the
combustion chamber.

3. Furnace Designs: Firetube boilers utilize widely varying furnace designs. The
simplest design locates the boiler on a five-sided refractory-lined box (four walls
and a floor). When this box is constructed from bricks, the boiler is said to be
brickset. In an adaptation of the design for packaging purposes, the firebox is
mounted inside a steel casing to which the boiler pressure vessel is bolted or
welded.

Further adaptations have water legs descending from the boiler pressure ves-
sel to the floor of the firebox to form the water-backed walls for the combustion
chamber. In the scotch boiler, the cylindrical combustion chamber is completely
water-backed (see Fig. 4.1.2).

4.1.9 CAST-IRON BOILERS

4.1.9.1 Operating Pressure

Cast-iron boilers are used to provide low pressure steam 15 Ib/in? (1.03 bar) max-
imum and hot water up to maxima of 30 1b/in? (2.06 bar) and 250°F (121°C).

4.1.9.2 Size Ranges

The primary use for cast-iron boilers lies in the residential market; however, small
commercial sizes are available up through 200 bhp (150 kw).

4.1.9.3 Types of Cast-Iron Boilers

Cast-iron boilers can be classified as sectional with internal push-nipples or sec-
tional with external headers (drums).

Sectional boilers are made up of vertical sections and look much like a loaf of
sliced bread. The number of sections determines the boiler capacity since each
inside section of a particular model are identical. The end sections are, of course,
different from the inside sections. Because of the sectional construction mode, cast-
iron boilers have a distinct advantage over other types since individual sections can
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be moved into the boiler room and then assembled. Even so, individual sections
are heavy and may weigh as much as 2000 1b (910 kg).

Most modern cast-iron boilers are built with water-filled spaces that completely
surround the combustion chamber. The type of boiler is called a wet-base boiler
and its design permits unrestricted circulation of water within the base and sides
of each section. This design increases heat absorption surface and reduces boiler
heat loss to the mounting pad.

Internal Push-Nipple Boilers: The cast sections of internal push-nipple boilers
are joined with tapered nipples and held tightly together with tie rods or bolts. The
gas joints between sections are sealed with gasket material. The nipples are sized
to provide the required free circulation of water and/or steam from section to
section.

External Header Boilers: Each cast section of the external header boiler is con-
nected to the headers (drums) with screwed nipples. There are three headers, a
supply manifold centered at the top and two at the bottom, one at each side.

With this type of boiler, it is possible to temporarily isolate a damaged section
and put the boiler back into service in the event that one section becomes cracked.

4.1.9.4 Cast-lron Boiler Design

Because of their sectionalized design, cast-iron boilers can be field assembled or
factory assembled complete with burner, valving trim and prewired panel-mounted
controls.

Sectionalized cast-iron boilers are generally designed for low draft loss. This
feature is particularly beneficial to boilers with atmospheric burners.

Cast-iron boilers, due to their relatively heavy (thick) sections, are intrinsically
slow in heating up. Because of the mass of iron, these boilers can retain heat and
dampen temperature swings. The system designer should, however, take steps to
prevent thermal shock-producing conditions since hot cast-iron sections may crack
if “slugged” with cold water.

More recent cast-iron boilers follow the wet-base principle, where the flame is
surrounded by water passages.

4.1.10 SPECIFIC DESIGN CRITERIA

Several additional design criteria should be examined during the selection process.
These are efficiency, emissions control equipments, control system complexity and
life cycle costing.

4.1.10.1 Efficiency

In HVAC terms, efficiency is generally defined as the ratio between heat output in
the fluid being heated and heat input in the form of fuel being consumed. Typical
efficiencies for contemporary boiler packages range from 75% to 95% based on
this definition, with the majority in the 80% to 85% range. There are several caveats
related to efficiency-based selection of boiler products.

(a) Higher efficiencies, those over 85%, require partial or complete condensation
of the water vapor contained in the flue gas. This requires inlet water temper-
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atures below 135°F (57°C), a condition generally not available in cold climate
hydronic heating systems.

(b) Boilers which will operate in a partial or fully-condensing mode require
corrosion-resistant stack or chimney and provisions for safe drainage of the
acidic condensate.

(¢) In general, the higher the claimed operating efficiency, the higher the first cost
of the boiler. In some cases, first cost increases by a factor of two to four times.
Examine the fuel savings payback before selecting a high efficiency boiler.

(d) High efficiency boilers are invariably more complex than standard efficiency
units and so expect maintenance costs to be higher.

4.1.10.2 Emissions Control Requirements

Specific emissions control requirements are mandated nationally and locally and
may also be specified by the owner or design engineer.

Emissions controls fall into the following categories: Smoke, carbon monoxide,
nitrogen oxides, and sulphur oxides.

(a) Smoke is primarily a fuel-based issue. Natural gas and propane are inherently
smoke free. Fuel oil is inherently more smoky as fuel grade number increases.
The normal benchmark for smoke measurement is the Bacharach smoke scale
where O represents a clean stack and 9 represents a smoke level approximately
equivalent to 10% obscuration through the stack plume. Note that the Bacharach
scale covers the lower 10% of the older Ringelmann scale and thus provides a
far more sensitive means of measurement. The pump/filter apparatus used in
the Bacharach test also provides an easy means of measurement at the boiler
outlet as opposed to visual observations at the stack.

(b) Carbon Monoxide (CO) is a poisonous pollutant emitted from all carbon-based
combustion processes. Stationary boilers are required to emit no more than 300
ppm by volume of carbon monoxide in the flue gas but most properly designed
boilers will, in good time, provide CO levels of 50 ppm or less.

(c) Nitrogen oxides (NOx) are a constituent of acid rain and photochemical smog
and are, in some areas of the US, severely restricted. In Southern California,
for instance, NOx levels are limited to 30 ppm by volume, corrected to 3%
oxygen. The correction factor is:

18
Corrected NOx at 3% O, = Measured NOx (ppm) md—oz €))

NOx generation is dependent on both fuel and combustion system type. Natural
gas premix-type combustion systems provide the lowest NOx levels (10-20
ppm) followed by forced draft natural gas boilers with flue gas recirculation
(FGR) (20-30 ppm). Forced draft No. 2 oil systems typically run 60-80 ppm
with flue gas recirculation and 80-120 ppm without FGR. Low nitrogen No. 2
fuel oils are available which can give NOx levels in the 35-50 ppm range with
FGR.

(d) Sulphur Oxides (SOx) are emitted when fuels containing sulphur are burned.
Fuel oils and coal contain sulphur in varying degrees and, in HVAC systems,
the primary form of SOx control is by fuel selection. Clean fuels, like natural
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gas, contain no sulphur and therefore produce no SOx emissions. No. 2 fuel
oil contains only limited amounts of sulphur and is generally considered
“clean” in terms of SOx emissions. Coal and heavy oil burning systems gen-
erally require ““back end cleanup,” usually in the form of wet scrubbers to meet
SOx requirements.

4.1.10.3 Control System Complexity

The level of controls complexity is primarily mandated by insurance code and/or
by local, state or national codes. The owner’s insurer will require that safety controls
on the boiler (fuel shut-off valves, water level controls, limit controls etc.) conform
to one of the available safety codes (FM, IRI, etc.).

In addition, many states have adopted the ASME Controls and Safety Devices
Code CSD-1 and some states and local jurisdictions have their own specific safety
requirements.

Once safety requirements have been satisfied, controls complexity may be lim-
ited to simple, stand-alone on-off automatic operation or may expand to include
staged or fully-modulated firing, outdoor reset temperature control of water boilers,
lead-lag control of multiple boilers, microprocessor burner management/flame safe-
guard systems which provide diagnostics and status and fault communication and
communication with building energy management systems.

4.1.11 SYSTEMS AND SELECTIONS

4.1.11.1 Load Analysis

Once the heating and/or process loads have been calculated, a decision must be
made to use a steam, water or high temperature hot water system. A comparative
study of capital, operational and maintenance costs should be made, including elec-
trical requirements.

The frequently cited advantages attributed to hot-water systems are:

1. Lower operational temperatures reduce system heat losses and improve boiler
efficiency.

No condensate return systems required.

Need for steam traps (and associated maintenance costs) eliminated.
. Smaller pipe size for a given load.

. Quieter operation than steam.

. More uniform space heating environment.

. Minimizes water treatment and make up water requirements.

Lower levels of piping expansion and contraction.

W
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Advantages cited for steam systems are:

=

Higher temperature available at user.
. Constant temperature at user at condensing condition.
. Improved heat transfer performance allows smaller user equipment.

W N
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4. Fast response to load change.
5. Reduced pumping effort required (less electrical power).
6. Eliminates generator corrosion caused by operation at condensing temperatures.

4.1.11.2 Number of Boilers Required

Use of a single boiler to provide 100 percent of the required system heat is per-
missible provided that loss of the boiler for a time will not seriously curtail oper-
ation of the facility. In most cases however, a complete loss of heat and/or process
steam cannot be tolerated and multiple boilers with redundant capacity must be
used.

Sizing options include selecting two boilers each sized for two-thirds of the
required capacity. For most of the plant operating load range, one boiler will carry
the load. In the event of a breakdown, the other boiler will carry nearly full plant
load.

Variations include larger numbers of boilers and uneven sizing to cover widely
varying plant load conditions, including lower loads during summer periods.
Heating Boilers: The total or “gross™ load, in Btu/hr or W, for the building com-
prises:

1. Conventional heating load including building heat loss and process requirements.

2. Domestic water heating requirements, if boiler water is to be used to generate
hot potable water. Design guidelines for estimating hot water usage are given in
Table 4.1.2.

3. Air-conditioning load which may, in some locations, give a summer boiler water
demand which exceeds the winter heating demand.

4. Pickup allowance, which covers the need to heat the building from cold within
a limited period of time. This is typically a factor in mild climates where the

TABLE 4.1.2 Hot-Water Demands and Use for Various Types of Buildings

Nominal capacity range in / = B = R net rating

Push-nipple boiler Header (drum) boiler
Steam, Ib/h Hot water, Steam, Ib/h Hot water,
Fuel (kg/h) MBtu/h (kW) (kg/h) MBtu/h (kW)
Gas 25.2-4,035 26-4,160 1,008.8-11,349 1,040-11,700
(11.4-1,836.3) (7.6-1,220) (457.6-5,147.9) (304.8-3,429.3)
Oil 76.5-407 79420 1,008.8-11,349 1,040-11,700
(34.7-184.6) (23-123) (457.6-5,147.9)  (304.8-3,429.3)
Dual fuel, gas 412-3,900 425-4,020 1,008.8-11,349 1,040-11,700
or oil (186.9-1,769) (125-1,180) (457.6-5,147.9) (304.8-3,429.3)
Anthracite 97-254 100-262 — —
coal (44-115.2) (29.3-76.8) — —
Bituminous 142.6-292 147-301 — —
coal (64.7-132.5) (43-88.2) — —

Note: 1 gal = 3.7 L.
*Per day of operation.
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boilers are often shut off for 12 or more hours each day. In the absence of
unusual factors, a maximum of 10% of known loads may be added.

5. Piping Losses. Allowance should be made to cover unusable heat loss from
piping. When this amount is not specifically calculated, 15% of known loads
may be added.

6. Maximum instantaneous demand includes sudden short duration peak load re-
quirements, other than pickup allowance. Steam boilers, in particular, should be
protected to keep steam flow within the boiler’s rated capacity by oversizing or
by control orifices, valves or other means. Water boilers must be protected from
low temperature operation during peak demand and pickup periods to prevent
condensation damage and, in some cases, thermal shock.

4.1.11.3 Operating Pressure

Boilers cannot be operated at their design pressure (MAWP) because the safety
valves and controls must be set to operate at or below the design pressure by code
and law. Boiler design pressures must therefore be selected in excess of normal
system operating pressure.

For 15 Ib/in? (1.03 bar) steam boilers, use 12 Ib/in? (0.83 bar) maximum system
pressure.

For hot water boilers, the total operating pressure, which includes static pressure
(due to height of system) thermal expansion pressure and pressure due to pump
head working against pipe and system resistance must not exceed the boiler design
pressure minus an allowance for operation of safety valves (generally 5 to 8 1b/in?
(0.35 to 0.55 bar) for 30 Ib/in? (2.06 bar) design boilers and 10 to 15% for boilers
with design pressures of 45 Ib/in? (3.09 bar) and over). Allowance for pump head
is not usually made when circulator pumps are mounted between the boiler and the
system resistance.

In steam systems, the boiler generates the pressure to distribute steam through
the piping system to the user equipment. The boiler selected must be capable of
operating at the pressure required by the system heat user.

If the system is designed for hot water, sufficient pressure must be applied
throughout the system to prevent the hot water from flashing to steam. Steam flash-
ing results in noisy operation and mechanical damage. The recommended safety
margin in system pressure is to use the saturation pressure for 40°F (22°C) above
the maximum expected system water temperature.

System pressure is created by cold fill pressure plus the thermal expansion re-
sistance provided by the expansion tank. The expansion tank uses captive air or
another gas to provide a cushion of gas to absorb the increased volume of the water
in the system after heating from cold. Expansion tubes are available which contain
an elastomeric diaphragm which separates the air cushion from the system water,
thus reducing the opportunity for corrosion due to air dissolving in the water. On
high temperature hot water systems, nitrogen is generally used as the cushion gas
as a means of preventing corrosion in the boiler.

4.1.11.4 Operating Temperatures
Operating temperatures for water heating systems fall into three major categories.

1. Normal cold climate heating systems in which the generally accepted inlet and
outlet temperatures are 160°F (71°C) and 180°F (82°C), respectively. In cold
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U.S. climates, the boiler generally runs continuously and condensation problems
do not occur since boiler inlet water temperature is always above the condensing
range. Water circulation rates through hot water generators are given in Table
4.1.3.

. Warm climate heating systems where afternoon sun requires that the boiler be

shut down for 10 to 15 hours per day. In such cases, system operating temper-
atures are often allowed to fall to the extent that boilers are run in a continuous
condensing mode, causing corrosion damage and shortening the life of the boiler.
To protect the boiler, provisions must be made to allow it to run at non-
condensing temperatures and blend system water to produce the desired system
operating temperature.

Heat pump loops run at very low temperatures, generally around 65°F (18.3°C)
and in this kind of system, special measures must be taken to prevent damage
to the boiler due to condensation-based corrosion. For such systems, positive
recirculation systems with blending control valves must be used or indirect water
heating boilers should be employed.

TABLE 4.1.3 Water Circulation Rates through Hot-Water Generators

Gross System temperature drop, °F (°C)
boiler
output 10 20 30 40 50 60
at noz- (5.5) (1.1) (16.7) (22.2) (27.7) (33.3)
bhp Mgteli /h Circulation rate gal/min
20 670 134 67 45 33 27 22
30 1,005 200 100 67 50 40 33
40 1,340 268 134 89 67 54 45
50 1,675 335 168 112 84 67 56
60 2,010 400 200 134 100 80 67
70 2,345 470 235 157 118 9% 78
80 2,680 536 268 179 134 107 90
100 3,350 670 335 223 168 134 112
125 4,185 836 418 279 209 168 140
150 5,025 1005 503 335 251 201 168
200 6,695 1340 670 447 335 268 224
250 8,370 1675 838 558 419 335 280
300 10,045 2010 1005 670 503 402 335
350 11,720 2350 1175 784 587 470 392
400 13,400 2680 1340 895 670 535 447
500 16,740 3350 1675 1120 838 670 558
600 20,080 4020 2010 1340 1005 805 670
750 25,100 5025 2512 1675 1255 1006 838
800 26,800 5360 2680 1790 1340 1070 900
1000 33,500 6700 3350 2230 1680 1340 1120

Note: Conversion factors: 1 hp = 746 W and 1 gal = 3.8 L.
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4.1.11.5 Boiler Capacity

For water heating boilers, the boiler size may be selected from the manufacturer’s
gross output ratings. For steam boilers, the calculated system load must be adjusted
to the “from and at 212°F (100°C)” basis prior to selection from the manufacturer’s
gross output settings, using the “factor of evaporation” information given in Table
4.1.1. Use the following equation:

Required boiler capacity, from and at 212°F, bhp

_ _ design load at design temperature, 1b/h
factor of evaporation from Table 4.1.1 Ib/bhp’

@

Select factor of evaporation from Table 4.1.1 using design feedwater temperature
and design operating pressure.

4.1.12 HIGH TEMPERATURE WATER SYSTEMS

High temperature water (HTW) systems are generally operated between 350 and
430°F (177-221°C) with corresponding generator operating pressures between 200
and 525 psi (13.8 and 36.2 bar).

Medium temperature water (MTW) systems generally operate between 250
and 325°F (121 to 163°C) with corresponding operating pressures between 50 and
180 psi.

All boilers operated as hot water generators must be pressurized to prevent the
formation of steam. Means must also be provided to allow for expansion of the
water as it is heated to operating temperature. The appropriate operating pressure
levels required for various operating temperatures are shown in Fig. 4.1.15.

System pressurization, which is crucial to proper system operation, is accom-
plished through the use of a properly designed expansion tank. The design of this
tank depends on system size and operating temperatures and pressures.

4.1.12.1 Circulation in HTW Boilers

Because of the elevated temperatures in HTW boilers, circulation of water in HTW
boilers is crucial to boiler longevity. Circulation types are:

(a) Pumped jet-induced circulation (see Fig. 4.1.16)
(b) Forced circulation with or without separation drum
(¢) Once through orifice controlled (see Fig. 4.1.17)

1. Jet-Induced Circulation: The D-type two drum watertube HTW generators
have proved their dependability by operating trouble-free more than thirty years.
They have low first, operating and maintenance costs. Output capacities range to
65 million Btu/hr (19 MW) for pressures to suit water temperatures up to 430°F
(221°C) with supply-to-return temperature differences up to 200°F (93°C).

Fig. 4.1.17 shows the water circulation through the HTW unit. The return water
flows from the circulation pump through the internal distribution pipe into the
plenum chamber and then rises through all furnace tubes to the top drum. Here

[ ]
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CHAPTER 5.1
STEAM

Lehr Associates
New York, New York

5.1.1 INTRODUCTION TO STEAM

Nearly any material, at a given temperature and pressure, has a set amount of energy
within it. When materials change their physical state, i.e., go from a liquid to a
gas, that energy content changes. Such a change occurs when water is heated to a
gaseous state—steam. When steam is used for heating, a cycle of different energy
states occurs. First, water is heated in a boiler to its vaporization point, when it
boils off as steam. The vapor is carried to the desired estimation where it is allowed
to cool, giving off heat. Usually, the water, now cooled back to a liquid, is returned
to the boiler to be revaporized.

The heat content of water is usually measured in British thermal units (Btu’s)
or calories. Knowing the temperature is not sufficient to determine the energy con-
tent of steam—the pressure must also be known as well as the amount of actual
vapor or condensate (moisture). “Steam” can exist as saturated (containing all the
vapor it can), dry (at the saturation point or above), wet (below the saturation point),
and superheated (capable of holding even more vapor). Wet steam—containing
condensate—has less energy than dry steam.

These conditions are specified for water in a chart called Mollier diagram (see
Fig. 5.1.1). The Mollier diagram specifies the energy content for steam at various
vaporization levels. On the two axes of the diagram are enthalpy (a measure of the
heat content of a volume of steam) and entropy (a measure of the energy available
for work). Rigorous analysis of the thermodynamics of a heating system involves
measurements of the specific volume of steam available; its pressure, temperature,
and moisture values; and the efficiencies of heat transfer of the elements of the
heating system. Usually vendors of steam equipment provide details of their systems
based on saturated-steam conditions, which simplifies their sizing and use. Satu-
rated-steam tables (see Table 5.1) give the values that are necessary to determine
the amount of energy the steam has available for heating.

To calculate the steam consumption of a heating device, the following equation
should be employed:

H
" SP,(T, - T,) + h;, + SPT, = T)

o G.1.1)

5.1.3
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where H = heating load, Btu/h (W)
h;, = latent heat of vaporization, Btu/lb (kJ/kg)
entering steam temperature, °F (°C)

e

T, = steam temperature at vaporization, °F (°C)
SP,,, = specific heat of water vapor, Btu/(Ib - °F) [cal/(g - °C)]
SP,, = specific heat of water, Btu/(lb - °F) [cal/(g - °C)]
T, = leaving temperature of condensate, °F (°C)
Q = steam rate, Ib/h (kg/h)
TABLE 5.1.1 Saturated-Steam Tables
Gauge Heat content .
pressure Specific
Absolute Sensible Latent Total volume
in Hg pressure, Temperature, ), (hg)s (hy), of steam
vacuum  psig psig °F Btu/lb Btu/lb Buw/lb  V,, f’/b
27.9 1 101.7 69.5 1032.9 1102.4 330.0
25.9 2 126.1 93.9 1019.7 1113.6 173.5
239 3 141.5 109.3 1011.3 1120.6 118.6
21.8 4 153.0 120.8 1004.9 1125.7 90.5
19.8 5 162.3 130.1 999.7 1129.8 73.4
17.8 6 170.1 137.8 995.4 1133.2 61.9
15.7 7 176.9 144.6 991.5 1136.1 53.6
13.7 8 182.9 150.7 987.9 1138.6 41.3
11.6 9 188.3 156.2 984.7 1140.9 4.3
9.6 10 193.2 161.1 981.9 1143.0 38.4
7.5 11 197.8 165.7 979.2 1144.9 35.1
5.5 12 202.0 169.9 976.7 1146.6 32.4
3.5 13 205.9 173.9 974.3 1148.2 30.0
1.4 14 209.6 177.6 972.2 1149.8 28.0
0 14.7 212.0 180.2 970.6 1150.8 26.8
1 18.7 215.4 183.6 968.4 1152.0 25.2
2 16.7 218.5 186.8 966.4 1153.2 23.80
5 19.7 227.4 195.5 960.8 1156.3 20.4
10 247 2394 207.9 952.9 1160.8 16.5
15 29.7 249.8 218.4 946.0 1164.4 13.9
20 347 258.8 227.5 940.1 1167.6 12.0
25 39.7 266.8 235.8 934.6 1170.4 10.6
30 44.7 274.0 243.0 929.7 1172.7 9.5
40 54.7 286.7 256.1 920.4 1176.5 7.8
50 64.7 297.7 267.4 912.2 1179.6 6.7
60 74.7 307.4 2771 905.3 1182.4 5.8
70 84.7 316.0 286.2 898.8 1185.0 5.2
80 94.7 323.9 294.5 892.7 1187.2 4.7
90 104.7 331.2 302.1 887.0 1189.1 4.3
100 114.7 337.9 309.0 881.6 1190.6 39
125 139.7 352.8 324.7 869.3 1194.0 3.2
150 164.7 365.9 338.6 858.0 1196.6 2.8
175 189.7 371.5 350.9 847.9 1198.8 2.4
200 214.7 387.7 362.0 838.4 1200.4 2.1

Note: Metric conversion factors are: 1 in Hg = 25.4 mm Hg: 1 Ib/in?> = 0.07 bar; °F = 1.8 X °C +
32; 1 Bwu/Ilb = 554 cal/kg; 1 f3/1b = 0.06 m®/kg.
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H
T 045(T, - T) + hy, + T, — T,

Q (5.1.2)

or in International System (SI) units,

H
" 0.5XT, - T,) + 0.28h,, + 1.16(T, — T.)

o (5.1.3)

When saturated steam is supplied to the heating unit, 7, = 7,,s0 T, — T, = 0.
Normally 7, is maintained at or near 7, so that the factor T, — T, can be omitted
from the calculation without significantly affecting the outcome.

For a system supplying saturated steam we can simplify the calculation to

o= o o

e = 0.28k,, (SI units) (5.14)

The following formula converts the steam rate Q into gallons per minute (liters per
second) so that the condensate will be in units normally associated with the flow
of liquids:

o . o .
500 - gal/min or 3600 L/s (SI units) (5.1.5)

5.1.2 INTRODUCTION TO STEAM
HEATING SYSTEMS

Steam systems are used to heat industrial, commercial, and residential buildings.
These systems are categorized according to the piping layout and the operating
steam pressure. This section discusses steam systems which operate at or below
200 psig (14 bar).

5.1.3 GENERAL SYSTEM DESIGN

The mass flow rate of steam through the piping system is a function of the initial
steam pressure, pressure drop through the pipe, equivalent length of piping, and
size of piping. The roughness of the inner pipe wall is a variable in determining
the steam’s pressure drop. All the charts and tables in this section that outline the
performance of the steam transmitted through the piping assume that the roughness
of the piping is equal to that of new, commercial-grade steel pipe.

5.1.4 PRESSURE CONDITIONS

Steam piping systems are usually categorized by the working pressure of the steam
they supply. The five classes of steam systems are high-pressure, medium-pressure,
low-pressure, vapor, and vacuum systems. A high-pressure system has an initial
pressure in excess of 100 psig (6.9 bar). The medium-pressure system operates with
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pressures between 100 psig (6.9 bar) and 15 psig (1 bar). Systems that operate from
15 psig (1 bar) to O psig (0 bar) are classified as low-pressure. Vapor and vacuum
systems operate from 15 psig (1 bar) to vacuum. Vapor systems attain subatmos-
pheric pressures through the condensing process, while vacuum systems require a
mechanically operated vacuum pump to attain subatmospheric pressures.

5.1.5. PIPING ARRANGEMENTS

The general piping scheme of a steam system can be distinguished by three different
characteristics. First, the number of connections required at the heating device de-
scribes the system. A one-pipe system has only one piping connection which sup-
plies steam and allows condensate to return to the boiler by flowing counter to the
steam in the same pipe. The more common design is to have two piping connec-
tions, one for the supply steam and one for the condensate. This arrangement is
known as a two-pipe system.

Second, the direction of the supply steam in the risers characterizes the piping
design. An up-feed system has the steam flowing up the riser; conversely, a down-
feed system supplies steam down the riser.

Third, the final characteristic of the piping design is the location of the conden-
sate return to the boiler. A dry return has its condensate connection above the
boiler’s waterline, while a wet-return connection is below the waterline.

5.1.6 CONDENSATE RETURN

By analyzing how the condensate formed in the heating system is returned to the
boiler, an understanding of how the system should operate is achieved. There are
two commonly used return categories: mechanical and gravity.

If devices such as pumps are used to aid in the return of condensate, the system
is known as a mechanical return. When no mechanical device is used to return the
condensate, the system is classified as a gravity return. The only forces pushing
the condensate back to the boiler or condensate receiver are gravity and the pressure
of the steam itself. This type of system usually requires that all steam-consuming
components be located at a higher elevation than the boiler or the condensate re-
ceiver.

With either mechanical or gravity return systems, the mains are normally pitched
Ya in (6.3 mm) for every 10 ft (3 m) of length, to ensure the proper flow of
condensate. The supply mains are sloped up away from the boiler, and the return
mains are pitched down toward the boiler. This allows condensate to flow back to
the boiler.

5.1.7 PIPE-SIZING CRITERIA

Once the heating loads are known, the steam flow rates can be determined; then
the required size of the steam piping can be specified for proper operation. The
following factors must be analyzed in sizing the steam piping:
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* Initial steam pressure

¢ Total allowable pressure drop
¢ Maximum steam velocity

* Direction of condensate flow
¢ Equivalent length of system

For different initial pressures, the allowable pressure drop in the piping varies.
Table 5.2 gives typical values in selecting pressure-drop limits. To ensure that the
parameters from the table are suitable for an application, check that the total system
pressure drop does not exceed 50 percent of the initial pressure, that the condensate
has enough steam pressure to return to the boiler, and that the steam velocity is
within specified limits to ensure quiet and long-lasting operation.

When steam piping is sized, there is a trade-off between quiet, efficient operation
and first-cost considerations. A good compromise point exists when the steam sup-
ply pipe is sized for velocities between 6000 and 12,000 ft/min (30.5 and 61
m/s). This allows quiet operation while offering a reasonable installed cost. If the
piping is downsized so that the velocity exceeds 20,000 ft/min (101 m/s), the
system may produce objectional hammering noise or restrict the flow of condensate
when it is counter to the steam’s direction. It is recommended that the piping be
sized so that the velocity will never approach 20,000 ft/min (101 m/s) in any leg.

As condensate flows into the return line, a portion of it will flash into steam.
The volume of the steam-condensate mixture is much greater than the volume of
pure condensate. To avoid undersizing the return lines, the return piping should be
sized at some reasonable proportion of dry steam. A maximum size would be to
assume that the return is 100 percent saturated steam. An acceptable velocity for
the design of the return lines is 5000 ft/min (25.4 m/s).

5.1.8 DETERMINING EQUIVALENT LENGTH

The “equivalent length’ of pipe is equal to the actual length of pipe plus the friction
losses associated with fittings and valves. For simplicity’s sake, the fitting and valve
losses are stated as the equivalent length of straight pipe needed to produce the
same friction loss. Values for common fittings and valves are stated in Table 5.1.3.

The equivalent length—not the actual length—is the value used in all the figures
and charts for pipe sizing. Common practice is to assume that the equivalent length
is 1.5 times the actval length when a design is first being sized. After the initial
sizing and layout are completed, the exact equivalent length should be calculated
and all the pipe sizes checked.

5.1.9 BASIC TABLES FOR STEAM PIPE SIZING

Figure 5.1.2 is used to determine the flow and velocity of steam in Schedule 40
pipe at various values of pressure drop per 100 ft (30.5 m), based on O psig
(1-bar) saturated steam. By using the multiplier tables, it may also be used at all
saturated pressures between 0 and 200 psig (1 and 14 bar). Figure 5.1.2 is valid
only when steam and condensate flow in the same direction.
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TABLE 5.1.2 Pressure Drops for Steam Pipe Sizing

Total pressure drop in Pressure drop for mains Total pressure drop in
Initial steam pressure supply piping and risers return piping
(lb/in?y
psig bar Ibfin? bar 100 ft bar/100 m 1bfin? bar
Vacuum 1-2 0.069-0.138 Ya-Va 0.028-0.057 1 0.069
0 0 YeVa 0.004-0.017 Va2 0.007 Yie 0.004
2 0.138 YaYi 0.017-0.052 Ya 0.028 Ya 0.017
5 0.345 1-2 0.069-1.38 Ya 0.057 1 0.069
15 1.03 4-6 0.276-0.414 1 0.228 4 0.276
30 2.07 5-10 0.345-0.069 2 0.455 5 0.345
50 3.45 10-15 0.069-1.03 2-5 0.455-1.14 10 0.69
100 6.90 15-25 1.03-1.72 2-5 0.455-1.14 15 1.03

150 10.3 25-30 1.72-2.07 2-10 0.455-2.28 20 1.37
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TABLE 5.1.3 Length of Pipe to Be Added to Actual Length of Run—Owing to

HEAT DISTRIBUTION SYSTEMS

Fittings—to Obtain Equivalent Length

Length to be added to run, ft*

Size of Standard Side outlet Gate Globe Angle
pipe, in elbow teet valve} valvei valve}
Vs 1.3 3 0.3 14 7
Ya 1.8 4 0.4 18 10
1 2.2 5 0.5 23 12
1% 3.0 6 0.6 29 15
12 3.5 7 0.8 34 18
2 4.3 8 1.0 46 22
2V, 5.0 11 1.1 54 27
3 6.5 13 1.4 66 34
3 8 15 1.6 80 40
4 9 18 1.9 92 45
5 11 22 2.2 112 56
6 13 27 2.8 136 67
8 17 35 3.7 180 92
10 21 45 4.6 230 112
12 27 53 5.5 270 132
14 30 63 6.4 310 152

*Metric conversion: 1 in = 2.54 cm and 1 ft = 0.31 m.

‘tValues given apply only to a tee used to divert the flow in the main to the last riser.
$Valve in full-open position.

Example: Determine the length in feet of pipe to be added to actual length of run illustrated.

Source:

Last
riser or
radiator

Drip

Measured length 132.0 ft
4-in gate valve 1.9 ft
44 in elbows 36.0 ft
2-4 in tees 36.0 ft
Equivalent 205.9 ft

5.1.10 TABLES FOR LOW-PRESSURE STEAM

PIPE SIZING

Reprinted by permission from ASHRAE Handbook—1989 Fundamentals.

Table 5.1.4, derived from Fig. 5.1.2, gives the values needed to select pipe sizes at
various pressure drops for systems operating at 3.5 and 12 psig (0.24 and 0.84 bar).
The flow rates given for 3.5 psig (0.24 bar) can be used for saturated-steam pres-
sures from 1 to 5 psig (0.07 to 0.34 bar), and those for 12 psig (0.84 bar) can be
used for saturated pressures from 8 to 16 psig (0.55 to 1.1 bar) with an error not

to exceed 8 percent.

Table 5.1.5 is used for systems where the condensate flows counter to the supply

steam.
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FIGURE 5.1.2 Basic chart for flow rate and velocity of steam in Schedule 40 pipe, based on

saturation pressure of 0 psig (0 bar). (Reprinted by permission from ASHRAE Handbook—1989
Fundamentals.)

To size return piping, Table 5.1.6 is used. This table gives guidelines for return
piping for wet, dry, and vacuum return systems.

5.1.11 TABLES FOR SIZING MEDIUM- AND
HIGH-PRESSURE PIPE SYSTEMS

Larger, industrial-type space-heating systems are designed to use either medium-
or high-pressure steam at 15 to 200 psig (1.03 to 14 bar). These systems often
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TABLE 5.1.4 Flow Rate of Steam, Ib/h, in Schedule 40 Pipe* at Initial Saturation Pressure of 3.5 and 12 psigt

Pressure drop, Ib/in® per 100-ft lengthi

Yie Ibfin? (1 0z) 1 Ibfin? (2 0z) 1% Ib/in® (8 oz) % Ibfin® (12 oz)
N‘.)m’ Sat. press., Sat. press., Y Ibfin® (4 0z) Sat. press., Sat. press., 1 Ib/in® Sat. 2 Ibfin? Sat.
gilz[? psig psig Sat press., psig psig psig press., psig press., psig
in 3.5 12 3.5 12 3.5 12 3.5 12 3.5 12 35 12 3.5 12
Va 9 11 14 16 20 24 29 35 36 43 42 50 60 73
1 17 21 26 3 37 46 54 66 68 82 81 95 114 137
1v4 36 45 53 66 78 96 m 138 140 170 162 200 232 280
1v4 56 70 84 100 120 147 174 210 218 260 246 304 360 430
2 108 134 162 194 234 285 336 410 420 510 480 590 710 850
pAZ) 174 215 258 310 378 460 540 660 680 820 780 950 1,150 1,370
3 318 380 465 550 660 810 960 1,160 1,196 1,430 1,380 1,670 1,950 2,400
3 462 550 670 800 990 1,218 1,410 1,700 1,740 2,100 2,000 2,420 2,950 3,450
4 640 800 950 1,160 1,410 1,690 1,980 2,400 2,450 3,000 2,880 3,460 4,200 4,900
5 1,200 1,430 1,680 2,100 2,440 3,000 3,570 4,250 4,380 5,250 5,100 6,100 7,500 8,600
6 1,920 2,300 2,820 3,350 3,960 4,850 5,700 7,000 7,200 8,600 8,400 10,000 11,900 14,200
8 3,900 4,800 5,570 7,000 8,100 10,000 11,400 14,300 14,500 17,700 16,500 20,500 24,000 29,500
10 7,200 8,800 10,200 12,600 15,000 18,200 21,000 26,000 26,200 32,000 30,000 37,000 42,700 52,000
12 11,400 13,700 16,500 19,500 23,400 28,400 33,000 40,000 41,000 49,500 48,000 57,500 67,800 81,000
*R.

*Based on Moody friction factor, where flow of condensate does not inhibit the flow of steam.

+The flow rates of 3.5 psig can be used to cover saturated pressure from 1 to 6 psig, and the rates at 12 psig can
be used to cover saturated pressure from 8 to 16 psig with an error not exceeding 8 percent. The steam velocities
corresponding to the flow rates given in this table can be found from the basic chart and velocity multiplier chart, Fig.

52.

$Metric conversions: 1 in = 2.54 cm, 1 1b/in?> = 0.07 bar, and 1 1b = 0.46 kg.

Source: Reprinted by permission from ASHRAE Handbook—1989 Fundamentals.
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TABLE 5.1.5 Steam Pipe Capacitics for Low-Pressure Systems, 1b/h

For use on one-pipe systems or two-pipe systems in which condensate flows against the steam flow

Two-pipe systems One-pipe systems
. . . Condensate flowing against steam . Radiator valves and . .
Nominal pipe size, Supply risers up- vertical connections Radiator and riser
in Vertical Horizontal feed runouts
A B* Ct D} E F¥
Ya 8 7 6 cee 7
1 14 14 11 7 7
1v4 31 27 20 16 16
1v4 48 42 38 23 16
2 97 93 72 42 23
2%, 159 132 116 see 42
3 282 200 200 s 65
31 387 288 286 se 119
4 511 425 380 ‘e 186
5 1,050 788 se see 278
6 1,800 1,400 see R 545
8 3,750 3,000
10 7,000 5,700
12 11,500 9,500
16 22,000 19,000

*Do not use column B for pressure drops of less than Y16 Ib/in? per 100 ft of equivalent run. Use Fig. 5.2 or Table
5.4 instead.

1Pitch of horizontal runouts to risers and radiators should be not less than % in/ft. Where this pitch cannot be
obtained, runouts over 8 ft in length should be one pipe size larger than called for in this table.

$Do not use column D for pressure drops of less than Y24 Ib/in? per 100 ft of equivalent run except on sizes 3 in
and over. Use Fig. 5.2 or Table 5.4 instead.

Note: Steam at an average pressure of 1 psig is used as a basis of calculating capacities. Metric conversion factors
of 1in = 2.54 cm and 1 b = 0.46 kg can be used.

Source: Reprinted from ASHRAE Handbook—1989 Fundamentals.
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TABLE 5.1.6 Return Main and Riser Capacities for Low-Pressure Systems, 1b/h

Va2 Ibfin® or Vs-0z

Vha Ibfin? or %-0z

Y46 Ib/in? or 1-0z

1% Ibfin? or 2-0z drop

Y4 Ib/in? or 4-0z drop

1 Ib/in® or 8-0z drop

:ilze:e drop per 100 ft drop per 100 ft drop per 100 ft per 100 ft per 100 ft per 100 ft
in Wet Dry Vac. Wet Dry  Vac. Wet Dry Vac. Wet Dry Vac. Wet Dry Vac. Wet Dry Vac.
G H I J K L M N o) P Q R S T U v w X Y
Return Main

7] “ae e o « e “ e 42 e e 100 “ o e 142 Y oo 200 o P 283
1 125 62 R 145 7 143 175 80 175 250 103 249 350 115 350 s .. 494
14 213 130 .- 248 149 244 300 168 300 425 217 426 600 241 600 .. v 848
1% 338 206 s 393 236 388 475 265 475 675 340 674 950 378 950 .o cee 1,340
2 700 470 s 810 535 815 1000 575 1,000 1400 740 1,420 2,000 825 2,000 .. cee 2,830
2y 1180 760 <+ 1580 868 1,360 1680 950 1,680 2350 1230 2,380 3,350 1360 3,350 . cee 4,730
3 1880 1460 +++ 2130 1560 2,180 2680 1750 2,680 3750 2250 3,800 5,350 2500 5,350 oo cee 7,560
3 2750 1970 =++ 3300 2200 3,250 4000 2500 4,000 5500 3230 5,680 8,000 3580 8,000 oo c++ 11,300
4 3880 2930 <+ 4580 3350 4,500 5500 3750 5,500 7750 4830 7,810 11,000 5380 11,000 .. <+ + 15,500
5 . 7,880 9,680 . 13,700 v .. 19,400 .o <. . 27,300
6 . 12,600 .. -+ 15,500 .. .- 22,000 see <+ 31,000 . -+ - 43,800

Riser

Y 48 48 143 cee 48 175 ce 48 249 . 48 350 .. s 494
1 . 113 - .. 113 244 cee 113 300 e 113 426 . 113 600 <. s 848
L7 248 .- .- 248 388 oe- 248 475 <o 248 674 . 248 950 .. see 1,340
1%2 375 . . 375 815 .. 375 1,000 s 375 1,420 . 375 2,000 .. cee 2,830
2 750 .. . 750 1,360 .. 750 1,680 e 750 2,380 . 750 3,350 .. cee 4,730
215 ‘e . e 2,180 .. cew 2,680 PN e 3,800 .. “e 5,350 . “en 7,560
3 . .. .o 3,250 . cee 4,000 cee 5680 8,000 .o -.. 11,300
314 . .. .. ce 4,480 .. <. 5,500 o «e. 7,810 e «e+ 11,000 - e e 15,500
4 . . ‘e <.+ 7,880 <.+ 9,680 «ee 13,700 <. e 19,400 <o v 27,300
5 .. e cee 12,600 <+ 15,500 <o 22,000 <o+ 31,000 <o 43,800

Note: This table is based on pipe size data developed through the research investigations of The American Society
of Heating, Refrigerating and Air-Conditioning Engineers. Metric conversion factors of 1 in = 2.54 ¢m, 1 Ib/in? =

0.07 bar, and 1 ft = 0.31 m can be used.

Source: Reprinted by permission from ASHRAE Handbook—1989 Fundamentals.
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involve unit heaters and/or air-handling units. Figures 5.1.3 to 5.1.6 provide tables
for sizing steam piping for systems of 30, 50, 100, and 150 psig (2, 3.5, 6.9, and
10.5 bar).

5.1.12 AIR VENTS

The presence of air in the steam supply line impedes the heat-transfer ability of the
system due to the high insulating value of air. Air also interferes with the flow of
steam by forming pockets at the ends of runs that prevent the steam from reaching
the system’s extremities.

A valve that releases air from the system while restricting the flow of all other
fluids is known as an ‘“air vent.” Air vents should be located at all system high
points and where air pockets are likely to form. Venting should be done continually
to prevent the buildup of air in the system.

Air enters the system by two means. First, when cold makeup feed water is
supplied to the boiler, air is present in the water. As the water is heated, the air
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FLOW RATE ~ POUNDS PER HOUR
BASED ON MOODY FRICTION FACTOR WHERE FLOW OF CONDENSATE DOES NOT INHIBIT THE FLOW OF STEAM
(MAY BE USED FOR STEAM PRESSURE FROM 23 TO 37 PSIG WITH AN ERROR NOT EXCEEDING 9%)
METRIC CONVERSIONS:

1ib = 0.45 kg; 1 Ib/in? = 0.07 bar; 1 ft= 0.3 m;
1in2=6.6 cm?; 10z=28.1g.

FIGURE 5.1.3 Chart for flow rate and velocity of steam in Schedule 40 pipe, based on saturation
pressure of 30 psig (2.1 bar). (Reprinted by permission from ASHRAE Handbook—1989 Funda-
mentals.)
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BASED ON MOODY FRICTION FACTOR WHERE FLOW OF CONDENSATE DOES NOT INHIBIT THE FLOW OF STEAM
(MAY BE USED FOR STEAM PRESSURE FROM 40 TO 60 PSIG WITH AN ERROR NOT EXCEEDING 8%)

METRIC CONVERSIONS:
11b=0.45kg; 1 lb/ln2 = 0.07 bar; 1 ft=0.3m;
1in2 =65 cm2; 10z=28.1g¢.

FIGURE 5.1.4 Chart for flow rate and velocity of steam in Schedule 40 pipe, based on
saturation pressure of S50 psig (3.5 bar). (Reprinted by permission from ASHRAE
Handbook—1989 Fundamentals.)

tends to separate from the water. Second, when the system is turned off, steam is
trapped in the pipes. Eventually the steam cools and condenses. Since the volume
of the condensate is negligible compared to the initial volume of the steam, a
vacuum is formed in the piping. Air leaks into the system through openings in the
joints until the internal pressure equalizes. Upon restarting the system, the air is
swept along with the steam and becomes entrained in the system.

5.1.13 STEAM TRAPS

When steam is transmitted through the piping or the end-user equipment, it loses
part of its heat energy. As heat is removed from saturated steam, a vapor-liquid
mixture forms in the pipe. The presence of liquid condensate in the steam lines
interferes with the proper operation of the system. Liquid condensate derates the
system’s heating capacity because water has a much smaller amount of available

PRESSURE DROP — OUNCES PER SQ. IN. PER 100 FT.
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FIGURE 5.1.5 Chart for flow rate and velocity of steam in Schedule 40 pipe, based on saturation
pressure of 100 psig (7 bar). (Reprinted by permission from ASHRAE Handbook—1989 Funda-
mentals.)

energy than steam does. Furthermore, the accumulation of water in the supply steam
piping can obstruct the flow of the steam through the system.

A valve that permits condensate to flow from the supply line without allowing
steam to escape is known as a “‘steam trap.” All steam traps should be located such
that condensate can flow via gravity through them. Through mechanical means, the
steam trap recognizes when steam is present by sensing the density, kinetic energy,
or temperature of the fluid at the trap. When conditions indicate that steam is absent,
the trap opens and allows the condensate to drop to the return line. As soon as the
trap senses the presence of steam, it slams shut.

5.1.14 STEAM TRAP TYPES

There are six types of steam traps normally employed in the heating, ventilating,
and air-conditioning (HVAC) industry. Since traps differ in their operational char-
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FIGURE 5.1.6 Chart for flow rate and velocity of steam in Schedule 40 pipe, based on saturation
pressure of 150 psig (10.5 bar). (Reprinted by permission from ASHRAE Handbook—1989 Fun-
damentals.)

acteristics, selection of the proper trap is critical to efficient operation of the system.
Different applications require specific types of traps, and no one type of trap will
perform satisfactorily in all situations.

Three of the six basic types of traps operate thermostatically be sensing a tem-
perature difference between subcooled condensate and steam: liquid-expansion, bal-
anced-pressure thermostatic, and bimetallic thermostatic traps. Two other
types—the bucket trap and the float-and-thermostatic trap—are activated by differ-
ences in density between steam and condensate. These are also known as blast type
traps. Finally, the thermodynamic steam trap operates on the differences in the
velocity at which steam passes through the trap. This velocity difference can also
be considered as a change in kinetic energy.

5.1.15 BALANCED-PRESSURE STEAM TRAPS

The balanced-pressure steam trap (Fig. 5.1.7) employs a bellows filled with a fluid
mixture that boils below the steam temperature. When steam is present at the trap
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Valve

FIGURE 5.1.7 Balanced-pressure steam trap.

inlet, the liquid in the bellows is vaporized and expands to seal the trap. Condensate
accumulates at the trap and starts to subcool. When the condensate cools enough
to condense the fluid in the bellows, the trap opens and the condensate flows
through the trap.

This type of trap has two possible drawbacks. First, it must allow condensate to
subcool 5 to 30°F (2.8 to 16.7°C) below the steam temperature to operate. Second,
it discharges condensate intermittently.

Advantages of the balanced-pressure trap are that it is freeze-proof, can handle
a large condensate load, does a good job of air venting, and is self-adjusting
throughout its operating range. These traps are typically used in conjunction with
steam radiators and sterilizers.

5.1.16 BIMETALLIC THERMOSTATIC
STEAM TRAPS

These traps operate on the same principle as the balanced-pressure steam trap. The
bellows mechanism is replaced by a bimetallic strip formed from two dissimilar
metals that have very different coefficients of expansion. As the bimetallic strip is
heated, the difference in the expansion rate of the metals causes the strip to bend.
The trap is fabricated so that when the strip is heated to the steam’s temperature,
there is enough movement to close off the valve. The bimetallic thermostatic trap
(Fig. 5.1.8) has a slow response to load conditions, requiring as much as 100°F
(55.5°C) of subcooling, and is not self-adjusting to changes in inlet pressure.

These traps are suited for superheated steam applications and situations where
a great deal of condensate subcooling is required to prevent flashing in the return
line. Normally these traps are applied to steam-tracing lines that can tolerate partial
flooding.
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FIGURE 5.1.8 Bimetallic steam trap.

5.1.17 LIQUID-EXPANSION STEAM TRAPS

The liquid-expansion steam trap (Fig. 5.1.9) is designed with an oil-filled cylinder
which drives a piston. When steam is present, the oil expands, thrusting the piston
out. The end of the piston acts as the valve and seals the port to the return line.
As condensate collects in the trap and cools, the oil starts to contract. The con-
traction of the oil causes the piston to move away from the port and permits the
flow of condensate from the trap.

These traps are freeze-proof and are used for freeze protection of system low
points and heating coils. Their limitations are that they are not self-adjusting to
changes of inlet pressure and that they require condensate subcooling by 2 to 30°F
(1.1 to 16.7°C).

5.1.18 BUCKET STEAM TRAPS

Bucket traps operate by gravity, utilizing the density difference between liquid and
vapor. When the body of the trap is filled with liquid and a vapor enters the bucket,
the bucket will float. As the bucket fills with liquid, the bucket sinks. The bucket’s

Valve Piston iquid~filled chomber

FIGURE 5.1.9 Liquid-expansion steam trap.
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movement activates a valve. If the bucket rises due to the vapor pressure, the valve
closes; and when the bucket sinks, the valve opens, permitting condensate to flow
from the trap. The most common type of bucket trap is the inverted bucket (Fig.
5.1.10), so named because the bucket has its open side facing down.

Bucket traps are capable of working at very high pressures, can discharge con-
densate at the saturated-steam temperature, and are resistant to water hammer. Un-
fortunately, if the water seal is lost, the bucket trap will continuously allow steam
to pass through. Other disadvantages of these traps are their susceptibility to freeze-
up, their lack of good air-venting capability, and their intermittent discharge.

Inverted-bucket traps are usually installed on high-pressure indoor steam main
drips.

5.1.19 FLOAT-AND-THERMOSTATIC
STEAM TRAPS

A float-and-thermostatic steam trap (Fig. 5.1.11) is actually two distinct traps in
one unit. The balanced-pressure steam trap, outlined previously, is located at the
top of the trap body and acts as an air vent. The rest of the unit consists of a float
that rises and falls based on the level of condensate in the trap. The trap inlet is
located above the outlet. The float position operates a valve that controls flow to
the return line. As the condensate level rises above the outlet, the float causes the
valve to open. If the condensate level drops enough, the float causes the valve to
close. Since the float allows the valve to open only when the condensate level is

Valve

Bucket

FIGURE 5.1.10 Inverted-bucket steam trap.
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Thermostatic

Float

FIGURE 5.1.11 Float-and-thermostat steam trap.

above the outlet, a water seal is maintained to prevent steam from passing through
the outlet when the valve is open.

The float-and-thermostatic steam traps cannot be used on a superheated-steam
system unless they are modified and are usually not installed outdoors because they
are subject to freeze-up. These types of traps will continuously vent air. They do
not require subcooling of condensate and are unaffected by changes in system
pressure. Typically float-and-thermostatic traps are used in conjunction with heating
devices, such as unit heaters, water heaters, and converters.

5.1.20 THERMODYNAMIC STEAM TRAPS

The design of the thermodynamic steam trap (Fig. 5.1.12) is based on the theory
that the total pressure of fluid passing through the trap will remain constant. Since
the total pressure equals the sum of the static and dynamic pressures, any increase

FIGURE 5.1.12 Thermodynamic steam trap.
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in dynamic pressure will cause a decrease in the static pressure, and vice versa.
These traps have only one moving part, a disk that can seal off both the inlet and
the outlet of the trap. Steam entering the trap accelerates radially over the disk,
causing a reduction in static pressure under the disk. As the steam dead-ends above
the disk, the static pressure above the disk increases. This difference in pressure
induces the disk to seal off the trap’s openings. The trap will remain closed until
the steam in the trap condenses sufficiently to reduce the pressure above the disk
to an amount less than the inlet steam pressure. At that point, the disk moves away
from the inlet port.

Thermodynamic steam traps should not be used on systems operating below 5
psig (0.34 bar) or on those that have back pressures equal to or greater than 80
percent of their supply pressure.

These traps are compact and have a long life due to the simplicity of their design.
They can operate under high pressures, responding quickly to load and pressure
variations while discharging condensate without requiring subcooling. Thermody-
namic traps are usually installed in main drips and steam tracer lines.

5.1.21 STEAM TRAP LOCATION

Steam traps are located either in the return line or in drip legs. A “drip leg” (shown
in Fig. 5.1.13) is a piping assembly that hangs below the supply main; its purpose
is to remove condensate and sediment from the main. Gravity allows condensate
and sediment to leave the main and accumulate in the drip leg. When the condensate
in the leg rises to the level of the trap intake, the trap fills and then discharges the
condensate to the return line. The drip leg pipe should be of sufficient size to permit
condensate to drain freely from the main. For mains of 4 in (102 mm) or less in
diameter, the drip leg should be the same size as the main pipe. For mains larger
than 4 in (102 mm), the pipe diameter of the drip leg should be half of the main’s
size, but not less than 4 in (102 mm). Where possible, all drip legs should be at
least 18 in (45.7 cm) long. A trap should be installed in the return line after every
steam-consuming device. Each device should have its own trap to prevent possible
““short-circuiting” that could occur if multiple devices share a common trap. A drip
leg should be located before risers, expansion joints, bends, valves, and regulators.
System low points, end of mains, and untrapped supply runs of over 300 ft (100
m) are additional locations where drip legs should be installed.

5.1.22 STEAM TRAP SIZING

A steam trap must be properly sized to handle the full load of condensate. For
heating devices, the method of determining the amount of condensate was discussed
in Sec. 5.1. (See also Sec. 5.24. See also ‘““‘determining condensate load for a sys-
tem,” next page.) Mains have their largest condensate loads during startup. Table
5.7 gives values for the condensate load of mains at startup.

The performance of a steam trap is affected by the inlet pressure and back
pressure of the system. Therefore, when a trap is chosen, it is prudent to oversize
the trap by a reasonable amount. Table 5.1.8 gives a guideline on how large to size
traps. Grossly oversizing a trap will cause the system to operate improperly.
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FIGURE 5.1.13 Typical drip-leg piping assembly.

TABLE 5.1.7 Startup Condensate Loads in Steam Mains, Ib/h per 100-ft Length

Pipe Steam pressure, psig*}
size,
in 0 5 15 30 50 100 150 200
2 6 7 8 9 10 13 15 16
2Y; 10 11 12 14 16 20 23 25
3 13 14 17 19 22 27 30 33
4 18 20 23 27 31 38 43 47
5 25 28 32 37 42 51 58 64
6 32 36 41 48 55 67 75 83
8 48 54 62 72 82 100 113 125
10 68 7 88 102 116 142 160 177
12 9% 101 116 134 153 188 212 234

*Based on 70°F (21°C) ambient air. Schedule 40 pipe uninsulated.
tFor metric equivalents, use the following conversion factors: 1 in = 2,54 ¢cm = 25.4 mm; 1 1b/in? =
0.07 bar.
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TABLE 5.1.8 Steam Trap Selection: Safety Factor

Trap type Safety factor multiplier
Balanced-pressure thermostatic trap 3
Bimetallic trap 2.5
Liquid-expansion trap 3
Inverted-bucket trap 25
Float-and-thermostatic trap 2
Thermodynamic trap 1.5

5.1.23 STEAM TRAP SELECTION

Once the size of the steam trap is known, the type of trap which will provide the
best performance must be selected. When a trap is chosen, care must be taken to
select a type that will operate over the full range of pressures that the system will
exert.

The best operating economy based on trap life and minimization of waste steam
must be considered. If the trap will be subjected to low ambient temperatures, it
should be of a freeze-proof design. For traps serving heating devices, continuous
gas-venting capability is desirable. When the application is examined, the need for
steam trap construction which is resistant to corrosion and water hammering should
be considered.

5.1.24 DETERMINING CONDENSATE LOAD FOR
A SYSTEM

The steam consumption of a system over time is equal to the amount of condensate
formed during that period. Unfortunately, only when traps of the modulating type
(such as float-and-thermostatic traps) are employed does the condensate return si-
multaneously equal the steam consumption.

If a blast type, say a bucket trap, is installed, the flow of condensate will be
intermittent and equal to the trap’s discharge rate, not the steam consumption rate.
Since blast-type traps discharge intermittently, you can safely assume that not all
the traps will discharge at once. For sizing purposes, the rule of thumb is that no
more than two-thirds of the blast-type traps will discharge at any given time. This
condensate load and the design steam consumption for the equipment utilizing
modulating-type traps should be combined to determine the peak condensate load
of the entire system. When the piping is sized, consider oversizing the condensate
return main by one pipe size. This can be beneficial when future increases in the
system’s steam consumption are anticipated.

5.1.25 WATER DAMAGE

Water hammering is a phenomenon that occurs when condensate remaining in a
pipe flashes into steam. The sudden expansion of the condensate causes a vibration
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in the pipe which can lead to premature failure of joints and can cause an objec-
tional noise throughout the structure the pipe is serving. A more dangerous situation
can develop if enough condensate accumulates in the pipe to block the passage of
steam. The steam pressure behind the blockage will build up. Eventually the block-
age may be transmitted through the pipe at a speed approaching the design velocity
of the steam. When water travels at such a high velocity, it can damage the first
obstruction it comes to, such as a valve or elbow. Both water hammering and
damage from blockages can be prevented by proper trapping and pitching of the
steam lines.

When certain gases, such as carbon dioxide (CO,), are trapped in steam lines,
the gases tend to mix with the condensate and form unwanted by-products, such
as mild acids. These by-products will accelerate the rate of erosion in the system
and cause premature failure in the system’s components. Proper air venting will
reduce the amount of gas in the system and increases its operating life.

5.1.26 WATER CONDITIONING

The formation of scale and sludge deposits on boiler heating surfaces creates a
problem in generating steam. Water conditioning in a steam generating system
should be under the supervision of a specialist. Refer to Chap. 8.5 of this handbook
for a discussion of water treatment.

5.1.27 FREEZE PROTECTION

Whenever a steam system is servicing an area whose outdoor temperature will drop
below 35°F (1.7°C), the designer must make provisions to prevent freezing. An
alarm should be installed to alert the building operator of a loss of steam pressure
or exceptionally low condensate temperatures. If air-handling units are used, the
alarm should also terminate the supply fan’s operation. The following recommen-
dations will help to minimize freezing problems in steam systems:

o

. Select traps of nonfreezing design if they are located in potentially cold areas.
. Install a strainer before all heating units.

. Do not oversize traps.

Make sure that condensate lines are properly pitched.

. Keep condensate lines as short as possible.

Where possible, do not use overhead return.

. If heating coils are used, allow only the interdistributing tube type.

. Limit the maximum tube length of heating coils to 10 ft (3 m).

. All coils and lines should be vented and drainable.
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5.1.28 PIPING SUPPORTS

All steam piping is pitched to facilitate the flow of condensate. Table 5.1.9 contains
the recommended support spacing for piping. The data are based on Schedule 40
pipe filled with water and an average amount of valves and fittings.
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TABLE 5.1.9
Recommended Hangar Spacing
Distance
between
supports, ft
Pipe size, in Length
Ya 4
1 7
1% 7
1% 9
2 10
2% 11
3 12
3% 12
4 14
5 15
6 17
8 19
10 20
12 23
14 25

Note: Figures are based on Schedule 40 steel
pipe filled with water including a normal amount of
valving and fittings. These conversion factors can be
used: 1 in = 2.54 cm and 1 ft = 0.3 m.

5.1.29 STRAINERS

Strainers (Fig. 5.1.24) should be located in the supply main before all steam-
consuming devices and as part of the drip-leg assembly to collect particles and
sediment carried in the system. Strainers located in areas not susceptible to freeze-

Strainer
screen

FIGURE 5.1.14 Typical strainer.
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up should extend down directly under the steam lines to allow sediment and par-
ticles to collect at the bottom of the strainer. In areas where freezing is possible,
strainers should be installed at about a 20° angle below the horizontal plane. This
will form an air pocket which will allow for expansion if the water in the strainer
freezes.

The strainers should be cleared regularly as part of a routine maintenance sched-
ule.

5.1.30 PRESSURE-REDUCING VALVES

As steam pressure increases, the specific volume of the steam decreases as well as
the heat of vaporization.

Many times the boiler is designed to operate at a higher steam pressure than the
heating components. The higher boiler pressure allows the supply-main size to be
reduced because of the smaller specific volume of the steam. At a convenient point
in the main near the heating devices, a “pressure-reducing valve” is installed. This
valve reduces the pressure and allows the steam to expand. As the steam expands,
its heat of vaporization increases, allowing for greater system efficiency. The pipe
size directly downstream of the pressure-reducing valve should be increased to
accommodate the steam’s expansion. This should be done even if the reducing-
valve connections for the inlet and outlet are the same size.

5.1.31 FLASH TANKS

A reservoir where condensate accumulates at low pressure before it returns to the
boiler is normally provided. Another name for this reservoir is the flash tank. As
the hot condensate reaches a low-pressure area, some of the liquid will flash into
steam.

At the top of the flash tank, a steam line routes the steam that has just formed
back into the system to be utilized. The flash tank improves the efficiency of the
system and guarantees that only liquid condensate is returned to the boiler.

5.1.32 STEAM SEPARATORS

The need for pure steam without the presence of water droplets is imperative to
permit control devices to operate properly. A device that allows vapor to pass while
knocking water droplets from the stream is known as a steam separator.

Steam separators should be installed before all control devices and anywhere
else in the system where small water droplets cannot be tolerated. Obviously, steam
separators are not required on superheated-steam installations.



CHAPTER 5.2
HOT-WATER SYSTEMS

Lehr Associates
New York, New York

5.2.1 INTRODUCTION

The predominant method of heating today’s buildings, whether single-family dwell-
ings or large structures, uses hot water to convey heat from a central generating
source throughout, the building. In nearly all new construction, the water is circu-
lated through a piping distribution network by an electrically driven pump; this type
of system is classified as a forced-circulation system. Heat from the circulating
water is transferred to radiators, finned tubes, cabinet heaters, or other types of
terminal units (see Chaps. 5.9 to 5.13) distributed strategically throughout the struc-
ture.

Older systems used gravity to circulate the hot water, by utilizing the difference
in density between supply and return columns of the piping network. Since this
type of system is rarely installed today, this chapter confines itself to forced-
circulation systems. As a matter of fact, the latest American Society of Heating,
Refrigeration, and Air-Conditioning Engineers (ASHRAE) guide refers readers to
editions published before 1957 for details on designing gravity hot-water systems.

All hot-water heating systems rely on some form of central generating facility
as the source of heat. This facility can be in the form of a boiler that consumes
oil, gas, or electricity as the prime energy source or steam-to-water and water-to-
water heat exchangers that derive heat from a utility or district-heating network.

This chapter gives details on the basic types of hot-water systems, as character-
ized by their temperature rating, general principles of system design, and special
considerations of the equipment that comprises hot-water systems.

5.2.2 CLASSES OF HOT-WATER SYSTEMS

Hot-water systems are classified by operating temperature into three groups: low,
medium, and high temperature. The 1987 ASHRAE Handbook provides the follow-
ing distinctions among these systems:

1. Low-temperature water (LTW) system: A low-temperature hot-water system op-
erates within the pressure and temperature limits of the American Society of
Mechanical Engineers’ (ASME) Boiler Construction Code for low-pressure heat-
ing boilers. The maximum allowable working pressure for such boilers is 160

5.2.1
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Ib/in? (11 bar) with a maximum temperature of 250°F (121°C). The usual max-
imum working pressure for LTW systems is 30 1b/in? (2 bar), although boilers
specifically designed, tested, and stamped for higher pressures frequently may
be used with working pressures to 160 Ib/in? (11 bar). Steam-to-water or water-
to-water heat exchangers are often used, too.

2. Medium-temperature water (MTW) system: MTW hot-water systems operate at
temperatures of 350°F (177°C) or less, with pressures not exceeding 150 psia
(10.5 bar). The usual design supply temperature is approximately 250 to 325°F
(121 to 163°C), with a usual pressure rating for boilers and equipment of 150
1b/in? (10.5 bar).

3. High-temperature water (HTW) system: When operating temperatures exceed
350°F (177°C) and the operating pressure is in the range of 300 Ib/in? (20.7
bar), the system is an HTW type. The maximum design supply water temperature
is 400 to 450°F (205 to 232°C). Boilers and related equipment are rated for 300
Ib/in? service (21 bar). The pressure and temperature rating of each component
must be checked against the system’s design characteristics.

LTW systems are generally used for space heating in single homes, residential
buildings, and most commercial- and institutional-type buildings such as office
structures, hotels, hospitals, and the like. With a heat-transfer coil or similar device
inside or near the boiler, LTW systems can supply hot water for domestic water
supplies. Terminal units vary widely and include radiators, finned-tube fan-coil
units, unit heaters, and others. Typically overall heat loads do not exceed 5000 to
10,000 MBtu/h (1.5 to 3 MW).

MTW systems show up in many industrial applications for space heating and
process-water requirements. Overall loads range up to 20,000 MBtu/h (6 MW).
Generally HTW systems are limited to campus-type district heating installations or
to applications requiring process heat in the HTW range. System loads are generally
greater than 20,000 MBtu/h (6 MW).

The designs of MTW and HTW systems resemble each other closely. The sys-
tems are completely closed, with no losses from flashing. Piping can run in prac-
tically any direction, since supply and return mains are kept at substantial pressures.
Higher temperature drops occur in MTW and HTW systems, relative to LTW sys-
tems, while a lesser volume of water is circulated (depending on the heat load of
the system). LTW systems lend themselves better to combined hot-water/chilled-
water heating/cooling systems. Extra care and expense must be devoted to fittings,
terminal equipment, and mechanical components, especially for HTW systems.

Finally, often a combined system is desirable: an MTW or HTW circuit for
process heat and an LTW circuit for space heating. The hot water for the LTW
system can be obtained via a heat exchanger with the main heating system.

5.2.3 DESIGN OF HOT-WATER SYSTEMS

Design hot-water systems involves a complex interplay of heat loads and the type
of generating system. A traditional starting point, primarily for residential LTW
systems, was the assumption of a 20°F (11°C) temperature drop through the circuit,
from which the overall flow rate could be determined. A more recent practice is to
perform a rigorous analysis, because the 20°F (11°C) assumption can lead to over-
sized pipes and flow rates.
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TABLE 5.2.1 Typical Ratings of Wall Fin Elements

Hot-water capacity, Btu/(h - ft),* at 65°F (17.4°C), en-
tering air with average water temperature of:

220°F  210°F  200°F 190°F 180°F 170°F

Element type Rows 104.4°C 98.9°C 93.3°C 87.8°C 82.2°C 76.T°C
Steel, 1% in (32 mm)} 1 1260 1140 1030 940 830 730
2t 2050 1850 1680 1520 1350 1190

Copper-aluminum, 1 in } 1 1000 900 820 740 660 580
(25.4 mm) 2% 1480 1340 1210 1100 970 860
Steel, grilled.enclo- 1 1310 1190 1080 980 860 760
sure, 1 in (25.4 mm 2% 2080 1880 1700 1540 1370 1210

*1 Btu/(h - ft) = 0.0768 kcal/(h - m).
t4-in (10.2-mm) center-to-center gap.

System design can be broken down into five elements:

J—

. Determining the heat load

. Selecting terminal units or convectors based on the average water temperature
and temperature drop and locating them on the architectural plan

. Developing a piping layout, including the choice of return system
Locating mains, side branches, and other piping elements
. Specifying mechanical components, the expansion tank, and the boiler

~

N NN

A good initial point is to run the flow main from the boiler to the terminal unit
or units with the largest heat load and then to select branch runs to connect other
terminal units. Common space-heating terminal elements are convectors of wall
fins, both of which contain a length of finned tube over which air can be fanned if
desired. The air entering temperature is usually assumed to be 65°F (18°C). Most
manufacturers supply tables showing heat ratings of the convectors, based on the
assumed temperature drop, and the average entering water temperature (AWT). See
Table 5.2.1 for an example for finned-tube convectors.

An alternative approach is to assume a constant-temperature water flow (based
on the leaving temperature of each class of terminal equipment) and to compute
the required flow rate.

Both daily and annual variations in heat loads should be evaluated in order to
arrive at a suitable design. This is especially true when LTW systems combining
hot-water heating and cool-water cooling are envisioned. Figure 5.2.1 shows the
seasonal effects of outside temperature on one type of piping design, the two-pipe
system.

5.2.4 PIPING LAYOUT

Once a preliminary evaluation of heat load and terminal units has been performed,
a piping layout can be undertaken. The usual starting-point options—running the
flow main by the shortest and most accessible route to the larger heat loads—can
be explored for the type of overall piping arrangement desired.
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FIGURE 5.2.1 Seasonal operating characteristics of a two-pipe forced
hot-water system. (Courtesy of The Industrial Press.)

Pipe circuits generally are organized into one- or two-pipe arrangements. One-
pipe systems with radiators or similar terminal units often have a feed and return
pipe that diverts water from the flow main to the radiator and back to the flow
main; even though two pipes are present, the system is still considered a one-pipe
arrangement (see Fig. 5.2.2). Finned-tube heating elements running along the outer
walls of small residences—a common arrangement—are true one-pipe systems, as
shown in Fig. 5.2.3. Each terminal unit in the circuit receives progressively lower
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FIGURE 5.2.2 Arrangement of piping for a one-pipe forced hot-water system with closed
expansion tank. (Courtesy of The Industrial Press.)
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FIGURE 5.2.3 Typical installation of one-pipe forced-circulation ““loop” hot-water system using baseboard
radiators. (Courtesy of The Industrial Press.)
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FIGURE 5.24 A two-pipe forced hot-water heating system with reverse-return piping.
(Courtesy of The Industrial Press.)

water temperature; thus the units are sized larger as they are located farther from
the heat source.

Two-pipe systems allow for parallel heating arrangements, whereby terminal
units can receive hot water at roughly similar inlet temperatures. The cooled water
returns via a second pipe. The flow of this pipe can be specified to run in direct or
reverse fashion back to the heat generator. Choosing between these options allows
for better balancing of heat supplies among various terminal units and for some
variation in overall system capital cost. Reverse-return systems specify that the
distance that the water travels to a particular unit is the same as the return distance
from that unit (Fig. 5.2.4).

5.25 PRESSURE DROP AND
PUMPING REQUIREMENTS

All hot-water systems require some type of pumping to overcome friction losses of
the flowing water, because whatever head is developed by the height of the water
system (static pressure) is offset by the return pressure. Some more complex sys-
tems are better served economically by two or more pumps strategically located,
rather than one large pump.

Standard charts provide data on friction loss for runs of common types of piping
(Fig. 5.2.5). To this should be added pressure losses from elbows, fittings, and other
elements (Table 5.2.2). Similarly, manufacturers of radiators and other terminal
units provide data on friction losses through their equipment.

Pump specifications are arrived at by first computing the overall pressure drop
and the amount of desired water flow. ‘“Pump curves”—charts which show the
pressure developed by pumps as a function of the flow rate—can be used to arrive
at the correct sizing. Many designers prefer to work with mass flow rate [pounds
(kilograms) per hour] rather than gallons per minute (liters per second), units com-
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FIGURE 5.2.5 Friction loss for open-system piping. (From Carrier Air Conditioning Company,
Handbook of Air Conditioning System Design, McGraw-Hill, New York, © 1965. Used with
permission.)
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TABLE 5.2.2 Fitting Losses in Equivalent Feet* of Pipe
Screwed, welded, flanged, flared, and brazed connections

1\_70"1" Smooth bend elbows Smooth bend tees Mitre elbows
ina
pipe 90° 90° 90° 45° 45° 180° | Flow- Straight-through flow 9%0° 60° 45° 30
or Std.t Long | Streett Std.t | Streett Std.t |through Ell El El Ell
tube Rad.i branch No Re- Re-
. re- duced | duced
size, .
P duction Ya Y2
" 1)
— ¥ Lt
(F 05| L5 | e
Ll 4
£ i
- | &= FF r%
¥ 1.4 0.9 2.3 0.7 1.1 2.3 2.7 0.9 1.2 1.4 2.7 1.1 0.6 0.3
%3 1.6 1.0 2.5 0.8 1.3 25 3.0 1.0 1.4 1.6 3.0 1.3 0.7 0.4
Ya 2.0 1.4 3.2 0.9 1.6 3.2 4.0 1.4 1.9 2.0 4.0 1.6 0.9 0.5
1 2.6 1.7 4.1 1.3 2.1 4.1 5.0 1.7 23 2.6 5.0 2.1 1.0 0.7
1vs 33 23 5.6 1.7 3.0 5.6 7.0 2.3 3.1 33 7.0 3.0 1.5 0.9
1%2 4.0 2.6 6.3 2.1 3.4 6.3 8.0 2.6 3.7 4.0 8.0 3.4 1.8 1.1
2 5.0 33 8.2 2.6 4.5 8.2 10 33 4.7 5.0 10 4.5 2.3 13
2% 6.0 4.1 10 3.2 5.2 10 12 4.1 5.6 6.0 12 5.2 2.8 1.7
3 7.5 5.0 12 4.0 6.4 12 15 5.0 7.0 7.5 15 6.4 3.2 2.0
3 9.0 5.9 15 4.7 7.3 15 18 5.9 8.0 9.0 18 7.3 4.0 2.4
4 10 6.7 17 5.2 8.5 17 21 6.7 9.0 10 21 8.5 4.5 2.7
S 13 8.2 21 6.5 1 21 25 8.2 12 13 25 11 6.0 3.2
6 16 10 25 7.9 13 25 30 10 14 16 30 13 7.0 4.0
8 20 13 s 10 AR 33 40 13 18 20 40 17 9.0 5.1
10 25 16 . 13 . 42 50 16 23 25 50 21 12 7.2
12 30 19 . 16 s 50 60 19 26 30 60 25 13 8.0
14 34 23 . 18 s 55 68 23 30 34 68 29 15 9.0
16 38 26 . 20 s 62 78 26 35 38 78 31 17 10
18 42 29 . 23 s 70 85 29 40 42 85 37 19 1
20 50 33 . 26 81 100 33 44 50 100 41 22 13
24 60 40 . 30 .. 94 115 40 50 60 115 49 25 16

*Conversion factors: 1 ft = 0.31 in; 1 in = 25.4 mm.

+R/D approximately equal to 1.
{R/D approximately equal to 1.5.

Source: Carrier Air Conditioning Company, Handbook of Air Conditioning System Design, McGraw-Hill, New York, © 1965. Used with permission.
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mon to pump curves. The conversion between the two is temperature-dependent;
two quick conversions commonly used are

Water at 40°F (4.4°C): 1 1b/h = 0.002 gal/min (1kg/h=126E — 4L/s)
Water at 400°F (204.5°C): 1 Ib/h = 0.0023 gal/min (1 kg/h = 145E — 4 L/s)

The next step is to determine the system curve for the hot-water circuit. The
following formula is employed:

e _Hy

W, =W, 5.2.1)

where H, = known or calculated head, ft (m)

W, = design flow rate, gal/min (L/s)
H, = system curve head point, ft (i)
W, = system curve flow-rate point, gal/min (L/s)

With this equation, various system curve points can be plotted on the pump curve.
The point where the system curve and the pump curve intersect is the operating
point of the pump. Pump manufacturers specify optimum operating conditions (in
terms of energy consumption, efficiency, and capacity of the pump) for their equip-
ment.

5.2.6 PIPE SIZING

Hot-water system piping must be sized to carry the maximum desired amount of
heating water throughout the system, while accounting for the static head of the
elevation of the system and friction losses from pipe and fittings. Pipe sizes gen-
erally step down as water flows from the main(s) to branch circuits or individual
heating units.

Once the overall heating demand and the operating temperature of the heating
system are known, calculations can be made for pipe sizes. The relationship be-
tween Btu demand and water flow rate is

Btu/h = gal/min (500 AT°F) (5.2.2)

A rough calculation of the overall friction head for the main can be done by mea-
suring the longest main circuit and adding an equivalent length of 50 percent of
the main to account for fittings. More accurate determinations are made by adding
the equivalent pipe lengths of the fittings on the main to the length of the longest
main. The manufacturer’s literature usually includes charts similar to Table 5.2.2
showing equivalent lengths of common fittings.

Various methods have been worked out to determine the suitable pipe diameters
to provide a sufficient flow rate. Usually the procedure must be iterated several
times to select the best combination of flow rate, fluid velocity, and pressure drop.
Table 5.2.3 shows these relationships for various pipe sizes if one assumes a max-
imum pressure drop of 4 ft per 100 ft (1.2 m per 30.5 m) and a maximum velocity
of 10 ft/s (3 m/s). Once the pipe sizes have been determined, the system’s pressure
head should be compared to the head developed by the circulation pump. The pump
may have to be resized, necessitating another iteration of the pipe sizing.
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TABLE 5.2.3 Allowable Flow Rates for Closed System
Piping, Standard-Weight Steel Pipe

Flow range, Pressure drop
Pipe size, in gal/min range, ft per 100 ft
7] 0-2 0-4
Ya 34 2.5-4
1 5-7.5 2.04
1va 8-16 1.25-4
12 17-24 24
2 25-48 1.25-4
2v; 49-77 2-4
3 78-140 1.54
4 141-280 1.25-4
5 281-500 1.5-4
6 501-800 1.75-4
8 801-1700 1.04
10 1701-2500 1.25-2.75
12 2501-3600 1.25-2.25
14 3601-4200 1.25-2.0
16 4201-5500 1.0-1.75
18 5501-7000 0.9-1.50
20 7001-9000 0.8-1.25
24 9001-13,000 0.6-1.00

Note: The above capacities are based on a maximum pressure drop
of 4 ft per 100 ft and a maximum velocity of 10 ft/s. Conversions: 1
in =254 mm, 1 gal = 3.8L, and 1 ft = 0.31 m.

5.2.7 VENTING AND EXPANSION TANKS

Hot-water systems require pressures greater than atmospheric at all times to prevent
air infiltration. Flashing or boiling of water is also minimized by maintaining the
system above the water vapor pressure—preventing this also minimizes water
hammer.

Maintaining this pressure, as well as allowing for the expansion and contraction
of water as it is heated and cools, is most frequently carried out by means of an
expansion tank. The expansion of medium- or high-temperature water systems can
be calculated by consulting steam tables. The specific volume of water at its initial
conditions is subtracted from its volume at the highest temperature, to calculate the
volume change. To a certain limited extent, the water’s expansion and contraction
are offset by the similar changes that system piping and heating units undergo.
These changes can be calculated from coefficients of expansion of the materials of
the piping.

The simplest type of expansion tank is open to atmosphere at an elevation that
provides the pressurization (head) the system requires. Open tanks have the dis-
advantage of allowing air to enter the system via absorption in the water. Closed
tanks are more common now, especially with larger systems. Three common types
of expansion/pressurization tanks are in use today:

1. Adjustable expansion tank. This tank employs an automatic valve along with a
closed tank that has water and air feeds. As the temperature in the system rises,
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the pressure rises. A control valve releases air in the tank to the atmosphere.
When the pressure and the water level drop, high-pressure air is injected into
the tank. High-temperature systems should use nitrogen rather than plain air to
reduce corrosive effects.

2. Pump-pressurized cushion tank. This design involves a makeup tank which is
fed by a pump and a back-pressure control valve. For small systems (depending
on local codes and on the water pressure available) the pump is skipped and
city water pressure is used to feed a makeup tank that pressurizes the heating
circuit. In principle, either type of pressurized tank can be roughly sized by
assuming the expansion and contraction rates of the water to be equal.

3. Compression tank. A compression tank employs a specified volume of gas
within an enclosure. As the water temperature and volume increase, the pressure
on the gas volume rises, causing that gas volume to decrease. In this manner,
the tank accommodates changing water volumes while keeping the system within
a specified range of upper and lower pressures.

In low-temperature systems, the compression tank is usually connected to the
system through an air separator situated between the boiler exit and the suction
inlet of the circulating pump. Air separated from the water will rise into the com-
pression tank. When the compression tank is located at a system’s high point, it
can be smaller in volume since the pressure is at its lowest. Tank sizing is also
dependent on the location of the circulation pump relative to the tank.

One commonly used formula for sizing the compression tank, when operating
temperatures are below 160°F (71.1°C), is

EV,

Ve= 5P - PP,

(5.2.3)

where V, = compression tank volume
V, = volume of circulating system, exclusive of compression tank
E = coefficient of expansion from initial to operating temperature
P, = absolute pressure in compression tank prior to filling
P, = absolute static pressure after filling
P, = absolute pressure at system operating temperature

For operating temperatures between 160 and 280°F (71.1 to 137.8°C), this formula
is used:

_ (0.00041r — 0.0466)V

f Py/P, — P,/P, (USCS unity) ed
_ (0.000738¢ — 0.03348)V, - it (5.2.5)
= PP~ P.JP, (metric units) 2.

where ¢ = maximum operating temperature.

Compression tanks can be supplied with an impermeable membrane (diaphragm)
to prevent air from being drawn into the circulating water when the system tem-
perature drops. The diaphragm also allows the compression tank to be smaller in
volume.

Diaphragm compression tanks are equipped with sight glasses or similar devices
to monitor the water level. Too low a water level prevents the air behind the dia-
phragm from affecting the system’s pressure.
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5.2.8 MECHANICAL AND CONTROL EQUIPMENT

Mechanical components for low-temperature systems are under less severe service
than those for medium- and high-temperature units; correspondingly, the care with
which components are specified should increase with the higher-temperature sys-
tems.

ASME and ASHRAE rules should be observed for dealing with pressure vessels.
Specifically, the chemical condition of the circulating water in high-temperature
systems should be checked periodically by an expert. Pressure gauges should be
located at both ends of the circulation pump. Modulating combustion controls,
rather than straight on/off controls, are necessary to minimize pressure swings that
lead to flashing. Where compression-type expansion tanks are used, an interlock
with the system’s heat generator should be installed to prevent operation when the
water level in the tank is too low or insufficient air is present to maintain the tank
compression. Valves and fittings for high-temperature systems should be specified
with materials that resist corrosion and erosion, such as stainless steel.

The primary control factor for a hot-water system is the operating temperature
range, which in turn is based on outside air temperatures. Electronic thermosensors
and thermostats function to keep the room air temperature within the desired range.
The system should also be equipped with a manual on/off control.

The electronic control for moderating the room air temperature can be of several
types. Most are based on a solenoid device, which sends a signal current on the
basis of a temperature reading. The control can be a simple on/off device or can
have various modulating schemes to minimize large temperature swings. Temper-
ature controls can also be set for zone heating of certain rooms or areas within a
large room, depending on the piping layout. In this case, the electronic control is
connected with various flow control valves that will reduce or expand water flow
to the heating units.
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CHAPTER 6.1
REFRIGERANTS

H. Michael Hughes
Senior Manager, Refrigerant Technology
AlliedSignal Inc.

Buffalo, New York

6.1.1 INTRODUCTION

Refrigerants are the working fluids for refrigeration cycles. They absorb heat from
the medium to be cooled; air in the case of a direct expansion air conditioner or
water for a chiller. The absorbed heat is then carried by the refrigerant to a heat
rejector, e.g. condenser, where the heat can be given up. The refrigerant is then
recycled in the system to absorb more heat. In most refrigeration systems, this is a
continuous process, so heat is continually being absorbed and rejected as the re-
frigerant is moved around the cycle.

The most common type of refrigeration cycle is the vapor compression cycle.
This is the type of refrigeration cycle used in household refrigerator/freezers, au-
tomobile air conditioning, most residential, commercial and institutional air con-
ditioning and commercial (supermarket) refrigeration. Other types of refrigeration
cycles include absorption which is used in some large water chillers and a very
small percentage of residential systems. Commercial aircraft use the Brayton cycle
which is an all gas cycle using air as the refrigerant.

6.1.2 SELECTION CRITERIA

Almost any fluid can be made to function as a refrigerant in a variety of cycles.
Many fluids, however, exhibit undesirable properties which limit their utility in
refrigeration cycles. Traditionally, refrigeration system designers have based the
selection of the refrigerant on three major criteria; safety, reliability and perform-
ance. More recently, a fourth criterion has emerged; environmental acceptability.

6.1.2.1 Safety

Safety is generally broken down into two areas, flammability and foxicity. Both are
complex issues, the details of which are beyond the scope of this text.

6.1.3
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In general, toxicity addresses acute, subchronic and chronic effects. Within these
broad categories, the effect on future generations (mutations, birth defects, etc.) as
well as exposed individuals are evaluated before products are introduced into com-
merce. ASHRAE Standard 34-1992! broadly classifies refrigerants on the basis of
chronic exposure limits as defined by TLV-TWA (Threshold Limit Value-Time
Weighted Average) or equivalent indices. Class A refrigerants are those deemed to
be of low toxicity with allowable exposure limits of 400 ppm or greater for a 40
hour work week. Class B refrigerants are those which have a greater toxicity with
exposure limits of less than 400 ppm. This does not mean that refrigerants with a
B classification cannot be used safely. In fact, several refrigerants that have been
assigned a B classification have been successfully used for many years. ASHRAE
Standard 15-19922, addresses acute toxicity by limiting the quantity of refrigerant
permitted in occupied space. It is likely that future revisions of the above ASHRAE
standards will address toxicity in greater detail.

Flammability is also classified by ASHRAE Standard 34-1992. This standard
utilizes three classifications—1, 2 or 3 based on flammability. Class 1 refrigerants
are non-flammable, Class 2 are moderately flammable and Class 3 are highly flam-
mable. Class 3 would include chemicals that are used as fuels, such as hydrocar-
bons. Most refrigerants in use for air conditioning applications are Class 1 fluids.
There are other organizations that classify refrigerants based on flammability. Un-
derwriters Laboratories is one of the most widely recognized in the U.S. because
of its safety listing service for air conditioning and refrigeration equipment. For
transportation purposes in the U.S., there is a third basis of classification promul-
gated by the Department of Transportation. Each of these classification schemes
can yield differing results based on the criteria used, e.g. ammonia, which is clas-
sified as moderately flammable by ASHRAE (Class 2), classified as flammable by
UL and non-flammable by the DOT. In the past, even the test methods used to
evaluate flammability differed among various organizations. Recently, there has
been an effort by ASHRAE and UL to harmonize test methods and conditions.

Until recently, most refrigerants were single-component fluids plus a limited
number of azeotropes. Refrigerant blends which can fractionate substantially are
now being used commercially. Refrigerant blends receive dual safety classifications
under the ASHRAE standards. The classifications are based on ‘“‘as formulated”
and “worse case of fractionation.” Blends can shift composition under various
leakage scenarios and inherently have differing compositions in the liquid and vapor
phases. From a safety code standpoint, the rating which indicates the greatest haz-
ard is the one that applies.

6.1.2.2 Reliability

Reliability of a refrigeration system is largely dependent on the hardware design,
installation and application. The refrigerant can, however, affect the reliability of
the system and its properties are a part of the selection process.

Chemical stability is a very important property for a refrigerant. If the refrigerant
decomposes, due to the temperatures or pressures that it is exposed to in the man-
ufacture of the refrigeration system, shipping, storage or operation, it is unlikely
that continued operation of the system will be satisfactory. The decomposition prod-
ucts will have property differences which can severely impact capacity, efficiency
or other operating characteristics.

Material compatibility is equally vital. If the refrigerant is corrosive to metals
in the system or if it dissolves or embrittles plastics and elastomers, unsatisfactory
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performance and/or life can be expected. In many cases, materials can be selected
in the design process for which compatibility has been determined.

Lubricant miscibility/solubility is generally considered desirable because it is
the primary mechanism for oil return to the compressor. It is possible to design
systems which operate with lubricants which are immiscible and insoluble with the
refrigerant, but the complexity of the refrigerant piping is increased.

There are other properties which are important, including dielectric strength for
systems using hermetic compressors, and a freezing point well below the expected
operating range (and also below the unit storage range).

6.1.2.3 Performance

The performance of a refrigeration system is characterized by its capacity and
efficiency. The choice of the refrigerant can dictate the type of system as well as
the size and configuration of most components including the compressor, condenser,
evaporator, expansion device and connecting lines. There are two types of properties
which dictate performance; thermodynamic and transport. Together, these proper-
ties are considered to be thermophysical properties.

If one were to select a single property with which to characterize the perform-
ance of a refrigerant, it would be the boiling point (understood to be at atmospheric
pressure). There is a very strong relationship between boiling point and the theo-
retical capacity of a refrigeration system as illustrated by Fig. 6.1.1. This correlation
is useful in selecting a replacement refrigerant for the same or similar equipment.
There is an inverse relationship between boiling point and vapor pressure. A re-
frigerant with a low boiling point will have a high vapor pressure and vice versa.

In general, refrigerants with a high boiling point have more favorable thermo-
dynamic properties. If one analyzes two different refrigerants on Mollier (pressure-
enthalpy) diagrams, the lower pressure (higher b.p.) refrigerant will generally ex-
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hibit a higher efficiency. Real systems, however have losses associated with pressure
drops and heat transfer resistances. These losses are associated with the transport
properties such as viscosity and thermal conductivity. Higher pressure (low b.p.)
refrigerants tend to have more favorable transport properties and therefore the losses
from the ideal cycle are less. This means that there is a tradeoff between the ther-
modynamic and transport properties of alternative refrigerants. As a result, there is
seldom an obvious choice of refrigerant and the selection of the ‘“‘best” refrigerant
usually comes down to economics. Table 6.1.1 shows selected refrigerants arranged
by boiling point.

Additional properties that can affect performance include latent heat and vapor
heat capacity. Latent heat capacity is simply a measure of the amount of heat per
Ib. (kg) absorbed or rejected during phase change. Obviously a high latent heat
capacity will reduce the required mass flow rate which will tend to reduce pressure
drop losses. Either too high or too low vapor heat capacity can have a negative
impact on both efficiency and reliability of the compressor. If the vapor heat ca-
pacity is too high, so-called wet compression can occur. This means that liquid is
formed in the compression process which can result in physical damage to the
compressor. If too low, excessive superheating will occur during compression with
high discharge temperatures. Hermetic compressors usually rely on moderate vapor
heat capacity to cool the motors and overheating can result if the vapor heat capacity
is too low.

6.1.2.4 Environmental Acceptability

The generally accepted theory that the chlorine in fluorocarbon refrigerants can be
a major contributor to stratospheric ozone depletion has resulted in international
regulations to phase out the chlorine containing species. It has also resulted in a
heightened awareness of other potential environmental concerns. As a result, future

TABLE 6.1.1 Selected Refrigerants Arranged by Boiling Point

Type of Class of Boiling Point
ASHRAE Number Refrigerant Refrigerant °F/(C)

123 Single Component HCFC 82.2 (27.9)
11 Single Component CFC 74.9 (23.8)
134a Single Component HFC —15.1 (—26.2)

12 Single Component CFC —21.6 (—29.8)
401A Zeotrope HCFC =277 (-33.2)
500 Azeotrope CFC —28.3 (—33.5)

22 Single Component HCFC —41.5 (—40.8)
407C Zeotrope HEC —46.4 (—43.6)
502 Azeotrope CFC —49.8 (—45.4)
404A Zeotrope HFC —51.0 (—46.1)
507 Azeotrope HFC —52.1 (—46.7)
402A Zeotrope HCFC —-54.8 (—48.2)
410A Zeotrope HFC —62.9 (-52.7)

13 Single Component CFC —114.6 (—81.4)

23 Single Component HFC —115.7 (—82.1)

503 Azeotrope CFC ~-126.1 (-87.8)




REFRIGERANTS 6.1.7

Sfluorocarbon based refrigerants will be restricted to hydrofluorocarbons (HFCs)
with no chlorine.

Another environmental issue which has been raised is the effect of refrigerants
on global warming; the so-called “greenhouse effect”. This effect is related to the
infrared absorption characteristics of various gases. On a global basis, both carbon
dioxide and water vapor are by far the major contributors to this effect, but other
gases including fluorocarbons can have an impact. On a per molecule basis, fluo-
rocarbons tend to have a relatively high potential for contribution to atmospheric
warming. The term, global warming potential (GWP), has been introduced as a
convenient way of indicating the direct contribution of various gases if emitted to
the atmosphere, e.g. leakage or during servicing. For most air conditioning equip-
ment, this direct effect is overshadowed by the indirect effect created by the intro-
duction of carbon dioxide into the atmosphere at the electric power plant. The CO,
is generated in the production of electric power to operate the air conditioners. A
method to incorporate both of these effects into a single index number has been
developed. This single number has been designated as TEWI® (Total Equivalent
Warming Impact). The TEWI value captures the total warming contribution over
the life of a piece of refrigeration equipment. It should be noted, that there is
considerable controversy within the scientific community as to whether global
warming is a real threat and if so, how serious.

6.1.3 REFRIGERANT TYPES

There are several ways in which one can classify refrigerants. One method is by
their chemical/molecular composition. Another useful way of distinguishing refrig-
erants is by their physical composition, i.e. whether they are single component fluids
or mixtures. They can also be classified according to the type of refrigeration system
that they are used in.

6.1.3.1 Chemical Composition

Chemicals suitable for use as refrigerants can be broadly broken down into two
major classifications; organic and inorganic. The organic group can be subdivided
into hydrocarbons and halocarbons. Halocarbons can be further subdivided into
chlorofluorocarbons (CFCs), hydrochlorofluorocarbons (HCFCs) and hydrofiuoro-
carbons (HFCs).

Inorganic refrigerants would include ammonia, water, and air as well as other
more obscure refrigerants. ASHRAE also classifies carbon dioxide as inorganic
although most chemists would disagree.

Hydrocarbons would include propane, ethane and isobutane. There are other
hydrocarbons, of course, but use as refrigerants has been rare. In general, hydro-
carbons have not found favor for use in air conditioning systems because of their
extremely flammable characteristics. They have been successfully applied as refrig-
erants in industrial systems.

The halocarbons have found widespread use as refrigerants because many mem-
bers of this family of compounds have exhibited desirable characteristics in terms
of stability, low toxicity and non-flammability. They have also demonstrated ex-
cellent thermodynamic and transport properties which yield high efficiencies and
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reliable systems in practice. The halocarbons are hydrocarbon based molecules
where some or all of the hydrogens have been replaced by halogens. In general,
the halogens are restricted to chlorine and fluorine although a few bromine con-
taining compounds have seen limited usage as refrigerants, but not for air condi-
tioning applications. Bromine is considered to be a greater depleter of stratospheric
ozone than chlorine and therefore the few bromine containing refrigerants were
phased out even before the CFCs.

The CFCs are fully halogenated, i.e. all hydrogens on the base hydrocarbon
have been replaced by halogens. The HCFCs contain chlorine but still retain one
or more hydrogen atoms on the molecule. The effect of the hydrogen is to reduce
the atmospheric stability which shortens the lifetime of the molecule resulting in
substantial reductions in the potential to deplete stratospheric ozone. As an example,
HCFC-22 is almost identical in structure to CFC-12. Both molecules have a single
carbon atom surrounded by four atoms of which two are fluorine. The difference
is that for CFC-12, the two remaining atoms are both chlorine and for HCFC-22
only one is chlorine and the other is hydrogen. The result is that HCFC-22 has an
ozone depletion potential (ODP) that is only five percent of that of CFC-12. The
HFCs contain only hydrogen and fluorine atoms attached to the carbon backbone.
Fig. 6.1.2 illustrates typical molecular structures for the three major classes of
halocarbons.

A useful way to look at the various molecules which can be created from the
substitution of chlorine and fluorine atoms on basic simple hydrocarbons is to ar-
range the compounds in a triangular pattern according to their molecular structure.
Figures 6.1.3 and 6.1.4 show the methane and ethane based refrigerants respectively.
Each dot represents a possible combination of atoms, where the top molecule is
the base hydrocarbon and each successive row down represents an additional sub-
stitution of either chlorine or fluorine atoms. This particular arrangement provides
one of the easiest ways of understanding the refrigerant numbering system which
ASHRAE has adopted.
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FIGURE 6.1.2 Typical molecular structures for the three major halocarbons.
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The triangular representation also allows some generalizations about properties.
Those molecules from the midpoint on up are flammable at atmospheric pressure,
i.e. where half or fewer of the hydrogens have been replaced, the molecule will be
flammable. The bottom row of molecules is fully halogenated and these molecules
tend to have long atmospheric lifetimes which raises concerns from an environ-
mental aspect. In fact, all the CFCs come from the bottom row. An observable
impact of chlorine is that it raises the boiling point of the molecule. As one moves
toward the lower left point of the triangles, the boiling point increases. Another
property of interest is the toxicity of the chemicals. There is a less well defined,
but observable trend toward greater toxicity as one moved to the left (higher in
chlorine).

In the ethane series, for some combinations, it is possible to arrange the same
atoms in different ways. These variations are isomers and are designated by a lower
case suffix of a, b or c. R-134a is an isomer of R-134 and exhibits different prop-
erties. It is, therefore important to include the full designation when referring to
the refrigerant by its number. For further reading on this area, the reader is directed
to an excellent article “Quest for Alternatives’*.

6.1.3.2 Physical Composition

Most refrigerants are single component fluids, i.e. they consist of a single molecular
species. It is possible, however, to mix two or more refrigerants. There are several
reasons to consider blends of refrigerants. It is possible to modify the thermody-
namic properties, e.g. change the boiling point of the refrigerant which affects
capacity or change the discharge temperature to enhance reliability. In some cases,
the flammability of an otherwise desirable refrigerant can be suppressed by the
addition of a non-flammable component. Unfortunately it isn’t possible to render a
highly flammable refrigerant like propane nonflammable by the use of a minor
additive. It is in fact, difficult to maintain non-flammability of any mixture which
contains more than a minor amount of propane. Other reasons to consider mixtures
would include improvement of lubricant miscibility and solubility or to improve
leak detectability.

There are two types of mixtures which can be formed with refrigerants. The
most likely type of mixture, if one were to arbitrarily select two or more refriger-
ants, would be a simple mixture or zeotrope. The characteristics of a zeotrope are
as expected, i.e. the blend would tend to average the properties of the components.
This characteristic allows great flexibility in tailoring the properties to achieve a
desired result. The composition of the liquid and vapor phases would be different
because the more volatile component(s) would more readily evaporate, enriching
the vapor phase in the lower boiling (higher pressure) constituents. Another char-
acteristic of zeotropic mixtures is commonly described as temperature glide. Glide
occurs as a result of the segregation or fractionation which zeotropes exhibit.

To better understand temperature glide, consider a binary mixture of two arbi-
trary refrigerants “A” and “B”’ where ““A” is the more volatile (lower boiling point).
We will also assume that equal amounts of “A” and “B” are used. As evaporation
commences, the initial vapor which boils off will have a higher percentage of “A”
and a less of “B”. It would not be unusual if the ratio were 70/30 rather than the
50/50 as originally formulated. The liquid which remained would then become
enriched in “B” as the evaporation process continued. This shifting of the com-
position would also change the boiling point as the process continues. In evapo-
ration the temperature increases as the mixture evaporates. In condensation, the
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effect is reversed, i.e. the temperature decreases continually as condensation pro-
gresses. The generally accepted definition of temperature glide is the difference
between the dew and the bubble points of the refrigerant at any given pressure.
The dew point of a refrigerant is saturated vapor where the first drop of liquid
forms in condensation (or conversely where the last drop of liquid evaporates). The
bubble point is saturated liquid where the first bubble of vapor forms in boiling
(evaporation). For single-component refrigerants, these points are at the same tem-
perature at any given pressure.

There has been considerable interest in attempting to take advantage of the
temperature glide by matching the refrigerant glide to the temperature differential
of the source and sink fluids. This should in theory reduce the log mean temperature
difference in a heat exchanger. Unfortunately, there is also a mass transfer resis-
tance, with blends which offsets the benefits due to the temperature glide. In gen-
eral, heat transfer is degraded with refrigerant blends and as a result, energy effi-
ciency is lower than anticipated.

As mentioned above, there is another type of mixture for refrigerants. These
mixtures are azeotropes. Azeotropes are unique and do not behave as mixtures but
rather function almost exactly like a single-component refrigerant. The mixtures do
not segregate and in fact are very difficult to separate by distillation. Another char-
acteristic is that they always have a boiling point either higher or lower than either
of the constituents. It is possible to form azeotropes with more than two components
but these are rare. Azeotropes do not exhibit the temperature glides of zeotropic
mixtures and the heat transfer characteristics are not degraded due to the mass
transfer resistance. As a result azeotropes are favored by equipment system design-
ers. In the past, CFC based azeotropes which have seen widespread acceptance in
commercial use include R-500, R-502 and R-503. New HFC azeotropes are now
starting to be accepted in commercial use. R-507 which was developed as a re-
placement for R-502 for frozen food applications is widely accepted in supermarket
applications. It has also seen limited use as a replacement for HCFC-22 in chiller
applications.*

An azeotropic refrigerant is only a true azeotrope at one temperature for a given
composition. At other temperatures, the composition of the azeotrope will differ.
From an engineering standpoint, these minor deviations from true azeotropy can be
ignored, since the deviations are so small that they cannot be measured in systems.
There are some zeotropes that are extremely close to azeotropes and in fact can be
treated as an azeotrope for engineering purposes. An example of such a zeotrope
is a 50/50 mixture of HFC-32 and HFC-125. These two compounds form an azeo-
trope at a 80/20 weight percent ratio. They also form azeotropes at other ratios
slightly different from the 80/20. A mixture designated as R-410A consists of a
50/50 mixture. Although not a true azeotrope, this mixture is applied and handled
like an azeotrope.

One way to illustrate the differences between azeotropes and zeotropic mixtures
is by a phase diagram which plots either temperature or pressure as a function of
the composition of a mixture. Fig. 6.1.5 and 6.1.6 illustrate typical phase diagrams.

6.1.4 REFRIGERATION SYSTEMS

For air conditioning applications of buildings, there are two types of refrigeration
systems employed; vapor compression systems and absorption systems. By far, the
greater majority are vapor compression, but for large water chillers, absorption
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Phase Diagram for R-32/134a
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FIGURE 6.1.5 Phase diagram for R32/134a.

Phase Diagram for R-22/115 (R-502)
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FIGURE 6.1.6 Phase diagram for R-22/115 (R502).

represents a significant portion. This is especially true outside the U.S. In Japan,
absorption systems dominate the chiller market, however smaller unitary systems
employ vapor compression systems almost exclusively. Almost all absorption chiller
systems utilize water as the refrigerant with lithium bromide used as the absorbent.
Smaller systems have used ammonia as the refrigerant with water being used as
the absorbent. Both water and ammonia share some common advantages as refrig-
erants. These include availability, low cost and excellent heat transfer characteris-
tics. Water has the disadvantage of high freezing and boiling points. The high
boiling point results in a very low vapor pressure and therefore systems which
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employ water as the refrigerant have to operate in a vacuum. Ammonia has the
disadvantages of moderate flammability and a relatively high level of toxicity. It is
also incompatible with copper which tends to offset the outstanding heat transfer
properties of the fluid.

Vapor compression systems can employ a wide variety of refrigerants, although
air conditioning systems have concentrated around a very limited number of refrig-
erants. Building systems have utilized both low and high pressure refrigerants. Low
pressure refrigerants have been the exclusive province of centrifugal chillers. Until
recently CFC-11 was the low pressure refrigerant of choice although a very limited
quantity of systems used CFC-113 and CFC-114. The current low pressure refrig-
erant is HCFC-123. It offers performance comparable to CFC-11 but with greatly
improved environmental properties. It does, however, contain chlorine and therefore
is scheduled for phaseout eventually. HCFC-123 has a very short atmospheric life-
time and therefore has minimal environmental impact. As a result, its availability
has been extended beyond that of other HCFCs such as R-22. Work is underway
to identify a suitable low pressure HFC.

Higher pressure refrigerants can also be effectively utilized in centrifugal chill-
ers. CFC-12 was widely used in the past but has been more recently supplanted by
HFC-134a and on an interim basis. HCFC-22. Positive displacement compressor
systems have primarily used HCFC-22. These types of systems encompass a wide
variety of equipment ranging from PTACs, using small rotary compressors with
capacities down to 6000 Btu/h (1758 W), to large screw chillers with capacities
exceeding 6,000,000 Btu/h (1,758,000 W). In between is a large group of unitary
equipment and chillers using both reciprocating and scroll type compressors. The
majority of this equipment continues to use HCFC-22, but it is recognized that
ultimately HFC replacements will be required. Three major HFC alternatives have
emerged to cover the range of applications. HFC-134a appears to have utility for
some large screw and reciprocating chiller applications. R-407C is expected to see
duty primarily as a service fluid to replace HCFC-22 in existing equipment and for
a very limited number of new systems such as large rooftop units. The majority of
smaller unitary systems but also some large chillers including screw compressor
systems will utilize R-410A. Even though R-410A is a higher pressure refrigerant
than R-22, it has been selected for the majority of applications because of its
superior heat transfer characteristics. It is also more tolerant of pressure drop which
minimizes these losses especially in split systems. Extensive testing has demon-
strated higher energy efficiencies than R-22 with similar sized heat exchangers.

6.1.5 MATERIALS COMPATIBILITY

A large body of data has been developed over the years on CFCs and R-22. With
the advent of many new refrigerants, much of the conventional wisdom is no longer
relevant or correct. There has been a concentrated effort by many researchers to
develop equivalent data for the newer alternatives such as the long term HFC and
interim HCFC based refrigerants. The most comprehensive source of data is the
ARTI Refrigerant Database.®

6.1.5.1 Lubricants

Virtually all vapor compression refrigeration systems require lubricants to permit
reliable compressor operation. Historically, fluorocarbon based refrigerants, such
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as CFCs used refined mineral oils which exhibited a high degree of miscibility and
solubility with the refrigerant. Ammonia has historically also used mineral oils but
was almost totally immiscible with the oils. The systems using CFCs took advan-
tage of the miscibility/solubility characteristics to return the oil that was pumped
into the system by the compressor. Most HCFC systems could also use mineral oil
although miscibility was incomplete. Synthetic oils (alkylbenzenes) were developed
for use where greater miscibility and solubility was required.

The advent of HFC refrigerants required a new class of lubricants since these
refrigerants are almost totally immiscible with both mineral and alkylbenzene lu-
bricants. Automobile air conditioning systems have gravitated to polyalkyline glycol
lubricants (PAGs) while stationary systems generally use polyol esters (POEs) be-
cause of compatibility problems between hermetic motor materials and PAGs.

Lubricants for refrigeration systems are offered in several viscosity grades rang-
ing from about 20 centistokes (cS) to 100 cS. In general, the grade is specified by
the compressor manufacturer. With mineral oils, various brands were usually con-
sidered to be interchangeable (but not different viscosities). With the new synthetic
PAG and POE lubricants, the viscosity grades may be different than in the past and
different brands can no longer be considered interchangeable. Compressor manu-
facturers have expended considerable effort to evaluate the new lubricants and their
recommendations should always be followed.

6.1.5.2 Plastics and Elastomers

The inherent chemical stability of fluorocarbons means that most plastics and elas-
tomers are usable with them. One notable exception is the fluoropolymer class of
elastomers. Many of these were compatible with CFC-12 but are not compatible
with HFCs and also are not compatible with HCFCs such as R-22. It is important
to note that within a particular class of materials, e.g. neoprene, there is a wide
variation in formulations and it should not be assumed that all members of that
class are suitable simply because most are.

HCFC-123 exhibits more aggressive solvency than most other refrigerants and
therefore caution must be used before retrofitting an existing CFC-11 chiller. New
materials have been developed which permit satisfactory use with HCFC-123.

The new lubricants, and particularly the POEs, are much better solvents than
the mineral oils that they replace. They are also much better solvents than the
refrigerants in most cases. If compatibility problems develop, it is usually the lu-
bricant rather than the refrigerant that is the culprit for the new alternative refrig-
erants.
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& CONDENSERS
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6.2.1 INTRODUCTION

Positive displacement compressors include reciprocating, screw and scroll com-
Pressors.

6.2.2 RECIPROCATING COMPRESSORS

A reciprocating compressor is a single-acting piston machine driven directly by a
pin and connecting rod from its crankshaft. It is a positive-displacement compressor
in which an increase in the pressure of the refrigerant gas is achieved by reducing
the volume of the compression chamber through work applied to the mechanism.

Various combinations of piston size (bore), length of piston travel (stroke), num-
ber of cylinders, and shaft speed result in various compressor sizes, ranging from
Y12 to 200 HP (0.06 to 149 kW).

The most commonly used reciprocating compressor is for refrigerants R-22 and
R-134a. For heating, ventilating, and air conditioning (HVAC) and process cooling,
the most practical refrigerant is R-134a; R-22 is the most practical refrigerant today.
However, R-134a is gaining acceptance in view of the CFC regulations worldwide.
As a matter of fact, the same countries only accept R-134a today. Other environ-
mentally acceptable refrigerants are R-404A and R-507 for low and medium tem-
perature applications; R-407C for medium temperatures and air conditioning
applications. Recently, R-410A is gaining acceptance as an environmentally ac-
ceptable substitute for R-22 only for residential and small equipment. R-410A is
not a drop-in refrigerant for R-22.

Reciprocating compressors are of three types: open drive, hermetic, semi-her-
metic.

6.2.1
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6.2.2.1 Open-Type Compressor Units

Open-type compressors are designed to have the drive shaft extend outside the
crankcase through a mechanical seal. This seal prevents outward leakage of refrig-
erant and oil and inward leakage of air and moisture. Figure 6.2.1 shows a cut-
away of a typical open-drive compressor.

The drive shaft is adaptable to an electric-motor or gas-engine drive. Electric-
motor drives are either belt-driven or directly coupled to the compressor by means
of a flexible coupling. Gas-engine drives are usually directly coupled.

Figure 6.2.2 shows a typical belt-driven unit. The drive consists of (1) a flywheel
mounted on the compressor shaft and (2) a small pulley mounted on the motor
shaft. These are interconnected by one or more V-belts. The size of the flywheel is
usually fixed by the manufacturer, and the size of the motor pulley can be varied
to achieve the desired speed. Speed variations are also obtained by ranging the size
of the compressor flywheel and motor pulley.

The compressor is rigidly mounted on a steel base. The motor is mounted on
an adjustable rail; this allows alignment of the motor pulley and tightening of the

FIGURE 6.2.1 Open drive compressor. (Courtesy of Carrier Corporation.)
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FIGURE 6.2.2 Belt driven compressor. (Courtesy of Carrier
Corporation.)

belts. Proper belt alignment and belt tension are most important for efficient com-
pressor operation.

Belt Alignment. Belt alignment (Fig. 6.2.3) can be checked as follows:

1. Line up the compressor flywheel and motor pulley with a straightedge. Slide the
motor pulley on the shaft to correct any parallel misalignment. For correct an-
gular alignment, loosen the motor hold-down bolts and turn the motor frame as
required.

ANGULAR
MISALIGNMENT
SHAFTS MUST
BE PARALLEL
||  STRAIGHT EDGE | !

=

FIGURE 6.2.3 Correct belt alignment. (Courtesy
of Carrier Corporation.)
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2. When the alignment is completed, move the motor away from the compressor
with the adjusting screws to tighten the belts. Tighten the belts just enough to
prevent slippage.

Belt Tension. Belt tension can be checked by checking the amount of deflection
as the belt is depressed at the center of the span. The rule of thumb is that belts
deflect approximately 1 in for every 24-in span (1 cm for every 24-cm span). A
longer span will deflect proportionately more.

Figure 6.2.4 shows a typical direct drive unit. The compressor shaft is connected
directly to an electric motor through a flexible coupling and is designed to run at
motor speed; this speed is 1750 rpm for a 60-Hz power supply and 1450 rpm for
a 50-Hz power supply. Two-speed or variable-speed motors are sometimes used for
closer capacity control, but for HVAC applications this is cost-prohibitive and not
commonly used.

The compressor and motor are rigidly mounted on a steel base. Proper coupling
alignment is essential for trouble-free operation. The maximum permissible angular
or parallel misalignment for all couplings is 0.010 in (0.25 mm). The manufacturer’s
recommendations are necessary for alignment. Basically, there are two alignment
methods employed:

1. The dial-indicator method (Fig. 6.2.5).
2. The straightedge-and-caliper method (Fig. 6.2.6).

6.2.2.2 Hermetic Compressors

Hermetic compressors are also known as ‘“‘sealed” or “welded” compressors or as
‘“‘cans,” since the motor and compressor are mounted within a common pressure
vessel, sealed by welding. Figure 6.2.7 shows a cutaway of a typical hermetic
COMPIessor.
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FIGURE 6.2.4 Direct-drive unit. (Courtesy of Carrier Corpo-
ration.)
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FIGURE 6.2.5 Alignment with a dial indicator. (Courtesy of Carrier
Corporation.)
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FIGURE 6.2.6 Alignment with a straight edge and calipers
(Courtesy of Carrier Corporation.)

The compressor consists of pistons, connecting rods, bearings, and a lubrication
system and is driven by a crankshaft that is common to both the compressor and
the motor. The motor-starter windings are of refrigerant gas-cooled design. Most
hermetic compressors are internally spring-mounted. Some have built-in suction
accumulators for protection against liquid floodback. Lubrication of the compressor
is usually achieved by a careful design that allows lubrication of the bearing and
motor surfaces.
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FIGURE 6.2.7 Hermetic compressor. (Cour-
tesy of Copeland Corporation.)

Hermetic compressors are commercially available in sizes from Vi2 to 24 hp
(0.06 to 18 kW). Larger sizes are proprietary and are made by some manufacturers
for use on their own packages.

Hermetic Motors and Motor Protection. Hermetic motors are specially designed
by various manufacturers to keep the compressor losses to a minimum. This allows
the compressor to operate effectively at maximum compression ratios.

Furthermore, these motors must have high dielectric strength, be resistant to
abrasives, and be compatible with the refrigeration lubrication oil and refrigerant.
Such other factors as insulation, efficiency, performance starting current, starting
and breakdown torques, cost and availability are also important.

Although the suction-gas-cooled design feature allows hermetic motors to be of
considerably small sizes, it also poses a problem in protecting the motors from
quick overheating or from drawing excessive current (amps). The most common
method of motor protection is to have thermal overload devices embedded in the
windings. These mechanisms trip when overloading, overheating, or any other ab-
normal condition occurs.

6.2.2.3 Semihermetic Compressors

Semihermetic compressors are also known as “‘accessible”” hermetic compressors.
The motor and compressor are mounted within a common pressure vessel and
sealed by bolted plates so that the motor and compressor parts are accessible. In
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case of a compressor failure, these parts can easily be repaired or replaced, and the
rebuilt compressor can be bolted back together. Except for this accessibility, all
other features in the semihermetic design remain similar to the hermetic design:
the compressor consists of pistons, connecting rods, and lubrication-system bear-
ings, driven by a crankshaft common to both compressor and motor.

Semihermetic compressors are available in the following designs for compressor-
motor cooling:

* Air-cooled design. This design uses air circulation for proper cooling of the
compressor motor. A constant air flow is required across the compressor housing,
and this is accomplished by direct impingement of air from fan discharge. Typ-
ically, air-cooled compressors are limited in size to % to 3 hp (0.19 to 2.24 kW).

Water-cooled design. In this design, water coils are wrapped around the com-
pressor housing; compressor-motor cooling is provided by circulating water. Typ-
ically, this design is limited to water-cooled condensing units and is not practical
in today’s HVAC market.

Refrigerant-cooled design. This design is the one most commonly used in
HVAC applications. As in hermetic compressors, the motor is cooled by returmn
suction gas. Refrigerant-cooled compressors are available in sizes from 2 to 10
hp (1.5 to 75 kW).

6.2.3 SCREW COMPRESSORS

A complete discussion of screw compressors is included in Chapter 6.4 ““Screw
Compressors.”

6.2.3.1 Screw Vs. Reciprocal & Centrifugal Compressors

Relative advantages of each:

* Screw vs. Reciprocal:

1. Screw compressors operate more or less like pumps and have continuous
flow of refrigerant compared to reciprocals, which have pulsations. This re-
sults in smooth compression with little vibration. Reciprocals, on the other
hand, make pulsating sounds and vibrate.

2. Screw compressors have almost linear capacity-control mechanisms resulting
in excellent part-load performance.

3. Due to its smooth operation, low vibration screw compressors tend to have
a longer life than reciprocals.

¢ Screw vs. Centrifugal:

1. Centrifugals are constant-speed machines. These machines ““surge” at certain
operating conditions, resulting in poor performance and high power con-
sumption at part-load.

2. Screw compressors have proven themselves in tough refrigeration applica-
tions, including on-board ships. Today, screw compressors practically
dominate refrigerated ships, transporting fruits, vegetables and meats and
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other frozen foods across the ocean with good reliability. These compressors
have replaced the traditional shipboard centrifugals.

6.24 SCROLL COMPRESSORS

In 1886 an Italian patent was issued for the basic scroll concept. The first American
patent was issued in 1905 and very little was done with the idea until the 1960’s
and the 1970’s when scroll development work was undertaken in Germany and
France. The scroll idea was tried for various applications such as vacuum pumps
and expansion engines.

Although the scroll concept is rather old, it has only been in the last few years
that machine tools have been developed to the point where components could be
machined to the minimum clearances that are noted to produce high efficiency
scrolls.

Scroll technology is based on two scrolls; the first scroll is fixed, while the
second scroll orbits around the fixed scroll. These scrolls are intermeshed and form
a crescent-shaped space between them. When the second scroll orbits around the
fixed spiral, the suction gas in the space is compressed until the gas reaches the
maximum pressure in the center of the scrolls. This compressed gas is then dis-
charged through a port in the center of the compression chamber.

Due to the intricate design of the scroll compressor, the gas is discharged
smoothly, almost like a pump. This smooth compression reduces vibration (com-
pared to reciprocating action) which is of a pulsating nature. Other features are as
follows:

* fewer moving parts than reciprocating compressors.
* less rotating mass and less internal friction.

¢ smooth compression cycle with low torque.

¢ Jow noise levels.

¢ low vibrations.

Motors for scroll compressors are suction gas-cooled where the suction gas cools
the motor, achieving high efficiency and long life. The motor is protected by an
external protector which senses excessive current, disconnecting it before over-
heating.

6.2.4.1 Lubrication

Lubrication to the scroll journal and shaft bearings is achieved by a centrifugal
pump submerged in the oil sump. Qil is moved upwards through the passage to
lubricate the upper and lower shaft bearing through parts in the shaft wall; it then
leaves the upper end of the passage to lubricate the orbiting scroll journal bearing.
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Lubrication for the scroll contacting surfaces is provided by a small amount of oil
entrained within the suction gas stream.

6.2.4.2 Design Types—Compliant or Non-compliant

In the compliant design, the surfaces of the scroll plates are allowed to touch lightly,
thereby providing high efficiency and reliability. In the non-compliant design, the
scrolls do not touch, maintaining a slight clearance.

6.2.5 POSITIVE DISPLACEMENT LIQUID CHILLER
SYSTEMS

A liquid chiller system cools water, glycol, brine, alcohol, acids, chemicals, or other
fluids. The most common use of a chiller system is as a water chiller for human-
comfort cooling application. The chilled water generated by the chiller system is
circulated through the cooling coil of a fan coil (or air-handling unit), as shown in
Fig. 6.2.8.

The fan coil circulates air within the conditioned space. Air from the room
moves over the chilled-water cooling coil of the fan coil, is cooled and dehumidi-
fied, and returns to the room. In this process the chilled water in the cooling coil
picks up the heat and is returned to the chiller system for cooling. As the cycle is
repeated, the chiller system maintains the conditioned space at comfort level.
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FIGURE 6.2.8 Typical liquid chiller system. (Courtesy of Continental Products, Inc.)
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Field-Assembled Liquid Chillers. Originally, liquid chillers were “field-
assembled,” with the components ‘“‘field-matched” to develop a field-erected sys-
tem. These systems wee custom-built to perform a specific application. As a result
the design depended on the application, the availability of parts, the labor, and the
field engineer. Some systems were well thought out, were carried out with detail
and care, and performed very well for the particular application. Others were ill-
conceived, had a poor choice of components, and resulted in a bad experience for
the owners.

Field-assembled systems could not be pretested to check if they would perform
properly. They depended entirely on the design concepts, the availability of matched
parts, and the field experience of the labor force.

As the cost of field labor became prohibitive and as owners had poor experiences
from field-erected systems, the concept of factory packaging became popular.

Factory-Packaged Liquid Chillers. The idea of a completely pre-engineered sys-
tem is to assemble all the components on a common steel skid and to pipe, wire,
pressure-test, evacuate, and charge the system with refrigerant (usually R-22). In
this manner, all the system’s components are preselected, heat-transfer balanced
with each other, prepped, prewired, and factory run-tested before actually being
installed on the job. Factory-packaged systems, if manufactured to good engineering
standards and correctly capacity-rated, are very cost-effective, resulting in years of
good service to the owners.

There have been many improvements from early factory packages to today’s
systems. Today it is reasonable to expect a reliable, fully factory-tested packaged
liquid chiller system that has the following: compressor(s); condenser(s); a liquid
chiller; refrigeration specialties, such.as expansion valve(s), filter dryer(s), sight
glass(es), and solenoid valve(s); and electrical components with power and safety
controls. Chiller and condenser pumps (for water-cooled systems) and factory-
mounted and -wired flow switches are also available. Most manufacturers test-run
the system before giving it its final, preshipment paint finish or cleanup. Field piping
of water and additional electrical components are all that are needed before the
system is ready for startup.

6.2.5.1 Packaged Liquid Chiller Systems
Packaged chillers are available with the following choices:

1. Scroll compressor chillers from 3 to 240 HP (2.2 to 180 kw) with multiple
scrolls.

2. Screw compressor chillers from 30 through 440 HP (22 to 328 kw).

3. Hermetic/semi-hermetic reciprocal chillers from 3 through 440 HP (2.2 to 328
kw).

4. Open drive reciprocal or screw compressors for industrial applications.

Major Components. A typical liquid chiller system essentially consists of four
components:

compressor(s).
condenser(s)—air cooled, water cooled, or evaporative cooled.
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expansion valve(s).
evaporator cooler(s)—direct expansion or flooded type.

Other essential parts of the total system are the refrigerant charging valve, filter
dryer, liquid solenoid valve, sight glass and moisture indicator, expansion valve,
and electrical control center.

Electric Control Center. The control center is an essential part of the total system,
it includes power, operating, and safety controls, usually mounted in a common
control panel.

The power controls are separated from the operating and safety controls by a
divider plate or other means. The power controls include a starting contractor (in
the case of hermetic and semi-hermetic compressors, which have internally pro-
tected compressor motors) or NEMA-rated starters with overload protection (in the
case of open-drive compressors, which use NEMA-rated electric motors).

The operating control includes a chiller thermostat, which senses the incoming
water temperature to the cooler.

The safety controls consist of the following:

1. High-condenser-pressure switch. This opens if the compressor discharge pres-
sure reaches a preset value. It is usually of a manual-reset type; i.e., the operator
will have to reset the control manually to restart the system. Manual reset
control is used to give the operator a chance to discover the cause of high
condenser pressure.

2. Low-refrigerant-pressure switch. This opens when the evaporator cooler’s pres-
sure reaches a minimum safe limit preset by the manufacturer. This switch may
be of a manual- or automatic-reset type; since it is also used for the pumpdown
cycle, is usually of an automatic-reset type.

3. Oil-pressure control. This switch, usually a manual-reset type, is provided to
shut down the compressor when the compressor’s lubrication oil pressure drops
below a minimum safe value as determined by the compressor manufacturer
or when in sufficient oil pressure is developed after compressor startup. This
switch is used only on semi-hermetic and open-drive compressors, not on her-
metic types. (Hermetic compressors usually have no means to sense the oil
pressure, but rely on internal means of lubrication.)

4. Freeze-protection switch. This switch (the so-called “low chilled-liquid tem-
perature control”) operates similarly to a thermostat, sensing the temperature
of the chilled liquid leaving the cooler. In case of a freeze-up condition and of
liquid leaving the cooler, this controller opens the circuit to stop the total sys-
tem. The minimum value is preset at the factory to prevent cooler freeze-up in
case other safety controls malfunction.

Low-pressure freezestat. This control is usually of a manual-reset type and has
a 60 s built-in time delay. It senses the evaporator cooler’s pressure, and if this
pressure continues to drop below the preset value for a period of 60 s, the
switch opens to shut down the total system. This acts as a protection against
freeze-up as well as against a loss of refrigerant.

6. Flow switch. This control, which can be either factory-mounted or field-
furnished, is needed in the chilled-water piping to protect against a cooler
freeze-up in the event of no liquid flow through the system. This device is an

>
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interlock type and provides essential protection against pump failure or other
malfunctioning of the total system.

7. Motor overload protection. This is provided with hermetic and semi-hermetic
compressors as a built-in feature, whereas for open-drive compressors the over-
load heaters are sized to protect the motor.

8. Power-factor corrector capacitors. These are for improved motor performance,
reduced line losses, and lower utility costs.

Indicator lights. Various indicator lights show the system’s operation and, in
case of a system failure, provide diagnostics for ease of service.

10. Pressure gauges. High- and low-pressure and oil-pressure gauges are factory-
installed and piped to the compressor.

11. Compressor cycle meter, ammeter, and unit disconnect switches.

9

D

Several other safety controls are available, as follows:

1. Lock-out timer. This control prevents the compressor from short-cycling on
power interruptions to safety controls.

2. Phase failure. This control relay monitors the sequential loss and reverse of a
three-phase power supply.

3. Alarm-bell contacts. These allow alarm-bell connections to the high-pressure
control or to other safety controls for signaling if the unit fails on manual-reset
safety controls.

4. Low ambient controls. These controls are used specially for air-cooled condenser
chillers or evaporative-cooled chillers. The low ambient controls may consist of
fan-cycling pressure controls or fan speed controls. The fan speed control usually
has a solid-state controller and a single-phase condenser fan motor (which mod-
ulates the fan speed in response to condenser pressure). The low ambient controls
allow operation of the chiller system on days of low ambient temperature.

5. Relieve valve. The pressure-relief valve is set at a pressure above the high-
pressure cutout to relieve the system before the system reaches its maximum
design working pressure. These valves should be piped and vented outside. Fu-
sible plugs or rupture disks can be used in some instances.

6. High-motor-temperature protection. This control consists of a high-temperature
thermostat or thermistor. It is located in the discharge gas steam of the com-
pressor.

High oil temperature. This controller protects the compressor when there is a
loss of oil cooling or when a bearing failure results in excessive heat generation.

N

Other Components. Factory-mounted, -piped, and -wired pumps for chilled water
and condenser water are becoming available as a part of the packaged chiller sys-
tem. This has eliminated the need for field labor for plumbing, wiring, and inter-
locking the pumps with the chiller control panels. Factory-mounted pumps are
checked for pump rotation, which is phased in with an air-cooled condenser motor
to ensure that the condenser fans operate vertically up and that the pumps operate
in the correct direction.

Other accessories, such as filters, air eliminators, and storage tanks, can also be
factory-mounted and -piped, eliminating the need for separate mechanical areas and
the chance of incompatible field components.
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6.2.56.2 Typical Chiller Refrigeration Cycle

In a typical chiller system (Fig. 6.2.8), as the water or other liquid flows through
the system, the flow switch contact is made, and if the thermostat calls for cooling
and all safety devices are closed, the compressor will start. The hot gas from the
compressor is discharged into the condenser (air-cooled, water-cooled, or evapo-
rative-cooled). As it travels through the condenser, this high-pressure refrigerant
cools and changes its phase to high-pressure liquid. In the case of an air-cooled
condenser, the condenser rejects the heat to the air; in the case of a water-cooled
or evaporative-cooled condenser, the condenser rejects the heat to the water. The
high-pressure liquid refrigerant now goes through a filter dryer. Then it goes through
the liquid solenoid valve (which should be open now), sight glass, and moisture
indictor and into the expansion valve. The expansion valve meters the liquid re-
frigerant through the evaporator cooler. The cooler allows the water (or other liquid)
to be cooled by the action of the evaporating liquid refrigerant. The refrigerant
picks up the heat from the flowing liquid, is returned back to the suction side of
the compressor as a low-pressure gas, and is then ready to be recycled again through
the compressor.

6.2.5.3 Chiller-System Freeze Protection

If there is any danger of freezing in a closed-loop chilled-water system, it is rec-
ommended that the system be charged with a premixed industrial-grade heat-
transfer fluid. Automotive antifreeze or other commercial glycols are not recom-
mended; these may include silicates that can coat the cooler tubes, fouling the
system prematurely and shortening the life of the pump seals.

For more details about heat-transfer fluids, consult your local industrial chemical
supplier.

Fouling Factor. Fouling results from scaling, corrosion, sediment, and biological
growth (slime, algae, etc.); most water supplies contain dissolved or suspended
materials that cause these problems. Such fouling causes thermal heat transfer to
the water side of chiller systems, the measure for resistance to this heat transfer is
called the fouling factor.

A general practice is to allow a fouling factor of 0.00025 (h - ft*> - °F)/Btu
[(m? - °C)/ W] for coolers and water-cooled condensers. For seawater, or where the
cooling water is untreated, a fouling factor of 0.001 (h - ft*> - °F)/Btu [(m?® - °C)/
W] is recommended. In this case, the use of 304 or 316 stainless steel, 90/10
cupronickel, 70/30 cupronickel, or admiralty brass tubes may be considered; the
condenser heads can be made of brass or can be treated with epoxy or other pro-
tective coating.

6.2.5.4 Types of Refrigerant

R-22 and R-134a are the most popular refrigerants for reciprocating liquid chillers.

6.2.5.5 Chiller Ratings

Capacity Rating Standards. Most manufacturers rate their packaged chillers ac-
cording to Air Conditioning and Refrigeration Institute (ARI) Standard 590 (see
Table 6.2.1). ARI Standard 590 is based on the following:
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TABLE 6.2.1 Typical Air-Cooled Chiller Ratings

Models MBA use a single compressor, models DBA are dual-circuit with a dual
compressor, and models FBA have four compressors with four independent circuits.

Model Tons kW EER Model Tons kW EER
MBA 3 2.6 3.6 8.8 DBA 52 42.4 43.8 11.6
4 3.9 5.5 9.3 62 52.4 55.0 11.4

5 4.6 6.0 9.3 70 62.3 66.2 11.3

7 6.6 8.0 9.8 75 67.7 73.0 11.1

9 8.6 9.2 11.2 80 73.2 79.8 11.0

10 10.1 10.8 11.3 90 79.7 85.4 11.2

15 13.6 14.9 11.0 100 86.3 91.0 11.4

20 16.5 16.6 11.9 110 92.8 102.5 10.9

25 21.2 21.9 11.6 120 101.0 115.8 10.5

30 24.2 26.1 11.1 FBA 130 114.1 121.9 11.2

35 31.2 33.1 11.3 140 128.3 136.4 11.3

40 36.6 39.9 11.0 160 146.3 159.6 11.0

50 43.1 45.5 11.4 180 159.4 170.8 11.2

60 49.7 57.0 10.5 200 177.8 187.5 11.4

240 198.8 228.0 10.5

* air-cooled package at an ambient-air temperature of 95°F (34°C).

» water-cooled package at a condenser-entering water temperature of 85°F (30°C)
and at a condenser-leaving water temperature of 95°F (35°C).

¢ evaporative-cooled package at a dry-bulb temperature of 95°F (35°C) or at a wet-
bulb temperature of 75°F (24°C).

* cooler water for all types at an entering temperature of 54°F (12°C) and at a
leaving temperature of 44°F (7°C).

» fouling factor for both the cooler and the condenser = 0.00025 (h - ft? - °F)/Btu
[(m? - °C)/W].

ASHRAE Standard 30-77 is used for testing reciprocating liquid chillers for
rating verification.

Energy Efficiency Ratio (EER)

__ Btu/h output

EER -
watts mput

Typically:

» The EER for air-cooled packages ranges from 8 to 12.

¢ The EER for water-cooled packages ranges from 9 to 13.

* The EER for evaporative-cooled packages ranges from 10 to 16.

6.2.5.6 Chiller Selection Guidelines

To select a packaged chiller from the manufacturer’s rating table, it is necessary to
know at least four of the following five items:
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1. capacity in tons or Btu/h (kW).

2. fluid flow rate in gal/min (L/min).
3. entering fluid temperature in °F (°C).
4. leaving fluid temperature in °F (°C).
5. type of fluid (water or other).

Use the following formula to calculate the fifth variable if only four are known:

_ gal/min X A X cp X SG

T
ons >4

where A = (entering fluid temperature, °F) — (leaving fluid temperature, °F)
cp = specific heat of fluid, Btu/lb
SG = specific gravity of fluid

I

6.2.5.7 Types of Chillers

Heat-Recovery Chillers. Any HVAC or process application that has a simulta-
neous use for chilled and hot water is a potential heat-recovery installation. Typical
applications are: buildings that need cooling on one side and heating on another;
computer room cooling and reheating; restaurants; hotels; and hospitals.

Heat-recovery chillers extract heat from superheated gas vapor before it con-
denses in the condenser. Thus heat recovery offers “free heat” and eliminates, in
certain instances, the need for separate heating equipment.

It is important that a heat-recovery heat exchanger not be oversized; otherwise,
the advantage of high-temperature heat recovery is lost. A pressure-enthalpy dia-
gram, as shown in Fig. 6.2.9, demonstrates the potential heat recovery for a typical
chiller system.
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FIGURE 6.2.9 Pressurc/enthalpy diagram (Courtesy of
Continental Products, Inc.)
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Figure 6.2.10 shows a schematic of a typical heat-recovery chiller. For air-cooled
chillers, a heat-recovery heat exchanger can be piped in series, as shown. For water-
cooled systems, heat recovery can be in series or in parallel.

Factory-packaged heat-recovery chillers are available in sizes from 3 to 200 hp
(2.24 to 150 kW).

Heat-Pump Chillers. Heat-pump chillers are becoming more and more popular
because of the following advantages:

1. They eliminate the use of a separate boiler or heating system.

2. They eliminate redundant piping for heating and cooling.

3. They use a two-pipe system but provide the comfort of a three-pipe system.
4. They use the same air handlers (or fan coils) for cooling and heating.

5. They use the same chilled-water pump for cooling and heating.

Heat-pump chillers utilize the same heat exchanger for cooling water as they do
for heating water. The principle of operation is that, during heating, a reversing
valve directs the flow of the hot-gas refrigerant from the compressor to the water
heat exchanger instead of to the condenser. The heat exchanger is now being used
as a condenser, and the condenser is being used as an evaporator. The gas is returned
back to the compressor, through the reversing valve, with a common suction con-
nection.

During heating, the same pump is used that circulates the water during cooling.
This eliminates the need for separate hot-water and chilled-water pumps and piping.
For the summer season, the same valve is reversed back to normal cooling.

Figure 6.2.11 shows a heat-pump chiller schematic. Air-cooled heat pumps use
outside ambient air as the medium; therefore, they need wider fin spacing as well
as hot-gas defrosting. Warer-cooled heat pumps can use groundwater, river water,
or wastewater as the medium.
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FIGURE 6.2.10 Typical heat recovery chiller (Courtesy of Continental Products, Inc.)
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FIGURE 6.2.11 Heat pump chiller-schematic (Courtesy of Copeland Corporation)
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Available in sizes of 5 to 200 hp (3.7 to 150 kW), heat-pump chillers are suitable
for most locations with a winter-design dry-bulb temperature of 20°F (—7°C). They
are also available with auxiliary electric heaters, which are useful for unexpected
cold spells or as a backup.

Low-Temperature Glycol, Brine, Alcohol, and Gas Chillers. For low-temperature
cooling with glycol, brine, alcohol, gases, or other fluids, several special features
are necessary. Factory-packaged chillers for these applications are available. Field
modifications of an HVAC chiller do not always produce the desired results. Some
of the considerations for process chillers are:

1. Type of refrigerant. R-22 is recommended.
2. Correct sizing of expansion valve.

3. Temperature controller for low temperature.
4. Low-pressure switch.

5. Low-temperature cutout.

6. Oil separator(s).

7. Suction accumulators.

8.

Dual-compressor system with common dual-circuit chiller for 50 percent re-
dundancy.

9. Dual compressor, dual condenser, dual cooler, and dual electrical components
for 100 percent redundancy.
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10. Primary chiller, with secondary heat exchanger, for corrosives, chemicals, food
products (e.g., wines and fruit juices), gas cooling and condensation, inciner-
ation, and environmental protection.

Packaged Process Chillers. Packaged chillers used for HVAC are designed pri-
marily for human-comfort conditions. A typical system is designed for chilled-water
flow to produce a temperature difference of 10°F (5°C), cooling from 54 to 44°F
(12 to 7°C) or from 52 to 42°F (11 to 6°C).

For process cooling, it is not always possible.

1. To maintain a 10°F (5°C) temperature difference.

2. To work between a 40 and S50°F (4 and 10°C) temperature range.

3. To keep a steady load.

4. To use ambient-related controls. The load may be constant year-round.

5. To use single-compressor systems.

6. To have a high return-water temperature.

7. To use standard electrical components, such as in explosion-proof atmospheres.
8.

To use standard construction (steel or copper coolers or condenser) or copper or
aluminum air-cooled condensers.

Typical applications for process chillers include the following:

Acid cooling Machine-oil cooling
Bakeries Marine systems
Breweries Milk cooling

Candy and fruit glazing Mushroom cooling
Chemicals and petrochemicals Pharmaceuticals

Chicken and fish hatcheries Photo labs

Computer and clean-room cooling Plastics, injection and blow molding
Dough mixers Plating and meal finishing
Electronic-cabinet cooling Printing plants
Environmental test chambers Pulp and paper
Explosion-proof chillers Shrimp freezing

Flight simulators Soil freezing

Foundries Solvent recovery
Fruit-juice cooling Steel mills

Ice rinks Textile plants

Laser cooling Welding

Lobster tanks Wineries

6.2.6 CONDENSERS

Condensers are heat exchangers designed to condense the high-pressure, high-
temperature refrigerant discharged by the compressor. In this process, the condens-
ers reject the heat that was picked up by the evaporator cooler or chiller. At the
same time, the condensers convert the high-pressure, high-temperature gas into
high-pressure, high-temperature liquid refrigerant, ready to be recycled through the
expansion valve, evaporator, and back to the compressor.
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There are three types of condensers: air-cooled, water-cooled, and evaporative-
cooled. They are discussed in Secs. 40.2.5, 40.2.6, and 40.2.7, respectively.

Condenser-Coil Circuiting. For multiple compressors, multiple-circuit condensers
are used. For example, a two-, three-, or four-compressor unit has a two-, three-,
or four-circuit condenser, respectively. In this manner, each circuit is independent
of the other, thus providing redundancy in case of failure. Independent refrigerant
circuits also ensure that refrigerant and lubrication oil for each section of the com-
pressor system are not mixed. Typical two- and four-circuit condenser headers are
shown in Fig. 6.2.12.

Parallel piping of two, three, or four compressors into a common hot-gas inlet
connection, with a common liquid outlet connection, is also being utilized.

Compressors are cycled on and off for capacity reduction, but the condenser-
coil surface remains the same. For example, if the condenser coil is sized for three
compressors and one out of three compressors is shut down, the refrigerant gas
from the other two compressors will continue to pump into the same coil. Now this
coil will be oversized for the amount of hot gas being pumped into it. Although
the condenser fans will also be cycled to reduce the air flow, the net effect is still
a larger condenser surface, resulting in subcooled liquid. A more efficient system
is to feed the subcooled liquid through the expansion valve.

For parallel piping, the following need and drawback should be considered:

1. It is essential that there be some means to interconnect multiple compressors in
order to maintain lubrication oil in each compressor; otherwise, one compressor
may be starved of lubrication and thus become damaged.

Since multiple compressors have a common refrigerant circuit, even if one (her-
metic or semihermetic) compressor fails or ‘“‘burns out,” it contaminates the
complete system. To replace one compressor, the complete system has to be
“cleaned,” evacuated before refrigerant is charged, and put back into service.
Condensers with independent refrigerant circuits do not have this problem.

N

Condenser Components

1. Fans. Condenser fans are of a propeller type and are statically and dynami-
cally balanced for low-vibration operation. Propeller fans are made of aluminum,
galvanized steel, stainless steel, or plastic materials and range in diameter from 18
to 30 in (46 to 76 cm). Direct-driven fans are mounted on the fan motor shaft, and
belt-driven fans have belt-and-pulley combinations.
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FIGURE 6.2.12 Two- and four-circuit condenser headers (typical).
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For belt-driven condensers, larger-diameter fans are utilized and have the ad-
vantage of fewer fans, compared to several direct-driven smaller fans. Lower speeds
(400 to 700 rpm) are achieved by belt drives. The motors are typically standard
open drip-proof or totally enclosed NEMA-rated, four-pole, 1800 rpm. These are
readily available.

Belt-driven chiller packages are more suitable for high to medium ambient con-
ditions where an on-off cycling of fans is not needed. Other means of low ambient
control are utilized for medium to low ambient control conditions.

If belt drives are used and the fans cycle often, the belt tension needs to be
checked more often than usual. Typically, an access door is provided to access the
motor bearings and belts. For additional convenience, extended lubrication lines are
installed with external grease fittings.

2. Motors. Typical direct-driven fan motors are six-pole and operate at 1100-
rpm speeds. These motors range in size from %5 to 2 hp (0.25 to 1.5 kW) and have
been specially designed for air-cooled condenser applications by various motor
manufacturers. A typical condenser fan motor is of a 56-frame “totally enclosed
air over” design with a built-in overload protector.

3. Motor speed control for low ambient operation. For multiple fans on a me-
dium- to large-size chiller package, the fan motor can be cycled on and off by
sensing condenser pressure or ambient temperature. This is adequate for medium
ambient temperature operation. For lower ambients or a single-fan chiller package
[3t0 9 hp (2.24 to 6.7 kW)], another choice is to modulate the fan motor speed.
Typical fan-speed controllers sense condenser pressure or liquid temperature and
modulate the motor in response to a rise or fall of pressure or temperature. At
higher pressure or temperature, fans operate at higher speed; at lower pressure or
temperature, fans modulate at lower speeds. All condenser fan motors are not suit-
able for fan speed control. Typically, a ball-bearing-type motor is needed to allow
operation at lower speeds. Some single-phase motors, specially designed for speed
control, have proved successful. Three-phase motors and controllers are being de-
veloped.

For a three-phase packaged chiller with multiple fans requiring fan speed control,
a combination of three-phase and single-phase motors is used. For 208-230/3/60
power, a single-phase motor presents no problem, since the motor can be wired to
two of the three power legs. For 460/3/60 power, single-phase motors require a
step-down transformer or a separate single-phase power source.

4. Fan venturi. Its design is critical for optimum air flow with minimum air
losses as well as for low outlet noise. See Fig. 6.2.13.

5. Fan guards. Fan guards are mounted around a fan venturi and are designed
to meet the standards of the Occupational Safety and Health Administration
(OSHA) so as to protect against accidents as well as to allow free air circulation.

/ AN
[ ]

FIGURE 6.2.13 Typical fan venturi. (Courtesy Continental
Products Co.)
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6.2.6.1 Air-Cooled Condensers

Air is used as the medium to cool and condense the hot refrigerant vapor. Generally,
an air-cooled condenser consists of copper tubes and of copper or aluminum fins,
which are expanded on the tubes for maximum heat transfer. The tubes are arranged
in parallel or staggered rows and circuited for low refrigerant and air-pressure drop.
The complete tube-and-fin condenser coil has a hot-gas inlet and refrigerant-liquid
outlet connections. Condenser fan(s) are either directly driven or belt-driven to
allow ambient air to circulate over the condenser coil.

Air is drawn from the bottom, goes over the condenser coil and condenser fan
motor, and discharges upward. High-pressure, high-temperature refrigerant is being
pumped through the hot-gas inlet of the condenser coil and is distributed according
to the coil circuit, moving in the opposite direction of the air movement. In this
process, heat transfer takes place. The cooler ambient air is circulated over the hot
refrigerant. The ambient air picks up the heat, gets warm, and is discharged to the
atmosphere. The hot refrigerant gas gets cooled and condenses into liquid.

Medium to Low Ambient Controls. The capacity of an air-cooled condenser is
based on the temperature difference between the summer ambient-air temperature
and the condensing temperature. When the packaged chiller is operated at temper-
ature conditions lower than the design ambient-air temperature, the temperature
difference between the condensing temperature and the ambient-air temperature is
reduced, resulting in increased condenser capacity and lower condensing pressure.

If the ambient-air temperature falls below 60°F (15°C), the condensing pressure
falls below a point where the expansion valve can no longer feed the cooler (evap-
orator) properly. Therefore, for 60°F (15°C) and below, it is necessary to use one
or more of the following means to control the condensing pressure:

1. Fan cycling. By cycling one fan of a two-fan system, two fans of a three-fan
system, and so on, a reasonable condensing pressure can be maintained. The cycling
of fans can be in response to ambient-actuated thermostats, sensing the ambient-air
temperature entering the condenser coil, or in response to the actual condensing
pressure. Fan cycling is reasonable and simple and is recommended for medium-
temperature applications.

2. Fan speed control. By fan-speed modulation, single-fan chiller packages or
multiple-fan systems can operate at medium to low ambient conditions.

3. Flooded-head pressure control. Flooded-head pressure control holds back
enough refrigerant in the condenser coils to render some of the coil surface inactive.
This reduction of the effective condensing surface results in a higher condensing
pressure, thus allowing enough liquid-line pressure for normal expansion-valve op-
eration.

Typical head pressure-valve piping is shown in Figs. 6.2.14 (a nonadjustable-
valve combination) and 6.2.15 (an adjustable-valve combination). Both valves re-
quire the use of a liquid-refrigerant receiver, as shown. The capacity of the receiver
is critical in that it must be large enough to hold all the refrigerant during high
ambient conditions. If the receiver is too small, liquid refrigerant will be held back
in the condenser during high ambients, resulting in high discharge pressures. During
low ambients the receiver pressure falls until it approaches the setting of the control
valve orifice. This orifice throttles, restricting the flow of liquid from the condenser.
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FIGURE 6.2.14 Typical head pressure-valve piping—nonadjustable. (Courtesy Continental
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FIGURE 6.2.15 Typical head pressure-valve piping—adjustable. (Courtesy of Continental Prod-
ucts Co.)

Thus the liquid refrigerant is backed up in the condensing coil, reducing the surface
area.

Flooded controls can maintain operation down to —40°F (—40°C) ambient or
below. Under normal summer conditions the liquid side of the valve remains open,
and the hot-gas side is fully closed. Under low ambient conditions, the liquid side
remains closed on startup, causing the condenser to “flood.” This flooding continues
until the condensing pressure reaches the valve setting [typically 180 psig (1241
kPa) for R-22, or 100 psig (689 kPa) for R-12]. Meanwhile the gas-side valve is
open, allowing a portion of the hot gas to flow directly to the receiver, maintaining
high pressure of the liquid for proper expansion-valve operation. Once the preset
pressure is achieved, the valve modulates to maintain high head pressure, regardless
of the ambients.
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4. Inlet-fan damper control. This control modulates the air flow through the coil
by the movement of dampers, in response to the condensing pressure. Usually a
combination of fan cycling and damper control is utilized. Inlet dampers are
mounted on the inlet of the fan and are actuated by a damper motor. Outlet dampers
have also been used, but not very successfully. Experience has shown that damper
control is generally not as effective as other means to achieve same results, so its
usage is limited.

6.2.6.2 Water-Cooled Condensers

Water-cooled condensers are of the following three types, all of which use water
as the cooling medium:

1. Shell-and-tube condensers. These condensers, for chillers, are generally built
with a steel shell and finned copper tubes. The cooling water circulates through
the tubes, and the hot-gas refrigerant is on the outside of the tubes on the shell
side. The condensation of refrigerant vapor takes place as the high-temperature
hot gas comes in contact with the cool tube surfaces. The condenser water thus
picks up the heat rejected by the compressor. Water circuiting is baffled so as
to have two, three, four, or six passes.

2. Shell-and-coil condensers. In this arrangement, a copper or cupronickel coil is
contained within a shell. This type of condenser is limited to smaller sizes and
is not generally used for chiller packages.

3. Tube-and-tube condensers. This type (which cannot be cleaned easily) consists
of two tubes, one contained within the other. The annular space is used for water
flow, and the inner tube is used for refrigerant condensing. Because the refrig-
erant undergoes a considerable pressure drop in the single tube, the use of tube-
and-tube condensers is limited to smaller chiller packages up to 10 tons.

Condenser tubes can be cleaned mechanically or chemically. In any case, it is
important to have cooling-water treatment for an efficient overall chiller system.
Cooling water for condensers can be obtained from a cooling tower or from city
water, but because it is uneconomical to use city water, a cooling tower is com-
monly used. A cooling tower’s water temperature can vary according to the wet-
bulb temperature of the ambient air. To keep the chiller system operating at a low
water temperature, a water-regulating valve is installed on the condenser’s water
inlet. This valve modulates the flow of water in response to the condensing tem-
perature or pressure.

6.2.2.7 Evaporative-Cooled Condensers

Evaporative-cooled condensers employ a copper, stainless-steel, or steel tube con-
densing coil that is kept continuously wet on the outside by a water-recirculating
system. Simultaneously, centrifugal or propeller fan(s) move atmospheric air over
the coil. A portion of the recirculated water evaporates, reusing heat from the con-
densing coil and thus cooling the refrigerant to its liquid state.

A typical evaporative-cooled condenser is shown in Fig. 6.2.16. The complete
evaporative-cooled condenser consists of the following:

* Condensing coil (usually prime surface without fins)
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FIGURE 6.2.16 Typical evaporative-cooled condenser. (Courtesy
of Continental Products, Inc.)

¢ Centrifugal or propeller fan(s)
* Water distribution system

* Drift eliminator

* Water makeup and drains

Since it combines principles of both air-cooled and water-cooled systems, an
evaporative-cooled condenser can be considered a combination of these. The driving
force is the ambient wet-bulb temperature, which is usually 15 to 25°F (8 to 14°C)
lower than the ambient dry-bulb temperature. The overall effect is that an evapo-
rative-cooled condenser operates at a much lower condensing temperature than an
air- or water-cooled system. This results in the lowest compressor energy input and
hence in the most efficient packaged chiller system.
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7.1.1 INTRODUCTION

Water systems are used in air-conditioning applications for heat removal and de-
humidification. The two most common systems use chilled water and brine. Chilled
water is plain water at a temperature from 40 to 55°F (4 to 13°C). Brine is a
water/ antifreeze solution at a temperature below 40°F (4°C). Here we describe the
basic principles and considerations for chilled water. Additional considerations for
brine follow.

7.1.2 SYSTEM DESCRIPTION

A chilled-water system works in conjunction with air-handling units or process
equipment to remove the heat generated within a conditioned space or process. The
terminal unit cooling coil(s) collect(s) the heat and then transfers it by conduction
and convection to the water, which is conveyed through connecting piping to the
evaporator side of a chiller. The chiller, which is a packaged refrigeration machine,
internally transfers the heat from the evaporator to the condenser, where heat is
discharged to the atmosphere by the condenser system. The chilled water leaving
the evaporator is circulated back to the coils, where the heat-removal process repeats
again. Figure 7.1.1 is a schematic diagram of the chilled-water system. In this
chapter we discuss the basic principles and details regarding the chilled-water or
evaporator side of the system. The designer should refer to Chaps. 6.2 to 6.5 for
types and selection of the chiller and condenser system.

*Revised for 2nd edition by Al Woody, Chief Mechanical Engineer, Giffels® Associates, Inc.,
Southfield, MI



714 COOLING DISTRIBUTION SYSTEMS AND EQUIPMENT

CHILLER
TERMINAL > >
Lcjggl_we COOLING
oI~ CONDENSER / TOWER
HEAT EVAPORATOR [ _ <> &< | HEAT
5 .o -
CEEPERC |

SO

PUMP PUMP
FIGURE 7.1.1 Schematic diagram of chilled-water system.

7.1.3 WHERE USED

Chilled-water systems are applicable when:

* The design considerations of a proposed air-conditioned facility require numerous
separated cooling coils plus the restriction that the refrigeration system(s) of the
facility be located in a single area.

e There is a need for close control of coil leaving air temperature or humidity
control. Control can be very smooth and exact because of the infinite modulating
capability of the chilled-water valve.

*» Future expansion will require additional cooling capacity. The additional capacity
might be merely a matter of new terminal units and branch piping from the
chilled-water mains to the coils, although this is limited by the unused capacity
of the chiller and water distribution system.

* The coil leaving air temperature desired is 45°F (7°C) or higher. The leaving air
will be at least 5°F (3°C) warmer than the coil entering water temperature.

7.1.4 SYSTEM ARRANGEMENT

The system designer must consider the cooling loads involved and the type and
arrangement of the facility during the conceptual phase of a chilled-water system
design. During initial design development, the designer should consider the impact
of future system loads. System expansion costs can be reduced if space for addi-
tional equipment and the flow rates are planned for during the initial design. The
module design concept adapts well for planning for future expansion.

Large facilities commonly consist of terminal units located near the area they
serve. The total combined loads of the facility result in a large peak demand with
a wide operating range that is beyond the capability of a single chiller. A chilled-
water arrangement for a large installation would commonly consist of multiple
chillers centrally located with multiple cooling towers of the condenser system
situated nearby outside. Figure 7.1.2 shows the evaporator side of a multiple-chiller
arrangement. Installations of this type are typically arranged in modules with a
chiller, cooling tower, and associated pumps dedicated to part of the peak load. A
single distribution system transports the chilled water to the various areas and ter-
minal units.
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Two-way modulating control valves are used to vary the flow to the terminal
units based on a signal from the conditioned space room thermostats. Two-way
valves are preferred to three-way valves because the total system pumping cost is
reduced during part-load conditions. Chiller manufacturers, however, demand a con-
stant flow through the chillers for stable refrigeration control. In this situation a
pump arrangement is needed that allows variable flow to the terminals while main-
taining a constant flow through the chillers. This problem is solved by installing
two sets of pumps in a primary/secondary arrangement. The secondary pumps can
be controlled to match the demand of the terminals while the primary pumps main-
tain a constant flow through the chillers. The system bypass decouples the two
pump sets which allows them to operate pressure-independent of each other. Ref-
erence 1 provides further explanation of primary/secondary pumping.

A small installation for an individual building or process may consist of a single
chiller, cooling tower, pump, and small distribution system connected to nearby
terminal units. The condenser system cooling tower would typically be located on
the building roof or nearby, outside the building.

A three-way mixing valve modulates the terminal unit flow based on the cooling
load demand while maintaining a constant flow through the chiller and pump. For
small installations, the increased pumping cost is offset by the savings realized
from fewer pumps and less complicated controls. Figure 7.1.3 shows the evaporator
side of a single-chiller arrangement.
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7.1.5 DISTRIBUTION SYSTEMS

There are two basic distribution systems for chilled water: the two-pipe reverse-
return and the two-pipe direct-return arrangements. Figure 7.1.4 illustrates the
direct-return and reverse-return configurations.

The reverse-return system is preferable from a control and balancing point of
view, since it provides very close equivalent lengths to all terminals, resulting in
closely balanced flow rates. In large installations, however, the additional piping
for a reverse-return system is usually not economical.

PUMP

®

DIRECT RETURN
PUMP

®

REVERSED RETURN
FIGURE 7.1.4 Piping distribution systems.
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The direct-return system is more commonly used. The system must be carefully
analyzed to avoid flow-balancing problems. Balancing valves and flow meters
should be provided at each branch takeoff and terminal unit. Control valves with
high head loss are recommended and must be analyzed for varying “shutoff’” heads
through the system. In large systems, it is sometimes desirable to use a combination
of a direct-return system for the mains with a reverse-return system for branch
piping to sets of terminal units. This combination provides an economical main
distribution segment with easier balancing within the branches. The overall system
should be analyzed to determine the most economical distribution system for the
application.

7.1.6 DESIGN CONSIDERATIONS

7.1.6.1 Design Temperatures

The chilled-water design temperatures must be established before the terminal unit
flow rates can be ascertained. Chilled-water supply temperatures range from 40 to
55°F (4 to 13°C), but temperatures from 42 to 46°F (6 to 8°C) are most common.
Temperature differentials between supply and return are in the 7 to 11°F (4 to 6°C)
range for small buildings and the 12 to 16°F (7 to 9°C) range for conventional
systems. Higher temperature differentials are preferred since they reduce the system
flow rates, resulting in smaller piping and pumps, less pumping energy, and in-
creased chiller efficiency. Before the design temperatures are finalized, the designer
should ensure that the design temperature selected will result in terminal devices
propetly sized for their applications. The designer should refer to Chaps. 6.2 to 6.4,
and 7.3 for design considerations and selection of chilled-water coils.

For large distribution systems, a terminal supply temperature approximately 1°F
(0.5°C) higher than the leaving chiller temperature is sometimes assumed. The 1°F
(0.5°C) increase accounts for pump and pipe heat gains between the chiller and
terminal units. The additional load from these sources must be included during the
sizing of the chiller(s).

If the system is subject to freezing, a water/glycol solution (brine) may be
required. Refer to the discussion of brine for additional design considerations.

After the terminal units have been located and the flow rates established, a
system flow diagram should be created. Several chiller manufacturers should be
consulted for sizes, types, and operating ranges available. The designer must ana-
lyze the facility for an appropriate distribution system, pump arrangement, and
control sequence for all components.

If continuous system operation is required, standby pumps are recommended to
ensure system operation in the event of a pump failure. Standby chillers are not
usually included because of their high initial cost and rare failure.

7.1.6.2 Piping

Figure 7.1.5 is provided as a general guide for selecting pipe sizes once the system
flow diagram has been established. The shaded area provides economical pipe sizes
as a function of flow, velocity, and friction loss. In situations where two pipe sizes
are capable of handling the design flow, the larger of the two should be selected,
in case of an unexpected increase in the flow rate. The system designer should
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FIGURE 7.1.5 Pipe-sizing graph.

carefully size the inlet and outlet connections to terminal units. If they were left
unsized, these branches could be installed, the same size as the terminal unit con-
nection, which might result in abnormally high pressure losses.

Corrosion inhibitors are commonly added to chilled-water systems to reduce
corrosion and scale. Refer to Chap. 12 for recommended water conditioning. With
proper water treatment and a closed system, the pipe interior should remain rela-
tively free of scale and corrosion. The calculated pump head can be based on
relatively clean pipe, although it is prudent to assume a minimum fouling factor.
A 25 percent fouling factor is equivalent to using C = 130 in the Williams and
Hazen formula for steel pipe.

7.1.7 INSTALLATION CONSIDERATIONS

7.1.7.1 System Volume

Automatic makeup water with a positive-displacement meter is recommended for
filling, monitoring volume use, and maintaining system volume. The systems should
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also be attached to an adequately sized compression or expansion tank and to a
pressure relief valve. If the tank is not provided and the system has automatic
makeup water, the relief valve will discharge with each rise in average water tem-
perature, wasting water and chemicals.

7.1.7.2 Air Control

Manual or automatic air vents must be installed at system high points to vent air
when the system is filled. Automatic vents should be provided with an isolation
valve to enable replacement. Vent blowoff lines should be piped down to the closest
waste drain. Air, in horizontal mains, can generally be kept out of the branch piping
when the branch connections are in the bottom 90° arc of the main. A branch pipe
with vertical downflow that connects to the bottom of a main can accumulate pipe
sale and similar debris. Dirt legs, such as for steam drips, or strainers may be useful
in these branches, especially for 2-in (51-mm) and smaller piping. Air in vertical
piping will flow down with the water at 2 ft/s (0.6 m/s) or greater water velocity.

7.1.7.3 System Isolation

All equipment requiring maintenance and branch piping should be provided with
manual isolation valves. Chain-wheel operators are recommended for frequently
used valves located out of the operator’s reach. Drain connections should be pro-
vided at low points to allow partial system drainage of isolated sections.

7.1.7.4 Coil Control

The coil capacity or degree to which an airstream is cooled or dehumidified as it
passes through a chilled-water coil is generally controlled by varying the quantity
of water flowing through the coil. (Capacity can also be controlled by varying the
water temperature or by varying a portion of air which bypasses the coil and re-
mixing it with the portion passed through the coil.) Ideally the control valve will
vary the water flow continuously and uniformly as the valve strokes from full open
to full closed; that is, 10 percent of stroke should cause a 10 percent change in
flow. However, if a line-size butterfly valve is installed, it might pass 80 percent of
full flow when only 20 percent open, which means the valve is trying to control 0
to 100 percent flow while O to 25 percent “open.” The flow tends to be unstable
in these situations, especially at low flow where the valve is apt to wire-draw,
chapter, and hunt. Valve size is very important. In the interest of satisfactory control
stability, the valves are frequently less than line size because the pressure loss
through the fully open valve should be at least 33 percent of the total pressure loss
of the circuit being controlled. For example, if the total coil circuit loss is 7 1b/in?
(48 kPa), a valve sized for a drop of 3 to 5 Ib/in? (21 to 34 kPa) would be
satisfactory. Strainers are recommended upstream of control valves and any other
piping elements which require protection against pipe scale and debris within the
system.
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7.1.8 SYSTEM MONITORING

Pressure gauges permanently installed in a system deteriorate over time from con-
stant vibration. Gauges should be installed only at points requiring periodic mon-
itoring. At points where infrequent indication is required, gauge cocks should be
installed with a set of spare gauges provided to the operator. Thermometers are
recommended at all terminal units and chillers.

For additional explanation and considerations for the design of a chilled-water
system, see Ref. 2.

7.1.9 BRINE

The term “water” is used throughout this chapter for convenience, whereas it could
be plain water or a brine. The term “‘brine” includes a water/glycol solution, a
proprietary heat-transfer liquid, water and calcium or sodium chloride solution, or
a refrigerant. The best choice of brine will depend on the parameters of the system,
but plain water or a water/glycol solution is the overwhelming choice for comfort
air-conditioning chilled-water systems. Propylene glycol is the least toxic of the
glycols and should be used if there is any possibility (e.g., piping leaks) of contact
with a food or beverages.

7.1.9.2 Where Used

An antifreeze must be added to the water, or a nonfreezing liquid must be used,
whenever any portion of the water is subject to less than 33°F (0.6°C). Be sure to
check the temperature of the refrigerant, or cooling medium, in the chiller. If it
operates below 33°F (0.6°C), freeze protection is needed. In systems where the
refrigerant is only a few degrees below 33°F (0.6°C), chiller freezeup can be pre-
cluded by maintaining chilled-water flow through the chiller for some period after
the chiller has been shut off. This water flow will “boil” the refrigerant remaining
in the evaporator.

7.1.9.2 Design Considerations

Adding an antifreeze to water will generally reduce the specific heat and conduc-
tivity and increase the viscosity of the solution. These, in turn, generally necessitate
increased heat-transfer surface in the chiller and cooling coils, increased chilled-
water flow, and increased pump head. See Fig. 7.1.6. For example suppose a plain
water system involves 8 inch (20.3 cm) pipe, 1000 gal/min (63.1 L/s), 50 Ib/in?
(345-kPa) pressure drop for pipe friction, and 29 hp (21.6 kW) to overcome pipe
friction. Then

 If 10% glycol is added,, the parameters become 1010 gal/min 63.7 L/s), 53 1b/
in? (365 kPa), and 31 hp (23.1 kW).

* If 40% glycol is added the parameters become 1150 gal/min (72.6 L/s), 75 1b/
in? 516 kPa), and 53 hp (39.5 kW).
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FIGURE 7.1.7 Freezing points of aqueous ethylene glycol solutions. (From Union Carbide
Corp., Ethylene Glycol Product Information Bulletin, Document F-49193 10/83-2M.)

The piping size and solution temperature rise are assumed the same in the plain
water and glycol systems.

The curves drawn in Fig. 7.1.8 show how the pressure loss caused by pipe
friction is affected by the solution temperature and ethylene glycol concentration
for various pipe inside diameters. Note that the curves are specific for a solution
velocity of 6 pfs (1.83 m/c) because this was used in the formula to determine
Reynold’s Number which in turn was used to establish the curves.
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The freezing point of aqueous glycol solutions can be found from charts similar
to Fig. 7.1.7. Note that 40% glycol is needed to lower the freezing point to —10°F
(—23°C). By definition, the freezing point is that at which the first ice crystal forms.
Chilled-water piping has been protected from freeze damage with as little as 10%
or even 5% glycol in 0°F (—18°C) weather. This is referred to as ‘‘burst protection.”
Ice crystals may form at 25 to 29°F (—4 to —2°C) in the 10% or 5% water/glycol
solution, but the solution merely forms a slush and does not freeze solid. The slush
must be permitted to expand. If it is trapped between shutoff valves, check valves,
automatic valves, etc., pipe rupture may occur. The slush must be permitted to melt
before the chilled-water pumps are started.

Automotive antifreeze solutions should not be used. The corrosion inhibitors
added to automotive antifreeze solutions are specifically made for the materials
encountered in an automobile engine. Automotive antifreeze is not meant for long
life, whereas industrial heat-transfer fluids may last 15 years with proper care.

A chemical analysis of the makeup water must be checked for compatibility
with the proposed chiller, pump, piping, and coil materials, chemical treatment,
antifreeze, corrosion inhibitors, etc., to preclude the formation of scale, sludge, and
corrosion. The water should be checked regularly for depletion of any components.

7.1.10 STRATIFIED CHILLED-WATER
STORAGE SYSTEM

The chilled-water storage system is a conventional chilled-water system with the
addition of a thermally insulated storage tank. Figure 7.1.9 shows a typical chilled-
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water storage arrangement. During the daily cooling cycle, the chillers operate to
maintain cooling until the load exceeds the capacity of the system. At that point,
the chillers and tank work in conjunction to handle the peak demand. As the load
falls below the chiller’s capacity, the chillers continue to operate to recharge the
tank for the next day’s demand.

The advantage of this arrangement is that a portion of the equipment required
for a conventional system to handle peak loss can be replaced by a less expensive
storage tank. In addition, the owner’s electric power rates are reduced since the
tank has shaved the monthly peak power demand.

The system is classified as a stratified storage system because warm water and
cold water within the storage tank remain separated by stratification. During op-
eration, as a portion of chilled water is removed from the tank bottom for cooling,
the identical portion of warm return water is discharged back into the tank at the
top. A thermal boundary forms with the warmer, less dense water stratifying at the
top and the denser, colder water remaining below. During periods of reduced load,
the tank is recharged by removing the warm stratified water from the tank top,
chilling it, and returning it to the tank bottom. During a daily cycle, the thermal
boundary moves up and down within the tank, but the total water quantity remains
unchanged.

7.1.10.1 Load Profile

Figure 7.1.10 shows a typical building cooling load profile utilized for storage
applications. Curve ABCDE represents the cooling load profile during the day. Point
C represents the maximum instantaneous peak. line FG represents the installed
chiller capacity. The area within ABDE represents the portion of cooling provided
by the chillers, and area BCD represents the portion of cooling provided by the
tank. The remaining areas, FBA and DGE, represent the chiller capacity available
to recharge the tank. For storage applications, units of ton-hours (kWh) are used
to determine the cooling load and storage requirements of the system.
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FIGURE 7.1.10 Cooling-load profile. See text explanation of letter symbols.
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7.1.10.2 Where Used

Chilled-water storage systems generally become economical in systems in excess
of 400 tons (1407 kW) of refrigeration. In all cases, the economics of the instal-
lation should be the deciding factor for choosing a storage system.

7.1.10.3 Design Considerations

The design engineer must analyze the operating parameters of the facility in order
to accurately predict the load-cycle hours for a given day. The number of hours
required for cooling and available for tank regeneration must be determined. Once
established, the daily cooling load can be calculated. If available, a computer
cooling-load program capable of providing an hour-by-hour analysis is recom-
mended for predicting the cooling load profile. Example 7.1.1 demonstrates the
method for creating a load profile diagram and determining the refrigeration and
tank capacity for a storage installation.

EXAMPLE 7.1.1
FIND: (1) Total refrigeration load
(2) Tank capacity
GIVEN: Cooling period, 8 a.m. to 8 p.m. (12 h)
Regeneration period, 8 p.m. to 8 am. (12 h)
Note: Hourly loads provided are not from Fig. 7.1.10 load profile

Daily cooling load, hour-by-hour analysis

Time Total load

8 am. 30,084 MBtu (7.58 X< 109 kcal)
9 36,972 (9.31 X 10%
10 45,144 (1.14 x 107)

11 59,268 (1.49 x 107)

12 72,168 (1.82 X 107)

1 pm. 80,952 (2.04 x 107)

2 82,212 (2.07 X 107)

3 83,100 (2.09 x 107)

4 85,392 (2.15 x 107)

5 85,320 (2.15 x 107

6 83,436 (2.10 X 107)

7 81,900 (2.06 X 107)
Total 825,948 MBtu (2.08 X 108 kcal)

Total daily load (ton/h)

= 825,948 MBtu/[12 MBtu/(ton - h)]
68,829 ton/h

(2.08 % 10°® kcal/3022 kcal/ton - h)
= (68,829 ton/h)

Solution (1) Total Chiller Capacity
68,829 ton/h/24 hr = 2868 tons
(Select two 1500-ton chillers)
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(2) Storage Tank Capacity
68,829 ton/h — (3000 ton X 12 h)
= 32,829 ton/h

Based on 20°F temp. diff (11.1 K)
(7.48 gal/ft® (32,829 ton/h) [12,000 Btu/(h - ton)]
(62.4 1b/ft*) (20°F) [1.0 Btu/(Ib - °F)]

(1000 L/m?) (32,829 ton/h) [3022 kcal/ton - h)]
< (1000 kg/m?) (11.1K) [0.998 kcal/(kg - K)] )

capacity = 2,361,162 gal (8,955,680 L)

Increasing tank volume 20% for mixed zone and internal piping:
Total Capacity = 2,833,395 gal (10,746,817 L

7.1.10.4 Design Temperatures

As previously described for the conventional chilled-water system, the design tem-
peratures of the system must be established. Temperature differentials for storage
applications typically range from 16 to 22°F (—10 to —6°C). A higher temperature
differential is preferred since it will reduce the size of the tank and system flows.
Before the design temperatures are finalized, the terminal unit coils must be checked
to ensure that they can be sized for proper operation. High differential temperature
can result in low water velocities within the coil tubes, which may lead to poor
part-load performance. Tube water velocities between 2 and 5 ft/s (0.6 and 1.5 m
/s) are preferred for efficient heat transfer.

7.1.10.5 Tank Sizing

After the design temperatures have been established, the storage tank capacity can
be determined. The capacity previously calculated in ton-hours can be converted to
gallons, as illustrated in Example 7.1.1. the tank sizing must also allow both for
unused space due to piping and related apparatus and for the mixed thermal bound-
ary between warm and cold fluids.

7.1.10.6 Installation Considerations

Tank. Tanks for storage applications are field-fabricated of steel or concrete. Steel
is generally preferred over concrete for stratified storage because steel readily ab-
sorbs and rejects the changes in water temperature without disturbing the thermal
boundary. For example when a concrete tank is recharged, the rising chilled water
is warmed by the heat stored in the concrete.

The tank should have a roof, to keep out unwanted debris. The exterior of the
tank must be insulated; spray foam or rigid board insulation is used for this type
of installation. The tank should be equipped with provisions for access, filling and
draining, venting, and overflow, with associated controls for temperature and level
monitoring.
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Diffuser. The size, number, and orientation of the diffusers within the tank depend
on the design parameters of the system. The intent of the diffusers is to allow
removal and replacement of the tank water without disrupting the stratified thermal
boundary. The tank should be installed in parallel with the chillers. This arrange-
ment will result in two diffusers one at the top and one at the bottom of the tank.

Radial-type diffusers have been used with success for cylindrically shaped tanks.
The diffuser consists of two steel plates with the inlet pipe located at the center.
As the water enters the diffuser, the flow is distributed in all directions toward the
outside wall. The diffuser should be designed for low outlet velocity. This is de-
termined by designing for a Froude number of 1 or below. Example 7.1.2 dem-
onstrates the method for sizing a radial diffuser.

EXAMPLE 7.1.2
FIND: Radial diffuser height between plates
GIVEN: Maximum flow = 3500 gal/min (220 L/s)
Diffuser diameter = 10 ft (3.048 m)
Water temperatures = 44°F (6.6°C), 65°F (17.7°C)
Solution The Froude number is dimensionless and defined by the following equa-
tion:

Qo

Vg(Aplp)h
where F = Froude number = 1

QO = outlet/inlet flow ratio, defined as ft*/s (m?/s) flow divided by outlet

perimeter in ft (m)
g = gravitational effect, ft/s? (m/s?)
p = water density, Ib/ft® (kg/m®)
Ap = difference in water density between inlet and outlet, 1b/ft> (kg/m?)
h = distance between plates, ft (m)

3500 gal/min
_ 7.48 (gal - min)/ft® X (60 s/min) X 10 ft X 3.14

V/32.2[(62.40 — 62.31)/62.4011*

1

or
220 L/s

_ 1000 L/m® X 3.048 m X 3.14
V9.8 m/s?[(999.7 — 998.3)/999.71h3

Solving for & gives 1.13 ft (0.34 m).

Temperature Monitoring. The tank should be equipped with temperature controls
to monitor the temperature gradient within the tank. Thermocouples are typically
used and installed vertically along the tank wall. The spacing should be adequate
to identify the location of the thermal layer at all times. Generally, spacing of 1 to
2 ft (0.3 to 0.6 m) should be adequate. However, judgment is required depending
on the tank’s dimension.
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7.2.1 SINGLE-ZONE CONSTANT-
VOLUME SYSTEM

The single-zone constant-volume system is the basic all-air system used in a
temperature-controlled area (Fig. 7.2.1). This system will maintain comfort condi-
tions in an area where the heating or cooling load is fairly uniform throughout the
space.

The method of controlling the temperature in the area can vary based on the
functions performed in the space. The basic general-use area will require only
modulating the cooling or heating medium at the air-handling equipment to main-
tain desired space conditions. Areas requiring a closer temperature-humidity control
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FIGURE 7.2.1 Single-zone system.
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will need a unit that can cool and reheat at the same time, to maintain a close
temperature range.

7.2.1.1 Central Equipment

A single-zone unit, shown in Fig. 7.2.1, consists of a supply fan, cooling coil,
heating coil, filter section, and return-air/outdoor-air mixing plenum.

The combination of these components in the unit provides a system that can
maintain a basic temperature-controlled environment with a change in either heating
or cooling loads.

Variations and additions to these components can provide a system that can
maintain a closely controlled temperature and humidity environment throughout the
year. With the addition of a return-air fan to systems having long return air ducts,
outdoor air can provide the required cooling medium during certain periods of the
year. Adding a humidifier to the unit provides means to control and maintain a
precise level of humidity to match the area function.

7.2.1.2 Ductwork System

The layout of the single supply duct to the conditioned space should be routed with
a minimum of abrupt directional and size configuration changes.

The supply ductwork should be sized by using the static regain method to assist
in a balanced air distribution in the duct system. The branch or zone mains should
be provided with a balancing damper at the point of connection to the supply main.
This will enable fine adjustments to be made to the air distribution system within
the zone.

The supply air terminals in the space should be selected, sized, and located to
provide even distribution throughout the space without creating drafts or excessive
noise. Each terminal should have a volume damper to permit individual air balanc-
ing.

The return-air ductwork should be sized by using the equal-friction method from
the space return registers back to the central equipment. The same ductwork con-
figuration considerations and accessories should be used in laying out the return
ductwork as listed for the supply duct system.

The location of the central equipment relative to the conditioned space should
be considered when one is evaluating the need for acoustically lined ductwork or
sound traps at the central equipment, to prevent transmission of noise through the
duct system to the space.

7.2.1.3 Applications

The single-zone systems are generally used for small offices, classrooms, and stores.
The single-package type of individual air-handling unit, complete with refrigeration
and heating capabilities, can be roof-mounted or located in a mechanical space
adjacent to or remote from the conditioned space.
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7.2.2 SINGLE-ZONE CONSTANT-VOLUME
SYSTEM WITH REHEAT

A single-zone constant-volume system with reheat has the same equipment and
operating characteristics as the single-zone system, but has the advantage of being
able to control temperatures in a number of zones with varying load conditions.
See Fig. 7.2.2.

Areas made up of zones with varying loads can be supplied by a single supply
air system of constant volume and temperature. The air quantity and air temperature
are based on the maximum load and comfort conditions established for the area.
The individual rooms or zones within the area can be temperature-controlled with
the addition of a reheat coil to the branch supply duct.

7.2.2.1 Central Equipment

The same equipment as described for the single-zone constant-volume system is
used, except for the addition of reheat coils in the branch ducts serving zones with
changing heating and cooling loads.

The heating coil can be electric, hot water, or steam. A space thermostat mod-
ulates the reheat coil to maintain the desired space temperature.

7.2.2.2 Ductwork System

The ductwork for the constant-volume system with reheat requires the same con-
siderations as listed for the single-zone constant-volume system.

The addition of a reheat coil will require ductwork enlargement transition before
the coil and a reducing fitting after the coil, to ensure proper air flow over the entire

REHEAT COILS
CONTROLED BY
SPACE THERMOSTAT

MIXED-AIR THERMOSTAT,
CONTROLS DAMPER
AND/OR COILS

— X
//_ @ sence
et ey

()J_I _4{—’ =

!
| PA
LAY T -@ spPace
NN COOLING COIL
HEATING COIL

—%;SPACE

\/\<‘i\/

FIGURE 7.2.2 Reheat system.
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face area of the coil. Access doors should be provided in the ductwork on the
entering and leaving sides of the coil for cleaning and inspection.

7.2.2.3 Applications

The single-zone system with reheat coils is used for small commercial facilities
which may be divided into a number of areas and/or offices with varying internal
and perimeter loads. These systems, which use reheat to maintain comfort, should
be provided with controls to automatically reset the system cold-air supply to the
highest temperature level that will satisfy the zone requiring the coolest air.

The leaving air temperature of a reheat coil depends on several factors:

¢ The design space heating temperature

* Whether there is a supplementary heating system along the exterior perimeter of
the building (such as fin pipe convectors, fan coil units, etc.) for the zone served
by the reheat coil

* Whether there is a space equipment cooling load during the heating season

For instance, one of the following conditions can determine the leaving air tem-
perature of a reheat coil:

e Condition 1: When the space or zone does not have an exterior exposure or has
a supplementary perimeter heating system and there is no equipment cooling load
during the heating season, the reheat coil leaving air temperature should nearly
equal the space design temperature.

Condition 2: When the space or zone has an exterior exposure without a supple-
mentary perimeter heating system and there is no equipment cooling load during
the heating season, the reheat coil leaving air temperature should equal the space
design temperature plus the temperature difference calculated to offset the space
or zone heating loss from the exterior exposure. '

Condition 3: The space or zone is the same as for condition 1 except there is an
equipment cooling load requirement during the heating season. Then the reheat
coil leaving air temperature should be equal to the space design temperature
minus the temperature difference calculated to offset the space equipment cooling
load.

Condition 4: The space or zone is the same as for condition 2 except there is an
equipment cooling load requirement during the heating season. Then the reheat
coil leaving air temperature should be equal to the space design temperature plus
the temperature difference calculated to offset the space or zone heat loss from
the exterior exposure minus the temperature difference calculated to offset the
space equipment cooling load.

L ]

7.2.3 MULTIZONE SYSTEM

This type of system (Fig. 7.2.3) is used when the area being served is made up of
rooms or zones with varying loads. Each room or zone is supplied by means of a
single duct from a common central air-handling unit.

The central air-handling unit consists of a hot-air plenum and cold-air plenum
with individual modulating zone dampers mixing hot and cold air streams and
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FIGURE 7.2.3 Multizone system.

supplying the mixture through a dedicated duct to the space. A thermostat located
in the occupied space modulates the zone dampers at the unit to achieve the desired
temperature conditions.

7.2.3.1 Central Equipment

The multizone unit shown in Fig. 7.2.3 may be a factory-assembled package unit
consisting of a mixing plenum, filter section, supply fan, heating coil, cooling coil
and damper assemblies on the discharge side of coils. A humidifier can be added
to the unit to maintain a winter humidity level.

7.2.3.2 Ductwork System

The supply ductwork for the multizone system originates at the central unit dam-
pered discharge outlet from the hot and cold deck. Each zone will be supplied by
a single duct with a number of supply air terminals. The supply ductwork should
be sized by using the static region method, to assist in a balanced air distribution
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in the duct system. Branch duct takeoffs from the duct mains should be provided
with balancing dampers to permit fine adjustments to the air distribution system
within the individual zones.

The supply air terminals in the space should be selected, sized, and located to
provide even distribution throughout the zones without creating drafts or excessive
noise. The supply air terminal should be provided with a volume damper to balance
air quantities at the individual outlets.

The return-air ductwork should be sized by using the equal-friction method from
the space return registers back to the central equipment. The same ductwork con-
figuration considerations and accessories shall be used in laying out the return duct
as was used in designing the supply duct system.

The location of the central equipment relative to the conditioned space should
be considered when one is evaluating the need for acoustically lined ductwork or
sound traps at the central equipment, to prevent transmission of noise through the
duct system to the space.

7.2.3.3 Application

The multizone type of system is considered for office buildings, schools, or build-
ings with a number of floors and interior zones with varying loads.

The multizone system and dual-duct system, to an extent, will give similar per-
formances inasmuch as the dual-duct system is sometimes described merely as a
multizone system with extended hot and cold decks. However, the following real
differences do exist:

* Packaged multizone air handlers are available with up to 14 zones whereas dual-
duct systems have virtually no limit as to zones.

* Building configuration may be better suited to the numerous small ducts from a
multizone system than to the two large ducts off a dual-duct air handler.

* The small zone off a multizone which also has large zones will have erratic air
flow when the large zone dampers are modulating. The pressure-independent
mixing boxes of a dual-duct system preclude this.

* The damper leakage at “‘economy” multizone units can be excessive, especially
when maintenance is poor.

It is undoubtedly more costly and cumbersome to add a zone to an existing
multizone system than to use a dual-duct system.

Packaged multizone systems are suitable for small systems and as such may
include direct expansion cooling and gas-fired heating equipment. The step ca-
pacity control included with this equipment can result in noticeable cycling of
space temperatures. The larger cooling and heating equipment generally accom-
panying dual-duct systems includes modulating capacity controls, and this pre-
cludes the space temperature cycling.

¢ The air in the short hot and cold plenums of multizone units can experience the
same temperature gradient as that of a heating coil which has a “hot end,” es-
pecially during low loads (and similarly for cooling coils). This temperature gra-
dient can result in improper hot (or cold) air entering the zone duct. The long
hot and cold ducts of the dual-duct system permit thorough mixing of air off the
coils and eliminate the gradient.
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7.2.4 INDUCTION UNIT SYSTEM

The induction unit system is used for the perimeter rooms in multistory buildings
such as office buildings, hotels, hospital patient rooms, and apartments. See Fig.
7.2.4.

The system consists of a central air-handling unit which supplies primary air,
heated or cooled to offset the building transmission loss or gain; a high-velocity
duct system for conveying the primary air to the induction units; an induction unit
with a coil for each room or office; and a secondary water system, which is supplied
from central equipment. The secondary water system is heated or cooled depending
on the time of year and the requirements of the space being served.

A constant volume of primary air is supplied from the central air-handling unit
through a high-pressure duct system to induction units located in the rooms. The
air is introduced to the room through the high-pressure nozzles located within the
unit that cause the room air to be drawn over the unit coil. The induced air is heated
or cooled depending on the secondary water temperature and is discharged into the
room.
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7.2.4.1 Central Equipment

The primary air supply unit for the induction system generally includes a filter,
humidifier, cooling coil, heating coil, and fan. A preheat coil is also included when
the unit handles large quantities of outdoor air which is less than 32°F (0°C). The
heating coil may be in the form of zone reheat coils when the unit supplies induc-
tion units on more than one exposure (north, east, south, or west).

The supply fan is a high-static unit sized to provide the primary air requirements
for each induction unit. The chilled water or refrigerant cooling coil dehumidifies
and cools the primary air during the summer months. Primary air is supplied at a
constant rate to the induction units and is generally 40 to 50°F (4 to 10°C) year-
round. The final room temperature is maintained by the secondary coil.

7.2.4.2 Ductwork System

The air supply to the induction units originates from a central air-handling unit.
The supply header ductwork should be routed around the perimeter of the building,
with individual risers routed up through the floors supplying primary air to the
induction units.

Limited available duct space frequently dictates that velocities in the risers be
maintained at 4000 to 5000 ft/min (20 to 26 m/s). Rigid spiral ductwork is used,
with elbows and takeoffs being of welded construction. Close attention must be
paid to prevent noisy air leakage in the duct system.

A sound-absorbing section of ductwork should be provided at the discharge of
the central air handler to absorb noise generated by the high-pressure fan.

The supply header and risers should be thermally insulated to prevent heat gain
and sweating during summer operation and heat loss during winter operation.

The supply ductwork system should be sized by using the static regain method.

7.24.3 Application

The induction unit system is well suited to the multistory, multiroom buildings with
perimeter rooms that require individual temperature selection.

The benefits in using the induction system in these types of buildings is in the
reduced amount of space required for air distribution and equipment. The secondary
coil in the induction unit is frequently connected to a two-pipe dual-temperature
system which provides the coil with hot water during the winter and chilled water
during the remaining seasons. The thermostat modulates water flow and therefore
varies the temperature of the delivered or mixed air to compensate for the room
heat loss or heat gain.*

7.2.5 VARIABLE-AIR-VOLUME SYSTEM

This system is used primarily when a cooling load exists throughout the year, such
as the interior zone of office buildings. This air supply system uses varying amounts

*For more details see 1987 ASHRAE Handbook, HVAS Systems and Applications, American Society of
Heating, Refrigeration, and Air-Conditioning Engineers, Atlanta, GA, 1984.
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FIGURE 7.2.5 Variable-volume system.

of constant-temperature air induced to a space to offset cooling loads and to main-
tain comfort conditions. The system operates equally well at exterior zones during
the cooling season, but during the heating season supplementary equipment such
as reheat coils, finned radiation, etc., must be provided at all spaces with an exterior
exposure. When a reheat coil is added to a variable-air-volume (VAV) box, the
temperature controls should reduce air flow to the minimum acceptable level for
room air motion and makeup air and then activate the reheat coil.

The system typically consists of a central air-handling unit with heating and
cooling coil, single-duct supply system, VAV box, supply duct with air diffuser,
return air duct, and return air fan.

Constant-temperature air is provided from the central air-handling unit through
a single-supply air duct to the individual VAV box which regulates supply air to
zone to offset cooling load requirements.

7.25.1 Central Equipment

The air supply unit consists of a supply fan with variable inlet vanes, variable speed
control or discharge dampers, cooling coils using refrigerant or chilled water, filters,
heating coil using steam or hot water for morning warmup, return air fan which is
modulated through controls to match supply fan demands, and mixed air plenum
to provide outdoor air requirements to the system.
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The supply fan should be selected for the calculated load and system static
pressure. During system operation, the supply air demand varies with space load
requirements. To meet this demand, the supply and return fans’ discharge air quan-
tities must be modulated in unison with variable inlet vanes, variable speed control,
or discharge dampers.

The cooling coil, being either a direct-expansion or chilled-water type, auto-
matically controls the discharge air temperature for the unit. During the winter
cycle, the mixed air damper and return air damper are modulated to maintain the
discharge air temperature.

The following items may need special consideration when VAV systems are
designed:

Minimum Outdoor Air. The outdoor air drawn into a building will tend to reduce
as the supply fan volume reduces. This can become detrimental when the supply
fan has a large turndown from its maximum flow and/or when the VAV system
provides makeup air for constant-flow exhaust systems. The minimum outdoor air
can be maintained by providing a short duct with a flow sensor downstream of the
minimum outdoor air damper. The flow sensor modulates the outdoor and return
air dampers to maintain the required minimum.

Building Static Pressure. It is important that return fan volume be properly re-
duced when the supply fan volume reduces. The return should reduce at a greater
rate so as to leave a fixed flow rate for the constant-flow exhaust systems and
building pressurization. Flow sensors at the supply and return fans can monitor and
maintain a constant difference between supply and return air by modulating the
return air and exhaust air flow.

Room Air Motion. Select air diffusion devices for proper performance at mini-
mum as well as maximum flow to preclude “dumping” of air.

Building Heating. Calculations frequently show that the internal heat gain (lights,
equipment, people) during occupied hours of basement, interior, and sometimes
perimeter spaces is more than sufficient to keep these spaces warm. So it may
appear that a “mechanical’’ heat source is not required. But these heat gains might
not exist during unoccupied nights, weekends, and shutdown periods, and the spaces
will cool down even when the only exposure is a well-insulated wall or roof. The
central equipment of VAV systems is sometimes designed without heating coils and
in itself cannot heat the building (it “‘heats” by providing less cooling). Unit heaters,
radiation elements, convectors, or heating coils including controls coordinated with
the VAV system at zero outdoor air are required for a timely morning warmup and
heat when the space is unoccupied.

Calculations for winter usually show a need for heat at perimeter spaces. If the
VAV boxes have “stops” for minimum air supply, there must be sufficient heat to
warm this minimum air [usually 55 to 60°F (13 to 15°C)] in addition to that required
for transmission losses.

7.25.2 Ductwork System

The supply air mains and branch ducts can be sized for either low or high velocity
depending on the space available in the ceiling. A low-velocity design will result
in lower operating costs.
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Supply ducts should have pressure relief doors, or be constructed to withstand
full fan pressure in the event of a static pressure-regulator failure concurrent with
closed VAV boxes.

7.25.3 Application

The variable-air-volume system is considered for a building with a large interior
zone requiring cooling all year. The varying amounts of cool air match the varying
internal loads as people and lighting loads change throughout the day and night.
When used in conjunction with perimeter heating systems, the VAV system can be
used for the perimeter zone of a building also. These conditions describe the typical
operations of office buildings, schools, and department stores which are the prime
users of this type of system.

7.2.6 DUAL-DUCT SYSTEM

This type of system is used when the area served is made up of rooms or zones
with varying loads with the entire area being supplied from a central air-handling
unit. See Fig. 7.2.6. The central unit supplies both cold and hot air through separate
duct mains to a mixing box at each zone. The zone box controlled by the space
thermostat mixes the two air streams to control the temperature conditions within
the zone.

7.2.6.1 Central Equipment

The dual-duct unit may be a factory-assembled packaged unit consisting of a mixing
plenum, filter section, supply fan, heating coil, cooling coil, and discharge plenums.
A humidifier can be added to maintain winter humidity level.

7.2.6.2 Ductwork System

The hot and cold supply ductwork headers originate at the unit discharges and run
parallel throughout the building, connecting to the individual mixing boxes which
supply the zone ductwork.

The cold duct header is sized to carry the peak air volumes of all zones. The
hot duct header is sized to carry a certain percentage of the cold air, usually 70
percent.

The zone mixing box responds to a space thermostat and modulates and mixes
quantities of cold and hot air and delivers a constant volume of air to the space to
maintain desired temperature levels. The size of the mixing box is based on the
peak air volume of the zone or room.

The mixed air from the mixing box is discharged through a single duct termi-
nating with a number of supply air diffusers, chosen and sized to provide even
distribution throughout the zone.

Supply ductwork may be sized by the static regain or equal-friction method
with aerodynamically smooth fittings and velocities not exceeding 3000 ft/min
(15 m/s).
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FIGURE 7.2.6 Constant-volume dual-duct system.

The return-air ductwork is often sized by the equal-friction method, but it does
not exceed 1500 ft/min (7.6 m/s). The routing and configuration of the supply
headers must satisfy the space limitations in ceiling and shaft areas. Access and
space requirements for the mixing box should also be considered when the routing
of the duct system is laid out.

The location of the central equipment relative to the conditioned space should
be considered when deciding the need for acoustically lined ductwork or sound
traps at the central equipment, to prevent transmission of noise through the duct
system to the space.

7.2.6.3 Application

The dual-duct type system is considered for office buildings, schools, or buildings
with a number of floors and zones with varying loads. Generally, however, this
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system has been “replaced” by the VAV system because of higher operating and
first costs and increased duct space requirements.

7.2.7 BIBLIOGRAPHY

The American Society of Heating, Refrigeration and Air-Conditioning Engineers, Inc. 1992.
ASHRAE Handbook, HVAC Systems and Equipment, ASHRAE, Atlanta, GA Chap-
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CHAPTER 7.3
DIRECT EXPANSION SYSTEMS

Simo Milosevic, P.E.
Project Engineer, Mechanical Engineering,
Giffels Associates, Inc., Southfield, Michigan

7.3.1 SYSTEM DESCRIPTION

To air-condition the interior space of a building, recirculating and makeup air is
commonly cooled and simultaneously dehumidified while passing across a cooling
coil. This coil could be a direct expansion (DX) type.

DX refrigeration utilizes refrigerant (working fluid of the cycle) fluid tempera-
ture, pressure, and latent heat of vaporization to cool the air. To evaporate liquid
refrigerant to a vapor, the latent heat of vaporization has to be applied to the liquid.
The quantity of heat necessary to evaporate 1 1b (0.45 kg) of liquid refrigerant
varies with the thermal characteristics of different refrigerants. The boiling point of
an ideal refrigerant has to be below the supply air temperature and above 32°F
(0°C), so as to not freeze the moisture condensed from the building supply air. Most
refrigerants in use today have a relatively low boiling point and nonirritant, non-
toxic, nonexplosive, nonflammable, and noncorrosive characteristics for use in com-
mercially available piping materials.

Early air-conditioning and refrigeration systems used toxic and hazardous sub-
stances such as ether, chloroform, ammonia, carbon dioxide, sulfur dioxide, butane,
and propane as refrigerants. The most common refrigerants in use today are num-
bers 11, 12, 22, and 502 (for low-temperature applications such as food freezing).*
There is concern that these refrigerants may be damaging the earth’s ozone layer
and alternative refrigerants are being offered for use in new equipment. Refrigerant
22 is still in use, but efforts are underway to find a suitable replacement. Production
of refrigerant 11 and 12 is ending in 1995 and their replacement refrigerants are
R134a and R123, respectively. See also Chapter 6.1.

A simple refrigeration system is illustrated in Fig. 7.3.1. Basic elements of the
system are the expansion valve (pressure-reducing valve), evaporator (cooling coil
or DX coil), compressor, condenser, and interconnecting piping. The compressor
and expansion valve are points of the system at which the refrigerant pressure
changes. The compressor maintains a difference in pressure between the suction

*These refrigerants can be found on the market under the various trade names of Freon (registered
trademark of E. 1. du Pont de Nemours Co.), Genetron (registered trademark of Allied Chemical Corp.),
and Isotron (registered trademark of the Pennsalt Chemicals Corp.).

7.3.1
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and discharge sides of the system (between the DX coil and condenser), and the
expansion valve separates high- and low-pressure sides of the system. The function
of the expansion valve is to meter the refrigerant from the high-pressure side (where
it acts as a pressure-reducing valve) to the low-pressure side (where it undergoes a
phase change from a liquid to a vapor during the process of heat absorption).

The compressor draws vaporized refrigerant from the evaporator through a suc-
tion line A. In the compressor, the refrigerant pressure is raised from evaporation
temperature and pressure to a much higher discharge pressure and temperature. In
the discharge line B, refrigerant is still in the vapor state at high temperature, usually
between 105 and 115°F (40 and 46°C). A relatively warm cooling medium (water
or air) can be used to condense and subcool the hot vapor. In the condenser, heat
of vaporization and of compression is transferred from the hot refrigerant gas to
the cooling medium through the walls of the condenser heat-exchange surfaces
while the gas becomes liquefied at or below the corresponding compressor dis-
charge pressure C.
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The expansion valve separates the high-pressure or condenser side of the system
from the low-pressure or evaporator side. The purpose of the expansion valve is to
control the amount of liquid entering the evaporator such that there is a sufficient
amount to evaporate but not flood the evaporator D.

In the evaporator, liquid refrigerant is entirely vaporized by the heat of the
building supply air. Heat equivalent to the latent heat of vaporization has been
transferred from building air through the walls of the evaporator to the low-
temperature refrigerant. Thus the building supply air is cooled and dehumidified.
The boiling point (temperature of evaporation) at the evaporator pressure is usually
between 34 and 45°F (1 and 7°C) for refrigerants 11, 12, and 22 or their replace-
ments. It is even lower for refrigerant 502.

From the evaporator, vaporized refrigerant is drawn through suction piping to
the compressor, and the cycle is repeated.

All refrigerants have different physical and thermal characteristics. Depending
on the available condensing temperature, required evaporation temperature, and
cooling capacity, different refrigerants are used for different applications.

Figure 7.3.2 illustrates the theoretical refrigeration cycle (without pressure losses
in the system and without subcooling of the liquid or superheating of the vapor)
shown on a Mollier or pressure-enthalpy diagram.

7.3.2 EQUIPMENT

The purpose of this section is to describe the components of a DX refrigeration
system and their functions. In addition to the basic elements already mentioned
(compressor, condenser, expansion valve, evaporator, and refrigerant piping), the
typical refrigeration system incorporates other components or accessories for vari-
ous purposes. Figure 7.3.3 illustrates a simple DX refrigeration system with an air-
cooled condenser designed for operation in cold weather.

7.3.2.1 Compressor

This is a vapor-phase fluid pump which maintains a difference in refrigerant gas
pressure between the DX coil (low-pressure or suction side) and the condenser
(high-pressure or discharge side) of the system. Compressors can be categorized as
to construction, i.e., hermetic, semihermetic, and open (direct- or belt-driven). They
also can be categorized by the type of machine, i.e., reciprocating, centrifugal, and
screw. More about compressors can be found in Chaps. 6.2 to 6.5.

7.3.2.2 Condenser

This is a heat-exchange device where heat of vaporization and compression is trans-
ferred from hot refrigerant gas to the cooling medium in order to change the re-
frigerant from a superheated vapor to a liquid state and sometimes to subcool the
refrigerant. Condensers can be air-cooled, where outdoor air is used to condense
and subcool the refrigerant, or water-cooled, where city water or cooling tower
water is used as the cooling medium. Evaporative condensers use both water and
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FIGURE 7.3.2 Mollier diagram.

air to condense and subcool refrigerant: recirculating water is sprayed over tubes
containing hot refrigerant and is evaporated by moving outdoor air, thus removing
heat from the refrigerant.

Air-cooled condensers can be single- or multifan types. Axial fans are most
commonly used because axial fans economically handle large air volumes at low
static pressure. Centrifugal fans, which are capable of generating higher static pres-
sures, are used in certain applications.

Condensers can also be categorized as single- and multicircuit, according to
whether they are connected to one or multiple compressors.
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735

This is a throttling or metering device with a diaphragm operator. The space above
the diaphragm is connected to a remote sensor bulb with capillary tubing and filled
with the same refrigerant as is used in the system. The valve controls flow of fluid
refrigerant to maintain a set-point pressure in the evaporator.
The remote temperature-sensing bulb is normally strapped or soldered to the
suction line (leaving evaporator) for maximum surface contact. An increase in heat
load on the evaporator is sensed by the bulb, causing a corresponding increase in
vapor pressure within the bulb, capillary tube, and space above the diaphragm. This
pressure, transmitted by the diaphragm, moves the valve off its seat, to admit more
liquid refrigerant into the evaporator, for evaporation by the increased heat load.
When the cooling requirements are satisfied, the process reverses.
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7.3.2.4 Evaporator (DX Coil)

This is an extended-surface (finned tube) device where heat exchange occurs be-
tween building supply air and the liquid refrigerant in the coil tubes, causing the
refrigerant to vaporize.

DX coils are either dry or flooded (with refrigerant liquid). The coils can have
20 or more parallel circuits and are of one- or multirow construction.

7.3.25 Refrigerant Piping

Typically, Type L copper tubing is used for handling chlorinated fluorocarbon re-
frigerants, discussed earlier.

7.3.2.6 Hot-Gas Bypass Control

This control is a way to maintain a reasonably stable evaporator suction pressure
when a refrigeration system is operating at minimum load. Two hot-gas bypass
methods are in use today on direct expansion systems: hot-gas bypass to the evap-
orator inlet and to the suction line.

Hot-gas bypass to the evaporator inlet introduces compressor discharge vapor to
the DX coil after the expansion valve (see Fig. 7.3.3). This acts as an artificial heat
load on the DX coil and raises the temperature at the coil outlet. The remote bulb
of the expansion valve senses this temperature rise and opens the valve to increase
the flow of refrigerant through the coil, resulting in a rise of the suction pressure
and stabilization thereof.

The effectiveness of this method is a function of the distance between the (com-
pressor) and the DX coil. This method should not be used when the distance is
greater than 50 ft (15 m) for hermetic compressors (hot gas might start condensing,
resulting in oil “holdup” and compressor lubrication problems).

Hot-gas bypass to the suction line introduces hot vapor from the compressor
discharge to the inlet (suction) side of the compressor (see Fig. 7.3.4). This method
requires an additional liquid line solenoid valve and expansion valve. When low
suction pressure is sensed because of reduced heat load, hot gas is introduced to
the compressor inlet through the hot-gas bypass valve. This causes the supplemen-
tary expansion valve to open and to introduce liquid refrigerant into the hot gas.
The liquid refrigerant evaporates and increases compressor suction pressure to sta-
bilize operation.

Disadvantages of this method include the additional cost of expansion and so-
lenoid valves, oil trapping in the DX coil, and the possibility of liquid slugs entering
the compressor.

7.2.3.7 Suction and Hot-Gas Double Riser

This is a pipe assembly which promotes oil movement to the compressor on the
suction side and from the compressor on the hot-gas side. A double-riser arrange-
ment is used in a vertical piping layout when the compressor is below the condenser
and/or when the compressor is above the DX coil. Figure 7.3.3 illustrates the
double riser on the hot-gas side. A similar setup would be provided on the suction
side if the compressor were located above the DX coil.
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Operation at minimum compressor capacity (with the compressor unloaded or
one compressor running in multiple-compressor installations) reduces oil conveying
velocities in the system which causes compressor oil to fill the trap, thus direct-
ing gas flow to the smaller riser. This riser is sized to produce a velocity of 1000
ft/min (5 m/s) which is sufficient to convey oil upward for return to the compressor.
When full-load capacity is restored, pressure clears the trap and flow is established
through both risers. The larger riser is sized for velocities between 1000 and 4000
ft/min (5 and 20 m/s) at full compressor load.

The maximum vertical rise of a double riser should not exceed 25 ft (8 m). If
greater than 1 25-ft (8 m) rise is required, an intermediate trap should be incor-
porated every 25 ft (8 m) of rise (see Fig. 7.3.3).

7.3.2.8 Filter-Drier

This is usually installed in the liquid line to protect the expansion valve from dirt
or moisture that may freeze in the expansion valve and to protect motor windings
from moisture. The filter-drier core has an affinity for and retains water while
simultaneously removing foreign particles from the liquid refrigerant (see Fig.
7.3.3).

7.3.2.9 Condenser Pressure Control

This control is necessary with lower outdoor air temperatures when the air-cooled
condenser capacity increases and system load decreases, causing low condenser
pressure. This is controlled by modulating air flow through the condenser with an
outlet damper whose operator is driven by condensing pressure. In multifan con-
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densers, cycling of the fans by outdoor air temperature thermostat provides step
control of the air flow through the condenser. The last operating fan might have an
outlet damper operated by condensing pressure.

In water-cooled condensers, water flow is usually controlled by a flow-
modulating valve controlled by condensing pressure.

7.3.2.10 Hot-Gas Muffler

This muffler is usually installed on the discharge side of reciprocating compressors
with long piping systems. This reduces gas pulsation and noise produced by recip-
rocating equipment.

7.3.2.11 Solenoid Valves

These valves are electrically operated two-position valves. They permit isolation of
coil circuits to reduce the cooling produced and pumpdown of the low pressure
side for eventual compressor shutoff when heat load is zero.

7.3.2.12 Sight Glasses

These should be installed in every system in front of the expansion valve. The
operator can verify the flow of liquid and absence of gases or vapors upstream of
cooling coils.

7.3.2.13 Shutoff Valves

These valves are usually the capped, packed, angle type mounted directly on the
compressor or liquid receiver. The purpose of shutoff valves is to isolate portions
of the refrigeration circuit to enable maintenance or repair.

7.3.2.14 Charging Valve

This is the point at which refrigerant is introduced (charged) into the system. Nor-
mally the charging valve is installed in the liquid line after the condenser or after
the liquid receiver, if one is used.

7.3.2.15 Relief Valves and Fusible Plugs

These devices protect the refrigeration system from excessive pressure buildup. In
the case of fusible plug activation, all refrigerant charge is released when the plug
melts because of excessive temperature.

7.3.2.16 Check Valves

These are usually used in front of the liquid receiver and after the compressor, to
prevent vapor migration from the receiver to the condenser or liquid migration from
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the condenser to the discharge of the compressor, after the system shutdown. This
is especially important in systems where the receiver is located in a hot space or
the compressor is located in a space cooler than the condenser.

7.3.2.17 Strainers

These are installed in liquid lines to protect solenoid and expansion valves from
dirt.

7.3.2.18 Liquid Receiver

When condensers (evaporative, air-cooled) which inherently have a small refrigerant
storage volume are used and the system is sufficiently large, a liquid receiver is
installed after the condenser to collect and hold the system liquid refrigerant until
it is required by the peak load.

7.3.2.19 Pressure and Temperature Gauges

These are used to indicate suction and discharge compressor pressures and tem-
peratures, condenser water temperature, and compressor lubricating oil pressure.

7.3.3 APPLICATIONS

Direct expansion air-conditioning systems are available as window-type units with
capacities from less than % ton (1.8 kW) to large packaged or built-up units of
over 100 tons (352 kW) of refrigeration. They can be of self-contained construction
(rooftop) where all elements, including the controls, are built in one cabinet, or
they can be a split system where the condenser and compressor are iocated in one
cabinet outside the building (condensing unit) and the DX coil and expansion valve
are located inside the building in the air-handling unit. In the latter case, intercon-
necting refrigerant piping (liquid and suction lines) has to be field-installed and
-insulated.

Capacities of split and self-contained air-conditioning systems (excluding win-
dow air conditioners) normally start at 2 tons (7 kW) and for self-contained systems
range to 100 tons (352 kW), while split systems range to 120 tons (422 kW) of
refrigeration.

Split and self-contained DX systems are normally used in situations where in-
dividual temperature and humidity control is required for numerous small spaces
within a large building. Typical applications are apartment buildings, condomini-
ums, small shopping malls (strip stores), office buildings with multiple tenants,
medical buildings (doctors’ and dentists’ offices), and various departments within a
manufacturing building. These systems are also used in nonair-conditioned plants
where it is necessary to air-condition in-plant offices and spaces. In this case, pack-
aged systems are frequently located on the roof of the in-plant space with heat
rejection to plant space. These air-conditioning systems can be individually shut
off when not needed, thereby saving energy. Also the systems can be individually
metered to facilitate allocating the operating cost directly to the tenants or depart-
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ments. In case of failure in one system, only the space being served will be affected
whereas failure of a large, central built-up system would affect the entire building
or buildings.

Typical use of DX system air conditioning is found in churches and restaurants
where zoning of different spaces is important (different temperatures or times of
use of different spaces, such as bar, kitchen, dining area, recreation hall, and church
area).

The most common use of small DX systems is in residential spaces. Capacities
of these systems start at 2 tons (7 kW) of refrigeration, which is enough for a small
home. When two or more small DX systems are installed in larger homes, separate
zones with independent temperature control and operating periods are established,
e.g., sleeping areas which are cooled only at night, living quarters cooled only
during the day, rooms with west exposure cooled only in late afternoon or evening,
etc.

Special fields of use of DX cooling systems include computer rooms and ve-
hicles. Self-contained, water-cooled condenser units are often used for computer
rooms. They are normally designed for recirculation air only with bottom (under
floor) discharge and sized to handle large sensible loads. However, computer rooms
which have uniform heat release throughout the room can be conditioned by ceiling
air distribution systems. For transportation vehicles (subway cars, public buses, and
cars), modular systems with air-cooled condensers are used. All three major parts
of the system (condenser, evaporator, and compressor) are in different locations in
the vehicle and are connected with insulated piping.

Split systems are applicable as a retrofit or an option to standard air-handling
units. A typical case is a residential furnace where space for a future DX coil is
provided.

7.3.4 DESIGN CONSIDERATIONS

During initial design development, the designer must consider the type and function
of facility to be air-conditioned, cooling loads involved, building layout, provisions
for future expansions, and degree of required temperature and humidity control. If
the designer decides that a DX system is suitable for the project, the next steps
include evaluation of available condenser cooling media, type of system to be used,
and location of the condenser and air handler if the system is comprised of mul-
tipackage units.

The simplest approach is to provide an air-cooled, single-package, rooftop-
mounted air-conditioning unit. This system is completely self-contained including
controls, so that the designer has only to connect ductwork to the unit and to bring
in electric power and thermostat wiring. With restrictions on water use and the high
cost of water in many areas of the country, air-cooled condensers have long been
popular.

In general, air-cooled condensers have lower initial cost, they are lighter, main-
tenance is easier, and there is no liquid disposal problem, However, there are certain
disadvantages and design considerations that the designer has to recognize before
choosing a type of condenser. Air-cooled condensers require large amounts of rel-
atively cool air, which could be a problem, especially with an indoor location of
the condenser. Axial-flow fan condensers can be noisy. They require relatively clean
air (condenser plugging problem). Startup difficulties at low outdoor air tempera-
tures, capacity reduction on high outdoor temperatures, and operating problems at
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part load are common problems. Air-cooled condensers require locations free of
any obstructions on both inlet and outlet sides. Usually clearance of 1.5 times the
condenser height is required around the condenser. If a possibility of air short-
circuiting (recirculation of hot air) occurs, the designer should consider condenser
fan discharge stacks. Since the north side of the building is cooler and is in shade
for most of the day, the condenser should be located in this area, if possible.

When a system operates for a longer period on minimum load, the suction
pressure drops, as does the corresponding temperature. This can result in frost or
ice on the cooling coil, restricting air flow through it. Also reduced refrigerant flow
through the system may cause compressor lubrication problems and motor cooling
problems in hermetic compressors.

In general, capacity control in a reciprocating compressor DX system is a prob-
lem. Control is achieved in steps, either with multiple-compressor arrangements or
by compressor valve control (unloading compressor cylinders). In any case, this is
step (nor modulating) control, therefore, precise temperature control cannot be
expected from DX systems. For more precise capacity control, multispeed and
variable-speed motors are usually considered.

Temperature and humidity control can be achieved with parallel- and series-
arrangement DX coils. A parallel coil arrangement is less expensive and provides
better humidity control, but maintenance of constant leaving air temperature is
difficult. Therefore, parallel coil arrangements are not recommended for reheat air
distribution systems where a constant air temperature in front of reheat coils is
important. Coils arranged in series are usually split to carry half the capacity each
and are connected to separate compressors of the same capacity (two circuits). This
division is done so that the first coil has one-third of the total number of rows and
the second coil has the remaining two-thirds, because the first coil has greater air
temperature differences and still will carry one-half of the total cooling load. The
disadvantage in this arrangement is that one compressor (the one connected to the
upstream coil) is always leading on load demand and is therefore wearing faster.

Air velocity through the cooling coil is limited to 550 ft/min (2.8 m/s) maxi-
mum because of condensate moisture carryover from coil fins.

Part-load system operation can increase lubricating oil migration problems. On
long vertical piping runs, this is solved with double-riser piping arrangements, as
discussed earlier.

If a split system is selected, the designer must consider the distance between
the condensing unit and DX coil. This distance is limited to 50 ft (15 m) total
length of piping for hermetic compressors of 20 tons (70 kW) of refrigeration
capacity and under and to 150 ft (46 m) for semihermetic compressors with capacity
of over 20 tons (70 kW) of refrigeration.

When modular systems are used, compressor vibration and noise factors must
be recognized. These disadvantages can be mitigated by installing vibration isola-
tors under the compressor and by providing muffler and flexible connectors at the
compressor. Piping flexibility can be improved by using two or three 90° elbows
in the piping near the compressor.

If the air-conditioning unit is not easily accessible, remote panel indication of
air filter status, different pressures, and temperatures should be considered.

All equipment requiring maintenance should be provided with manual shutoff
valves.

Some municipalities require licensed operators for compressor motors above
certain sizes. This can be avoided by use of multiple compressors of smaller size.
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CHAPTER 8.1

AUTOMATIC TEMPERATURE,
PRESSURE, FLOW CONTROL
SYSTEMS

Edward B. Gut, P.E.
*Donald H. Spethman
Honeywell, Inc., Arlington Heights, Illinois

8.1.1 CONTROL BASICS

8.1.1.1 Control Systems

Elements of Control Systems. Control loops consist of several elements and are
used to match equipment capacity to load by changing system variables. Figure
8.1.1 is a block diagram of a control loop and shows the relation of the elements.

The controlled variable is the condition being controlled; for HVAC systems this
is typically temperature, humidity, or pressure. A sensor is the device that measures
a variable and transmits its value to the controller. The controller compares the
value of the variable with the set point or desired value, and outputs a signal based
on the difference between the variable and the set point.

The final control element responds to the controller signal and varies the ma-
nipulated variable. Control elements may be valves, dampers, electric relays, or
electronic motor speed controllers, and manipulated variables may be air, water,
steam, or electricity. The process plant is the equipment being controlled and whose
output is the controlled variable. It may be a coil, fan, steam generator, or heat
exchanger.

Types of Control Loops. There are two basic types of control loops, open loop
and closed loop. With open-loop control, the system sensor measures a variable
external to the system yet has some relation to the controlled variable. An example
is sensing outdoor temperature to control heat flow into a building to maintain
indoor temperature. Thus, a fixed relationship between outdoor temperature and
required heat input is assumed and the control system programmed accordingly.

*The parts of this chapter covering boilers, refrigeration, central plants and building management systems
were written by Donald H. Spethman for the first edition and were updated by Edward B. Gut for this
edition.

8.1.3
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FIGURE 8.1.1 Basic elements of a control loop.

Closed-loop control pertains when the system sensor measures the controlled
variable, resulting in variations in the manipulated variable to maintain the desired
value of the controlled variable. Closed-loop control is also called “feedback con-
trol,” and results of a corrective action are fed back within the controlled system,
therefore providing true control of the controlled variable.

8.1.1.2 Modes of Feedback Control

Feedback-controlled systems are categorized by the type of corrective action a con-
troller is designed to output. For all types, the set point is the desired value of the
controlled variable to which the controller is set. The control point is the actual
value of the controlled variable as maintained by the controller’s action.

Two-Position Control. The final control element may be in one or the other po-
sition, i.e., maximum or minimum, except for the brief time when it changes po-
sitions. There are two values of the controlled variable which establish the position
of the controlled element: set point and differential. Differential is the smallest range
through which the controlled variable must pass to move the control element from
one position to the other. Figure 8.1.2 shows a temperature controller or thermostat
with a 70°F (21.1°C) set point. At 70°F (21.1°C) this electric thermostat would open
its contacts and stop a burner. For the thermostat contacts to close, turning on the

OFFF  e————e———————

DIFFERENTIAL

hd

68°F 0°
(20°C) (21.1°C)
FIGURE 8.1.2 Two-position control.
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burner, the temperature must drop below the set point by the amount of the differ-
ential, 2°F (1.1°C) in this example. Differential may be subtracted from or added
to set point depending on controller design.

Two-position control is a low-cost device and provides acceptable control of
slow-reacting systems that have minimum-lag between controller outputs and con-
trol-element response. Fast-reacting systems may overshoot excessively and be un-
stable. Examples of two-position control are domestic hot-water heaters, residential
space-temperature controls, and HVAC system electric preheat elements.

Timed Two Position Control. The final control element may be in one of two
positions, as for a two-position control, but a timer is incorporated in the controller
so that it responds to the average value of the controlled variable rather than the
peak fluctuations. Timed two-position control greatly reduces the variations or
swings in the control variable by anticipating controlled-variable changes due to
control-system action,

A typical example of timed two-position control is residential space-heating
temperature control. The thermostat has an electric heating element that is energized
during the on period. the heat from the element warms the temperature sensor more
quickly than the rising space temperature, shortening the on time and reducing
temperature overshoot. During the off period the sensor heater is also off, allowing
the sensor to respond directly to space temperature. This results in a relatively
constant cycle time with a variable on-off ratio dependent on space load.

Timed two-position control is low-cost and may be applied to slow-reacting
systems that have some lag between controller output and control-element response.
The timer will anticipate the response and minimize variations in the controlled
variable.

Proportional Control. A proportional controller has a linear relationship between
the value of the incoming sensor signal and the controller’s output. The relationship
is generally adjustable in the controller but once adjusted remains fixed during
operation. There is therefore only one value of the final control element for each
value of the controlled variable within the operating range of a proportional control
system.

The variation in control variable required to move the final control element
through its operating range is the throttling range of the control system and is
expressed in the measuring units of the controlled variable. The variable in the
sensor signal required to operate a proportional controller through its range is called
the “proportional band”” and is expressed as a percentage of sensor span.

The “set point” of a proportional controller is defined as the sensor input which
results in the controller output at the midpoint of its range.

“Offset” is the difference between the set point and the controlled variable at
any instant. Sometimes offset is also referred to as ‘“deviation,” “droop,” or “drift.”
Offset results from the fixed linear relationship between control input, sensor signal,
and output. Therefore, under full-load conditions, control input must be offset by
one-half the proportional band for the controller to output a signal at one extreme
of its range. Similarly, at minimum load the offset will be one-half the proportional
band (see Figure 8.1.3).

Proportional control is used with slow stable systems, allowing narrow throttling
ranges and therefore small offset. Fast-reacting systems require large throttling
ranges to avoid instability and cycling of the controlled variable. This, of course,
increases offset.
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Proportional-plus-Reset Control. A proportional-plus-reset controller has propor-
tional action plus an automatic means of resetting the set point to eliminate offset.
This controller action is also called *“‘proportional-plus-integral,” or PI control.

A PI controller’s initial output signal has a fixed relationship to a changed sensor
input signal, the same as a proportional controller, but then continues to change
until the control variable equals set point. The rate at which this additional change
occurs is called the “‘reset rate” or “‘repeats per minute’” and is the number of times
the original proportional change in controller output is repeated per minute. The
reset rate may also be expressed as reset or integral time, which is the amount of
time for the controller to change its output as much as the first proportional change.

PI control may be applied in fast-acting systems that require large proportional
bands for stability but where the resultant offset between set point and control point
is undesirable due to comfort and/or energy-conservation considerations. Typical
applications are mixed-air, duct-static, chiller-discharge, and coil-discharge control.

Proportional-plus-Rate Control. Also called ‘“‘proportional-plus-derivative,” or
PD, control, this control mode adds to proportional control an automatic means of
varying controller output based on changes in deviation or difference between the
set point and the control variable.

When deviation increases, rate action adds to the controller’s output, causing the
final control element to respond an additional amount to stabilize the controlled
variable more quickly than proportional control alone can. Conversely, when de-
viation decreases, rate action subtracts from the controller’s output. When there is
no change in deviation, rate action stops and the deviation is determined only by
the proportional band of the controller.

Proportional-plus-Integral-plus-Derivative (PID) Control. This combination of
control modes is useful for controlling fast-acting systems that tend to be unstable,
such as duct static-pressure control. For these applications, the controller may be
set with a large proportional band for system stability, a slow reset to eliminate
deviation from set point yet retain stability, and derivative action to speed control
response when the system is upset due to changes.

Adaptive Control. A PID controller must be properly tuned to the system it is
controlling to achieve stable and accurate control. The proportional, integral, and
derivative parameters of the controllers are dependent on the characteristics of the
system being controlled and can be time-consuming to establish. Even then they
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will be optimum for one operating condition and compromised for the remaining
operating range.

Adaptive control is the ability of a controller to adapt to the system it is con-
trolling by determining the ideal PID parameters and adjusting itself according.
Two types of adaptive control have been developed, self-tuning and model refer-
ence.

A self-tuning controller begins with initial PID parameters. With input from the
controller’s output and the control-variable value, it establishes new parameters.
After a few cycles of control-system operations, the controller determines the op-
timum parameters. The process continues as the system operates, so every time the
system changes, the controller reestablishes the parameters so that they are optimum
for every condition of system operation.

The model-reference controller compares its output with that of a fixed model
and develops the PID parameters to achieve control-system operation for the model.
While the model may not be exactly the same as the actual system, it is very close
and allows the controller to develop the parameter values quickly.

Floating Control. A floating control outputs a corrective signal when the differ-
ence between the set point and sensor signal is greater than a set amount or dif-
ferential. The output signal will increase or decrease a final control element de-
pending on if the controlled variable is below or above set point. If the difference
is less than the differential, the controller output is zero and the final control element
remains in the position it was last driven to. Floating controls may be applied to
systems that react quickly with little lag and have slow load changes.

Time-Proportioning Control. Time proportioning is a method of controlling loads
like electric heating elements. The final control element is either on or off, but the
ratio of on-to-off time is varied depending on system load, therefore varying the
energy inputs.

The sum of on and off time, or the total time per cycle, is constant. Time-
proportioning control is also called “average-position control” and is a relatively
low-cost way to simulate proportional control.

8.1.1.3 Flow-Control Characteristics

Flow Control. Proper volume or flow control of one form or another is essential
to the successful operation of most HVAC systems. Usually the flow of water,
steam, and/or air is controlled to modulate system outputs or capacity as required
by changing loads. As in other control loops, a sensor measures the control variable
and a controller compares the sensor signal to a set point and outputs a corrective
signal as required to a final control element. For water and steam flow the final
control element is a valve, and for air flow a damper.

The flow-control characteristics of valves and dampers are designated in terms
of the flow versus opening based on a constant pressure drop across the element.
The three common characteristics are quick opening, linear, and equal percentage.

As shown in Fig. 8.1.4, quick opening provides for more percentage of full flow
than when the valve or damper is opened. Linear characterization has the same
percentage of full flow as when the valve is open, while equal percentage increases
flow by an equal percentage over the previous value for each equal increment of
opening. In other words, a 10 percent change in opening from 20 to 30 percent
increases the flow by the same percentage of flow at 20 percent opening as an
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FIGURE 8.1.4 Flow-control characteristics.

increase in opening from 70 to 80 percent would increase flow from the 70 percent
opening position. These different characteristics are required to match the control
needs of water, steam, and air flow.

Pressure drop across a valve or damper in a system rarely stays constant. There-
fore actual opening-flow characteristics vary from manufacturer’s ratings, which are
based on constant pressure drop. The amount of this variation depends on how
much the pressure drop changes and is determined by overall system design. The
pressure drop is minimum when the valve or damper is full open and increases as
the valve or damper closes. When fully closed, the entire pressure drop is across
the valve or damper.

For the valve or damper to provide approximately its design characteristic, the
design or full-open pressure drop should be a fairly large percentage of the total
system drop. As a high pressure drop consumes energy, consideration should be
given to design or control a system to provide a more constant pressure drop,
allowing the valve or damper to be sized for a lower pressure drop at full flow.

Control of Water Flow. One of the primary uses of water-flow control is to mod-
ulate the capacity of a heating or cooling coil. However, the capacity of a coil is
not linear with water flow; instead, as the flow is reduced, more energy is transferred
from the water, partly offsetting the reduction in flow. Figure 8.1.5 shows the re-
lationship of capacity versus flow for a heating or cooling coil. This nonlinearity
is primarily a consideration with hot-water coils due to the large temperature dif-
ference between the water and air flow through a coil. For hot-water coils, this
nonlinear variation may be reduced by designing the coil for a higher water-
temperature drop or by reducing water temperature as system load decreases.
Since hot-water coils have a significantly nonlinear relationship between heat
transfer and water flow, equal-percentage valves are used for coil water-flow control,
resulting in a more linear relationship between valve position and coil heat output.

100

% CAPACITY

1 -
0 100

% FLOW THROUGH COIL

FIGURE 8.1.5 Heating- or cooling-coil
capacity versus flow.
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The capacity of a water valve is a function of valve design and the pressure
drop across the valve and is independent of the supply pressure. Valve capacity is
rated by a flow coefficient, or C,, which is defined as the amount of water in gal/
min (m®/h) that will flow through an open valve at 1 1b/in” (1 atm, 101.325 kPa)
pressure drop. For valves in systems, the pressure drop increases as the valve closes,
offsetting part of the desired flow reduction. To minimize this, valves should be
sized so that they constitute about 25 to 50 percent of the system resistance that a
valve controls.

Valve pressure-drop changes can be minimized by providing a system bypass
valve to maintain total system flow even when control valves close. Also system
flow may be modulated by an automatic flow-control valve in series with the pump,
or the pump may be operated at varying speeds based on system pressures near the
far end of the piping circuit.

Control of Steam Flow. Control of steam flow is usually applied to modulate the
heat output of a steam-to-water and steam-to-air heat exchanger.

For one-pipe steam systems, line-size two-position valves are used to ensure
proper flow of steam and simultaneous drainage of condensate. Two-pipe steam
systems may be controlled by two-position or modulating valves which must be
sized properly for good control. Since output of a steam heat exchanger is linear
with steam flow, valves with linear flow-opening characteristics should be used for
modulating control.

The capacity of a steam valve is determined by valve design, the pressure drop
across it and the inlet pressure. Valves for two-position applications are sized to
provide the required full flow with minimum pressure drop and to be able to close
against system pressure.

Modulating steam valves must be sized to only full-load flows, which may be
less than full heat-exchanger flow, to avoid system instability due to excessive
capacity. Since steam valve capacity depends on pressure drop and inlet pressure,
it is important that valve inlet and outlet pressures are kept fairly constant to main-
tain a linear relationship between valve opening and heat-exchanger output.

Supply pressures can be controlled by automatic pressure-reducing valves in the
supply lines or by a narrow differential controller. The effect of variations in return
pressures can be minimized by sizing the valve so that the outlet pressure is near
its minimum value or at a pressure resulting in critical velocity in the fully open
valve, whichever is higher.

Critical velocity in a valve is the velocity at which an increase in pressure drop
will not result in an increase in velocity or flow through the valve. This occurs
when outlet pressure is about 58 percent of inlet pressure. For some applications
with large-capacity modulating, two steam valves in parallel may be used for better
full-range control. The valves should be sized so that one valve has about one-third
full-load capacity and the other valve about two-thirds full-load capacity. The valves
are operated in sequence so that the smaller valve controls during low loads and
the larger valves operates when the smaller valve is fully open.

Control of Air Flow. Air flow in HVAC systems is controlled in an on-off mode
or modulating mode. The on-off mode is generally used to allow outside air into a
building when desired such as during occupied times and to prevent outside air
from entering at other times. Modulating air flow is used to blend air from more
than one source to achieve a desired temperature or to vary the volume of air
delivered to match load requirements.

Dampers are used to control air flow and are produced in two basic designs,
parallel-blade and opposing-blade configurations (see Fig. 8.1.6). The opening-flow
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tions.

characteristics of these configurations for constant pressure drop and for various
ratios of system pressure drop without the damper to damper pressure drop at full
open flow is shown in Figs. 8.1.7 and 8.1.8.

However, as with valves, dampers installed in systems have varying pressure
drops as they modulate, being minimum when full open and maximum when closed.
For two-position applications, dampers should be selected on the basis of full-flow
pressure drop, leakage, and closed-pressure differential ability. Modulating char-
acteristics are not important.
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FIGURE 8.1.7 Characteristics of
parallel-blade dampers. Curves other
than the constant-AP curve represent
ratios of system pressure drop to open-
damper pressure drop at full flow.
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FIGURE 8.1.8 Characteristics of op-
posed-blade dampers. Curves other than
the constant-AP curve represent ratios of
system pressure drop to open-damper
pressure drop at full flow.
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Typical modulating applications are mixed air, face and bypass, and volume
control. Mixed air, or control of outside, return, and exhaust air, requires the co-
ordination of three dampers for modulating outside and return air to maintain a
constant supply volume and for modulating exhaust-air volume as outside air varies.
Face and bypass control is used to vary the amount of air through and around a
coil to vary the temperature of the total air flow after the coil. The face damper
controls air flow through the coil, and the bypass damper the air flow around the
coil. The dampers are arranged so that when one opens the other closes, and the
sum of the air flow through both dampers is constant. To achieve this relationship
it is important that both dampers are selected for linear control.

Volume control of air flow may be used to maintain static pressure in a duct or
space or to match space- or zone-conditioning needs. Variable air flow is achieved
by changing duct system resistance to air flow or by diverting air flow through an
alternative or bypass route. Dampers should be selected to provide equal changes
in air flow for equal changes in control variables, which may be temperature, pres-
sure, or flow volume in these specified systems, for stable control over the full
operating range.

8.1.2 CONTROL EQUIPMENT TYPES

The elements of a control loop are divided into four categories: sensors, controllers,
final control elements, and auxiliary equipment, and may be pneumatic, electric, or
electronic.

8.1.2.1 Sensors

The controlled variable of a system is measured by a sensor. A sensor output signal,
whether pneumatic or electric, may change electrical resistance depending on the
value of the sensed variable. The usual pneumatic sensor-signal range is 3 to 15
Ib/in? (20.7 to 103.4 kPa), while electric sensors output 2 to 10 V dc or 4 to 20
mA. Resistance sensors have a nominal resistance of 500, 1000 and 2000 €. Tem-
perature-sensing elements are usually bimetal, rod and tube, sealed bellows, and
resistance.

Bimetal is the oldest and most common type of temperature-sensing element.
Its operation is based on the principal that the change in size with the change in
temperature is different for different metals. Combining two metals, one with a
large expansion coefficient and one with a small coefficient, into a strip, the strip
will deflect with temperature changes due to the different amounts of expansion
(see Fig. 8.1.9). The amount of deflection is proportional to temperature and can
therefore be used to measure or sense temperature and generate a proportional
pneumatic or electric signal. Bimetal strips may be used as straight elements or
may be U-shaped or spiral-wound depending on the space available and the tem-
perature-deflection characteristics desired.

Rod-and-tube elements also use the different expansion rates of metals to gen-
erate movement with temperature changes. However, they are constructed with a
low-expansion rod, high-expansion tube (see Fig. 8.1.10) and are usually used for
insertion directly into the medium, such as water, steam, or air.

Two versions of the remote bulb element have a long, (10 to 20 ft or 3 to 7 m),
capillary tube in place of the bulb. One is liquid filled and senses the average
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FIGURE 8.1.10 Rod-and-tube element.

temperature over its length. The other is vapor filled and senses the coldest (12 in
or 30 cm) along its length.

Sealed bellows (see Fig. 8.1.11) consist of a capsule and bellow evacuated of
air and filled with a vapor or liquid. As a vapor or liquid changes pressure or
volume with temperature changes, the bellows moves, providing an indication of
sensed temperature. A variation of sealed bellows is the remote-bulb element (see
Fig. 8.1.12). A bulb is attached to the bellows assembly by a capillary tube so that

MOVEMENT WITH

TEMPERATURE
CHANGE
CAPSULE
BELLOWS VAPOR
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FIGURE 8.1.11 Sealed bellows.
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FIGURE 8.1.12 Remote-bulb element.
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temperature changes at the bulb result in pressure changes which are transmitted
to the bellows, resulting in movement corresponding to temperature at the bulb.

Resistance elements consist of an element with a known temperature life vs.
resistance characteristic. The element may be wire, wound on the bobbin, or a
thermister, which is a semiconductor, or a stable metal line platinum, plated on a
ceramic base, whose resistance depends on temperature.

Humidity-sensing elements are hydroscopic or electric. The hydroscopic ele-
ments are based on the fact that certain materials change size as they absorb or
release moisture. Typical materials are hair, wood, leather or nylon, whose size
changes due to moisture absorption or release based on the moisture content of
surrounding air, will indicate humidity of the air. This size change is used to develop
a pneumatic signal proportional to humidity or to turn an electric switch on and
off.

Electric humidity-sensing elements are constructed to provide either a resistance
change with ambient humidity changes or a capacitor change and are generally
used with electronic controllers. They generally respond quicker than hydroscopic
elements.

Dew-point sensors are constructed by winding two wires around a hollow tube
impregnated with lithium chloride. The conductivity of the lithium chloride varies
as it absorbs or releases moisture to the surrounding air. Electric power supplied to
the two wires around the sleeve will flow through the lithium chloride at a rate
depending on its conductivity, which varies with dew points. As the electricity flows
through the wires, the temperature of the cavity of the tube is elevated and is a
measure of dew point (see Fig. 8.1.13). The cavity temperature may be sensed with
any temperature sensor that will fit inside the tube.

Pressure sensors may be high-range (psi or Pa) or low-range (in or cm of water).
High-range sensor elements usually are Bourdon tubes, bellows, or diaphragms to
provide movement based on pressure. Low-range pressure sensors generally use
large slack diaphragms or flexible metal bellows to transduce low pressures into
usable forces for indicating pressure. If one side of the element is open to the
atmosphere, the element responds to sensed pressure above or below atmospheric.
For differential pressure sensing, both sides of an element are connected to sense
pressure variables. Outputs of pressure sensors may be pneumatic, electric analog,
or electric on-off.

Preumatic air-velocity sensors are of the differential-pressure or of the deflected-
jet type. The differential-pressure types use a restriction in the air stream, such as
an orifice plate, or sense static and total pressure to generate differential pressures
that represent air velocity (see Fig. 8.1.14). The deflected-jet type has a small air
jet flowing across the measured air stream from an emitter tube. The air is captured
in a collector tube and generates a recovery pressure (see Fig. 8.1.15). When the
velocity of the measured air stream is low, most of the air jet depinges on the
collector tube and the recovery pressure is high. As the air-stream velocity in-
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FIGURE 8.1.13 Dew-point sensor.
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creases, the air jet is deflected and recovery pressure diminishes. The recovery
pressure is, therefore, a direct indication of air-stream velocity.

Electric air-velocity sensors use a heated wire or thermistor placed in the air
stream., The amount of current required to maintain the wire or thermistor temper-
ature varies with the cooling effect of differing air velocities and, therefore, is a
measure of air velocity. A reference wire or thermistor shielded from the air stream
compensates for varying air temperatures. The sensor may be solid state with all
sensing elements on a chip.

Water-flow sensors may be differential-pressure types, such as orifice plates, pitot
tubes, or flow nozzles, that have limited range or vortex-shedding, turbine, or mag-
netic types that have greater range but are more expensive.
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Other sensing elements including smoke and high-temperature detectors, spe-
cific-gravity, current, CO, and CO, sensors are often used for complete control of
HVAC systems.

8.1.2.2 Controllers

Controllers provide the set-point, and for some, the proportional-band, integral, and
derivative parameters of a control loop. They compare the sensor signal with the
set point and output a corrective signal as determined by the controlled settings.
This signal may be direct-acting, increasing with sensor-signal increases, or reverse-
acting, decreasing with sensor-signal increasing. Controllers may incorporate a
sensing element for sensing and controlling in one device. Proportional controllers
may also be designed to use remote sensors and are called sensor-controller sys-
tems.

Controllers may be pneumatic or electric powered. Pneumatic controllers receive
a sensor signal and output a proportional signal typically 3 to 13 1b/in® (20.6 and
270 kPa). The controller may be a nonrelay or relay type. Nonrelay types use a
restricted supply air, bleeding varying amounts to the atmosphere to generate a
corrective output signal (see Fig. 8.1.16). Since the capacity of the output signal is
restricted, amplification should be limited to small volume-control elements or
where long response times are acceptable. Relay-type controllers incorporate a ca-
pacity amplifier for the corrective signal for greater output volume.

Electric controllers also may have integral or remote sensors. Outputs are two-
position to cycle equipment, floating to open, hold, or close a final-control element
or proportioning to position a final-control element. Proportioning electric control-
lers may be analog or digital.

Electric analog controllers are similar to pneumatic controllers. That is, their
response to a sensor signal is fixed by their design and only by their parameters,
such as set-point, direct- or reverse-action, proportional-band, and if included in-
tegral- and derivative-timing, are adjustable. Digital controllers are microprocessor-
based, and their response to a sensor signal is programmable. This provides great
flexibility for the application of a digital controller and allows control strategy
changes after installation.

Digital controllers measure signals from sensors, perform control routines in
software programs, and take corrective action in the form of output signals to
actuators. Since the programs are in digital form, the controllers perform what is
known as direct digital control (DDC). Microprocessor-based controllers can be
used as stand-alone controllers or they can be incorporated in a building manage-
ment system utilizing a minicomputer or a personal computer (PC) as a host to
provide additional functions. A stand alone controller can take several forms. The
simplest generally controls only one control loop while larger versions can control

MOVED BY SENSING ELEMENT

RESTRICTION l
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SUPPLY ~Z —am SIGNAL

FIGURE 8.1.16 Nonrelay pneumatic controller.
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from eight or ten to 30 or 40 loops. As the systems get larger, they generally
incorporate more programming features and functions.

Pneumatic and electric controllers may also provide indication and/or recording
of the value of the sensed variable for visual checks or for a history of system
operation. Transducers may be used with controllers to convert sensor signals and
controller outputs from pneumatic to electric, or vice versa, as required by the
controller or final controlled elements.

8.1.2.3 Final-Control Elements

Final-control elements are valves, dampers, electric heaters, relays, and motors for
fans, pumps, burners, refrigeration, and other HVAC equipment. All these elements
may be operated on-off or two position, while valves and dampers and motors may
also be used with floating-control and proportional-control modes. Final-control
elements may be normally open, that is, open with no controller signal, or normally
closed.

Pneumatic valve and damper operators have a flexible diaphragm or bellows
attached to a valve stem or damper linkage (see Fig. 8.1.17). Movement is opposed
by a compression spring, while a pneumatic controller signal is connected to the
operator and generates a force depending on the pressure of the signal in the area
of the diaphragm. When the signal pressure multiplied by the area exceeds the force
of the spring, the operator moves, also moving the valve or damper until the spring
force and controller’s signal generated force are in balance. When the controller
signal reduces, the spring causes the operator to retract. By selection of springs,
various operator position-controller signal characteristics can be attained. Since op-
erator position depends on the balance between the diaphragm and spring force,
any external force from a valve or damper will offset the operator. For control
systems requiring accurate synchronization of final-control elements, this may be a
problem. For precise positioning, a positive positioner is used. It senses controller
input signal and operator position and feeds or bleeds air to or from the operator
to position it regardless of external load.

Electric motors are unidirectional, spring-return, or reversible. Unidirectional
motors are for two-position operation: opening a valve or damper in half a revo-
lution and closing it in the second half. Once initiated, the motor continues through
half a revolution. When it receives a second signal, the controller continues through
the next half-revolution cycle.

SIGNAL FROM
I CONTROLLER

ROLLING
o DiAPHRAGM

% COMPRESSION
o+t SPRING

Il
I _L/—PUSH ROD

FIGURE 8.1.17 Pneumatic valve
or damper operation.

SNeNoNoNe]




AUTOMATIC TEMPERATURE, PRESSURE, FLOW CONTROL SYSTEMS 8.1.17

Spring-return motors are also used for two-position operation. A control signal
drives the motor to one end of its movement and holds it there. When the controller
is satisfied and ends its output, the motor is driven back by an internal spring which
was wound during its initial movement.

Reversible motors are used with floating- or proportional-control modes. The
motor can be operated in either direction, depending on the controller signal; it
stops when the signal stops. For proportional control, a potentiometer on the motor
shaft is used to signal the motor position to the controller.

8.1.2.4 Auxiliary Equipment

Many control systems require auxiliary equipment for complete system operation.
For pneumatic control systems, these include:

» Compressed air systems with compressors, dryers, and filters to provide clean dry
air at the proper pressures to power the system

* Pneumatic-electric relays for switching electric loads with pneumatic signals and
electric-pneumatic relays for switching pneumatic lines with electric signals

» Two-position relays for converting proportional pneumatic signals to two-position
and proportional relays for reversing signals, selecting the higher or lower of two
or more signals, averaging two signals, adding or subtracting a constant from a
signal, and amplifying signal pressure or air-flow capacity

* Switching relays to divert signals automatically or manually
* Gradual switches to manually vary air pressure in a circuit

Electric systems utilize transformers to provide required voltage, relays to switch
electric loads larger than a controller’s capacity, potentiometers for manual posi-
tioning of proportional control devices or for remote set-point adjustments, manual
on-off switches, and auxiliary switches on dampers and valves for control of se-
quence operation.

Other auxiliary devices are common to pneumatic and electric systems. These
include step controllers for operating a number of electric switches by a propor-
tional operator to control stages of electric heating or refrigeration. Power control-
lers may be solid-state, saturable-core, or variable autotransformers and are used to
control electric resistance heaters with a proportional pneumatic or electric control
signal. Clocks and timers are used to control apparatus or control-system sequences
based on time of day or elapsed time.

8.1.2.5 Pneumatic, Electric, Electronic Comparisons

A pneumatic control system may be as shown in Fig. 8.1.18. Advantages of pneu-
matic controls are the inherent modulation sensors and controller signals and the
low cost of modulating operators. The system is explosion proof, and the control
elements require little maintenance and are easy to troubleshoot. Disadvantages are
the need for an air-compressor system which may be too expensive for small sys-
tems. Compressed air must be piped to all controls, increasing installation costs,
and transducers are required for interfacing to automation systems.
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FIGURE 8.1.18 Pneumatic control system.

Electric control systems, as shown in Fig. 8.1.19, can be installed wherever
electric power is available and are low-cost for small simple systems. However,
modulating operators are expensive, and explosionproof housings are required in
hazardous areas. Electronic modulating controls allow remote sensors and set-point
adjustment, provide high accuracy, and readily interface with automation systems.
They are higher in cost and require more skilled personnel for trouble-shooting.

Direct digital controllers (see Fig. 8.1.20), offer many advantages. They have
very high accuracy, so control-loop accuracy is limited only by the sensor and final-
control element. They are capable of complex control algorithms which may easily
be changed by reprogramming. This allows flexible building operation during con-
struction, startup, occupancy, full-occupancy, and expansion phases. An entire
building can be controlled from one location, and building-wide energy-
management strategies can be accomplished. Direct digital controllers are higher in
cost but can control multiple loops and share sensors.
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FIGURE 8.1.19 Electric two-position control sys-
tem.
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FIGURE 8.1.20 Direct digital control system.

8.1.3 CONTROL APPLICATIONS

These are defined by general functions in the total HVAC system.

8.1.3.1 Boiler Control

The control of steam or water boilers involves three types of functionality: flame
safeguard, load control, and control of excess air. Steam boilers also include water-
level control. The means of accomplishing each of these functions is influenced by
the size of the boiler involved. In general, small boilers have a single control pack-
age which accomplishes flame safeguard and load control with no need for excess
air control. Large boilers can have different control packages for all three functions.
The application of flame-safeguard control is very dependent upon boiler and burner
design and therefore is normally supplied by a complete package by the boiler-
burner manufacturer. The type of fuel(s) selected, the size of design load, and the
type of approval required are the primary decisions of the HVAC designer that
establish the type of boiler controls that are appropriate. On larger-size installations,
the method of load control, the use of multiple boilers, and the cost effectiveness
of appropriate types of excess air control are additional considerations for the HVAC
designer. This section explains means of accomplishing the three basic types of
boiler-control functionality. It also explains an auxiliary function of monitoring
smoke control.

Flame-Safeguard Control. The objective of flame-safeguard control is to ensure
that safe conditions exist for initiating and sustaining combustion. On small- to
medium-size [up to 400,000 Btwu/h (422,000 kJ/h)] burners, the flame-safeguard-
control function is provided by a package called a primary control. The primary
control starts the burner in the proper sequence, proves that combustion air is avail-
able, purges the combustion chambers and proves the burner flame is established,
and supervises the flame during burner operation. It causes safety shutdown on
failure to ignite the pilot or main burner or on loss of flame. In addition, the primary
control checks itself against unsafe failure. Typically, a check for flame-simulating

[ ]
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8.2.1 INTRODUCTION

Is noise control engineering a science or an art? It is a bit of both.

Acoustic theory helps explain the acoustic world we live in and enables us to
establish general design parameters for engineered noise control solutions and prod-
ucts, but it does not always do so very accurately. For instance, it is impossible to
calculate the noise reduction of barriers, walls, enclosures, rooms, and silencers or
the propagation of sound waves over open surfaces with the degree of accuracy
needed for reliability. There are just too many variables. Consequently, we cannot
rely on theory for more than directional indicators.

Optimum noise control solutions must therefore be based on engineered products
with performance characteristics obtained from repeatable laboratory tests and/or
extensive field data—because if we overdesign, it costs too much money, and if
we do not adequately provide for noise control, we may have an unacceptable job.
For critical jobs, where there are significant uncertainty factors, model testing is
essential. This may include power plants, aviation terminals and test facilities, in-
dustrial factories, and air-handling units in high-rise buildings. Furthermore, apart
from economics considerations, the structural, mechanical, aerodynamic, and ther-
modynamic engineering aspects of the solution to a noise control problem are often
more complex than its acoustic components, so in many instances a multldlSClpll-
nary approach is essential.

This chapter is concerned primarily with basic acoustic engineering principles
and how they can be applied to solve noise problems inherent in HVAC systems.
The chapter first discusses the theory of sound, with emphasis on the acoustic
engineering aspects, and then examines the nature of noise in HVAC systems and
the means available for controlling noise.

8.2.2 THE NATURE OF SOUND

Sound is essentially the sensation produced through the ear by fluctuations of pres-
sure in the adjacent air, and “noise” can be defined as sound that annoys, usually

8.2.1
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because the sound pressure level is too high. High noise levels not only interfere
with direct voice communications and electronically transmitted speech; they are
also considered a health hazard in both the working and living environments.

Sound waves are propagated in air as compressional waves. Although compres-
sional waves are generally caused by vibrations of solid bodies, they can also be
caused by pressure waves generated by the gas discharge of a jet engine or the
subsonic velocities in an air-conditioning duct. When these waves strike solid bod-
ies, they cause the bodies to vibrate, or oscillate.

To illustrate what happens, we can think of sound being generated by a piston
oscillating back and forth in an air-filled tube (Fig. 8.2.1). This action of the com-
pressor causes the air molecules adjacent to the piston to be alternately crowded
together (or compressed) and then moved apart (or rarefied). The oscillation gen-
erated by the piston in this manner is referred to as “simple harmonic motion.”
And as shown in Fig. 8.2.2, a plot of the piston displacement can be presented as
a sinusoidal function; that is, the sound wave generated in its purest form for a

X = wavelength or shortest
distance between two
sequential pressure crests in a
plain wave oscillating in same

phase.
f=cycles per second or hertz
Direction of piston ¢= velocity of sound propagation
movement oscillating =f
at frequency, t A = wavelength \

S

Minimum Maximum
amplitude amplitude
l—
FIGURE 8.2.1 Sound wave being propagated through a compressible medium in a
tube.

+ Amplitude

A

Amplitude

v

One complete cycle

FIGURE 8.2.2 Sine wave of the simple harmonic motion characterizing a
pure tone.
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discrete sound is sinusoidal and has a frequency equal to the number of times per
second that the piston moves back and forth.

8.2.2.1 Displacement Amplitude and Particle Velocity

Specifically, sound is transmitted through individual vibrating air particles. The
vibration causes the particles to move, but they do not change their average posi-
tions if the transmitting medium itself is not in motion. The average maximum
distance moved by individual particles is called the ‘“‘displacement amplitude,” and
the speed at which they move is called the “particle velocity.”

In air, the displacement amplitude may range from 4 X 107 in (10~ mm) to a
few millimeters per second. The smallest amplitude would be the lowest discernible
sound, and the largest amplitude would be the loudest sound the human ear can
perceive as a proper sound.

8.2.2.2 Frequency

The frequency of a sound wave is expressed in hertz (Hz). The range of human
hearing extends from 20 to 20,000 Hz, but 12,000 to 13,000 Hz is the limit for
many adults (and the exposure of teenagers to noisy rock music is likely to result
in “old-age deafness” before they reach the age of 30). Figure 8.2.3 plots the
threshold of hearing for young adults with normal hearing.

8.2.2.3 Wavelength

The wavelength of sound is the distance between analogous points of two succes-
sive waves. It is denoted by the Greek letter A and can be calculated from the
relationship

A= 8.2.1)

=hio

where c is the speed of sound in ft/s (m/s), and f is the frequency in Hz.

+ /\ Amplitude
y
3

- Amplitude
v

One complete cycle

FIGURE 8.2.3 Threshold of hearing for young adults with normal hearing.
[C. M. Harris (ed.), Handbook of Noise Conitrol, 2d ed., McGraw-Hill, New
York, 1979, part 1, p. 8—4.]
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8.2.2.4 Sound Level

For convenience in measuring sound without having to take data at a large number
of discrete frequencies, sound levels are often measured in one-third octave bands
or in full octaves, as per Table 8.2.1. This table shows, for instance, that the one-
third octave band with a center frequency of 63 Hz has a range from 56 to 71 Hz,
while the corresponding full octave has a range from 45 to 89 Hz.

8.2.3 THE SPEED OF SOUND IN AIR

The speed of sound in air can be calculated from the expression

o {49.03\/460 + °F in English units

20.05V/273 + °C  in metric units ®22)

TABLE 8.2.1 Nominal One-Third Octave Band Center Frequencies and Ranges

Third octave band Center frequency, Frequency range, Corresponding full

= He Hz octave band
e 25 22-28

” —31.5— 28-36 SUIZJ;C_:gve
16 40 35-45

" 50 45-56 1

. —63— 56-71

" 80 71-89 45-89
@ 100 89-112 ,

A —125— 112-141

22 160 141-178 89-178
iy 200 178-224 .

o —250— 224282

2 315 282-355 178-355
x 400 355-447 .

- —500— 447-563

28 630 562-708 354-709
» 800 708-892 s

30 —1000— 891-1123

31 1250 1122-1413 707-1414
32 1600 1412-1779 ]

3 —2000— 1778-2240

o 2500 2238-2819 1411-2822
35 3150 2817-3549 ,

36 —4000— 3547-4469

37 5000 4465-5625 28155630
38 6300 5621-7082 .

39 —8000— 7077-8916

o 10000 8909-11225 5617-11234

Note: Band numbers and center frequencies (nominal for ordinary use) are per ANSI/IEC stan-
dards. Frequency band limits are rounded to the nearest hertz.
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where c is the speed of sound in ft/s (m/s). Note that for all practical purposes,
the speed of sound in air is independent of pressure.
For example, if the temperature is 70°F (21°C), the speed of sound is

¢ = 49.03Vv530 = 1129 ft/s (344 m/s)

We can then use this value of ¢ to compute the wavelength A at various frequencies
f at 70°F (21°C). At a frequency of 1000 Hz, for instance, we find from Eq. (8.2.1)
that A = ¢/f = 1129/1000 = 1.129 ft (0.344 m); likewise, at 20 Hz the wavelength
would measure about 56.5 ft (17.2 m), and at 20,000 Hz it would measure about
% in (17.2 mm). For 70°F (21°C), Table 8.2.2 gives the wavelengths of sound in
air at several frequencies.

As a practical matter, because the thickness of walls and the absorptive sections
of silencers are small in relation to the wavelengths of low frequencies, such struc-
tures generally attenuate sound much better in the middle and high frequencies than
in the low ones. Larger and more complex structures are required for reducing low-
frequency noise.

8.2.4 THE SPEED OF SOUND IN SOLIDS

The speed of sound in longitudinal waves in a solid bar can be shown to be

c, = \/E (8.2.3)
P

where c, is the speed of sound in solids (m/s), E is the bar’s modulus of elasticity
(N/m?), and p is its density (kg/m?). This obviously means that sound travels faster
through media of high modulus of elasticity and of low density. Accordingly, be-
cause rubber has a much higher elasticity and lower density than steel does (as one
example), a rubber insert in a steel pipe will tend to slow down sound transmission
along the pipe. Table 8.2.3 shows the speed of sound in various media.

One can speculate that since the elasticity and density in an absolute vacuum
are zero, theoretically no sound waves should be able to travel through it. An
absolute vacuum may thus be the ultimate noise barrier. However, no one is yet
known to have been able to come up with a practical earthborn design.

8.2.5 THE DECIBEL

In using the term “‘decibel” it is important to understand the difference between
sound power levels and sound pressure levels, since both are expressed in decibels.

TABLE 8.2.2 Wavelengths of Sound in Air at 70°F (21°C) ¢ = 1129 ft/s)

| Hz 63 125 250 500 1000 2000 4000 8000

A, ft 17.92 9.03 4.52 2.26 1.129 0.56 0.28 0.14
A, m 5.46 2.75 1.38 0.69 0.34 0.17 0.085 0.043
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TABLE 8.2.3 Speed of Sound in Various Media (Shown in Descending Order of
Magnitude)

Speed Speed

Medium ft/s m/s Medium ft/s m/s
Steel 16,500 5029 Concrete 10,600 3231
Aluminum 16,000 4877 Water 4,700 1433
Brick 13,700 4176 Lead 3,800 1158
Wood (hard) 13,000 3962 Cork 1,200-1,700 366-518
Glass 13,000 3962 Air 1,129 344
Copper 12,800 3901 Rubber 130490 40-149
Brass 11,400 3475

Sound pressure levels, which can readily be measured, quantify in decibels the
intensity of given sound sources. Sound pressure levels vary substantially with
distance from the source, and they also diminish as a result of intervening obstacles
and barriers, air absorption, wind, and other factors.

Sound power levels, on the other hand, are constants independent of distance. It
is very difficult to establish the sound power level of any given source because this
level cannot be measured directly, but must be calculated by means of elaborate
procedures; thus, as a practical matter, sound power levels are converted to sound
pressure levels, which form the basis of practically all noise control criteria.

(As one example, Sec. 8.2.24 illustrates how the sound power level of a fan in
an HVAC system is a critical element in the silencer selection procedure to meet
specified sound pressure level criteria in an office or space.)

8.25.1 Sound Power Level

The lowest sound level that people of excellent hearing can discern has an acoustic
power, or sound power, of about 107'2 W. On the other hand, the loudest sound
generally encountered is that of a jet aircraft, with a sound power of about 10° W.
Thus the ratio of loudest to softest sounds generally encountered is 10'7:1.

A tenfold increase is called a “bel,” so the intensity of the jet aircraft’s noise
can also be referred to as ““17 bels.” This cuts the expression of immense ranges
of intensity down to manageable size. However, since the bel is still a rather large
unit, it is divided into 10 subunits called “decibels” (dB). Thus the jet noise is 170
dB, and to avoid confusion with any other reference intensity, we can say that it is
170 dB with reference to 10712 W,

Sound power level Ly, in decibels is therefore defined as

Ly, = 10 log T“w]lz dBre 1072 W 8.2.4)

where W is the sound power in watts. The sound power level in decibels can also
be computed from
Ly =101log W + 120 (8.2.5)

Since 107'* as a power ratio corresponds to —120 dB, we can see that by definition
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1 W is equivalent to a 120-dB power level. Table 8.2.4 shows the sound power

levels of typical sources.

Note that certain older literature may contain sound power level data referenced
to 10713 W, an absolete standard. Where this is the case, deduct 10 dB to convert

to the current standard of 10712 W,

The question now is, How does one measure sound power W? This is where
another way of looking at sound power helps. As shown in Fig. 8.2.4, consider a

TABLE 8.2.4 Sound Power Level L, of Typical Sources

Source

Sound power W, W Ly, dBre 1072 W

Saturn rocket

Afterburning jet engine

Large centrifugal fan at 500,000 ft*/min
(849,500 m>/h)

Seventy-five-piece orchestrafvaneaxial
fan at 100,000 ft3/min (169,900 m*/h)

Large chipping hammer

Blaring radio

Centrifugal fan at 13,000 ft3/min (22,087
m>/h)

Automobile on highway

Food blenders—upper range

Dishwashers—upper range

Voice—conversational level

Quite-Duct silencer, self-noise at+ 1000
ft/min (5.1 m/s)

Voice—very soft whisper

Quietest audible sound for persons with
excellent hearing

100,000,000
100,000
100

10

—

0.01

0.001
0.0001
0.00001
0.00000001

0.000000001
0.000000000001

200
170
140

130

120
110
110

100
90
80
70
40

30
0

Power W

FIGURE 8.2.4 Ideal nondirectional sound source radiating W

Spherical surfaces
with radius r

Intensity |
power per
unit area

watts and producing a sound intensity / in watts per unit.
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simple nondirectional source located at the center of a spherical surface (or at the
center of a number of expanding spherical surfaces). Here the total sound power
in watts is equal to sound intensity / (W/m?) times the surface area S (m?):

W=1IS (8.2.6)

where S for a spherical surface is 4772 Of course, as the sound waves move farther
from their source, the surrounding spherical surface will become larger, and less
power will pass through any unit element of the surface.

If the sound source is directional, the intensity will vary over the surface and
the radiated power must be found by integration:

W=LB“ (8.2.7)

Since sound intensity [ is rather difficult to measure, we measure sound pressure
p instead. The relationship between sound pressure and intensity is

p2
=" W/m’ (8.2.8)

pc
where p = root-mean-square (rms) sound pressure, N/m?
p = density of air, kg/m?

¢ = speed of sound in air, m/s

The form of this equation will be familiar to many since it is analogous to the
formula relating to electric power, voltage, and resistance:

E

P=%
where P = power, W
E = voltage, V

R = resistance, ()
Sound intensity level L, is defined as
I
L,=10log I dB re I 8.2.9)

ref

where I is 10712 W/m?.

8.25.2 Sound Pressure Level

Since sound-measuring instruments respond to sound pressure, the word ‘“‘decibel”
is generally associated with sound pressure level, but it is also a unit of sound
power level. The square of sound pressure is proportional to, though not equal to,
sound power.

Assuming a point source of sound radiating spherically in all directions, Eq.
(8.2.6) tells us that W = IS. Accordingly, 10 log W = 10 log I + 10 log S, where
S is the surface of the radiating sphere in ft* (m?). Equation (8.2.5), however, tells
us that 10 log W = L, — 120. It can also be shown that 10 log I = L, — 120. As
a result, we get
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Ly—-120=1L, - 120+ 101og S
or
Ly=L +10logsS

Since L, = 10 log.(I/1.;) and I = p?/pc, and since L; can also be expressed as 10
log (p*/p%;), which is also referred to as sound pressure level L,, then

2
L, = 10 log (pi’—) = 20 log £ (8.2.10)

ref. Pret

Accordingly,
Ly=1L,+10logs§ (8.2.11)

8.2.6 DETERMINATION OF SOUND
POWER LEVELS

The concept of the imaginary radiating sphere emanating from the sound source
will be referred to again in Sec. 8.2.8, Propagation of Sound Outdoors. Here, on
the other hand, without considering imaginary spheres, we are concerned with mea-
suring the sound power of a source that is confined within a structurally rigid space;
for very large pieces of equipment and operating machinery in a plant, this approach
may be the most practical way to estimate sound power.

The best method for determining the sound power level of a source is to measure
it inside a good reverberant room with a truly diffuse sound field. With the sound
power thus contained within the room, and with its intensity evenly distributed
throughout the room, often only one sound pressure level measurement has to be
taken. Then the sound power level can be calculated from Ly, = L, + K, where K
is a constant dependent on the room volume, on the reverberation time at a given
frequency or frequency band, and on the humidity.

Another method consists of containing the sound within the rigid walls of a pipe
or duct equipped with an anechoic termination to minimize end reflections. Here
all the sound energy must travel through the duct, and its sound field can be mea-
sured at a suitable measuring plane by averaging the sound pressure level across
it. Equation (8.2.11) can then be used for calculating the power level of the noise-
maker. Figure 8.2.5 illustrates such an arrangement for a ducted fan, which is also
the basis of U.S. and British standards. (The 1986 U.S. standard was published
jointly by ASHRAE, ANSI, and AMCA: ANSI/ASHRAE 68-1986 and ANSI/
AMCA 330-86.) Although the anechoic duct method must overcome some practical
difficulties, such as allowing for aerodynamically induced noise at the microphone,
it clearly illustrates the relationship between measurements of sound pressure level
and sound power level.

A test code of the U.S. Air Movement and Control Association (AMCA) requires
the use of a reverberant or semireverberant room for determination of fan sound
power levels. In such an arrangement the microphone would not be affected by
aerodynamic flow. These two methods can yield comparable results, but relative
fan sound power levels are likely to be most comparable if they have been deter-
mined under identical conditions.

In the British Standard 848, Methods of Testing Fans, 1966, part 2, the sound
power level L, in each frequency band would be calculated after averaging the
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FIGURE 8.2.5 Anechoic duct method for fan sound power level determination. (British Stan-
dard 848, Methods of Testing Fans, 1966, Part 2; ASHRAE/AMCA, Laboratory Method of Testing
In-Duct Sound Power Measurement Procedure for Fans, 1986.)

Test on fan outlet with open inlet

sound pressure level L, across the duct area according to L, = L, + 10 log A4,
where A is the cross-sectional area in ft> (m?) at the plane of measurement. The
U.S. standard (as in Fig. 8.2.5) uses L,, = L, + 20 log D — 1.1, where D is the
diameter in ft (m) of the test duct.

8.2.7 CALCULATING CHANGES IN SOUND
POWER AND SOUND PRESSURE LEVELS

8.2.7.1 Sound Power Level

Let Ly, be the sound power level corresponding to sound power W, and let L,,,
be the sound power level twice as great, or 2W. Then from Eq. (8.2.4)

Ly, = 10 log Wl
ref

w

ref

2
and Ly, = 101ogw—“i= 10log — + 10log 2 = L,,, + 3 dB
ref

Note: In eq. (8.2.4), W, = 1072 W = 1 pW (picowatt).

8.2.7.2 Sound Pressure Level
Assume L, to correspond to sound pressure p, and L,, to sound pressure 2p. Then
from Eq. (8.2.10), '

L, =201log .

ref

and



NOISE CONTROL 8.2.11

L,,z=201og3’~=201ogl+201og2=L,,1+6dB

12 ref p ref

The addition of two equal sound pressures results in an increase of 6 dB, and
the addition of two equal sound powers results in an increase of 3 dB. However,
when two equal sound pressure levels are added, we are adding in effect two equal
sound power levels, therefore:

L

2 2
s + L, =10 log (f—) + 10 log (f—)
ref ref,
2
10 log (f) X2
ref, )
10 log (p—”—) +3dB
ref

Similarly, it can be said that when N identical sound sources are added,

I

[l

L, (total) = L, (single source) + 10 log N 8.2.12)

where N is the number of sources; 10 log N is plotted as a function of N in Fig.
8.2.6.

Table 8.2.5 shows how to add two unequal decibel levels, and Fig. 8.2.7 presents
Table 8.2.5 graphically. Examples:

1. Two fans produce an L, of 95 dB each in the fourth octave band at a given
location. The combined L, in that band would then be 98 dB.

2. If one of these fans is slowed down to produce an L, of 90 dB, the combination
L, would then be 96 dB.

10logN

2//

1 2 3 4 5 6 7 10
Number of sources, N

FIGURE 8.2.6 Predicting the combined noise level of
identical sources.
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TABLE 8.25 Addition of Sound Levels

Difference between the Add to the higher level,
two levels, dB dB

3
2.5
2
2
1.5

OO0 JAWVEWN O
-

10 or more 0

¢

0

—

Add to higher level

0 1 2 3 4 5 6 7 8 9 10
Difference between two levels

Example: 80dB + 74 dB = 81 dB
FIGURE 8.2.7 Decibel addition.

8.2.8 PROPAGATION OF SOUND OUTDOORS

Section 8.2.5.1 (and Fig. 8.2.4) introduced the concept of sound propagating
through a series of spheres increasing in size as the distance r from its source
increases. We now need to differentiate between hemispherical and spherical sound
sources. If the source is considered hemispherical, the surface area S = 27r?; if
the source is spherical, § = 4mr2.

A fully spherical source would not be encountered frequently in a practical
sitnation (examples would be an aircraft flying overhead, a rocket in flight, or noise
emanating from the top of a tall building or a vertical stack or from a bird flying
through air). If the source radiates hemispherically, as most sources do when close
to the ground or to other reflective surfaces, then for a uniformly directional source
(such as a siren), the relationship between sound pressure and sound power would
be
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L, =Ly — 10 log 27r*
=Ly, —20logr— 10 log 2=
_ {LW ~20log r + 23 if ris in feet

Ly, —20logr—8 if risin meters ®2.13)
For a spherical source, the relationship would be
L, = Ly — 10 log 4mr?
=Ly — 20 log r — 20 log 4=
_JLy—201log r + 0.7 if risin feet
h {LW —201log r — 11 if r is in meters 8.2.14)

It will be noted that the sound pressure level for a hemispherical source is 3 dB
higher than for a spherical source because the same sound intensity is considered
to pass through an area half the size of a full sphere.

Not all sound sources radiate uniformly. If a sound source has a marked direc-
tional characteristic, this characteristic has to be taken into account; it is called the
“directivity index” (DI). Figure 8.2.8 illustrates how noise emanating from an open-
ing, stack, or pipe will vary with the directivity angle.

Other factors’ affecting the radiation of sound might be barriers and the attenu-
ation of sound due to atmospheric conditions (such as molecular absorption in the
air, wind, and rain) and ground conditions (including grass, trees, shrubbery, snow,
paving, and water). Attenuation due to such factors is generally significant in the

0° 45¢ 50°
| £ o0
40 Directivity angle
350
@ 30 NOISE
=]
5 20
2 .0
2
g 0
£
-10 (=1 gp°
-2 135° & 180°

0
63 125 250 500 1000 2000 4000 8000
Octave band center frequency, Hz

The noise emanating from an opening, stack or pipe, will vary with
directivity angle between the point of measurement and the conduit
centerline. Data shown for stack or pipe diameter of approximately
10-{t (3.05-m) equivalent diameter.

FIGURE 8.2.8 Directivity index from openings, stacks, or pipes.
(NEMA Standards Publication SM 33, Directivity in Openings, Stacks
or Pipes, 1964.)
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high frequencies and over long distances and makes reliable and reputable outdoor
measurements very difficult to obtain.

For a directional noise source, we can therefore estimate sound pressure levels
by modifying Eq. (8.2.13) as follows:

[ - {LW— 20logr+ DI~ A, — A, +23 ifrisinfeet o, o
P Ly—20logr+DI—A,—- A, —8 ifrisin meters -
where DI = directivity index
A, = attenuation due to atmospheric conditions
A, = attenuation due to barriers
r = distance from source, ft (m)

For instance, if we know or estimate the L, of a fan (now provided by many
manufacturers), we can also estimate the L, at a distance r by taking into account
directivity and the other factors indicated in Eq. (8.2.15).

82.9 THE INVERSE-SQUARE LAW

From Eq. (8.2.15) we can see that if the sound pressure level of a source is mea-
sured at two different distances from the source, the difference in sound pressure
levels at those locations is

2
L, ~ L, =10log <Q> = 20 log 2 (8.2.16)
r r
where L, = sound pressure level at location 1, dB
»» = sound pressure level at location 2, dB
r, = distance from source to location 1, ft (m)
r, = distance from source to location 2, ft (m)

The relationship between (L, — L,)) and r,/r, is shown in Fig. 8.2.9.

z 2 =
- -
]
'w 10 e
a
- 5
0\ 2 5 10
R2/R ]
R ;= distance from source to focation 1
R s = distance from source to location 2
Lp , = sound pressure level, location 1
L . = sound pressure level, location 2

p1
FIGURE 8.2.9 Inverse-square law.
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Equation (8.2.16) shows that the sound pressure level varies inversely with the
square of the distance from the source, with L, decreasing by 6 dB for each dou-
bling of distance from the source. This relationship is known as the “inverse-square
law.”

At locations very close to a sound source, a measurement point will be in what
is known as the “near field” or the source. In the near field, neither Eq. (8.2.15)
nor Eq. (8.2.16) applies, and L, will vary substantially with small changes in po-
sition. As the distance increases, however, L, will decrease according to the inverse-
square law; Eqgs. (8.2.15) and (8.2.16) will apply, and a measurement point can be
said to be in the “far field” of the source.

For all practical purposes, the inverse-square law functions only in a *“free field,”
which is defined as a space with no reflective boundaries or surfaces. Outdoors,
such conditions are likely to exist only in an open field. In a reverberant field, such
as might exist in the courtyard of a building or in a narrow street, the sound pressure
level may decrease by a factor of less than 6 dB for each doubling of the distance.
On the other hand, in a field of freshly fallen snow the decrease may be more than
that predicted by the inverse-square law.

8.2.10 PARTIAL BARRIERS

Unobstructed sound propagates directly along a straight-line path from the source.
If a barrier is interposed between that source and a receiver, some of the sound will
be reflected back toward the source. These reflections can, of course, be attenuated
by placing sound-absorptive surfaces on the barrier side facing the source.

Another portion of the sound emanating from the source is transmitted through
the barrier (Fig. 8.2.10). To meet structural and wind loading criteria, however,
most barrier designs significantly inhibit noise transmission to the extent that sound
reaches the receiver primarily by diffracting over and around the barrier. As shown
in Fig. 8.2.11, the presence of the barrier creates a “shadow zone” in which dif-
fraction attenuates the noise reaching the receiver; the extent of this attenuation is
the angle @ between the straight and diffracted sound paths. Angle ® (and thereby
barrier attenuation) increases if the receiver or source is placed closer to the barrier
or (assuming that the barrier is long enough to prevent sound from diffracting
around the ends) if the barrier height is increased.

The theoretical relationship between barrier height, source and receiver position,
and barrier attenuation from diffraction can be mathematically expressed as a func-
tion of Fresnel number N, as shown in Fig. 8.2.12.

FIGURE 8.2.10 Barrier reflection, diffraction, and trans-
mission.



8.2.16

Barrier attenuation, dB
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Diffra

o |5

Shadow zone
FIGURE 8.2.11 The shadow zone behind a barrier.
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Fresnel number =N = —27:8-

where A = wavelength of sound, ft or m
d=A+B-d,ftorm

Note: N is a dimensionless number and can be used in English

or metric units on a consistent basis.

FIGURE 8.2.12 Barrier attenuation as a function of Fresnel number. (Z. Maekawa,
“Shielding Highway Noise,” Noise Control Engineering, vol. 9, no. 1, July-Aug, 1977.)
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8.2.11 PROPAGATION OF SOUND INDOORS

Assume that a sound source is on the floor of an enclosed space and that there are
no partitions or barriers between the source and the receiver, and assume further
that none of the sound leaves the space and reaches the receiver by a flanking path.
Under these conditions, the sound in the space will reach the receiver by two paths:
a direct sound path and a reverberant sound path.

8.2.11.1 Direct Sound Path

In the far field of the source, sound from a source on or near the center of a wall
or floor in a room will propagate to the receiver according to the inverse-square
law:

L= {LW —20logr + 23 if r is in feet 8.2.17)

Ly—20logr—8 if r is in meters

where L, is the sound pressure level from direct sound.

8.2.11.2 Reverberant Sound Path

Reverberant sound will reach the receiver after reflecting off surfaces in the space.
If the sound in the space is diffuse (essentially equal at all locations), Eq. (8.2.18)
applies:

L, = {LW - 10log A + 163  if A is in sabins 82.19)

Ly—10logA + 6.0 if A is in metric sabins

where L, is the sound pressure level from reverberant sound, and A is the total
absorption. The “total absorption” of a surface is the product of the surface area S
and the absorption coefficient « of that surface:

A= Sa (8.2.19)

where the units of A are sabins if § is in ft?, and metric sabins if S is in m?; « is
the sound absorption coefficient, the dimensionless ratio of sound energy absorbed
by a given surface to that incident upon the surface (see Sec. 8.2.22 and Table
8.2.43).

Total room absorption can be calculated as follows:

A=38Sa=S8a +Sa + S0+ -+ Sa (8220

where A = total absorption in room, sabins (metric sabins)
S = total surface area in room, ft*> (m?)

a = average room absorption coefficient
Sis 82 S5, . . ., S, = surface area of different segments of wall, ceiling, and
floor surfaces in room
a, @, a, . .., a, = corresponding sound absorption coefficients

Reverberant sound may be reduced by adding sound-absorptive materials to
reflective room surfaces. The theoretical reduction in reverberant sound due to add-
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ing sound-absorptive treatment to the surfaces of a room containing a diffuse sound
field is equal to

A
Reduction in reverberant sound = 10 log A——2 (8.2.21)
1

where A, is the total room absorption after adding sound-absorptive treatment, and
A, is the total room absorption before adding treatment. This is illustrated in Fig.
8.2.13.

8.2.11.3 Effects of Direct and Reverberant Sound

The effects of direct and reverberant sound are shown in Fig. 8.2.14. Direct sound
predominates close to the source, but direct sound diminishes with distance. Thus,
farther from the source, reverberant sound predominates; under ideal conditions this
occurs when the L, in the room levels off with increasing distance from the source.

The quantitative relationship between Ly, and L, from both direct and reflected
sound paths is shown in Fig. 8.2.15 as a functlon of distance from the source and
total room absorption. Add 3 dB to L, if the source is on the wall or floor of the
room, add 6 dB if the source is at the intersection of two walls (or a wall and
ceiling), and add 9 dB if the source is in a corner (Ref. 1).

Note in Fig. 8.2.15 [and also Eq. (8.2.17)] that increasing the total room ab-
sorption has no effect on direct sound; accordingly, adding sound-absorptive ma-
terials to room surfaces will show maximum reduction in L, in areas where rever-
berant sound predominates. Also, note that small increases in total room absorption
will not produce significant decreases in sound pressure level; even in a location
dominated by reverberant sound, doubling the room absorption will decrease the
sound pressure level by only 3 dB.

8.2.12 SOUND TRANSMISSION LOSS

Figure 8.2.16 shows that when a sound path is broken by a partition, part of the
sound is reflected, part is absorbed, and part is transmitted through the partition.

[24]
© 18
=2 15
€ 7
$53 5 ///
G = »
§§ 2.5
Q
g 0 z 5 10
9>_, A2/A1

A2 = Total room absorption after adding sound
absorptive treatment
A_ = Total room absorption before adding treatment

2
FIGURE 8.2.13 Effect of increasing room absorption.
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FIGURE 8.2.14 Effects of direct and reverberant sound on listeners in the source’s near
and far fields. Close to the source, direct sound predominates; at a distance, reverberant
sound predominates.
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FIGURE 8.2.15 Effects of direct and reverberant sound in rooms. [C. M. Harris (ed.),

Handbook of Noise Control, 2d ed., McGraw-Hill, New York, 1979, part 1, p. 8-4.]
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FIGURE 8.2.16 Effect of partitions on in-
cident sound. (Noise Control: A Guide for
Workers and Employees, U.S. Department of
Labor, Occupational Safety and Health Ad-
ministration, 1980.)

Ten times the logarithmic ratio of incident sound power to transmitted sound
power is defined as “sound transmission loss” (TL). As shown in Fig. 8.2.17,

W, 1
TL = 10 log W 10 log p (8.2.22)
t

where 7 = sound transmission coefficient
incident sound power, W
transmitted sound power, W

W
W,

8.2.12.1 The Mass Law

The mass law provides a theoretical relationship between the sound transmission
loss of a single-wall (solid) partition, its weight, and the frequency of sound being
transmitted through it. For normal incidence (NI), the relationship is

L = {10 logw + 20 log f — 335  if wis in Ib/f@?

10logw +20log f — 475  ifwisinkg/m 223

where w is the weight (or mass density), and f is the frequency in hertz.

W,

Incident sound power w

T

Transmitted sound power
Reflected sound power

w

(ARAEZZREEEES SRS S

FIGURE 8.2.17 Incident sound power versus reflected and transmitted
sound power.
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Equation (8.2.23) tells us that for each doubling of the barrier’s weight, the
transmission loss increases by 6 dB. Equally, by doubling or halving the frequency,
a 6-dB shift in TL occurs.

Equation (8.2.23) is commonly known as “‘the mass law,” but more accurately
it is an approximation. Actual data can deviate from mass law predictions by 10
dB or more, and the law generally does not apply to nonhomogeneous structures.
As will be shown in Sec. 8.2.21.1, for example, multilayer walls or double walls
separated by an air space generally provide greater TL than that predicted by the
mass law.

8.2.12.1 The Effect of Openings on Partition TL

Windows, access ports, door seals, wall-to-ceiling joints, cutouts for wiring or
plumbing, and other openings can significantly diminish the TL capabilities of a
structure. As an example, if a 100-ft* (9.3-m?) partition has a TL rating of 40 dB
at a given frequency, a 1 percent [or 1-ft? (0.093-m?)] opening in that partition will
reduce the overall TL to 20 dB unless noise control measures are applied to the
opening. The theoretical effect of openings in partitions or complete enclosures is
shown in Fig. 8.2.18.

8.2.123 Single-Number TL Ratings: STC Ratings

For engineering rating purposes, the TL of partitions is frequently defined in terms
of a single-number decibel rating known as “sound transmission class” (STC). STC
ratings are determined by plotting contours of TL versus frequency in one-third
octave bands from 125 to 4000 Hz and comparing the results with standard contours
defined in ASTM E413 (Fig. 8.2.19). The TL data and STC ratings of typical
structures are listed in Table 8.2.3a. The total deficiencies must not be greater than
32 dB, but any single band’s deficiency cannot be greater than 8 dB.

T 1 T T
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Potential transmission loss
without leaks, dB

FIGURE 8.2.18 Effect of openings on parti-
tion TL.



8.2.22

GENERAL CONSIDERATIONS

70
vy
60— /
o Measured .
° TL data 4
i 50 e
2 »
c
2 40
< STC 40
8 4L contour per
© ASTM E413
[l
¢ 2
20— L4
by d e bo el v b g beadaads
63 125 250 500 | 2000 | 8000
1000 4000

1/3 octave band center frequency, Hz

FIGURE 8.2.19 ASTM E413 contours for sound trans-
mission class (STC) and noise isolation class (NIC).
(ASTM E413, Standard Classification for Determination of
Sound Transmission Class, 1973.)

8.2.13 NOISE REDUCTION AND INSERTION

LOSS

As shown in Fig. 8.2.20, “noise reduction” (NR) is simply the difference in sound
pressure level between any two points along the sound path from a noise source:

NR=L, -L,

(8.2.24)

“Insertion loss” (IL), on the other hand is the before-versus-after difference at the
same measurement point, brought about by interposing a means of noise control

between the source and the receiver (Fig. 8.2.21):

IL=L,—L,
Enclosing Barrier
the source BARRIER

pravErTey

wil @[ =

Enclosing
the receiver

Source Receiver
L, L Ly Ly
NR = Lw - Lpz

FIGURE 8.2.20 [Illustration of noise reduction:
NR = L, — L, (Lawrence G. Copley, “Control of
Noise by Partitions and Enclosures,” Tutorial Papers on
Noise Control for Inter-Noise, Institute of Noise Control

Engineers, 1972.)

(8.2.25)
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FIGURE 8.2.21 [llustration of insertion
loss: IL=L,, —~ L,,.(Lawrence G. Copley,
“Control of Noise by Partitions and Enclo-
sures,” Tutorial Papers on Noise Control for
Inter-Noise, 1972.)

Like TL, NR and IL are typically rates as a function of full octave bands or
one-third octave bands. The NR ratings of several types of soundproof room are
listed in Table 8.2.42. A single-number NR rating system called “noise isolation
class” (NIC) is often used for such rooms. Similar to the STC ratings described in
Sec. 8.2.12.3, NIC ratings are established by plotting NR as a function of frequency
and comparing the results against standard contours defined in ASTM E413.

8.2.14 THE EFFECTS OF SOUND ABSORPTION
ON RECEIVING-ROOM NR CHARACTERISTICS

Figure 8.2.22 shows a receiver located within a room outside of which is a noise
source. The relationship between the NR and TL characteristics of such a room
can be shown to be represented by

A ‘
NR = TL + 10 log aZS 2 (8.2.26)

2

where NR =L, — L

L
L

sound pressure level in source room, dB
sound pressure level in receiving room, dB

pl

I

P2

LpZ

i

LR 2K 2K 3 B 2K BRI R J

FIGURE 8.2.22 Noise source in outer room, and receiver in inner room.
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~ TL = transmission loss of receiving-room walls, dB
«, = average sound absorption coefficient in receiving room
A, = total wall area in receiving room, ft> (m?)

surface area separating the two rooms, ft* (m?)

Il

I

If the source room is highly reverberant and if the receiving room is highly
absorptive such that a, is close to unity, then NR = TL. In the event that the
receiving room is highly reflective, however, a, will be very low; for instance, if
S = A, and if @, = 0.01, then NR = TL — 20 dB.

Accordingly, a highly absorptive receiving room can be seen to have a potential
of 20-dB more noise reduction than a reflective receiving room with the same TL.
This effect is illustrated in Fig. 8.2.23, which shows the NR of a 6-ft 4-in by 6-ft
0-in by 6-ft 6-in (1930- by 1829- by 1981-mm) room, which could be a fan plenum,
tested with and without 2 in (51 mm) of sound-absorptive materials on the otherwise
highly reflective steel inside walls. The sound absorption coefficient of a 2-in (51-
mm) liner is relatively low at low frequencies, so the liner has little effect on NR.
At the higher frequencies, however, NR is approximately 20 dB higher with the
absorptive liner in place.

8.2.15 FAN NOISE

Fans are the primary source of noise generation in HVAC systems. It is always best
to use fan L, data provided by the fan manufacturer. However, if these data are
not available, Eq. (8.2.27) can be used to predict the estimated fan L, (dB re
1pw); see note in section 7.1 (Ref. 2):

& (5 [=2] ~
[=} (=] o o

Noise reduction, dB
w
[~}

~
=]

! 1 ! ! ! ! 1 1
63 125 250 500 1K 2K 4K 8K

Octave band center frequency, Hz

1. 2-in (51-mm) sound absorptive materials
on inside wall surface
2. Reflective steel walls

FIGURE 8.2.23 Additional NR dem-
onstrated by adding sound absorption to
the inside surface of a reflective receiv-
ing room. (Martin Hirschorn, Noise
Control Reference Handbook, Indus-
trial Acoustics Company, 1982.)
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Ly,=K 4+ 1010gg+2010g§+C+BFI 8.2.27)
1 1
where K, = specific sound power level, dB re 1p,, (from Table 8.2.6)
Q = flow rate, ft*/min (L/s)
@, = 1 when Q is in ft*/min, 0.472 when Q is in L/s
P = fan pressure head, in WG (Pa) [in WG is “inch water gauge”]
P, = 1 when P is in inches WG, 249 when P is in Pa
C = correction factor for point of operation, dB
BFI = blade frequency increment to be added only to octave band contain-

ing blade pass frequency

The values of K,, and BFI are shown in Table 8.2.6, and Table 8.2.7 shows the
octave band in which the BFI is likely to occur for different fan types. Values for
C are given in Table 8.2.8.

Fans can generate high-intensity noise levels of a discrete tone at the blade pass
frequency (BPF). The noise level’s intensity will vary with the type of fan. The
BPF can be established if the rpm and number of blades of the fan are known; the
following equation an then be used:

rpm X number of blades

BPF = 50

Hz (8.2.28)

For example, if the rpm is 1200 and the number of blades is 8, BPF = 160 Hz.

These discrete tones at the BPF are usually the most predominant noises ema-
nating from large fans, but such discrete frequencies may not show up in an octave
band analysis. To find them, narrower frequency ranges may have to be measured,
such as one-third octave bands or even one-tenth octave bands.

BFIs vary from 2 dB for centrifugal radial-blade fans to 8 dB for centrifugal
pressure-blower fans (see Table 8.2.6). BFIs and second harmonic frequencies gen-
erally occur in the 63- to 500-Hz region (see Table 8.2.7).

Once a decision has been made as to the type of fan to be used, it is best to
select one that operates close to the peak of its efficiency curve. Such a fan will
typically generate the lowest noise level. The correction factor C for off-peak op-
eration is shown in Table 8.2.8.

EXAMPLE 8.2.1 A 35.5-in-diameter vaneaxial fan with eight blades has a 20,000-
ft*/min flow rate, develops a 4-in WG head at a speed of 1765 r/min, and operates
at 95 percent of peak efficiency. Determine the fan’s L, and BPFE.

Solution Calculate the fan’s total Ly, from Eq. (8.2.27):

¢ For K, Table 8.2.6 gives a range of octave band center frequencies for a va-
neaxial fan with a diameter (or wheel size) under 40 in.

* Flow rate @ = 20,000 ft*/min, and Q, = 1. Thus 10 log (Q/Q,) = 43.
» Fan pressure head P = 4 in WG, and P, = 1. Thus 20 log (P/P,) = 12.

» Correction factor C comes from Table 8.2.8; at 95 percent peak efficiency, C =
0

¢ From Table 8.2.6, for vaneaxial fans, BFI = 6. Furthermore, Table 8.2.7 and its
note show that this BFI occurs in the 250-Hz octave band.

These data are tabulated in Table 8.2.9, which shows the total Ly,.
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TABLE 8.2.6 Specific Sound Power Levels K, (dB re 1p,,) and Blade Frequency Increment (BFI) for Various Types of Fans

Octave band center frequency, Hz

Fan type Wheel size 63 125 250 500 1000 2000 4000 BFI
Centrifugal
Airfoil, backward-curved, Over 36 in (900 mm}) 32 32 31 29 28 23 15 3
backward-inclined Under 36 in (900 mm) 36 38 36 34 33 28 20
Forward-curved All 47 43 39 33 28 25 23 2
Radial blade and pressure Over 40 in (1000 mm) 45 39 42 39 37 32 30
blower From 40 in (1000 mm) to 55 48 48 45 45 40 38 8
20 in (500 mm)
Under 20 in (500 mm) 63 57 58 50 4 39 38
Vaneaxial Over 40 in (1000 mm) 39 36 38 39 37 34 32
Under 40 in (1000 mm) 37 39 43 43 43 41 28 6
Tubeaxial Over 40 in (1000 mm) 41 39 43 41 39 37 34
' Under 40 in (1000 mm) 40 41 47 46 4 43 37 5
Propeller
Cooling tower All 48 51 58 56 55 52 46 5

Note: These values are the specific sound power levels radiated from either the inlet or the outlet of the fan. If
the total sound power level being radiated is desired, add 3 dB to the above values.
Source: 1987 ASHRAE Handbook, Systems, ASHRAE, Atlanta, 1987, chap. 52, “Sound and Vibration Control.”
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TABLE 8.2.7 Octave Band in Which Blade Frequency Increment (BFI) Is Likely to Occur

Octave band in which BFI

Fan type occurs*
Centrifugal
Airfoil, backward-curved, backward-inclined 250 Hz
Forward-curved 500 Hz
Radial bladc and pressure blower 125 Hz
Vaneaxial 125 Hz
Tubeaxial 63 Hz
Propeller
Cooling Tower 63 Hz

*Use for estimating purposes. For speeds of 1750 r/min (29 r/s) or more, move the BFI to

the next higher octave band. Wherc the actual fan is known, use the manufacturer’s data.

Source: 1987 ASHRAE Handbook, Systems, ASHRAE, Atlanta, 1987, chap. 52,
“Sound and Vibration Control.””

TABLE 8.2.8 Correction Factor C for Off-Peak Operation

Static efficiency, % of peak

Correction factor, dB

90 to 100
85t0 89
75t0 84
65 to 74
55 to 64
50 to 54

0
3
6
9
12
15

Source: 1984 ASHRAE Handbook, Systems, ASHRAE, Atlanta,
GA, 1984, chap. 32, “‘Sound and Vibration Control.”

To calculate the fan’s BPF, use Eq. (8.2.28). Given 1765 r/min and eight blades,
BPF = (1765 X 8)/60 = 235 Hz, and Table 8.2.9 shows that the nearest octave
band to 235 Hz in this example is 250 Hz.

TABLE 8.2.9 Calculation of Total Fan L, in Example 49.1

Octave band center frequency, Hz

Calculation 63 125 250 500 1000 2000 4000

Specific fan K, 37 39 43 43 43 41 28
10 log (Q/Q,)+20 log (P/P,) 55 55 55 55 55 55 55
C 0 0 0 0 0 0 0
BFI cee eee 6

+3 dB to get total Ly, (see note

below Table 49.6) 3 3 3 3 3 3 3
Total Ly, 95 97 107 101 101 99 86
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8.2.16 COOLING TOWER NOISE

In the typical mechanically induced-draft cooling tower (Fig. 8.2.24), noise is gen-
erated by fan noise and water impact; at most locations of interest, however, fan
noise predominates. For evaluation and control of cooling tower noise, see Refs. 3
to 6. A typical cooling tower noise control installation, consisting of air-intake and
-discharge silencers, is shown in Fig. 8.2.25.

Cooling tower fan noise, if not available from the manufacturer, can be estimated
from Eq. (8.2.27) and Tables 8.2.6 to 8.2.8. It should be noted, however, that the
intake noise must propagate upstream against the air flow, make a 90° turn, divide
as it disperses through the side of the tower, and pass through the louvers. This
tortuous path results in the cooling tower fan’s intake noise being less than its
discharge noise. Typical fan attenuation at the air intake can amount to as much as
3,7, 11, and 9 dB in the first four octave bands, respectively; however, in the last
four bands water noise predominates. Clearly, wherever possible, data based on
actual measurements and provided by the cooling tower manufacturer should be
used.

8.2.17 DUCT SILENCERS-—TERMINOLOGY
AND TYPES

Duct silencers reduce the air-flow noise inside air-handling systems that is caused
by the following:

» The fan—the air’s prime mover
» The passage of air through straight ducts

Air flow

t Propeller fan
Motor \.[
Sheathing = N
ININNNNINL 4 Spray
e
IPORXMN R
Louvers
Air flow Al flow

-

Collecting basin -

FIGURE 8.2.24 Mechanically induced-draft cooling
tower.



NOISE CONTROL 8.2.29

/ 1AC Quiet-DUCT
discharge
silencers

JAC Quiet-DUCT
intake
silencers

FIGURE 8.2.25 Silencers for cooling towers.
(Application Manual for Duct Silencers, Bulletin
1.0301.4, Industrial Acoustics Company, 1989.)

* The impact of air flowing through duct components, such as elbows, branches,

mixing boxes, rods, and orifices

We can generalize that any form of air movement will generate noise. If V is

the velocity of air flow in a straight duct, the sound power level may be a function
of V3 to V7, depending on the frequency and the duct component. This means that
the noise generated by air flow inside a duct may increase or decrease by 15 to 21
dB every time the velocity is doubled or halved.

Six principal parameters are generally used to describe the aeroacoustic char-

acteristics of silencers:

1.

2

3.

S.

6.

Dynamic insertion loss (DIL): The DIL is the difference between two sound
power levels or intensity levels when measured at the same point in space before
and after a silencer has been inserted between the measuring point and the noise
source.

Self-noise (SN): The SN is the sound power level in decibels generated by a
given volume of air flowing through a silencer of stated cross-sectional area.

Air flow: Accurate aerodynamic measurements are essential in describing any
component of an air-handling system. DIL and SN data are always reported as
a function of silencer face air-flow velocity.

. Static pressure drop: This is generally related to silencer face velocity and vol-

umetric air-flow capacity for a given silencer face area. For energy conservation
considerations, it can also be related to the horsepower (kilowatts) required to
overcome the pressure drop.

Forward flow: This applies to DIL and SN ratings with the air flow moving in
the same direction as the noise propagation, such as in a fan discharge system.

Reverse flow: This applies to DIL and SN ratings with the air flow and noise
propagation moving in opposite directions, such as in a fan inlet system.
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There are many types of silencers, including the following:

Reactive Silencers. These have tuned cavities and/or membranes and are de-
signed mainly to attenuate low-frequency noise in diesel, gasoline, and similar
engines. Such silencers, however, are rarely used in HVAC systems.

Diffuser-Type Silencers. These are used primarily for jet engine test facilities and
pneumatic cleaning nozzles in manufacturing operations. They often employ per-
forated “pepper pots” that slow down the flow velocities and/or prevent the gen-
eration of low-frequency noise.

Active Attenuators. Much work has been done during the last 10 years on “ac-
tive” silencers. These attenuate noise by means of electronic cancellation techniques
involving microphones, speakers, synchronizing sensors, and microprocessors.

Such silencers are effective at low frequencies under 300 Hz but are not suitable
for broadband noise reduction without the addition of a dissipative silencer.

Moreover, this cost and maintenance requirements do not make such silencers
a practical proposition. However, they might constitute an answer in unusual situ-
ations where there is no room for conventional silencers and where very low fre-
quency noise must be controlled.

Packless Silencers. These can be used where the acoustic infill of conventional
silencers could become a breeding ground for disease-carrying bacteria or where
particulate matter from fiber erosion can contaminate streams of air or gas. This
makes packless silencers particularly suitable for microchip manufacturers, food
processing plants, hospitals, and pharmaceutical and other manufacturing plants
requiring clean-room environments.

The absence of acoustic materials also reduces fire hazards where flammable
materials could saturate the infill. Other applications therefore include engine test
cell, kitchen exhausts, and facilities in general where fuels, grease, acids, and sol-
vents might be carried in streams of air or gas.

Packless silencers could well become more important for general use if it be-
comes established that fiberglass causes lung illnesses.

Dissipative Silencers. These are widely used in HVAC duct systems. Figures
8.2.26 and 8.2.27 show the general configuration of rectangular splitter silencers.
The splitter, consisting of a strong, perforated-steel envelope containing sound-
absorptive materials, divides the air or gas flow into smaller sound-attenuating pas-
sages. Rectangular silencers are used in rectangular ducts and are sometimes set up
in very large tiers, or banks, on the intakes and exhausts of fans.

Figure 8.2.28 shows a tubular, or cylindrical, silencer. At first sight it looks
similar in cross section to the rectangular silencer, but it consists of an outer cylin-
drical shell and an inner concentric bullet. Cylindrical silencers are often used in
circular duct systems in conjunction with vaneaxial fans.

Dissipative silencers are available in a variety of executions, lengths, and cross
sections to meet almost any noise-reduction and pressure-drop requirement of an
HVAC system. The use of dissipative silencers is further discussed and illustrated
in Secs. 8.2.23 to 8.2.29 in terms of applications. For discussions of the principles
of silencer performance and duct break-out noise, respectively, see Sec. 8.2.18 and
8.2.20.
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Perforated splitter liner

/— Sound-absorptive material
L2 e
— P— Splitters
L Alr passage ' & '

(@) {b)

FIGURE 8.2.26 “Round-nosed” rectangular silencer. (a) Cross section; (b) external view.
(Application Manual for Duct Silencers, Bulletin 1.0301.4, Industrial Acoustics Company,
1989.)
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(Frequently used in Europe. Constitutes poor asrodynamic
and self-noise design. See Sect. 49.23.3 and Fig. 49.59.)

FIGURE 8.2.27 “Flat-nosed” rectangular silencer. (Martin
Hirschorn, “The Aero-Acoustic Rating of Silencers for ‘For-

ward’ and ‘Reverse’ Flow of Air and Sound,” Noise Control
Engineering, vol. 2, no. 1, Winter 1974.)

8.2.18 EFFECTS OF FORWARD AND REVERSE
FLOW ON SILENCER SN AND DIL

The self-noise (SN) of a silencer varies by 7 to 26 dB for each doubling and halving
of flow velocity, depending on the frequency, on the silencer’s configuration, and
on whether the noise and air flow are traveling in the same direction (i.e., forward
or reverse flow).

As explained in Sec. 8.2.17, forward flow occurs if the air flow is traveling in
the same direction as the sound propagation, as on the supply side of an HVAC
system, and reverse flow occurs when air is traveling in a direction opposite to the
direction of sound propagation, such as in a duct’s return-air system. Both are
illustrated in Fig. 8.2.29.
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FIGURE 8.2.28 Cylindrical silencer. (a) Cross section; (b) external view. (Application Manual for Duct
Silencers, Bulletin 1.0301.3, Industrial Acoustics Company.)
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””” =0\ \ [ [T
Sound waves )M Air Air |~ ( ( (L Sound waves
fffff /) \ A :
Forward flow — noise field propagates Reverse flow — noise fiekd propagates
in the same direction as airflow. opposite to air flow.

Note: If velocity of air through sifencer is 70 ft/s (21.3 nv's), the speed of sound in the forward-flow
directionwouldbe 1100 + 70 = 11701t/s (335.3 + 21.3 = 356.6 m/s). Similarly inthe reverse-
flow direction, the speed of sound through the silencer would be 1100 — 70 = 1030{Y/s (335.3
- 21/3 = 314 nvs). Approximate velocity of sound at sea level = 1100 ft/s (335.3 nvs).

FIGURE 8.2.29 Schematic of reverse flow versus forward flow. (Application Manual for Duct
Silencers, Bulletin 1.0301.4, Industrial Acoustics Company, 1989.)
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FIGURE 8.2.30 Characteristic self-noise spectra for rectangular silencers
with 30 percent free area. (M. Hirschorn, “Acoustic and Aerodynamic
Characteristics of Duct Silencers for Airhandling Systems,” ASHRAE Paper
CH-81-6, 1981.)

Figure 8.2.30 illustrates the effects of forward and reverse flow on silencer SN.
Low-frequency SN is the greatest in the forward-flow mode, while high-frequency
SN is the greatest in the reverse-flow mode.

Because of the forward- and reverse-flow phenomena, silencer performance is
best rated with air flow in terms of dynamic insertion loss (DIL) determined in
accordance with ASTM E477 (Ref. 7) in a reverberant room in the reverse and
forward modes. The test arrangement is shown in Fig. 8.2.31 and 8.2.32. See
Ref. 8.
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8.
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Air flow measurements station
System fan

System silencer

Signal source chamber

Upstream pressure test station
Silencer under test

Downstream pressure test station
Reverberation room

FIGURE 8.2.31 Typical facility for rating duct silencers with or without air flow.
(ASTM E477, Standard Method of Testing Duct Liner Materials and Prefabricated
Silencers for Acoustical and Airflow Performance, American Society for Testing and
Materials, 1973.)
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FIGURE 8.2.32 Schematic of the facility shown in Fig. 8.2.31; forward flow illustrated.
(M. Hirschorn, “Acoustic and Aerodynamic Characteristics of Duct Silencers for Airhan-
dling Systems,” ASHRAE Paper CH-81-6, 1981.)
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8.2.18.1 Brief Theory of the Effects of Air-Flow Direction on Silencer
Performance

In examining the influence of air flow on the acoustic DIL, observers have found
that air flow affects sound transmission in three major ways: (1) convection, (2)
refraction, and (3) flow modification of the acoustic impedance of the duct walls.
Since the third effect is rather insignificant for silencers using absorptive materials,
it will not be discussed here.

Convection. The term ‘“convection” signifies that the speed of sound in the for-
ward direction is greater than in the reverse direction. As a result, the sound waves
(previously referred to as the “noise field”) maintain longer contact with the ab-
sorptive boundary in the silencer in the reverse direction than in the forward-flow
mode. This results in higher attenuation in the reverse direction than in the forward
direction. Quantitatively, this difference between reverse-and forward-flow attenu-
ation depends on the Mach number M in the duct, which is defined as

M= ‘Z/ 8.2.29)

where V is the velocity of air, and ¢ is the velocity of sound. At sea level, ¢ is
approximately 1100 ft/s (335.3 m/s), and V in an air-conditioning silencer might
typically be on the order of 70-ft/s (21.3-m/s) throat velocity, or a Mach number
of about 0.064.

This dependence on the Mach number is modified by whether the air-flow pat-
tern in the flow sublayer close to the boundary is streamlined or turbulent. If the
pattern is streamlined, the ratio between reverse- and forward-flow attenuation can
be shown to be (1 + M)/(1 — M)"; if the pattern is turbulent, the ratio is expected
to be (1 + M*)/(1 — M??. If the Mach number is about 0.064 and if the turbulent
sublayer is streamlined, this would correspond to a theoretical ratio between re-
verse- and forward-flow attenuation of about 14 percent; however, much wider
fluctuations have been measured under actual test conditions.

Where turbulent flow conditions control, the ratio between reverse- and forward-
flow attenuation might then be on the order of 30 percent of more; consequently,
it follows that shape and construction can have a major effect on silencer attenuation
values and that it cannot be concluded that all silencers will necessarily behave
alike. There is only one way to be sure that silencers will provide the performance
specified, and that is on the basis of actual test data.

(It is interesting to note that if the velocity of air through a duct equals Mach
1, then theoretically no noise at all should be transmitted in the reverse-flow direc-
tion. In fact, experimental jet engine intake silencers have been constructed on this
principle.)

Refraction. At higher frequencies, refraction begins to be significant, and it works
in opposition to the effect of convection. That is, refraction tends to increase high-
frequency attenuation in the forward-flow direction and decrease it in the reverse-
flow direction. This situation is illustrated schematically in Fig. 8.2.33. As a sound
wave travels in the forward-flow direction, there is a tendency for it to be refracted
toward the boundary, which leads to smaller attenuation in the reverse-flow direc-
tion. This effect is significant only at higher frequencies when the wavelength is
smaller than the cross-sectional dimensions of the duct.
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Velocity
profile

Under forward-flow conditions, high-frequency Under reverse-flow conditions, sound is refracted away
sound is refracted into the duct-silencer walls. from the walls and toward the center of the duct silencer.

FIGURE 8.2.33 The refraction of sound under forward- and reverse-flow conditions. (Appli-
cation Manual for Duct Silencers, Bulletin 1.0301.3, Industrial Acoustics Company.)

It will be noted from the data in Fig. 8.2.55 that in the reverse-flow mode,
silencer attenuation falls off markedly from the sixth octave band upward and in-
creases for the forward-flow mode (Refs. 9 to 11).

8.2.19 COMBINING ACTIVE AND DISSIPATIVE
SILENCERS:

Active noise control presently is not a broadly used method for achieving HVAC
noise control because of relatively higher costs compared with dissipative silencers.
However, for selected applications, there may be significant benefits in combining
the active technology with the broad band performance of dissipative sound ab-
sorptive silencers.

In active noise cancellation, sound is cancelled by destructive interference. The
basis of all active attenuation systems is that the noise from a secondary source is
generated with a mirror image wave form of the primary sound field to cancel
unwanted sound downstream of the attenuator. The secondary noise source must
also be controlled. "

The secondary source must be of the same order of magnitude as the noise to
be cancelled and must also be controlled. Fig. 8.3.34 shows how noise and anti-
noise sources cancel each other out.

NOISE
e N — RESULT

ANTI-
NOISE

FIGURE 8.2.34 Noise Cancellation The-
ory. (Ref. 20)
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A simple active noise control system, Fig. 8.2.35, utilizes two microphones; one
for input and one for error corrections, a loudspeaker and a controller. Unlike
dissipative silencers, active silencers will consume small amounts of electrical
power and will require equipment maintenance from time to time. This may entail
replacement of loudspeakers, which must often operate continuously in some times
rugged environments.

Hybrid Active Dissipative Silencers: The most effective application of the active
silencer principle in HVAC Systems is a “hybrid” combination of active and dis-
sipative silencers. Table 8.2.10 shows performance of one combination. Active duct
silencers for frequencies in excess of 500 Hz are generally not considered practical
due to increasingly complex “cross modes” at the higher frequencies.

The active silencer performance shown in Table 8.2.10 provides attenuation up
to 500 Hz. The acoustical characteristics of dissipative silencers for 3 m and 900
mm long silencers respectively, provide additional low frequency attenuation as well
as greater amounts of mid and high frequency attenuation. Other selections of dis-
sipative silencers can be combined with the active silencer where the dissipative
silencer provides a larger amount of low frequency but most of the attenuation
above 500 Hz. Depending on space considerations, these can also be designed with
very minimal pressure drop.

For most active silencer systems performance can be limited by the presence of
excessive turbulence in the airflow detected by the microphones. Manufacturers
recommend using active silencers only where duct velocities are less than 1500
fpm and where the duct configuration is conducive to smooth, evenly distributed
airflow. (Ref: 1995 ASHRAE Handbook, HVAC Applications).

Error
Microphone

Input
Microphone

FIGURE 8.2.35 Active Duct Silencer. (Ref. 21)

TABLE 8.2.10 DIL of Dissipative Silencers and TCM (Tight Coupled Monopole) Active
Attenuator.

63 125 205 500 1K 2K 4K 8K
3 m (10 ft) 13 26 42 52 55 53 51 42
900 mm (3 ft) 2 7 11 15 21 26 18 1
TCM 10 11 16 13 1 0 0 0
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8.2.20 SOUND TRANSMISSION THROUGH
DUCT WALLS—DUCT BREAK-OUT AND
BREAK-IN NOISE

The break-out phenomenon in particular illustrates the importance of reducing fan
noise by means of silencers directly after the fan. Otherwise, duct runs that lack
an adequate acoustic design may radiate unacceptably high noise levels into oc-
cupied spaces.

Air ducts are commonly manufactured from light-gauge sheet materials, which
provide only partial containment of the sound field within the duct. Internal noise
can be transmitted into the surrounding space (break-out), and in some cases ex-
ternal noise can pass into the duct (break-in), which then becomes a path for noise
to travel into other occupied areas.

The phenomena of break-out and break-in sound transmission are illustrated in
Fig. 8.2.35 and 8.2.36.

The magnitude of the sound transmission loss (TL) of a duct wall differs from
that of a plenum wall panel due to the frequency-dependent nature of the sound
propagation within the duct. If the cross-sectional dimensions of the duct are smaller
than one-half of the wavelength, only plane waves can propagate within the duct.
The vibration response of the duct walls and the pattern of radiation of sound from
the duct are governed by the directional characteristics of the internal sound field.
The forced response of the duct wall is proportional to the local sound pressure,
which propagates in an axial direction at a speed that is equal to or greater than
the speed of sound.

Practical TL curves have been developed that are divided into two regions (Ref.
2): one where plane-mode transmission within the duct predominates, and another
where cross-modes prevail.

For break-out, the limiting frequency f, between these curves is given by

_ 24,134
(ab)®s

i) (8.2.30)

where a and b are the duct cross-sectional dimensions in inches; when working

Wall /_\ Wall
S
t
Sound power W, Duct W, -w,
entering duct —_—
—> b
/ N~— Duct

Duct outer cross-sectional
surface area = A
area = A,

FIGURE 8.2.36 Break-out sound transmission
through duct walls. (ASHRAE Handbook 1987 Sys-
tems, chap. 52, “Sound and Vibration Control,” Amer-
ican Society of Heating, Refrigerating and Air-
Conditioning Engineers, Inc., Atlanta, 1987.)
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with metric units, convert millimeters to inches before using Eq. (8.2.30) (mm
divided by 25.4).

For break-in, the lowest acoustic cross-mode frequency is used as the limiting
frequency:

_ 6764
a

£ (8.2.31)

where a is the larger duct dimension in inches; when working with metric units,
convert millimeters to inches before using Eq. (8.2.31) (mm divided by 25.4).
Below the limiting frequencies, break-out TL is given by

TL.. = 10 log (£9-) + 17 (8.2.32)
out a+b
and break-in TL is given by the larger of
TL, = TL,, — 4 — 10 log% + 20 1ogfi (8.2.33)
1
or
1 1
TL,, = 10 log [121 <; + E)] (8.2.34)

where f = frequency, Hz
g = mass per unit area of duct wall, 1b,,/ft* (kg/m> X 0.2048)
I = duct length, ft (m)

Above the limiting frequencies, break-out TL is given by
TL,, = 20 log qf — 31 (8.2.35)
and break-in TL is given by
TL, = TLy, — 3 (8.2.36)

Air ducts are frequently installed above suspended ceilings or under access floor-
ing. These confined spaces have the effect of modifying the radiating pattern of
sound around the duct. Close proximity of the duct to a concrete slab will modify
the response of the duct wall; the slab will also act as a reflecting plane to the
overall sound radiation. Rigid partitions perpendicular to the axis of the duct may
cause standing waves at frequencies where the wavelength is equal to the distance
between the partitions. These standing waves can raise the local sound pressure
levels in the occupied space by as much as 10 dB.

Circular ducts provide much higher TL than do rectangular ducts in the low
frequencies, where most duct break-out problems occur. At higher frequencies,
however, circular ducts can exhibit a resonance phenomenon at the duct’s so-called
“ring frequency,” where the TL is sharply reduced.

Examples of break-out and break-in TL values are shown in Table 8.2.10 for an
unlined rectangular duct made from 22-gauge [0.034-in (0.85-mm)] sheet steel and
measuring 44 in (1118 mm) wide by 12 in (305 mm) deep; the break-out values
for an equal-area circular-section duct 26 in (660 mm) in diameter made from
spiral-wound 24-gauge [0.028-in (0.7-mm)] steel are shown for comparison. More
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comprehensive listings of break-out and break-in TL are shown in Tables 8.2.11 to
8.2.17.

Lagging on the outside of ductwork is often used to increase the TL values. The
increase in performance due to the lagging will depend on the type and rigidity of
the lagging material. A hard outer layer of sheet metal or gypsum board may not
be a very effective means of reducing low-frequency noise caused by resonance
effects in rectangular ducts. Limp covering materials that effectively add mass to
the duct wall may improve the TL values by reducing wall response without adding
stiffness. In critical situations, it may be necessary to apply panels with air spaces
to the duct surfaces for maximum noise reduction.

Undoubtedly, more correlation between field and empirical data is required on
break-out and break-in noise. Some acoustic consultants and engineers consider

TABLE 8.2.11 Examples of Duct Break-out and Break-in TL versus Frequency

Octave band center frequency, Hz

Duct and TL type 63 125 250 500 1000 2000 4000 8000
Rectangular,* TL,, 19 22 25 28 31 37 43 45
Rectangular,* TL,, 14 14 22 25 28 34 40 42
Circular,t TL,,, 45 50 26 26 25 22 36 43

*Duct size: 44 by 12 in (1118 by 305 mm), 22 ga [0.034 in (0.85 mm)).
tDuct size: 26-in (660-mm) diameter, 24 ga [0.028 in (0.7 mm)).

TABLE 8.2.12 TL,, versus Frequency for Various Rectangular Ducts

Duct size*
Gauge Octave band center frequency, Hz
in (mm) in (mm) 63 125 250 500 1000 2000 4000 8000
24 ga
12 x 12 (300 x 300) 0.028 (0.7) 21 24 27 30 33 36 41 45
24 ga
12 x 24 (300 X 600) 0.028 (0.7) 19 22 25 28 31 35 41 45
22 ga
12 x 48 (300 x 1200) 0.034 (0.85) 19 22 25 28 31 37 43 45
22 ga
24 x 24 (600 x 600) 0.034 (0.85) 20 23 26 29 32 37 43 45
20 ga
24 x 48 (600 x 1200) 0.04 (1.0) 20 23 26 29 31 39 45 45
18 ga
48 x 48 (1200 x 1200) 0.052 (1.3) 21 24 27 30 35 41 45 45
18 ga
48 x 96 (1200 x 2400) 0.052 (1.3) 19 22 25 29 35 41 45 45

*All duct lengths are 20 ft (6 m).
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TABLE 8.2.13 TL,, versus Frequency for Various Rectangular Ducts

Duct size*
Gauge Octave band center frequency, Hz
in (mm) in (mm) 63 125 250 500 1000 2000 4000 8000
24 ga
12 x 12 (300 x 300) 0.028 (0.7) 16 16 16 25 30 33 38 42
24 ga
12 x 24 (300 x 600) 0.028 (0.7) 15 15 17 25 28 32 38 42
22 ga
12 x 48 (300 x 1200) 0.034 (0.85) 14 14 22 25 28 34 40 42
22 ga
24 x 24 (600 x 600) 0.034 (0.85) 13 13 21 26 29 34 40 42
20 ga
24 x 48 (600 x 1200) 0.04 (1.0) 12 15 23 26 28 36 42 42
18 ga
48 x 48 (1200 x 1200) 0.052 (1.3) 10 19 24 27 32 38 42 42
18 ga
48 x 96 (1200 x 2400) 0.052 (1.3) 11 19 22 26 32 38 42 42

*All duct lengths are 20 ft (6 m).

that the TL data presented here (from Ref. 2) may be overstated when translated
to field installations; for instance, the break-out noise sound levels are likely to be
higher than would be arrived at by using the TL figures in Tables 8.2.10 to 8.2.16.
However, in the meantime, the above procedures (including Tables 8.2.10 to 8.2.16)
can be used, bearing in mind that the introduction of safety factors might be in
order.

8.2.21 NOISE CRITERIA

Noise is unwanted or objectionable sound, and numerous standards define its limits
for specific types of noisemakers, specify how the sound is to be measured, and in
certain instances specify when. These standards are published by local and national
government agencies, national and international standards organizations, the mili-
tary, professional societies, and others. A few of these standards (or criteria) are
given below.

8.2.21.1 dBA Criteria

One way of rating sounds is by means of the A scale, a sound-level meter weighing
network that approximates the response of the human ear to sound. Both the human
ear and the A-weighing network are more sensitive to high-frequency than low-
frequency sound. In decibels, A-scale levels are expressed as dBA. Typical noise

source dBA levels are shown in Table 8.2.18.
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8.3.1 INTRODUCTION

Chillers, pumps, blowers, cooling towers, ducts, piping, rigid electrical conduits,
etc., that are rigidly bolted to a structure, transmit 100 percent of their vibratory
energy. The introduction of properly selected vibration isolators will reduce this
transmitted energy to the point where it is completely imperceptible or so minor as
to no longer be annoying to the occupants, structurally destructive, or detrimental
to critical manufacturing processes. ‘“Vibration isolation efficiency” is defined as
the percentage of vibration that is no longer transmitted to the structure because of
the introduction of vibration isolators.

8.3.2 THEORY

The vibration problem can be approached on a theoretical basis by using Eq. (8.3.1),
the theoretical vibration efficiency equation, which represents an isolated machine
as shown in Fig. 8.3.1.

Unbalanced
Weight
Machine Mass
M4
Isolators
/

Rigid Support
FIGURE 8.3.1 Isolated machine.

8.3.1
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1
E =100 [1 - W] (8.3.1)

where E = percentage of vibration isolated (efficiency)
f, = disturbing frequency of the isolated machine
f. = natural frequency of the isolated machine

The disturbing frequency should be taken as the r/min of either the equipment
or the driver, whichever is lower. All equipment has some unbalance at the primary
speed, and this approach is conservative, since any higher-frequency vibration used
in the formula would result in overly optimistic values for the primary disturbance.

This equation states that a given percentage of the vibration can be kept out of
the structure by installing the machine which is creating the vibration at a known
frequency (usually the machine r/min) on a system of vibration mountings. These
should resonate at a frequency that is very much lower than the disturbing frequency
described above. When this ratio of disturbing frequency to the natural frequency
is 3:1, abut 90 percent of the transmitted vibration is theoretically eliminated. Refer
to Fig. 8.3.1 to help visualize the mechanical system represented by Eq. (8.3.1). A
motor is shown driving a rotating component. Assume that there is one point of
unbalance in the rotating machine and none in the motor. These two components
would be kept in their relative positions by either a steel base or a steel base filled
with concrete. The total weight of the system would be the weight of the motor
plus the weight of the machine plus the weight of the base.

Assuming that the system has only one degree of freedom and that there are no
external connections, when we push the system down it will bounce back up and
continue to oscillate vertically at a specific frequency. This frequency f, is known
as the “natural” frequency because it continues to move at this rate with no further
introduction of energy.

When we turn the machine on, the unbalanced force that is centrifugally- gen-
erated will force the system to vibrate at the operating speed of the driven machine.
This frequency is known as the “forcing” or “disturbing” frequency f, Exami-
nation of the efficiency equation (8.3.1) shows us that the larger the ratio between
this forcing frequency and the natural frequency, the greater will be the degree of
vibration isolation.

The only unknown in the equation is f,. The equation used in determining this
frequency is a simple relationship to the static deflection, provided the isolation
material that is used has a straight-line deflection curve and virtually no damping.
(Mass in no way enters the equation.) The frequency is dependent upon acceleration
provided by the return spring force acting against the mass. When the deflection is
directly proportionate to increased mass, as a function of the spring stiffness, mass
and stiffness conveniently drop out and deflection is all that is needed to determine
frequency. Static deflection refers to the actual difference in height between the
unloaded spring and the spring in the deflected condition. For example, if the spring
were 6 in (150 mm) tall to begin with and 4 in (100 mm) tall under load, the static
deflection would be 2 in (50 mm).

If the material does not have a straight-line deflection curve, as in the case of
some rubber materials in compression, or the material has appreciable dynamic
stiffness (which means that in motion it acts like a stiffer material than the deflection
would indicate), frequency tests can be run to determine the frequency at various
loads and deflections and the curves plotted. This is normally the case for natural
rubber and other elastomers and for materials such as fiberglass, felt, cork, and
sisal. When using these materials, deflection is a very poor indicator of the natural
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frequency, and test curves must be referred to for any degree of accuracy when
inserting f, in the efficiency equation. The same applies to more exotic devices
like air springs where there is no deflection under load but only a change in air
pressure. Frequencies can be calculated, but test data are far more reliable.

Equation (8.3.2) refers to helical steel springs which are free of damping and
have uniform deflection rates. The natural frequency f, is then expressed as

fu= ,/—18835'4) (8.3.2)

natural frequency, cycles/min (Hz)
static deflection in the spring supports, in (mm)

where f,
d

i

In looking at this as a mechanical system, it is simpler to think in terms of the
pendulum. The frequency of a pendulum is dependent on the length of the pen-
dulum from the rotation point to the center of the bob or mass and is in no way a
function of the mass. The frequency drops as the pendulum becomes longer and
increases as it is shortened. Pendulum length is analogous to spring deflection. The
longer the pendulum, the lower the frequency. The more static deflection, the lower
the natural frequency of the system.

Returning to the efficiency equation, let us try a solution referencing a machine
with a disturbing frequency of 600 cycles/min. A natural frequency of about 200
cycles/min would be required to attain a ratio of 3:1 and to arrive at 87.5 percent
efficiency. Since exact numbers are not critical, it is easier to use an efficiency chart
(Fig. 8.3.2).

This is still a theoretical discussion and not to be used for practical purposes.
This is only introductory to aid in understanding.

The operating speeds or disturbing frequencies are listed across the bottom of
Fig. 8.3.2. The vertical scale is a continuous solution of the natural frequency
equation, with the deflection on the left and corresponding natural frequencies on
the right. The efficiency lines run diagonally.

To use this chart, start at the bottom with the lowest operating speed of the
equipment. Move up vertically and intersect the desired efficiency line and then
move over to the left to pick up the natural frequency of the mountings required
for that efficiency and the corresponding spring deflection. We have outlined this
procedure for 90 percent at 600 r/min in the dark lines. For all practical purposes,
we would need mountings with about 1 in (25.4 mm) of static deflection in order
to obtain the 90 percent efficiency.

It is important to emphasize that commercial vibration control is not an exact
science. The weight of the equipment provided by manufacturers is approximate at
best, and the location of the center of gravity is even more nebulous. Using com-
mercially available mountings, it is impossible to select mountings for exact de-
Slection. Vibration isolation commodities are not precision devices, and there cannot
be exact cataloged springs for every load. For these reasons, deflections are gen-
erally specified as minimums. Deflections beyond those that are minimal will
merely lower the natural frequency and improve performance.

Transmitted vibration is that portion of the vibration that is still sensed by the
structure. At 90 percent efficiency, there is 10 percent transmission. Efficiency is
basically a salesperson’s term, probably developed because of the grading system
that we all grew up with: 85 percent fair, 90 percent good, and 95 percent excellent.
In our work, these numbers can be extremely deceptive. In comparing 95 to 90
percent, we assume an improvement of only 5 percent. However, the comparison
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FIGURE 8.3.2 Theoretical isolation efficiency chart.

of 5 to 10 percent transmission shows that only half the remaining force is trans-
mitted. Neither number can be considered alone as the source of the vibration, and
what we have to eliminate is the deciding factor.

In broad terms a 125-hp (93-kW) pump will generate five times the vibratory
energy of a 25-hp (19-kW) pump. Therefore, the isolation provided for the 125-hp
(93-kW) pump must be five times more efficient to reduce the force transmission
to a similar level. An 80 percent efficiency with 20 percent transmission for the
25-hp (19-kW) pump is equivalent to 96 percent efficiency with 4 percent trans-
mission for the 125-hp (93-kW) unit.

8.3.3 APPLICATION

8.3.3.1 Basic Considerations

A completely arithmetical, rather than conventional, approach provides a better
mechanical visualization of what is really going on. The results can be confirmed
on the efficiency chart.

There are six basic considerations once the installation is well away from res-
onance (f,/f, = 3:1)
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1. Efficiency is controlled by static deflection, and transmissions reduced in direct
proportion to the increase in deflection.

2. If the frequency of the isolator approaches the operating speed of the equipment,
resonance is approached.

3. When approaching resonance, the dynamic motion generated by the unbalanced
force is amplified.

4. Dynamic motion is controlled by the unbalanced force and its relationship to
the total mass. For all practical purposes, at higher frequency ratios the frequency
ratio itself no longer influences motion.

5. Once the frequency ratio is 3:1 or greater, motion should only be reduced by
the introduction of mass.

6. Assuming the unbalanced forces act through the center of gravity, motion is
reduced in direct proportion to the increase in mass.

In reality, when a rotating machine vibrates on isolation mountings, the foun-
dation has a small rotary motion. Since floors are much more sensitive in the
vertical direction, the other modes are usually ignored and installations are always
visualized moving vertically.

A spring constant is referred to as k and is defined as the number of pounds
(kilograms) required to deflect the spring 1 in (25 mm). Thus a spring with a
constant k of 1000 Ib/in (18 kg/mm) would deflect 0.5 in (13 mm) at 500 1b (227
kg) and 1.0 in (25 mm) at 1000 1b/in (454 kg).

A system constant is normally defined as the number of pounds (kilograms)
required to deflect all the supports of a system 1 in (25 mm) simultaneously. Using
four springs with a constant £ of 1000 1b/in (18 kg/mm) each, one in each corner
of an installation, the system constant would be 4000 1b/in (72 kg/mm). Thus 2000
Ib (907 kg) of equipment would deflect the system 0.5 in (13 mm) and 4000 b
(1814 kg), 1.0 in (25 mm).

Since the spring rate is uniform, this also means that if the upward vibratory
force pulled the equipment 0.10 in (2.5 mm) up from the neutral position, it would
be reducing the spring load by 0.10 of 4000 1b (1814 kg), or 400 1b (181 kg). As
the vibratory motion pushed the installation 0.10 in (2.5 mm) below the neutral
position, there would an increase in the spring load of the same 400 1b (181 kg).
Since the bottom of the spring is attached to the structure, this change in force of
+400 1b (181 kg) is what the structure sees as a change in the static loading. This
occurs at 600 r/min. A change in static loading at a particular frequency is another
definition of vibration.

This approach to the problem is best illustrated by Fig. 8.3.3.

If the machine is running at 600 r/min, the vibratory force transmitted would
be +400 1b (181 kg) at 600 cycles/min.

Assume that the £400 Ib (181 kg) is unacceptable in the structure. The instinc-
tive solution would be to use a larger mass. A traditional mass ratio is three times
the equipment weight, bringing the system to 16,000 1b (7258 kg) (Fig. 8.3.4).
Continuing with a 1-in (25-mm) deflection spring grouping, the system constant
would have to be raised to 16,000 Ib/in (286 kg/mm) by using stiffer individual
springs or clusters of four times the original spring groupings.

In basic rule 6, it was stated that the vibratory motion would be reduced in direct
proportion to the increase in mass. Therefore, the amplitude of 0.10 in (2.5 mm),
as in Fig. 8.3.3, would now become 0.025 in (0.64 mm). Following the sketches
across, it is found that the reduced motion is merely acting against a proportionately
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Up
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{25. 4mm x 71 44kg/mm (22 Qmm x 71.44kg/mm {27.9mm x 71.44kg/mm
= 4kg) = 1636kg) = 1993.2kg)

FIGURE 8.3.3 Vibratory transmission, 4000-1b (1800-kg) load. 1-in (25-mm) deflection.

stiffer spring constant so that there is no reduction in vibration transmission but
only in amplitude.

If the machine is running at 600 r/min, the vibratory force transmitted remains
+400 1b (181 kg) at 600 cycles/min.

The question then comes up as to how to actually reduce the transmitted vibra-
tion. Assume we wish to reduce this transmission by 75 percent so that the end
result is +100 1b (45 kg). Basic rule 1 states the efficiency is controlled by static
deflection and transmission reduced in direct proportion to the increase in deflec-
tion. Rule 4 also states that for all practical purposes, the frequency ratio no longer
influences motion. )

Therefore, increase the deflection to 4 in (100 mm), as in Fig. 8.3.5. Since this
larger deflection will give us a lower natural frequency, there will be no noticeable
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Centrifugal Force
Down
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I T= =
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Spring 2mm 1 x16000 bsin 0¥ 09757 x 16,000 bsin T ™™ 1.025” x 16,000 Ibsfin
= 16,000 Ibs = 15,600 Ibs = 16,400 Ibs
(25. 4mm x 285, 76kg/mm (24. 8mm X 285 7Gkg/rnm (26mm x 285. 76kg/mm
7258.3kg = 7086.8kg) = 7429.8kg)

FIGURE 8.3.4 Vibratory transmission, 16,000-1b (7300-kg) load. 1-in (25-mm) deflection.
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FIGURE 8.3.5 Vibratory transmission, 4000-1b (1800-kg) load. 4-in (100-mm) deflection.

difference in the amplitude. The example shows that the spring constant has
dropped to 1000 Ib/in (18 kg/mm). Since the amplitude remains at the original
#+0.10 in (2.54 mm), this amplitude multiplied by the new spring constant results
in a force transmission of only + 100 Ib (45 kg) at 600 cycles/min.

The problem can now be approached on the basis of reducing both amplitude
and transmission by reusing the total weight of 16,000 1b (7258 kg) and providing
4-in (100-mm) deflection, as shown in Fig. 8.3.6. A reduction is now made in both
the amplitude to 0.025 in (0.64 mm) and in the transmitted force to + 100 1b (45
kg).

The vibratory force transmitted would be + 100 1b (45.5 kg) at 600 cycles/min.

This really agrees with the efficiency chart (Fig. 8.3.2), as a 600-r/min machine
isolated by 1-in (25-mm) and 4-in (100-mm) deflection springs would show effi-
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(101 6mm X 71.44kg/mm {(101mm x 71.44kg/mm (102.2mm x 71.44kg/mm
7258.3kg) = 7215.4kg) = 7301.2g)

FIGURE 8.3.6 Vibratory transmittion, 16,000-1b (7300-kg) load. 4-in (100-mm) deflection.
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ciencies of 90 and 97.5 percent, respectively. Transmission reduction is 10:2.5,
which is the same factor 4 shown by the arithmetic.

Both the efficiency equation and the efficiency chart are based on the completely
false assumption that the floor stiffness or frequency in an upper story is very high
as compared to the stiffness or frequency of the isolator. In reality, the floor has a
deflection of its own and a natural frequency which can be low enough to mandate
the use of isolators with very much higher deflections than indicated by the chart.
Figure 8.3.7 shows the actual conditions in a structure. Rather than a simple system
with the machine or machine foundation resting on springs on a relatively unyield-
ing support, the springs are supported by a spring board with a finite mass of its
own. Schematically, this is sketched in Fig. 8.3.8. The machine mass rests on
springs on the floor mass, and the floor stiffness is shown by a second set of springs.
Although floors are supported by beams connected to vertical columns, ground-
level vertical stiffness really exists only at the columns and not in between.

Unbalanced
Weight
Machine Mass
Mq
Isolators
Floor Mass Ma
% »*

Floor Deflection
* Column Supports
Assumed to be Rigid

FIGURE 8.3.7 Actual structure conditions (floor de-
flection exaggerated).

Unbalanced
Weight
Machine Mass
M4
g Isolators
[ Floor Mass M, j

Schematic of
Floor Deflection

/

Schematic of Rigid Columns
FIGURE 8.3.8 Schematic of floor deflection.
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The worldwide structural limit on floor deflection is 1/360th of the span. In
many commercial buildings design spans are at least 360 in (9144 mm), or 30 ft
(9.14 m). This means that the structural engineer is allowed a floor deflection of 1
in (25 mm) at the center of the span when the floor is fully laden with both live
and dead loads.

Let us make the assumption that in a particular area where a 125-hp (93 kW)
pump is installed that the floor is loaded to half dead load plus live load. The floor
deflection would then be 0.5 in (13 mm). If the pump is running at 1750 r/min, a
quick reference to the efficiency chart shows that a mounting deflection of 0.1 in
(2.54 mm) should provide 90 percent efficiency or 10 percent transmission. How-
ever, the 0.5-in (13 mm) floor deflection would be five times the deflection of the
isolator. The actual efficiency would be influenced by the floor’s 0.5-in (13-mm)
deflection, the mass of the floor, and the floor’s damping characteristics. The 90
percent theoretical efficiency could never be attained, and depending on the com-
bination of conditions, the actual efficiency might slide down to 50 or 40 percent
and not meet the requirement.

Therefore, rather than relying on the theoretical method, commercial selection
of isolators has evolved into using isolators with deflections that equal or exceed
the floor deflection to attain acceptable transmission levels. The efficiency chart
should only be used as a tool to learn the subject and gain direction.

Studies show that the floor stiffness is greatly in excess of the isolator stiffness,
because the mass of the floor is much greater than the mass of the machine that is
to be isolated. While this may be of importance when isolating small equipment,
it is certainly not significant with large pumps and chillers.

On a day-to-day basis, the cost of an involved engineering investigation of a
commercial structure’s stiffness and resonance, along with the possibility of error
in these conclusions, dictates the continued use of the more conservative floor-
deflection rather than stiffness approach. The cost of isolation is small as compared
to the cost of an installed air-conditioning system. Possible savings in using lower-
deflection materials are in no way proportionate to complete loss of occupancy or
lower rental rates in a noisy structure or recourse to very expensive retrofits.

The recommended deflections shown in the selection guide (Table 8.3.6) are
based on empirical data gathered through 40 years of installation experience, as
well as discussions with mechanical and acoustical engineers, architects, and man-
ufacturers. The deflections were influenced by operating speeds, size of equipment,
the equipment as a vibratory source, and the sensitivity of the floor structure in
terms of construction and floor span.

8.3.3.2 Isolation Materials

An “isolation material” can be defined broadly as any resilient material that will
accept a load on a permanent basis and produce a resonant or natural frequency
that is reasonably consistent and predictable. It is also important that any increase
in this frequency is small as the material ages.

Vibration Pads. “Elastomeric” describes any rubberlike material. While natural
rubber has the best performance characteristics, it is generally not used commer-
cially because of aging when exposed to oxygen, ozone, or oil. A synthetic elas-
tomer similar in properties to natural rubber but lower in cost is the oil derivative
SBR (styrene-butadiene rubber). It is very commonly used where there are no spe-
cific aging requirements. The neoprenes are not quite as resilient as natural rubber
or SBR, but because of their very excellent aging characteristics, better grades of
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pad are either all neoprene or neoprene blended with SBR or natural rubber to
reduce cost.

While the selection of the proper elastomer is an important choice in terms of
performance and aging, the physical properties of the compound are specifically
controlled by formulation. The polymers are not used by themselves but mixed with
other materials such as carbon black and clay to provide reinforcement. Larger
ratios of these fillers will reduce cost but with penalty to physical properties. As a
general statement, a ratio of one-third fillers to the selected polymer produces the
best physical and dynamic properties. When aging is the primary concern, the
formulation should contain only neoprene and not a blend of the neoprene with
natural rubber or SBR. Unless a specification states exactly what the physical prop-
erties and ingredients must be, the material that is furnished will only follow the
manufacturer’s conscience. Unfortunately, there are no industry standards as to
when a pad can be called neoprene or natural rubber. Products are available that
are made with as little as 5 percent neoprene but still referred to as commercial-
grade neoprene. A good guide to quality are the AASHO standards shown in Table
83.1.

Other than foams, which do not have enough capacity or stability to be used as
isolators, air-free rubber materials are incompressible. When a load is applied to a
pad, it changes shape but does not lose volume. The ability to change shape is
controlled by the shape factor and the material’s hardness. Since a pad used in
compression can only change its volume by bulging, unconfined edges are referred
to as “escape area,” whether internal in the form of holes or external. The term
“shape factor” is the ratio of the loaded area to the escape area. The lower the
shape factor, the more deflection at a particular load.

Thus a 4-in (100-mm) square pad that is 1 in (25 mm) thick, covered completely
either by the equipment or by a steel plate, would have a loaded area of 16 in®
(100 cm?). Since the perimeter is 16 in (400 mm) and the pad 1 in (25 mm) thick,
the escape area is also 16 in® (100 cm?). The shape factor (load area divided by
escape area) would be 16/16 (100/100), or 1. Assuming that the hardness remains
the same, we could increase the load-carrying capacity of this pad by using two
Ya-in (12.5-mm) thick pads with a steel plate separating the two layers. Since the
loaded area would remain 16 in> but the escape would not be 16 in (400 cm)
multiplied by 0.5 in (12.5 mm), or 8 in? (50 cm?), the shape factor would be
increased to 2 with a lower deflection for the same imposed load. These relation-
ships are shown in shape-factor curves (Fig. 8.3.9). These curves are empirical
based on test data, and small variations will be found from one publication to
another.

Hardness is measured by a durometer (in units called “duros’), a clocklike
gauge with a penetration probe on the bottom. Pads are normally used in 30 to 70
duro in 10-point increments. Since rubberlike materials cannot be exactly con-
trolled, the normal acceptable variation is +5 of a nominal duro. To give you some
idea of the feel of these durometers, common references are rubber band stock at
about 30, red erasers at about 40, white erasers at 50 to 60, and the old-fashioned
hard gray erasers at 70.

Automobile tires are 50 to 70 duro. The influence of hardness on load capacity
is shown in Fig. 8.3.10. A 70-duro material will handle about four times the load
that would be carried by the same shape in 30 duro.

Unfortunately, the harder the rubber material, the less it acts like a steel spring;
the introduction of viscosity is similar to the introduction of a dashpot working in
parallel with a spring. When the dashpot becomes large and the fluid stiff, vibratory
forces are transmitted through the dashpot. It is for this reason that 70 duro is
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TABLE 8.3.1 Physical Properties of Structural Bearings Made from Du Pont Neoprene

Performance Requirements

HARDNESS GRADE

Physical Property Test Method 50 60 70
Hardness, durometer A ASTM D 2240 50+£5 60+5 70+5
Tensile strength ASTM D 412 2500 2500 2500 psi (kPa)
(1725) (1725) (1725) minimum
Elongation at break ASTM D 412 400 300 300 % maximum
Adhesion ASTM D 429 40 40 40 Ibs. per inch,
Bond made during vulcanization minimum
Low-temperature performance (Sample first prepared 96 hr. at 50 75 110 psi
=20 = 2°F (=29 % 1°C) axial (35) (52) (76) (kPa)
load 500 psi and strain of 20%
“T”* [effective thickness].)
Shear resistance after 1 hr. at
25% shear strain not to exceed
values shown
Resistance to heat ASTM D 573
Change in original properties after 70 hrs. at
212°F (100°C)
Hardness +15 +15 +15 points, maxi-
mum
Elongation -40 -40 -40 %, maximum
Tensile Strength ~-15 -15 -15 %, maximum
Resistance to oil aging* ASTM D 471* +80 +80 +80 %, maximum*
Change in volume after 70 hrs. immersion in
ASTM Oil No. 3 at 212°F (100°C)
Resistance to ozone ASTM D 1149
Condition after exposure to 100 pphm No Cracks No Cracks No Cracks
ozone in air for 100 hrs. at 100+2°F
(29£1°C) (sample under 20% strain)
Resistance to permanent set ASTM D 395 35 35 35 % maximum

Compression set after 22 hrs. at 212°F (100°C)

*This oil aging requirement is not a part of the AASHO Specification referenced. However, its inclusion is strongly recommended to assure use of a high-quality neoprene

compound.

Source: American Association of State Highway Officials Standard Specification for Highway bridges, Table B.
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FIGURE 8.3.9 Shape-factor or bulge ratio.

considered the extreme hardness for vibration isolation. Since 30 duro becomes
uneconomical for large loadings and hard to manufacture, most pad materials fall
into the 40- to 60-duro range.

Figure 8.3.11 is a dynamic stiffness chart based on experimental work with
neoprene compounds containing no other elastomer and minimum fillers and the
actual frequency at various deflections and hardness. Increased use of fillers lowers
cost and quality at the expense of performance. To see the influence of the dynamic
stiffness, you need only compare these frequencies and deflections with the same
deflections but lower frequencies shown in the efficiency chart, Fig. 8.3.2.

Pad deflection is limited by thickness. For the material to remain resilient and
to control permanent set and creep, pad deflection should be limited to 15 percent
of the thickness regardless of the rubber configuration or the rubber material.
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Thus, the maximum deflection for a 1-in-thick (25-mm) pad is 0.15 in (3.8 mm)
with corresponding reductions in deflection for thinner materials.

A vibration pad may be solid if for a given load it has the proper shape factor
for the maximum 15 percent deflection in an acceptable durometer. Deflection can
only be increased by increasing thickness. Pads may be molded thicker or made of
multiple layers separated by steel shim plates.

In most cases, loadings per unit area are low, so rather than solid pads, additional
escape area is needed to reduce the shape factor. Most vibration pads are molded
with round or square holes and in cross-ribbed and waffle designs, as shown in
Fig. 8.3.12.

Most commercial isolation pads are available in thicknesses up to ¥ in (9.5
mm). They should be used at a maximum deflection of 0.06 in (1.5 mm) per layer.
Dynamic frequency is 16 Hz in the best materials. A new ¥-in (19-mm) pad has
been introduced recently with deflections of 0.11 in (2.8 mm) and a dynamic fre-
quency of 12 Hz.

FIGURE 8.3.12 Typical vibration pads.
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Other pad materials are cork, felt, sisal, and heavy-density precompressed fiber-
glass. Since the fiberglass is a fragile, spongelike material, it is normally covered
with a neoprene or other coating to protect it against fraying and moisture. Fiber-
glass-pad frequency is not as sensitive to deflection and loading, so fiberglass pads
are sometimes described as flat-frequency materials. However, this frequency is
higher than neoprene or natural rubber at the same deflection. Table 8.3.2 shows
published frequencies for 0.5-in (12.5-mm) and 1.0-in (25-mm) pads. Fiberglass
pads should be avoided if there are large shear forces, such as those under a hor-
izontal compressor.

Rubber mountings are sophisticated rubber pads. While the rubber may be
loaded in shear, most commercial rubber mountings for air-conditioning applica-
tions are loaded in compression. Quality levels may be as described for pads, but
the static deflections are higher only because the mountings are thicker. Rubber
mountings have the advantage of provision for bolting to the equipment and to the
floor when needed. Many of the newer designs have rubber under and over the
base and top plates so that they can be slipped into place without bolting in sta-
tionary applications.

Springs. Spring mountings are generally required to provide the minimum de-
flection needed to compensate for structural flexibility. The heart of any steel spring
mounting is the spring itself. It should be designed with a minimum diameter-to-
deflected-height ratio of 0.8 so that the horizontal spring constant K, is a minimum
of 80 percent of the vertical K,. Most designs end up with those 0.8 ratio, but this
is not an exact rule. While this chapter is not meant to be a spring design handbook,
Fig. 8.3.13 will give you the criteria for checking the horizontal stiffness as com-
pared to the vertical.

An allowance of 50 percent additional capacity beyond rated load is also good
practice. This means a spring rated for 2-in (50-mm) deflection would not have the
coils touching (solid) before 3 in (75 mm). If it is rated for 1-in (25-mm) deflection,
it should not go solid before 1% in (37.5 mm). Overtravel allowance is needed as
it is impossible to calculate exact weight distribution. Published equipment weight
is inaccurate, and center-of-gravity locations are often unavailable. A 50 percent
overtravel will allow for an acceptable 20 percent overload.

Isolation springs should be designed such that when the coils are touching, the
elastic limit has not been exceeded so that springs will return to full height. If the
spring is designed this way, it will be stressed two-thirds the elastic limit under
normal load. Springs last indefinitely as vibration amplitudes are very small, and
the spring movement per coil is the total amplitude divided by the number of active
coils. With so little movement the stress cycle is close to zero, and these applica-
tions approach static loadings.

A simple spring can be considered a vibration isolator and often built into me-
chanical equipment. This low-cost method is satisfactory when thousands of springs
are used in a repetitive application. When springs are used in the field, however,
minimum additions to the design are normally a neoprene friction pad on the bottom
to eliminate the need for bolting and to act in series with the steel coils to help
eliminate high-frequency noise transmission. Since loadings are not easily or ex-
actly determined, there must be a means of leveling, and this is usually done by
means of an adjustment bolt. The bolt is often used to attach the mountings to the
equipment as well.

Air Springs. The last remaining commodity of major importance is the air spring.
Air springs are made of neoprene with nylon tire cord reinforcement and shaped
like vertical bellows. Ethylene-propylene (EPDM) is also used for this purpose and
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TABLE 8.3.2 Comparison of Natural Frequencies at Given Deflections: Heavy-Density Fiberglass, AASHO Neoprene, Steel Springs

Heavy-density fiberglass AASHO neoprene Steel springs
Pad Dyna- Pad 15% Dyna-
thickness Deflection mc thickness Deflection mic Deflection

- - freq., - - freq., - Freq.,
in mm in mm Hz in mm in mm Hz in mm Hz
0.5 13 0.045 1.1 to 22 0.3 7.6 0.045 11 18.0 0.045 1.1 14.8
to 2.3 0.5 12.7 0.075 1.9 14.5 0.075 1.9 11.4
0.090 0.6 15.2 0.090 2.3 13.1 0.090 2.3 10.4
1.0 25 0.09 to 2.3 t0 16 1.0 25.4 0.150 3.8 10.5 0.150 3.8 8.1
0.18 4.6 1.2 30.5 0.180 4.6 9.5 0.180 4.6 7.4
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sometimes butyl as the inner liner. Butyl is the least permeable of the rubber ma-
terials and reduces air loss.

The rolling lobe is a design variation that provides for movement by the rubber
walls literally rolling down a steel stanchion rather than flexing. Both designs are
equally suitable, and it is merely a matter of selecting one over the other depending
on what frequency is needed. In general, rolling lobes have lower natural frequen-
cies as compared to single-convolution and double-convolution bellows of the same
height.

All air springs leak. The leakage rate is very low, but it is generally impractical
to set up supervisory replenishing procedures. All air spring systems should be
installed with replenishing air lines connected to height-sensitive leveling valves.
If an air spring or cluster of air springs loses air and the equipment settles, air will
automatically be added. Where air springs might be installed on a hot roof, the
leveling system would respond and bleed small quantities of air should the air
expand. ~

Leveling valves also level equipment that goes out of level because of external
forces when the equipment is running. For example, a top horizontal fan tends to
rotate away from the point of discharge. It rears up on the discharge end and settles
in the back. Leveling valves automatically compensate for this and return the in-
stallation to proper elevation.

Air springs have the advantages of low frequencies and low profiles. Since there
is no steel continuity, there is no noise transmission. Air spring frequency varies
very little with pressure, but since the capacity is directly proportional to increased
pressure, air springs need not be selected as carefully as steel springs. Most devices
will handle loadings at a minimum of 25 1b/in? (172 kPa) and as much as 100 1b/
in? (689 Pa), which allows for a 4:1 ratio from minimum to maximum loading on
a particular mounting.

Hangers. Hangers accommodate all the above devices in modified form so that
they fit within steel frames which are usually open-sided. Very simple high-
frequency neoprene hangers could be pad hangers, but more often rubber elements
are designed for hangers by eliminating the base plates and the tapped holes on
top. The elements are molded with a projecting bushing that passes through the
hanger hole to prevent the rod from rubbing. Occasionally fiberglass pads are used
in lieu of neoprene elements, but they generally have even higher frequencies. Steel
springs are generally fitted into neoprene cups, and the cup itself has a no-rub
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bushing arrangement. Rubber elements are often used in series with steel springs
to combine the advantages of both materials.

It is very important to isolate and provide for flexibility in the piping so that the
function of the floor mountings or equipment hangers connected to piped equipment
is not interfered with or bypassed.

Connectors. Stainless steel connectors can be manufactured to specific lengths;
they consist of a corrugated stainless steel body welded to the appropriate fittings.
Even under moderate pressures, the closely spaced bellows become unstable and
would spew out as the bellows expand. Therefore, virtually all metallic connectors
have a stainless steel braid attached to the two ends to form a tube over the stainless
steel corrugations. Stainless steel braid prevents elongation and adds to the radial
strength.

Metallic connections are designed to allow flexing and reduce fatigue. The con-
nector end away from the equipment should be rigidly secured so that the connector
is forced to flex. This minimizes piping vibration after the anchor. Unfortunately,
when any such connector is pressurized, there is a tremendous pull on the braid
which makes the assembly extremely stiff. As a practical matter, it is very difficult
to secure the afterend rigidly, so that in the average installation the flexible con-
nector compensates for misalignment but does very little to reduce noise and vi-
bration.

The next class of flexible connectors are Teflon® bellows which are an improve-
ment on the metallic connectors because the Teflon® introduces a discontinuity in
the metallic pipe wall. While Teflon® is an excellent material, temperature and
pressure ratings are often too low for high-rise structures. Teflon® bellows are man-
ufactured with built-in control rods to prevent excessive elongation. Control rods
severely limit vibration and noise reduction as they bypass the flexible bellows.

Hand-built, single-arch rubber expansion joints are still being manufactured and
are similar in function to Teflon.® The arch in the center is all that provides the
flexibility, and because of the bellowslike shape these connectors also elongate
unless control rods are used or the piping is anchored. Here again the control rods
tend to bypass the action of the expansion joint. The stiff walls leading up to the
arch have little function other than to provide room for the steel retaining rings and
the bolt heads that go between the steel rings and the arch. Applications are gen-
erally reserved to industry as they can be built up to 144 in (3.7 m) in diameter
and manufactured in exotic rubber materials, particularly for high temperatures and
highly corrosive chemicals.

The most recent entrant is the spherical neoprene or ethylene-propylene (EPDM)
expansion joint. Unlike the three commodities described above, spherical connect-
ors are designed on the principle of the automobile tire. The reinforcement fabric
is nylon tire cord. The tire cord forms a suspension bridge from one flange to the
other. When these connectors are pressurized, the nylon stretches until the stretching
force equals the pressure and then the connector remains stable at that length and
diameter. In most cases they can be installed without control rods.

The volumetric expansion and contraction of the connector dissipates sound
energy. They do an excellent job in reducing sound transmission at blade passage
frequency (number of pump buckets times shaft r/min). Unfortunately, they are too
stiff to handle the primary vibration at r/min, so it is still necessary to protect the
structure by isolating the pipelines with isolation hangers. The connectors take care
of misalignment and virtually eliminate the high-pitched whine that normally travels
through a structure. Connectors are recommended in a double-sphere configuration,
for equal ends or concentric reduction. Long-radius tapered elbows save space at
pump connections.
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Bases. When equipment is manufactured or supplied in multiple components not
connected by a common base, a base must be used to connect the two elements
before the vibration isolators can be applied under the entirety. A belt pulling on
a flexibly mounted motor connected to a flexibly mounted blower would pull one
or the other off the isolators. Torque causes similar problems when machinery is
directly connected. Bases can be constructed of structural steel, or, where additional
mass is required or advisable, of steel frames filled with concrete. Most air-
conditioning equipment is so well-balanced that there is no base weight criteria and
rigidity is the only concern. Descriptions of these bases are covered in the selection
section.

8.3.4 SELECTION

Following is a complete guide specification written in engineering terms. The spec-
ification selection guide provides the proper prescription for the complete isolation
of a unit in terms of the type of mounting or hanger, the recommended deflection,
the need for a base (if there is one), and the recommendation for a specific flexible
connector.

We suggest you include all these specification paragraphs in your standard en-
gineering specifications. In addition, prepare a drawing of standard details that
becomes part of the mechanical drawing set. This eliminates constant editing on
each job since the materials are not actually used unless an extra column is added
to your equipment schedule, Table 8.3.3. It is this callout that defines the isolation
that is to be used under each piece of equipment. Table 8.3.3 refers to the appro-
priate specification paragraph by letter with the notation as to the proper static
deflection. The recommendations come right from the selection guide (Table 8.3.6),
so the table containing them can be prepared very quickly.

The selections were based on a 30-ft (9.1-mm) floor span in the penthouse (9.1
m) and a 20-foot (6.1-m) span in other locations. Note that for pump no. 5 no
isolation is called out as it is located in the basement under the garage where no
one could be annoyed by the vibration. Fire pumps (no. 6) are seldom isolated.

In preparing a schedule similar to Table 8.3.3 there is an opportunity to consider
every piece of equipment and very little possibility of skipping over some item in
the rush of completing the project.

SPECIFICATION A

Double-deflection neoprene mountings (Fig. 8.3.14) shall have a minimum static de-
flection of 0.35 in (8.9 mm). All metal surfaces shall be neoprene-covered to avoid
corrosion and have friction pads both top and bottom so they need not be bolted to the
floor. Bolt holes shall be provided for these areas where bolting is required. Steel rails
(Fig. 8.3.15) shall be used above the mountings to compensate for the overhang on
small vent sets close-coupled pumps, etc.

SPECIFICATION B

Spring-type isolators (Fig. 8.3.16) shall be freestanding and laterally stable without any
housing and complete with Y4-in (6.4-mm) neoprene acoustical friction pads between
the baseplate and the support. All mountings shall have ieveling bolts that must be
rigidly bolted to the equipment. Spring diameters shall be no less than 0.8 of the
compressed height of the spring at rated load. Springs shall have a minimum additional
travel to solid equal to 50 percent of the rated deflection. Submittals shall include spring
diameters, deflections, compressed spring height, and solid spring height.

[ ]
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ENERGY CONSERVATION
PRACTICE

Nils R. Grimm, P.E.
Section Manager—Mechanical,
Sverdrup Corporation,
New York, New York

8.4.1 INTRODUCTION

Energy conservation means many things to the design engineer. For instance:

¢ At one end of the scale it is the d=sign of a system for new or retrofit projects
that will have the lowest energy consumption over the operating life of the facility
while meeting the owner’s or user’s needs. This is energy conservation in its pure
sense, where costs are secondary to energy savings.

* At the other end of the scale it is the design of a system for new or retrofit*
projects that will minimize energy consumption at lowest first cost of the project
while meeting the owner’s or user’s needs. This is not pure energy conservation,
since energy savings are secondary to costs. The prime consideration here is
minimum initial cost; energy and maintenance cost are not included in the cost
evaluation.

* Between these two extremes lies the area of design which offers the greatest
challenge to the design engineer with respect to energy conservation. That is, to
design the most efficient (minimized-energy-consumption) system for new or
retrofit projects having the lowest life-cycle costs over the operating life of the
facility and while meeting the owner’s or user’s needs.

The last concept of energy conservation, evaluated on life-cycle costs (LCC), will
be discussed in this chapter.

*Retrofitting an existing building or facility for energy conservation means adding insulation, weather-
stripping, storm windows, or replacement windows with insulated glass, or undertaking any other kind of
remodeling that contributes to the prevention of unwanted heat loss or gain.

8.4.1
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8.4.2 GENERAL

In new or retrofit energy conservation building design, innovation should be en-
couraged. However, any innovation will fail, no matter how beneficial from an
energy conservation point of view, if it cannot be easily integrated into conventional
construction practices and conform to established owner-user preferences, financing
methods, building codes, and standards.

Though the design engineer uses the same procedures and information whether
designing for energy conservation or not, there is significantly greater care and
effort necessary in energy-saving design. Special attention must be given to the
following factors:

¢ QOverall values of the coefficient of heat transfer U for walls, floors, roofs, and
glass

¢ Maximum percent fenestration (glass) area
* Building orientation with respect to fenestration per exposure

¢ Hours of operation of each space and area on weekdays, Saturdays, Sundays, and
holidays

» Zoning of heating, ventilating, and air-conditioning (HVAC) systems
¢ System efficiencies at full load and at partial loads

¢ Ability to control, reset, start, stop, and reduce loads

» Heat recovery and heat storage

¢ Use of nondepletable energy sources

¢ Lighting illumination and fixture efficiencies

» Electrical motor efficiencies

Whether it is a new or retrofit project, reduction in one or more of the following
general categories is required to reduce the energy consumed:

* Hours of system operation

¢ Air-conditioning loads

Heating loads

¢ Ventilation and/or exhaust loads
* Domestic hot-water loads

* Lighting loads

¢ Off-peak loads

In addition, demand limiting and improvements in system efficiency and heat re-
covery are required.

Demand limiting and shifting electric loads to off-peak periods generally do not
reduce the total energy required for the facility. They do reduce peak electric load,
and therefore the utility or cogeneration plant energy requirement.

Of all the above energy-reduction items, it is the hours of operation that will
usually have the most significant impact on energy conservation. Put another way,
the energy consumption of an inefficient mechanical, plumbing, electrical, or pro-
cess system that is turned off when not needed will generally be less than that of
the most efficient system that is unnecessarily left on.
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8.4.3 DESIGN PARAMETERS

Of all energy conservation factors, the major one determining the annual energy
consumption of a facility is how that facility is used. This is more important than
the type or capacity of the HVAC systems, boilers, chillers, and processes and the
amount of glass or insulation or lighting.

It is therefore essential, if not mandatory, for the design engineer to have a
definitive work schedule for each activity to be performed in the facility before
energy conservation options can be considered. This schedule is part of the project
design program, a topic discussed in various books (see list given in Preface), and
should include the following items for each space and area:

¢ A detailed description of the work being performed.
» The type of process equipment and heating and cooling.

e The number of working staff or personnel by shifts for weekdays, Saturdays,
Sundays, and holidays.

» The percent of equipment operating in a given hour and the average percent of
full capacity for all the equipment by shifts for weekdays, Saturdays, Sundays,
and holidays. If this information is not available, then the percent of maximum
capacity of each operating piece of equipment for each hour of each shift for
weekdays, Saturdays, Sundays, and holidays will be required.

The project annual energy budget must be determined. This establishes the max-
imum annual energy in Btu/ft* (MJ/m?) expected to be consumed by the project.

The energy budget depends on the type of facility (such as office, hospital,
institution, or warehouse). The owner or user usually establishes the energy budget.
If it is not available, the engineer should establish a budget for submission to the
owner or user for approval before starting the design.

It is the designer’s responsibility to select and design a totally integrated system
whose annual energy consumption will not exceed the project’s energy budget. If
the project is a new facility, the design engineer can initiate the energy conservation
design. However, if the project is a retrofit, an energy audit of the existing facilities
must be performed before the design engineer can start the energy conservation
design.

8.4.3.1 Energy Audit
The purpose of the typical energy audit is threefold:

* To learn how much energy is being used annually and for what purpose.

¢ To identify areas of potential energy saving (heat or cooling reclamation) and
areas of energy waste.

» To obtain data required to prepare plans and specifications to reduce, reclaim, or
eliminate the waste identified in the audit.

It is general practice to set priorities for the recommendations of the energy
audit, starting with the most cost-effective and progressing down to the least cost-
effective options. Before proposing or making any modifications to a particular
system, the designer should carefully study all possible effects on the total facility.
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For instance, a reduction in energy usage for one or more subsystems may result
in an increase in the total facility energy consumption.

A typical energy-audit scope of work can be prepared for residential, commer-
cial, institutional, or industrial facilities by selecting applicable items from the fol-
lowing procedures:

Utility Consumption. Obtain annual and daily records of the quantities and cost
of each type of energy:

¢ Oil (by grade)

¢ Gas (natural and propane)
e Coal (by type and grade)
* Electricity

If this information is available by function, system, and process (such as office,
cafeteria, or manufacturing), it should be recorded as such.

Identify all equipment observed to be idling for extended periods of time. De-
termine which could be turned off when not needed.

Insulation. Identify areas of damaged or missing insulation on piping systems,
ductwork, and equipment.

Is the insulation type and thickness in walls and roof and on piping, ductwork,
and equipment in compliance with current energy conservation standards? If not,
will it be cost-effective to replace with insulation of the appropriate thickness and
type or to add new insulation over the existing insulation?

If there is indication that the building, piping, ductwork, and equipment insu-
lation may be inadequate, an infrared energy survey of the facilities should be
performed to identify the hot spots (areas of greatest energy loss).

Fenestration. Is the percent of glass area high (25 percent or more of the total
wall area)? Is there large glass exposure to the west and north? Is the glazing single-
pane?

If the facility is fully air-conditioned, especially with large western glass expo-
sures, the cost-effectiveness of replacing single-pane glazing with tinted Thermo-
pane®, retrofitting shading devices in the summer, and reducing the glass area
should be evaluated.

Infiltration. Is caulking around windows and exterior door frames in good con-
dition? All defective or questionable caulking should be removed and replaced.

Is there weatherstripping around windows and exterior doors? Is it in good con-
dition? If it is defective, it should be removed and replaced. If missing, it should
be installed.

Broken windows should be replaced.

Do all building personnel entrances that are used daily have vestibules with
double doors? If not, is it cost-effective to provide them? Especially in areas that
have long winters, it is good practice to provide vestibules on all frequently used
doors.

Do loading docks have shrouds or air-curtain fans? If not, is it cost-effective to
retrofit the doors with them?
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Ventilation. s outside air set at minimum volume?

Is it cost-effective from an energy standpoint to recirculate all but the minimum
ft3/min (m3/s) of outside air (that required to replenish oxygen and dilute unfilter-
able gases, e.g., carbon monoxide and carbon dioxide) through a filtering system
using high-efficiency particle filters (to remove the particulate matter) in series with
gas sorbers (to remove the pollutant gases).

Typical sorbers contain gas absorption materials and oxidizers such as activated
charcoal and aluminum impregnated with potassium permanganate, depending on
the particular gases present or anticipated in the air stream.

Exhaust and Makeup. Identify all systems that exhaust moderate to large volumes
of air and fumes to the atmosphere. Can these quantities be reduced? Will it be
cost-effective to recover the thermal energy being exhausted?

Identify areas and systems where the actual makeup air is excessive or deficient
when compared to the required makeup air requirements. Determine the most cost-
effective way to correct the makeup air volumes to the design specifications for all
excessive and deficient areas or systems.

Air Systems. Is the time interval between morning startup of air-handling units
and the start of the workday as short as possible but long enough to develop an
acceptable temperature for arriving employees?

Is the time interval between shutdown of the refrigeration or heating system
(depending on the mode of operation) and the end of the workday as long as
possible but short enough to maintain an acceptable temperature at the close of the
workday? For a discussion on determining the optimum startup and shutdown time
periods, see Sec. 8.4.3.7, “Automatic Temperature Controls.”

Night Setback. Do the heating coil controls of the air-handling and heating and
ventilating units have night setback controls that close outside air dampers and reset
the thermostat downward when the facility is unoccupied?

Is the night setback temperature in the unoccupied area at least 10°F (5.5°C)
lower than the nominal (occupied) space temperature? Maximum setback should
maintain at least 40°F (4.5°C), however.

If any air-handling and heating and ventilating units do not have night setback
controls, the cost-effectiveness of adding them should be evaluated.

If the present night setbacks are not set to maintain temperatures in the 40 to
55°F (4.5 to 12.8°C) range, the reason should be determined. If there is no valid
reason, they should be adjusted to do so.

Cooldown Cycle (Cooling Mode). Do the air-handling units have a cooldown
control cycle? Does that cycle close the outside air damper (assuming the building
is unoccupied), de-energize the heating cycle, reset the cooling thermostat (to the
occupied settings), and energize the cooling cycle?

If there are air-handling units that are normally operated 12 h or less a day
without a cooldown cycle, the cost-effectiveness of adding a cooldown cycle should
be evaluated.

Warmup Cycle (Heating Mode). Do the air-handling and heating and ventilating
units have a warmup control cycle? Does the cycle close the outside air damper
(assuming the building is unoccupied), reset the heating thermostat (to occupied
setting), and de-energize the cooling and ventilating cycles?
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If there are air-handling or heating and ventilating units that do not have a
warmup cycle, the cost-effectiveness of adding them should be evaluated.

Low-Leakage Dampers. Do air-handling, heating and ventilating and makeup air
units have low-leakage outside air dampers? For energy conservation, a low-leakage
damper is one having a maximum leakage rate less than 1 percent of the full flow
in ft*/min (m?3/s).

If there are air-handling, heating and ventilating, and makeup air units that do
not have low-leakage outside air dampers and whose outside air dampers are nor-
mally closed when the building or facility they serve is unoccupied, the cost-
effectiveness of retrofitting them, with respect to the energy saved, should be eval-
uated.

Coils (Heating and Cooling). Are coil surfaces clean? Are there any blockages
or restrictions to uniform air flow across the coil face area?

Is the water side of the coil clean?

Are there any plugged tubes or indication that a coil has been frozen and re-
paired? It is not uncommon for repairs to frozen coils to seriously reduce heat
transferability (efficiency). If this is the case, the cost-effectiveness of replacing all
repaired coils should be evaluated.

All coils with dirty air side and fouled water side heat-transfer surfaces should
be cleaned.

All coils found with blockages or restrictions to uniform air flow should be
evaluated to determine if it will be cost-effective to correct this situation at this
time.

Preheat Coils. Does the air-handling system have preheat coils? Can any of them
be shut off?

If reheat is required for few zones, can variable-air-volume boxes that bypass
air to the return be retrofitted to replace the reheat coils?

Is there reclaimable waste heat that could be used as an energy source for the
zones that must have reheat?

Is it possible to reduce the heating-medium temperature and still maintain leav-
ing air temperatures?

All reheat coils that are not needed should be valved off. Those reheat coils
where valve turnoff is questionable—and where there is no possibility of freez-
ing—should be shut off and their zones monitored to determine whether they can
be permanently valved off.

For those instances where there are a few zones requiring reheat, the cost-
effectiveness of replacing the reheat coils with variable-air-volume boxes that by-
pass air to the return should be evaluated.

For those instances where there are a significant number of reheat points and
there is a source of waste heat that can be recovered, the cost-effectiveness of
retrofitting a waste-heat recovery system for the reheater should be evaluated.

Ductwork. For comments on duct and equipment insulation, see Insulation, above.

Is there indication that the ductwork is not tight? For low-velocity systems, the
leakage rate should not be greater than 7Yz percent of the supply fan ft*/min (m?/
s). For high-velocity (or medium-velocity) systems, the leakage rate should not be
greater than 5 percent of the supply fan cfm (m3/s).
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Are there indications of restrictions or poorly installed ductwork? Can the supply
and return fans’ static pressure (total pressure for axial flow fans) be significantly
reduced by modifying the ductwork?

If any of these conditions is found in the existing duct systems, the cost-
effectiveness of modifying the duct systems to correct it should be studied.

Types of Systems. If the air-conditioning system is constant-volume with terminal
reheat or dual ducts, the cost-effectiveness of retrofitting it to a variable-air-volume
(VAV) system should be evaluated. If the air-conditioning system is multizone, it
may be cost-effective to retrofit it to a VAV system.

When it is not cost-effective to retrofit a dual-duct system to a VAV system, the
hot-deck automatic control should remain closed during the cooling mode. Under
these conditions the hot-deck temperature will be adequate for the commercial
reheat requirements, even though it will be equal only to the mixed-air temperature
plus temperature increase caused by the heat added by the supply fan (which is
minor).

Where reheating cannot be eliminated, are the leaving air temperatures of the
coils as low as possible, yet high enough to maintain space conditions?

Can the speeds of the air-handling system supply and return fans speed be re-
duced by replacing the drive pulleys and belts and rebalancing the system? If the
answer is “‘yes” or “maybe,” then a study should be made to determine if the
changes will be cost-effective.

Do the air-conditioning systems that serve areas that must maintain design tem-
peratures and relative humidity 365 days a year (computer facilities, constant-
temperature rooms, calibration laboratories, etc.) have some means to utilize the
cooler ambient temperatures during the spring, fall, and winter months to reduce
the annual energy costs?

If not, will it be cost-effective to retrofit the existing systems to have a water-
cooled condenser with dry coolers as described under Condenser Water/Precooling
Recovery in Sec. 8.4.3.6?

Liquid Refrigeration Chillers. Is the chilled-water supply temperature set at the
highest temperature possible but low enough to maintain space temperatures under
maximum load conditions? If not, it should be reset.

Are the automotive controls capable of resetting the chilled-water supply tem-
perature higher as the cooling load decreases?

Is the refrigerant compressor operating at the highest suction pressure and the
lowest head pressure possible, yet able to maintain the required chilled-water supply
temperature under maximum load conditions? If not, this should be corrected.

Are the automatic controls for the cooling tower capable of resetting (lowering)
the condenser water supply temperature as the ambient wet-bulb temperature drops?

Are the evaporator and condenser tube surfaces clean, maximizing heat-transfer
efficiencies? If not, they should be cleaned.

If the present automatic control cannot reset the chilled-water supply temperature
higher as the cooling load decreases, or reset (lower) the condenser water supply
temperature from the cooling tower as the wet-bulb temperature drops, determine
the cost-effectiveness of modifying the controls to provide these capabilities.

For facilities that have a year-round cooling requirement that cannot be met by
using 100 percent outside air (economizer cycle) and have a chilled-water system
with water-cooled condenser (with cooling tower or spray pound), evaluate the cost-
effectiveness of the following:
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» Reclaiming and reusing the heat of the condenser by providing a double bundle
condenser

* Installing a plate exchanger piped into the condenser and chilled-water system.
Depending on the ambient wet-bulb temperature, the plastic exchanger will pro-
vide the chilled-water supply temperature and still maintain separate chilled and
condenser water piping systems.

Refrigerant Compressors for DX Air-Handling Units. 1s the suction pressure set
at the highest temperature possible, yet able to maintain space temperatures under
maximum load conditions? If not, it should be.

Is the refrigerant compressor operating at the lowest head pressure possible, yet
able to maintain the required suction pressure? If not, it should be.

If the condenser is an air-cooled, is the automatic control for the condenser fans
capable of maintaining the lowest head pressure recommended by the compressor
manufacturer while maintaining the required (compressor) suction pressure?

If the condenser is water-cooled, can the automatic control for the cooling towser
reset (lower) the condenser water supply temperature as the ambient wet-bulb tem-
perature drops, corresponding to the lowest head pressure recommended by the
compressor manufacturer, and still maintain the required (compressor) suction pre-
sure?

If the condenser is water-cooled, can the automatic control for the cooling tower
reset (lower) the condenser water supply temperature as the ambient wet-bulb tem-
perature drops, corresponding to the lowest head pressure recommended by the
compressor manufacturer, and still maintain the required (compressor) suction pres-
sure?

If the condenser is an evaporative condenser, can the automatic controls for the
spray pump and condenser fan lower the condensing temperature (as the ambient
wet-bulb and dry-bulb temperatures decrease) to the lowest head pressure recom-
mended by the compressor manufacturer and yet maintain the required (compressor)
suction pressure? .

If the automatic controls do not maintain the lowest recommended condensing
temperature, the cost-effectiveness of modifying the condenser controls should be
determined.

Cooling Towers. Will it be cost-effective to reduce the blowdown (makeup water)
requirements by changing or modifying water treatment?

Can the makeup water required because of drift loss be reduced by modifying
or adding drift eliminators on the existing towers? Will the change be cost-effective?

Do the towers have two-speed fan motors? If not, is the energy saved enough
to justify the cost of modifying the fan motors and tower controls?

Can the tower fan volume be reduced and still supply condenser water at the
required temperature under design load conditions? If not, will it be cost-effective
to provide this feature?

Is the automatic temperature control for the cooling tower capable of resetting
(lowering) the condenser water supply temperature as the ambient wet-bulb tem-
perature drops? If not, will it be cost-effective to retrofit the control?

Boilers. Are tubes and breeching clean?
Is the flue gas continually analyzed and the air/fuel ratio adjusted for maximum
combustion efficiency, corresponding to swings in heating load?
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Is heat recovered from the flue gas to preheat the combustion air or for some
other preheat service?

Is the stack gas temperature as low as possible, i.e., approximately S0°F (10°C)
above the lowest combustion gas dew point?

Is the breeching installed properly? Is breeching the correct size for the maxi-
mum firing rate? Is breeching pitched up toward the stack or chimney connection
without restrictions?

Are the stack diameter and height adequate for the maximum firing rate of the
connected boilers?

Are the burner flame shape and capacity correct for the dimensions of the com-
bustion chamber? Is the burner type the most efficient for the boiler? Is the burner
the correct size (neither undersized nor grossly oversized) for the boiler and load?

Will it be cost-effective from an energy standpoint to modify any or all of the
above items?

Waste Heat and Heat Recovery. Identify areas and systems where heat can be
reclaimed or recovered.

Is there a requirement for chilled water or process cooling water during the
heating season? If there is, will it be cost-effective to preheat the ventilation or
makeup air (outside air) and precool the chilled water or process cooling water as
it is returned to the chiller by retrofitting a water-to-water and water-to-air heat-
recovery system? See Fig. 8.4.2 and the related discussion in Sec. 8.4.3.6.

If the electric transformers are located indoors, will it be cost-effective to reclaim
the heat generated by them?

If there are large computer rooms that operate 24 h a day or throughout the
night, do they have the ability to utilize the lower-temperature ambient air to reduce
the refrigeration energy demand? If not, the cost-effectiveness of retrofitting them
to provide this capability should be evaluated.

In areas where ceiling height is greater than 12 ft (3.5 m), is there temperature
stratification near the ceiling with a temperature difference greater than 10°F (5.5°C)
during the heating season? If so, the cost-effectiveness of reclaiming this wasted
heat should be evaluated. Two types of heat recovery systems are discussed under
Heat Recovery by Recirculating Warm Stratified Air in Sec. 8.4.3.6.

Hydronic Systems. Identify leaks in condenser water, chilled water, hot water,
process water, etc.

Are three-way valves used to automatically control the heating and cooling coil
capacities? If two-way valves are used to automatically control the heating and
cooling coil capacities, are variable-speed pumps used? If three-way or two-way
automatic coil control valves with constant-speed pumps are used, will it be cost-
effective to retrofit the system to one using variable-speed pumps with two-way
automatic control valves?

Is the water treatment optimum to provide maximum heat-transfer efficiency
within the boilers, coils, and heat exchangers and minimize corrosion and fouling
of the water distribution system? Refer to Chap. 8.5, “Water Conditioning,” for a
discussion on water treatment. If the water treatment is not optimum, the cost-
effectiveness of providing one that is should be evaluated.

Is the hot-water supply temperature to the fin pipe radiators automatically reset
on the basis of ambient temperature?

For comments on piping and equipment insulation see Insulation, above in this
section.
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All leaks in the valves, equipment, and piping system should be repaired.

If the facility has a three-pipe (independent hot-water and chilled-water supply
pipes and a common return pipe) distribution system, is it feasible to retrofit a two-
pipe or four-pipe distribution system? If so, which is more cost-effective?

Steam Systems. Identify leaks in steam and condensation piping systems. This is
especially critical for vacuum steam heating systems. Identify malfunctioning and
leaking steam traps. All leaks in the piping system, valves, equipment, and mal-
functioning steam traps should be repaired.

Is any condensate wasted that is suitable to be returned to the boiler?—i.e.,
uncontaminated? Would it be cost-effective to return it?

If high-pressure steam [at least 125 Ib/in? (8.5 bar)] is available, will it be cost-
effective to use steam-driven turbine pumps and fans, since turbines can operate as
a pressure-reducing valve to supply the low-pressure [under 15 Ib/in? (1 bar)]
needs?

Is the boiler feedwater treatment optimum to provide maximum heat-transfer
efficiency within the boilers, coils, and heat exchangers and minimize corrosion
and fouling of the steam and condensation piping distribution systems? If the water
treatment is not optimum, the cost-effectiveness of optimizing it should be evalu-
ated.

For comments on piping an equipment insulation, see Insulation, above in this
section.

Self-contained automatic radiator control valves should be retrofitted on all
steam radiators and fin pipe convectors that do not already have them.

Process Equipment. s there cost justification for:

* Replacing old equipment with new equipment requiring less energy?

¢ Replacing an obsolete inefficient process and equipment with a modern process
using less energy?

For batch-type processes, is it cost-effective to shut off equipment between
batches?

Is the equipment startup period (the time it takes for the process to reach op-
erating conditions) as short as possible? If the startup period is long, can the equip-
ment be modified to shorten it? Will the modification be cost-effective?

Automatic Space Controls. Were the controls calibrated recently? If they have
not been calibrated within the past 5 years, they should be recalibrated.

Are the space air-conditioning thermostats set for 78°F (25.5°C) dry-bulb tem-
perature for comfort cooling and at the highest temperature at which the process
and/or equipment can operate?

Are the space-heating thermostats set for 68°F (20°C) dry-bulb temperature for
comfort heating and at the lowest temperature at which the process and/or equip-
ment can- operate?

Do thermostats reset at night or when the space is unoccupied? Can thermostats
be reset by unauthorized personnel?

Are the air-handling units that have the economy cycle (provision to use 100
percent outside air for cooling) provided with enthalpy control?

Are the radiators controlled via hand valves?

Will it be cost-effective from an energy standpoint to modify any or all of the
above items?
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Does the facility have an energy management system? If it does, is it functionally
satisfactory? If it does not, will it be cost-effective to install one?

Are the perimeter radiation hot-water supply temperature set points as low as
possible for ambient air temperatures but high enough to maintain space conditions?
Is the hot-water supply temperature to the heating coils as low as possible and yet
able to maintain space and/or leaving air conditions? Are the controls set to prevent,
or at least minimize, the effect of the perimeter system bucking the interior system
in the cooling or heating mode? If the controls are not so set, they should be
adjusted or modified so they will not waste energy.

Solar. Is the site’s geographical location favorable for the application of solar
collectors? If it is, will it be cost-effective to heat the domestic hot water or to
preheat the process water?

Domestic Hot Water. Are flow restrictors installed at lavatory, bathtub, and shower
fixtures?

What temperature is the hot-water supply set at? If the system supplies predom-
inantly toilets and showers and the hot-water supply temperature is above 110°F
(4.3°C), determine if it is cost-effective to install booster heaters locally at the
equipment or fixtures that require higher temperatures and reduce the supply hot
water to the 105 to 110°F (40.5 to 43°C) range.

Determine if the domestic hot-water heater 1s oversized? If so, is it cost-effective
to reduce its capacity to match the connected load?

Does the domestic hot-water system have recirculating pumps? Do they run
continuously? If so, evaluate the cost-effectiveness of shutting off the pumps after
normal working hours and, if needed, installing supplementary domestic hot-water
heaters for the toilets that are used during those hours.

Identify and fix all leaking fixtures, valves, and fittings.

Identify areas of damaged insulation, or those lacking insulation. Evaluate the
cost-effectiveness of replacing and providing insulation where appropriate.

Is the geographical location favorable for the application of solar collectors? If
it is, will it be cost-effective to install solar systems to preheat or heat the domestic
hot water?

Compressed-Air Systems. Identify all leaks in compressed-air piping, valves, and
fittings.

Determine if compressed-air supply pressure can be lowered. If so, the pressure
control should be reset.

For central systems, determine if the compressed-air supply pressure was set for
equipment in one or two areas where the required volume of compressed air is a
small percentage of the plant’s (volume) capacity. If so, determine if it is cost-
effective to lower the supply pressure of the central system and install local air
compressors in areas having equipment requiring higher pressures.

Is rejected heat from intercoolers, aftercoolers, and ventilation air reclaimed? If
not, is it cost-effective to reclaim and use it?

Is the intake air to the compressor intake filter unrestricted at the pressure and
quantity specified by the compressor manufacturer? If not, evaluate the cost-
effectiveness of modifying the intake system to comply with the manufacturer’s
requirements.

Is the intake air to the compressor clean and at the lowest temperature possible?
If not, will the increase in efficiency (reduction in energy consumption) produced
by modifying the intake system justify the cost?
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Lighting and Power. Identify areas with excessive illumination levels and areas
where illumination levels can be reduced if task lighting is provided. Identify areas
where lights are left on when not needed. Are there enough switches to permit
leaving the lights on only in areas where persons are working (after the normal
working day, etc.) and shutting off all other fixtures except for security require-
ments? Are the light fixtures wired to permit reducing the general illumination level
by switching off alternate fixtures and reducing the number of active tubes in
fluorescent fixtures? Are all fluorescent fixtures of the energy-efficient type with
energy-saving ballasts?

Is exterior lighting (building, parking lot, advertising, etc.) controlled by timers
or photocells?

Is the present lighting fixture maintenance program adequate to maintain max-
imum illuminating output? If not, determine if it will be cost-effective to increase
or revise the maintenance program.

Are high-efficiency electric motors used? Are the electric motors oversized?
Oversized motors operate at a lower power factor.

Determine the overall power factor for the installation. If the power factor is
low (according to the electric utility standard), will it be cost-effective to provide
power factor correction equipment?

From the electric utility billing criteria and the facility’s hourly electric load
profile, determine if it will be cost-effective to install demand-limiting equipment.

Determine the cost-effectiveness of the following:

* Reducing the illumination levels by adding task lighting where necessary.

* Retrofitting additional switches to permit shutting off lights in areas and rooms
not used.

* Retrofitting the fixture circuits to permit switching off alternate fixtures and tubes.

* Relamping the facility with the most energy-efficient fixtures and bulbs for the
type of work being performed in each area.

* Replacing the electric motors with those having the highest efficiency and power
factor available.

8.4.3.2 Design

General. Though the energy required for a process normally does not vary with
the seasons of the year, the energy consumed by HVAC systems does. On an annual
basis, most of the energy use for building HVAC systems occurs when ambient
temperatures are moderate and the systems are operating at part load. Only a small
fraction of the annual hours of operation of HVAC equipment occurs when ambient
summer and winter temperatures are at or near their respective design values. The
designer should (from an energy consumption standpoint) be more concerned about
minimizing energy consumption at various part-load conditions throughout the year
than at the design heating and cooling loads.

The designer must consider carefully energy consumption of equipment that
operates most of the time at or close to full load. Typically lights, fans, and pumps,
before the energy crisis in the 1970s, were operated constantly and at full load. In
many air-conditioned offices and institutional buildings, under such conditions, the
HVAC fans and pumps on an annual basis use more energy than the central air-
conditioning chillers.
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Energy can be saved if the designer carefully considers the following:

1. Operating HVAC systems at part load, especially fans and pumps.

2. Selecting variable-capacity fans and pumps, capable of varying their capacities
to meet their respective part-load requirements (this is usually required of sys-
tems employing variable-speed drives and/or multiple units).

3. Using high-efficiency motors.

4. Designing HVAC systems that can isolate areas having relatively constant oc-
cupancy during the normal working day from those having only part-time oc-
cupancy (such as conference rooms, auditoriums, etc.), spaces that are used 24
h a day (such as computer rooms, constant-temperature rooms, and calibration
labs), and areas that are used after the normal working day and on Saturdays,
Sundays, and holidays. The systems should be designed and zoned so that only
the areas occupied or requiring constant exhaust, temperature, or humidity will
be operating. All other cooling and exhaust systems will be off, and heating
system temperatures should be reset as low as possible.

5. The lighting system should be designed to provide the minimum acceptable level
of general illumination and task lighting for the working area. High-efficiency
lamps and low-energy ballasts should be installed, and available daylight should
be used whenever possible. Lighting circuitry should be designed to permit turn-
ing off lights in unoccupied areas and reducing lighting level for off-hours
housecleaning.

6. Domestic hot-water temperature should be set as low as possible. Local gener-
ation of domestic hot water to eliminate long runs of recirculating piping should
be evaluated. Water conservation fixtures should be used.

7. The design pressure in plant compressed air systems should be as low as pos-
sible.

Components. To assist the designer in selecting the proper components for an
integrated energy-efficient design that will minimize energy usage and meet the
project’s energy budget, the following guidance is offered. This list of components
must not be considered all-inclusive. Innovations and additions should be encour-
aged. .
Utilities. 'When determining the most appropriate fuel or fuels to be used, the
following should be considered:

¢ Present and long-term availability and costs of oil, coal, gas, and electricity avail-
able at the project site.

¢ The various grades of oil and coal available.
e For coal, the costs of unloading, storing, handling coal; controlling air pollution
(particulate matter); and ash handling and disposal must be considered.

* In locations where natural gas is available, the cost-effectiveness of using dual
fuels—especially oil and gas—should not be overlooked.

Alternative Energy Sources. To reduce dependence on oil and electricity (gen-
erated by burning oil), alternative energy sources such as coal; methane gas from
wells, landfill, and sewage treatment plants; wood; hydropower; sun; wind; and
tidal motion (to name the most common) should be considered. Although instal-
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lations using one or more of these alternative energy sources have been successful,
specific environmental, meteorologic, and site-related conditions must be favorable.
When site conditions are favorable, alternative energy sources should be compared
with oil, gas, coal, and electricity to determine those most cost-effective.

Transmission Values. When the maximum transmission values U are not de-
termined by the user or owner, they should be selected by the engineer to minimize
energy consumption. The author has used the values in Table 8.4.1 as the basis for
his designs and as the base U values for calculating the cost-effectiveness of using
lower U values in combination with additional insulation and triple-pane glazing.

The T values in Table 8.4.1 are selected on the basis of heating degree-days.
However, the author suggests that the design U values, for projects where the air-
conditioning load is predominant, should be based on the lower of two values, one
based on the actual heating degree-days and the other based on one of the following
conditions:

* When the summer air-conditioning design ambient temperature is above 95°F
(35°C) 2: percent of the time and the cooling season is at least 4 months long,
the U values corresponding to 3001 to 4000 (1671 to 2220) heating degree-days
should be used. (Values in parentheses are Celsius degree-days; others are Fah-
renheit degree-days.)

* When the summer air-conditioning design ambient temperature is between 90 and
95°F (32 and 35°C) 2% percent of the time and the cooling season is at least 3
months, the U values corresponding to 2001 to 3000 (1111 to 1670) heating
degree-days should be used.

¢ When the summer air-conditioning design ambient temperature is below 90°F
(32°C) 2V percent of the time and the cooling season is at least 4 months, the
U values corresponding to less than 1000 (560) heating degree-days should be
used.

¢ For all other conditions, the U values should be selected on the basis of the actual
heating degree-days.

If there is any question on the selection of a particular value, the decision should
be based on a life-cycle cost analysis.

Fenestration. Traditionally the architect is the one who determines the glass
area of a building. However, in order to design a facility that will meet the estab-
lished energy budget, it is the engineer who must determine the maximum per-
centage of glass area that an be permitted in conjunction with the wall construction
that will not exceed the overall design U, value (see preceding discussion under
Transmission Values).

The overall U, value is determined by the following equation:

UA,+UA +UA, +

= 4.
u, ™ (8.4.1)
where U, = average or combined transmission of the gross exterior wall, floor, or
roof-ceiling assembly area, Btu/(h - ft* - °F) [W/(m? - K)]
A, = gross exterior wall, floor, or roof-ceiling assembly area, ft> (m?)
U,, = thermal transmission of the components of the opaque wall, floor, or

roof-ceiling assembly area, Btu/(h - ft2 - °F) [W/(m? - K)]
.» = opaque wall, floor, or roof-ceiling assembly area, ft? (m?)

S
I
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TABLE 8.4.1 Maximum Heat Transmission Values*

Hcating degree-days, Gross wallt Walls Ceiling/roof Floor

°F days U, U, u,. U, Us Uy
(°C days) (note 1) (notc2) (note3) (noted) (note5) (note 6)
Less than 1000 0.31 0.38 0.15 0.05 0.10 0.29
(less than 560) (1.760) (2.15) (0.853) (0.284)  (0.568)  (1.647)
1000-2000 0.23 0.38 0.15 0.05 0.08 0.24
(561-1110) (1.306)  (2.15) (0.853)  (0.284)  (0.454)  (1.363)
2001-3000 0.18 0.36 0.10 0.04 0.07 0.21
(1111-1670) (1.022)  (2.048)  (0.568) 0.227)  (0.397) (1.192)
3001-4000 0.16 0.36 0.10 0.03 0.07 0.18
(1671-2220) (0.909) (2.048)  (0.568)  (0.170)  (9.397)  (1.022)
4001-6000 0.13 0.31 0.08 0.03 0.05 0.14
(2221-3330) (0.738) (1.760)  (0.454) (0.170)  (0.284)  (0.794)
6001-8000 0.12 0.28 0.07 0.03 0.05 0.12
(3331-4440) (0.683)  (1.590)  (0.397)  (0.170)  (0.284)  (0.683)
Over 8001 0.10 0.28 0.07 0.03 0.05 0.10
(over 4441) (0.568) (1.590)  (0.397)  (0.170)  (0.284)  (0.568)

*Heat transmission values are expressed in English units, Btu/(ft? - h - °F), and, in parentheses, in SI
units, W/(m? - K).

TGross wall values include all doors and windows, window frames, metal ties through walls, structural
steel members that protrude through all insulation to the exterior or adjacent to the exterior and continuous
concrete or masonry walls or floors that extend from inside heated spaces through the building envelope to
the exterior, e.g., fire walls that extend above the roof and concrete floor slabs that extend beyond the
exterior wall to form a balcony or terrace.

Note 1: These gross wall U, values are used for all new construction and major alteration of facilities
other than hospitals and medical and dental clinics.

Note 2: These gross wall U, values are to be used for hospitals and medical and dental clinics. The
maximum U, value will put a limitation on the allowable percentage of glass area to gross wall area in a
building. Insulating glass will allow higher percentage of glass area than single glass.

Note 3: Wall U,, value is the thermal transmittance of all elements of the opaque wall area. U, values
are to be used for upgrading existing facilities where the alteration of walls and resizing of window glazing
to meet gross wall values is not cost-effective.

Note 4: Ceiling/roof U, values are for ceiling and roof areas where adequate space exists for insulation
to be applied above the ceiling or below the roof structure. Built-up roof assemblies and ceiling assemblies
in which the finished interior surface is essentially the underside of the roof deck shall have a maximum U,
value of 0.05 (0.284) for any heating degree-day area.

On existing buildings, use the maximum U, value practical to accommodate the existing roof conditions
where the life-cycle cost analysis indicates a higher life-cycle cost to implement U, values required by Table
8.4.1. Examples of costs encountered on existing buildings related to implementing U, values required by
Table 8.4.1 are as follows: (a) cost of providing structural support to accommodate additional dead loads
of new insulation and roofing system, and additional live loads from greater accumulations of snow (snow
will melt more slowly because of increased insulation); (b) cost of raising roof curbs; (c) cost of raising
cap flashings: (D) cost of raising roof drains.

Note 5: Floor U; values are for floors of heated space over unheated areas such as garages, crawl spaces,
and basements without a positive heat-supply to maintain a minimum temperature of 50°F (10°C).

Note 5: Floor U, values are for slab-on-grade insulation around the perimeter of the floor.

Source: Department of Defense Construction Criteria, document DOD 4270.1-M, Office of the Deputy
Assistant Secretary of Defense (Installations), Washington, DC, 15 Dec. 1983, chap. 8, table 8-1, p. 8-8.



8.4.16 GENERAL CONSIDERATIONS

U, = thermal transmission of the glazing (window or skylight area), Btu/
(h - ft2 - °F) [W/(m? - K)]

A, = glazing area (finished opening), ft* (m*)

Ud thermal transmission of the door or similar opening, Btu/(h - {t? - °F)
[W/(m? - K)]

A, = door area (finished opening), ft?> (m?)

From Eq. (8.4.1) it can be seen that the percentage of glass can be maximized
without increasing the design U, by selecting the lowest economical U,, (by chang-
ing the wall construction or adding insulation) and using triple Thermopane® glaz-
ing.

Although maximizing the percentage of glazing can have aesthetic, daylighting,
and passive solar heating benefits, it generally increases wall construction costs.

Insulation. In residential facilities, most of the energy is used for environmental
control. In such facilities the thermal (insulation) quality of the buildings and the
severity of the weather become a predominant influence on energy consumption.
Other major factors are how the systems perform with respect to space temperatures
and hours of operation. In facilities such as these, the insulation thickness has a
direct effect on reducing the amount of energy consumed. The more insulation, the
less energy required to maintain space conditions.

In nonresidential facilities, energy usage is more complex. It is influenced by
the function of the particular building, type and sophistication of control systems,
type of fan and pump operation (constant speed or variable speed), hours of op-
eration, ventilating rate, and thermal (insulation) quality of the building. Buildings
such as these are relatively insensitive to energy savings resulting from insulation
thickness alone. The primary reason for this is that, during the cooling season, most
of the air-conditioning energy is used to offset heat gains from people, lights, and
equipment, which are the same for facilities in Fairbanks, Alaska, or Miami, Flor-
ida. Another reason is that energy loss through exterior areas (building skin and
roof) is a small percentage of the heating and cooling load; this is especially true
in high-rise office buildings and institutions.

Selecting the optimum insulation thickness and type is important, since it can
improve system efficiencies and reduce the amount of energy needed to maintain
the same environmental condition or process load—or increase the energy available
to maintain environmental conditions or process load.

The optimum insulation thickness is the thickness which will result in the lowest
total of the cost of energy lost and the cost of insulation and installation. The
method and procedure to calculate the optimum insulation thickness can be found
in standard design handbook sources such as Ref. 1.

If the analytical method is not used to determine the optimum insulation thick-
ness, the author recommends the following thickness guidelines. At the very least,
they can be used as a basis for comparison of insulation thicknesses and types.

1. Duct insulation—outside air, supply, and return ductwork; plenums and casing
of HVAC units
a. Indoors
(1) Blanket-type flexible fibrous-glass insulation, minimum density 1 Ib/ft?
(16 kg/m?), minimum thickness 2 in (50.8 mm)
(2) Rigid-type fibrous-glass insulation, minimum density 3 Ib/ft® (48 kg/m?),
minimum thickness 2 in (50.8 mm)
b. Outdoors—polyurethane or polyisocyanate board, minimum density 1.7 Ib/
ft? (27.2 kg/m?>), minimum thickness 3 in (76.2 mm)
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2. Equipment

a.

Pumps, chilled, dual—temperature, and hot water

(1) Cellular glass insulation, minimum thickness 2 in (50.8 mm)

(2) Fibrous-glass insulation, minimum density 6 1b/ft* (96.1 kg/m®), mini-
mum thickness 2 in (50.8 mm)

3 Polyurethane or polylsocyanate minimum density 1.7 Ib/ft® (27.2 kg/
m?), minimum thickness 2 in (50.8 mm)

. Expansion tanks, condensate receivers, hot-water storage tanks, and convert-

ers

(1) Cellular glass, minimum thickness 4 in (101.6 mm)

(2) Fibrous-glass insulation, minimum density 6 Ib/ft* (96.1 kg/m?), mini-
mum thickness 4 in (101.6 mm)

(3) Calcium silicate, minimum thickness 4 in (101.6 mm)

(4) Polyurethane or polyisocyanate, minimum thickness 2 in (50.8 mm)

Chillers

(1) Polyurethane or polylsocyanate minimum thickness 2 in (50.8 mm)

(2) Plastic foam, minimum thickness 2 in (50.8 mm)

. Piping systems—chilled water, dual temperature, hot-water heating, and do-

mestic hot water

(1) Fibrous glass, minimum density 3 Ib/ft* (48 kg/m?)

(2) Pipes less than 3 in (76.2 mm) in diameter, minimum thickness 1 in (25.4
mm)

(3) Pipes 3 in (76.2 mm) and 4 in (101.6 mm) in diameter, minimum thick-
ness 1% in (38.1 mm)

(4) Pipes 5 in (127 mm) and larger, minimum thickness 2 in (50.8 mm)

(5) Pipes less than 3 in (76.2 mm) in diameter, minimum thickness % in (19
mm)

(6) Pipes 3 in (76.2 mm) and 4 in (101.6 mm) in diameter, minimum thick-
pess 1 in (25.4 mm)

(7) Pipes 5 in (127 mm) and larger, minimum thickness 1% in (38.1 mm)

. Steam, condensate, and boiler-feed piping

(1) Fibrous glass, minimum densuy 3 Ib/ft® (48 kg/m>); minimum thickness
of pipe insulation is listed in Table 8.4.2

(2) Calcium silicate, minimum thickness Y inch (12.7 mm) greater than
those in Table 8.4.2

TABLE 8.4.2 Minimum Thickness of Fibrous Glass Pipe Insulation
(Not exposed to weather)

. Nominal pipe sizes, in (mm)
Maximum

temperature, Upto 1.25 1.5-2.5 3-4 5-6 8 (203.2)
°F (°C) (31.75) (38.1-68.5) (76.2-101.6) (127-152.4)  and larger
Up to 299 1 (25.4) 1.5 (38.1) 2 (50.8) 2.5 (63.5) 3(76.2)
(148.3)
300-499 1.5 (38.1) 2.5 (63.5) 3 (76.2) 3.5 (88.9) 4 (101.6)
(148.9-259.4)
Condensate and 1 (25.4) [ (25.4) 1.5 (38.1) 2 (50.8) 2 (50.8)

boiler fecdwater
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For outdoor insulation it is a good rule of thumb to increase thickness by 1 in
(25.4 mm) over that of indoor insulation. Similarly, when chilled-water and cooling-
water piping as well as air-conditioning ducts must be routed through hot areas
such as boiler rooms and laundries, additional insulation thickness should be con-
sidered.

When selecting insulation thicknesses for energy conservation purposes, the en-
gineer must not overlook the fact that it may not be cost-effective to insulate piping
and ductwork for liquids or gas in the temperature range of 55 to 120°F (12.8 to
48.9°C). As the temperature difference between the liquid or gas stream and the
surrounding space decreases, so does the possibility of saving energy. A point is
reached where this temperature difference is so small that heat loss or gain without
insulation will not increase the annual energy requirements.

Infiltration. Infiltration is air flowing into a building or space through cracks
around windows, doors, and skylights and through minute passageways and cracks
within wall, floor, and roof structures. Infiltration always results in an additional
heating load and an additional sensible and latent cooling load when portions of a
building are under negative pressure because of stack effect in high-rise buildings
or insufficient tempered makeup air. The heating and/or cooling infiltration load
can be calculated from the formulas in standard handbook sources such as Refs. 2
and 3.

With present technology, it is not economically feasible to design a commercial,
institutional, or industrial facility for zero infiltration. However, the engineer should
select exterior wall components that will minimize the infiltration load. This will
be cost-effective at the point when energy saved (by reducing the infiltration load)
over the life of the facility is greater than the total cost of reducing the infiltration
load.

The following ways of controlling the infiltration load are suggested to the de-
signer:

1. Reduce the pressure differential across exterior doors and windows.

a. For exterior personnel entrances, provide vestibules with exterior and interior
doors or revolving doors. The vestibules should have cabinet heaters and
ducted tempered supply (pressurization) air. With revolving doors (four-
section), tempered supply air can be ducted through the top of the two com-
pletely closed-in sections. The supply air volume should be automatically
controlled to maintain the inside pressure equal to or slightly greater than the
outside pressure.

b. Generally, space restraints preclude vestibules at loading-dock doors. How-
ever, air-curtain-type door heaters, mounted over the door and discharging
downward, with shrouds (flexible closure pieces) to seal the space between
the door opening and the truck or trailer body, have proven to be effective.

¢. Infiltration at window areas can be controlled to acceptable levels by pres-
surizing the space (when the space does not have to be maintained under a
negative pressure) by returning slightly less air ft*/min (m?3/s) than one sup-
plies to the space and selecting tightly closing, well-made window assemblies
and hardware with good-quality seals around the perimeter and especially at
all points where the sashes slide against the frame or past another sash.

2. Provide good-quality weather stripping seals around the perimeter of all doors.

3. Provide good-quality heavy building paper between the sheathing and exterior
siding on all wood-constructed exterior walls.

4. Seal all exterior brick walls.
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Ventilation. From an energy standpoint, when HVAC systems are operating in
either the cooling or heating mode, ventilation air should be kept at the minimum
quantity required to replenish the oxygen and dilute pollutants and contaminants in
the indoor air to an acceptable level.

The American Society of Heating, Refrigerating, and Air Conditioning Engi-
neers (ASHRAE) has recently revised its recommended outside ventilation air quan-
tities upward in order to achieve acceptable indoor air quality by dilution with
outdoor air only. (See Ref. 4 for details.) For a typical office, ASHRAE is rec-
ommending a four-fold increase from 5 ft>/(min - person) [2.51 L/(s - person)] to
20 ft*/(min - person) [10 L/(s - person)].

Before designing an HVAC system with these higher outdoor air ventilating
quantities (dilution only), the engineer should evaluate the cost-effectiveness of (1)
adding only the minimum quantity of outside air required to replenish oxygen and
dilute unfilterable gases and (2) removing or reducing contaminants and pollutants
in the return air by filtration. This procedure will create, at least, the same indoor-
air quality as if higher outdoor-air-quantities were used.

The major design parameters for a typical dilution-removal filtration system are:

» The outdoor air quality will be set at the minimum required to replenish the
oxygen (O,) and dilute unfilterable gases, namely carbon monoxide (CO) and
carbon dioxide (CO,).

* The mixed air stream (outdoor and return air) first passes through a roughing
filter, 2 in (50 mm) thick, in series with a 90 percent (minimum) ASHRAE 52.1-
1992 efficiency and a filter at least 6 in (152 mm) deep.

* The air stream then passes through gas sorbers capable of removing a broad range
of gases and vapors commonly found in a particular indoor and outdoor environ-
ment.

» The sorbers usually contain gas adsorbers and oxidizers, such as activated char-
coal and alumina impregnated with potassium permanganate, depending on the
gases present at the site or anticipated in the air stream.

Odoroxidant media should be suitable for removing odorous, irritating, acidic
gases from air by reacting chemically with the sorbed gases to prevent later
desorption.

» The sorbers should be selected with sufficient capacity to remain active (effective)
for a minimum service life of 4370 h (24 h per day for 6 months).

* The velocity through the sorber collection bed should provide a minimum resi-
dence time of approximately 0.06 s.

* High circulation rates (6 to 10 changes of the volume of air in each space per
hour) are required to obtain effective mixing of the air within each space to
capture and remove sufficient quantities of indoor contamination to provide the
required indoor air quality.

» The filtered (supply) air should be discharged from diffusers that direct the air in
a plug (flow predominately in one direction) or horizontal laminar flow pattern
so the contaminants will be swept along with the flow across an occupied space
to return-air intakes on the opposite side of the space.

¢ Since the static pressure drop across the combined high-efficiency particle filter
and gas sorber is normally about 2 in water (497 Pa) and high circulation rates
are required, it is not uncommon for this type of filtering system to have its own
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fan system and operate either in conjunction with the building HVAC system or
independent of it.

¢ When this type of filtering system is integrated with air-handling equipment con-
taining cooling coils, the sorber section must be located downstream of the cool-
ing coils and coil condensate drain pan to ensure that microbiological contami-
nants living on wet surfaces are removed before the air is distributed to the
occupied spaces.

Exhaust and Makeup. For energy conservation, the engineer should determine
the minimum exhaust air quantity for each system consistent with applicable codes
and good engineering practices. To achieve this goal, the designer should evaluate
each exhaust system with respect to the following items:

* When codes and good engineering practice permit shutting off the exhaust system
when a facility is not occupied or a process is not operating, the designer should
design a dedicated exhaust system that can be independently taken out of service.
Though starting and stopping the exhaust system can be done manually, more
energy will be saved if it is automatically done.

e Where the applicable codes do not mandate the exhaust air quantity for a partic-
ular type of space activity, it should be equal to the ventilation air quantity rec-
ommended for the activity in Ref. 4. Though not as current, Ref. 3 is also used.

¢ The industrial exhaust hoods should be as close to the source (oxygen or exhaust
air) as possible to minimize the exhaust air volume.

Push-pull exhaust systems should be considered for large tanks and vats.

¢ When possible, all tanks and vats should be provided with covers to reduce
emission of vapors and odors.

* Generally, recirculating systems with adequate filtration should be used instead
of exhausting air to the outside, whenever the particular industrial process or
equipment and good engineering permit it.

* Low-volume, high-velocity exhaust systems should be used whenever possible to
control dust from portable hand tools and machining operations.

¢ The industrial exhaust system should conform to the recommended practices set
forth in the latest edition of Ref. 5.

Will it be cost-effective to reduce the industrial exhaust air quantities by selecting
less toxic or less hazardous materials or modernizing the process or equipment?

Once the exhaust air quantities have been established, the makeup air should be
equal to the total exhaust air quantity unless there are specific areas that must be
maintained at a negative or positive pressure. When there are equipment, processes,
or areas that must be maintained at a negative or positive pressure, they should be
enclosed in the smallest envelope possible and their makeup air should be supplied
from a separate zone or unit.

The designer should evaluate the cost-effectiveness of recovering the heating or
cooling energy in the exhaust air to heat or cool the makeup air. Thermal wheels,
parallel-plate heat exchangers, coil runaround cycles, and heat-pipe recovery sys-
tems are discussed in Sec. 8.4.3.6.

Low-Leakage Dampers. High-performance, low-leakage dampers should be
used for outside air, relief air, and return air and for mixing hot and cold air streams.
The energy that can be saved by using high-performance, low-leakage dampers



ENERGY CONSERVATION PRACTICE 8.4.21

instead of standard dampers is apparent when one compares the leakage rates at
the same difference pressure drop across fully closed dampers.
Typical leakage rates are

Low-leakage dampers Less than 1 percent of full flow

Standard dampers 5 percent minimum to 25 percent of full flow (depend-
ing on the quality of the manufacturing)

The static pressure drop across a fully open high-performance, low-leakage damper
or standard damper is so small compared to the total system static pressure that, in
general, there is no noticeable effect on the system energy usage with either type
(in the fully open position).

The engineer may want to evaluate the cost-effectiveness of low-leakage damp-
ers for other damper duties.

Coils (Heating and Cooling). From an energy conservation point of view, the
engineer can reduce the energy used by the fans by selecting coils having minimum
resistance to air flow. The heat-transfer surfaces on both air and fluid sides must
be kept clean at all times with adequate water treatment on the fluid side and
periodic cleaning on the air side. The following parameters can be used to select
coils with low resistance to air flow:

For cooling coils:

Minimum velocity 400 ft/min (2 m/s)
Maximum velocity 500 ft/min (2.5 m/s)
Fan spacing 6 to 10 fins/in (0.24 to 0.39 fins/mm)

For heating coils:

Velocity range 500 to 800 ft/min (2.5 to 4 m/s)
Maximum fin spacing 14 fins/in (0.55 fins/mm)

Heat-recovery coils Maximum velocity and fin spacing should be determined
to maximize the energy recovered and minimize the cost
of recovering it

The author acknowledges the manufacturers’ position that for the same cooling
load, coils with fin spacings of 6 to 10 fins/in (0.24 to 0.39 fins/mm) will probably
require one and possibly two additional rows compared to a coil having 14 fins/in
(0.55 fins/mm) and there will be no apparent difference in static pressure drop
across the coil. That position is valid only when the coil is clean, however. With
14 fins/in (0.55 fins/mm) and wet fin surfaces, the particulate matter that passes
through the filters will adhere to the wet fins and, in a relatively short time, will
reduce the already narrow spacing between these fins. It has been the author’s
experience that in a short time, the static pressure drop across wet coils with 14
fins/in (0.55 fins/mm) becomes greater than for coils with 6 to 10 fins/in (0.24 to
0.39 fins/mm) even with the additional row or two. Considering the length of time
between coil cleaning, the greater fin spacing can save energy.

Heating coils, on the other hand, always have dry fin surfaces and in general
have no more than two rows. Under these conditions, the static pressure drop with
14 fins/in (0.55 fns/mm) will not result in a noticeable increase in fan energy.
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Ductwork. Energy savings result when fans operate at the lower system pres-
sures allowed by larger ductwork. The system design must provide operation cost
savings (over the service life of the equipment) that more than offset the increased
construction costs of the ductwork.

For a discussion of commercial and industrial system duct sizing procedures,
the reader is referred to Chap. 3.2 of this book. For industrial exhaust system
ducting, design in accordance with the procedures set forth in Ref. 5.

All duct seams of commercial and institutional duct systems should be taped
and the maximum system leakage should not exceed the following:

¢ For a low-velocity system, 7%2 percent of the fan ft>/min (m?/s).
¢ For a medium- or high-velocity system, 5 percent of the fan ft3/min (m?/s).

All duct seams of industrial exhaust systems should be welded, brazed, or soldered,
depending on the system temperature and duct material.

All hot and cold ducts should be insulated. See previous discussion of duct
insulation in this section.

8.4.3.3 Types of Systems

General. When selecting air-handling units (especially for HVAC application) the
engineer must always remember that probably less than 5 percent of the actual
hours of heating or cooling system operation will be at the respective design load.
The remainder of the time, the system will be operating at part load.

Though the actual part-load capacity and corresponding percent of operation
time should be determined for each system, Table 8.4.3 can be used to estimate the
order of magnitude of a typical heating or cooling HVAC system. From Table 8.4.3,
it is apparent that the energy used (especially by fan and pump motors) in the 25
to 75 percent full-load range is extremely important. It is in this load range that
one should concentrate on maximizing the system efficiency and minimizing the
horsepower, and not at the design load. As a general rule, more energy can be saved
by reducing the fan ft*/min (m?/s) and pump gal/min (m3/s) than by reducing the
supply air or water temperature to meet part-load conditions.

In order to conserve energy, areas and processes that are used after normal
business hours should have their own HVAC and exhaust systems. Typically, these
are the areas that must maintain design temperatures and relative humidity condi-
tions 365 days a year (computer facilities, constant-temperature rooms, calibration
laboratories, etc.). Also, auditoriums, cafeterias, conference rooms, and meeting
rooms that are frequently used after normal business hours should be included in

TABLE 8.4.3 Heating or Cooling Operating Time at Various
Loads for Typical HVAC Systems

Percent of full load Percent of operating time
75-100 10
50-75 50
25-50 30

0-25 10
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this category. The facilities that serve or support these areas, such as lobbies, cor-
ridors, toilets, lounges, and lunch rooms, should also be designed to operate inde-
pendently of the main building system if one is to minimize energy costs and usage.

Though the engineer has six basic types of HVAC air-distribution systems from
which to select that most appropriate for a design, those that can vary the air and
liquid volume in accordance with variations in load generally have the lowest en-
ergy consumption.

Basic Systems. The six basic systems and their variations are:

1. Single duct: This is usually a low-velocity distribution system. The unit con-
sists of filters, cooling and heating coils, supply fan, and sometimes a return fan.

The fans are generally centrifugal type, constant or variable volume. If the fans
are variable volume, centrifugal or axial flow, they can be controlled by inlet vanes
or variable-speed motors. Axial-flow fans, depending on size, can also be controlled
by varying the pitch of the blades.

This system is suitable for single-zone application. When more than one zone
is required, terminal reheats have been used to provide zone control. However, even
when waste or reclaimed heat is then used for the reheat energy, it still may not
have the lowest life-cycle costs.

2. Dual duct: This is usually a high-velocity supply and low-velocity return
duct distribution system. The unit consists of filters, cooling and heating coils, and
supply and return fans. The supply distribution mains consist of hot and cold ducts
with mixing boxes at each zone. The ductwork from the mixing boxes to the dif-
fusers is low-velocity.

The system is extremely flexible with respect to future modifications and has
good temperature controls.

The size of the cold duct main should be based on the maximum building peak
cooling load. The cold branch mains on a floor should be sized on the maximum
simultaneous internal- and external-exposure peak loads of areas they serve. The
hot duct is usually sized between 50 and 75 percent of the air capacity of the cold
duct.

For energy conservation, the fans are generally airfoil variable-volume, centrif-
ugal- or axial-flow types. Variable-frequency speed control is used on both types.
Axial-flow fans are also available with adjustable-pitch blades.

The hot deck coil control valve should be closed during the cooling mode to
conserve energy.

Even with these energy conservation measures, this system’s energy consump-
tion is relatively high.

3. Multizone: This is a low-velocity duct distribution system. The unit consists
of filters, cooling and heating coils, hot and cold automatic modulating coil dis-
charge air dampers, supply fan, and sometimes a return fan.

Depending on the size of the unit, six to ten zones with controls are common.
The zone controls available with this type of unit are satisfactory for comfort air
conditioning (such as in an office environment) but usually not for critical areas
(such as laboratories).

The fans are centrifugal, constant-speed type.

This system varies each zone supply temperature by modulating its respective
hot and cold deck dampers, as required, to satisfy the particular zone space tem-
perature set point. It is not adaptable to varying the supply air volume. In some
comfort air-conditioning installations, energy can be saved during the cooling cycle
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by automatically closing the heating coil control valve during this mode of opera-
tion.

This system is generally relatively expensive to install and modify.

Even with the energy conservation measures noted above, the energy usage of
this system will be higher than that of a variable air volume system.

A recent variation to the standard multizone uses individual zone heating and
cooling coils instead of a common hot and cold deck with individual zone mixing
dampers. The elimination of simultaneous heating and cooling and air-stream mix-
ing losses can result in significant energy saving. Energy consumption of this unit
can be as much as 40 percent less than a multizone unit with common hot and cold
deck with individual zone mixing dampers. Only package rooftop units in the 15-
to 37-ton refrigeration (52.8- to 130.1-kW) range are currently manufactured in this
type.

These units are available with gas-fired heat, electric heat, or hot-water/glycol
heat and direct-expansion cooling coils with multiple reciprocating compressors and
air-cooled condensers. When high indoor relative humidity (in humid weather and
during part load) is a concern, a direct expansion cooling coil in the outside air
stream can be provided with this type of unit.

4. Variable air volume: This is usually a high-velocity supply, low-velocity re-
turn duct distribution system. The unit consists of filters, cooling and heating coils
and supply and return fans. Return fans have been omitted on smaller systems.

Fans are variable-volume, centrifugal- or axial-flow type. Depending on fan size,
the air volume can be varied by variable-frequency control or variable inlet vanes
on smaller systems, or by variable blade pitch only on larger axial-flow fans.

The supply distribution main consists of a single duct with VAV boxes at the
beginning of each zone duct. The ductwork leaving the VAV boxes to the diffusers
is low-velocity.

The system is extremely flexible with respect to future modifications and has
good temperature controls.

Care must be exercised in selecting the type of diffusers and controls. See dis-
cussion on VAV systems in Sec. 8.4.3.7.

The size of the main supply duct should be based on the maximum building
peak cooling load. The branch mains on a floor should be sized on the maximum
simultaneous interior and exterior exposure peak loads of the areas they serve.

For the commercial office, this system generally has the lowest energy usage
and construction costs. However, there have been problems when VAV systems
were used to air-condition laboratories and good-quality automatic temperature con-
trols were not employed.

5. Fan coil unit: Each unit usually consists of a filter, combination heating and
cooling coil, centrifugal fan, and supply and return grilles. Though not common,
units are available with separate heating and cooling coils.

Although ceiling-mounted units are available, fan coil units are generally located
at the floor against the exterior walls, preferably under the windows.

Since these units generally have no provision for ventilation air (that is, they
recirculate 100 percent of the supply air), they are used in conjunction with single-
duct, dual-duct, multizone, or variable-air-volume systems. The fan coil units are
sized to handle the exterior (solar, transmission, and infiltration) cooling and heating
load and the interior cooling load for the first 10 to 15 ft (3 to 4.6 m) from the
exterior wall. The interior system will provide the ventilation air for the exterior
zones. This combined system significantly reduces the size of the distribution duct-
work and the associated construction cost, since the ducted system serves only the
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interior loads and ventilation air requirements. The system combined with a VAV
interior system is used most often in modern offices and is among the lowest energy
users.

Units are available that have provision for ventilation air. They are generally
self-contained, packaged heat pumps with their own air-cooled direct-expansion
compressor, cooling coil, and supplementary electric heat. They are predominantly
used in schools, motels, and hotels. If there are extended periods during the heating
and cooling seasons when the spaces served are not occupied, energy usage is
reasonable. However, in areas where the ambient heating design temperature is 12°F
(~11°C) or lower and there are 5000 (2780) degree-days or more, energy usage is
generally high, since under these conditions the heating is mostly electric.

The self-contained heat-pump units are thermostatically controlled. The other
unit capacities can be regulated by varying the water flowing through the coil with
an automatic temperature-controlled water-regulating valve or by varying the fan
speed. Though varying the fan speed requires constant flow through the coil, and
the choice of pump size is therefore restricted and the possibility of saving pump
energy by reducing the flow is eliminated, it is economical and is the method most
often provided for these units.

6. Induction unit: This is a constant-volume, low- or high-velocity system. It
consists of a centrally located unit that filters, cools, and dehumidifies the primary
air and induction units located generally at the floor along the walls. Each induction
unit consists of a primary air plenum (which is sound-attenuated), primary air noz-
zle, mixing chamber, heating coil, and return and discharge grilles.

The primary air is ducted to each induction unit. At each induction unit the
primary air flow enters the primary air plenum and leaves through the primary air
nozzle at high velocity, inducing return air from the space to flow into the mixing
chamber and mix with the primary air. The mixed air leaves the unit and enters the
conditioned space.

The primary air provides the ventilation air and cooling requirements of the
conditioned spaces. The heating coil in the return air stream provides the heating
requirements.

Though this system was popular before the energy crisis and provides good
temperature control, it is seldom selected any more for new facilities because of its
high energy use.

8.4.3.4 Chillers

Centrifugal. To minimize energy use, the following guidelines should be consid-
ered:

e For commercial and institutional applications, the number and size of the refrig-
eration units should be determined so that the number of units on line (operating)
will have the lowest kilowatts per ton (kW/W) ratio—in the range of 75 to 25
percent of design load—since approximately 80 percent of the hours of operation
will be in this load range. If units have a significantly lower kilowatts per ton
ratio in the 75 to 50 percent of design load range, they should be selected since
approximately 50 percent of the hours of operation will occur in this load range.
See the general discussion of this in Sec. 8.4.3.3 a preceding portion of this
section “Types of Systems” for typical part-load operation.

¢ For industrial or other applications where the cooling load does not vary appre-
ciably with the ambient weather conditions, the number and size of the refrig-
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eration units should be chosen to produce the lowest kilowatts per ton (kW/W)
over the duration of the cooling load.

¢ Select chilled-water supply temperatures at the highest possible temperature that
will maintain space design temperature and humidity under maximum load con-
ditions.

* Select refrigerant compressors to operate at the highest suction pressure and the
lowest head pressure possible and still maintain the required supply chilled-water
temperature under maximum load conditions.

¢ Select refrigerant compressors that can maximize the energy reduction possible
with lower condenser water-supply temperatures under part-load conditions.

* Provide automatic controls that can reset the supply chilled-water temperature to
the highest level under part-load operation and still maintain space design tem-
perature and humidity conditions.

For a discussion on heat recovery with double bundle condensers see Sec.
8.4.3.6, “Waste Heat and Heat Recovery.”

Heat-transfer surfaces must be kept clean at all times with adequate water treat-
ment and periodic cleaning.

Absorption. When waste heat [preferably steam around 12 Ib/in? (0.8 bar)] is
available and chilled water is required, absorption refrigeration units should seri-
ously be considered to save energy and improve the overall plant efficiency.

However, when steam or hot water must be generated expressly for absorption
units, the engineer must evaluate the following before selecting the type of refrig-
eration units:

* The water rate for a single-stage absorption unit for 12-1b/in* (0.8-bar) steam of
about 18 to 20 1b/h of steam per ton of refrigeration (2.3 to 2.6 kg/kW), or its
equivalent hot-water value, is not energy-efficient. Furthermore, the heat rejection
to the cooling tower is about 200 percent greater than that of an electric-driven
compressor unit for the same refrigeration capacity.

* The water rate for a two-stage absorption unit with 125- to 150-1b/in? (8.6- to
10.3-bar) steam entering the first stage is about 12 to 14 1b/h of steam per ton
of refrigeration (1.5 to 1.8 kg/kW), which indicates a significant reduction in
steam energy, or its equivalent high-temperature water at 355°F (179°C), for the
same refrigeration capacity. However, the lithium bromide refrigerant solution
used in absorption units is extremely corrosive at the elevated temperatures at
which the first stage operates. Although manufacturers of two-stage units profess
that corrosion will not be a problem if their water treatment requirements are
strictly adhered to, it is the author’s experience and position that corrosion and/
or the potential corrosion-related problems are a major concern and repair expense
for users of two-stage units.

¢ Guidelines for selecting the number and size of absorption units are similar to
those noted under the heading Centrifugal, above.

Direct-Expansion Evaporators—Screw Compressors and Reciprocating Com-
pressors

* Generally screw compressors are more economical above 100 tons (350 kW) of
refrigeration, whereas reciprocating compressors are more economical below that
capacity.
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» The same criteria described under the heading Centrifugal should be used to select
units with water-cooled condensers.

¢ If the condenser is air-cooled, the same criteria described under the heading
Centrifugal should be used, except for the automatic controls for the condenser
fans. These should be able to lower the condensing temperature (head pressure)
as the ambient dry-bulb temperature drops to the lowest recommended by the
compressor manufacturer, yet maintain the required (compressor) suction pres-
sure.

» If the condenser is evaporative, the same criteria described under Centrifugal
should be used except for the automatic controls for the evaporative condenser
fans. These should automatically control the spray pump and condenser fan, so
as to lower the condensing temperature (head pressure) as the ambient dry-
and/or wet-bulb temperature decreases to the lowest recommended by the com-
pressor manufacturer, yet maintain the required (compressor) suction pressure.

Cooling Tower. For energy conservation, towers should be selected in conjunction
with the refrigeration unit to produce the lowest kilowatt per ton of refrigeration
(kW/W) ratio. To achieve this goal, the following guidelines should be considered:

* Induced-draft towers should be selected over forced-draft towers since they re-
quire significantly less fan horsepower (kW) for the same cooling requirement.

* Hyperbolic natural-draft cooling towers are without question the most energy-
efficient. However, their minimum effective size is approximately 250,000 gal/
min (15.8 m?/8), which is far greater than the central refrigeration plant re-
quirements we are concerned with in this book.

* Though it is possible to design a natural-draft tower (without mechanical fans)
in the capacity range we would need, it would be inefficient and would need a
large amount of space. However, if space is available, natural-draft cooling tow-
ers, as well as spray pounds, should be considered.

 If the project is located near a river, lake, or other large body of water, it should
be considered as a source of condenser water before a mechanical-draft cooling
tower is selected.

¢ Groundwater has been used for precooling and condenser water. However, re-
quirements for recharging wells and restrictions on groundwater contamination
generally make this source of condenser water uneconomical.

* The three major cooling tower parameters are:

Ambient wet-bulb temperature: This temperature should be selected with care,
since the wet-bulb temperature of the air entering the tower is the basis for the
thermal design of any evaporative-type cooling tower.

Range: This is the difference in temperature between hot water entering the tower
[condenser water return (CWR)] and the cold water leaving the tower [condenser
water supply (CWS)]. Of these two temperatures, the tower size is primarily
affected by the CWS temperature.

Approach: This is the difference between the cold-water temperature leaving the
tower and the entering air wet-bulb temperature. The approach is important for
two primary reasons: first, it sets the CWS temperature; the lower this temperature
is, the lower the refrigeration unit kilowatts per ton of refrigeration (kW /W) ratio
will be. Second, it fixes the size and efficiency of the cooling tower. Although
increasing the tower efficiency will measurably decrease the approach, there are
limits. In practice it is the tower size that is significantly increased to achieve the
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lower approach requirements. The closest approach that can be achieved is 5°F
(2.8°C).

* It is generally more cost-effective to increase the tower size to obtain lower CWS
than to increase the refrigeration unit kilowatt per ton (kW/W) ratio.

* Towers should be selected to minimize the drift and evaporation losses.

¢ Automatic temperature controls capable of resetting (lowering) the condenser wa-
ter supply temperature as the ambient wet-bulb temperature drops should be pro-
vided.

* Tower fan motors should be two-speed to improve part-load efficiency.

* The heat-transfer surfaces must be kept clean at all times with adequate water
treatment and-periodic cleaning.

Several heat-recovery systems using cooling towers are discussed in Sec. 8.4.3.6,
“Waste Heat and Heat Recovery.”

8.4.3.5 Boilers

To minimize energy usage the following guidelines should be considered:

* For comfort heating, the number and size of the boilers should be determined so
that the number of units on line (operating) will be close to their maximum
efficiency point at part loads ranging from 75 to 25 percent of design load, since
approximately 80 percent of the hours of operation will be in this load range. If
significantly higher efficiencies can be obtained by selecting boilers operating in
the 75 to 50 percent of design load range, then the boiler size and number should
be determined at this load range, since they will be operating in this range ap-
proximately 50 percent of the time. See the general discussion in Sec. 8.4.3.3 for
typical part-load application. For process boilers, the number and size of the
boilers should be determined to maximize the plant efficiency.

Boilers should be selected for lead-lag control with low fire rats to minimize the
on and off cycling of the lead boiler.

Boiler insulation type and thickness should be selected to minimize the cooldown
and radiation heat loss. The burner flame shape and heat output must be selected
to match the dimensions of the combustion chamber.

» The burner controls for multiple boilers should be capable of the following:

Automatically cycling the boiler on and off (lead-lag control) and modulating its
firing rate in accordance with load swings.

Continually monitoring the flue gas for excess O, and CO content and excess
temperature.

Automatically adjusting the firing rate according to the operating parameters (flue
gas O,, CO, and temperature) and actual plant load for the highest obtainable
combustion efficiency.

* The combustion air volume should be set at the lowest safe maintainable value
that the boiler controls can operate at.
* The stack gas temperature should be as low as possible, approximately 50°F

(10°C) above the lowest combustion-gas dew point.
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8.5.1 INTRODUCTION

It is the object of this chapter to discuss state-of-the-art technology of water treat-
ment for commercial and industrial heat-transfer equipment, with specific emphasis
on heating, ventilating, and air-conditioning (HVAC) systems. Since water treatment
for industrial processes requires a specific design for each process, it is beyond the
scope of this chapter to cover all aspects of industrial water treatment. For fuller
coverage of industrial water treatment, see the bibliography (Sec. 8.5.10) at the end
of the chapter.

8.5.2 WHY WATER TREATMENT?

Water treatment for corrosion and deposit control is a specialized technology. Es-
sentially, it can be understood when one first recognizes why treatment is necessary
to prevent serious failures and malfunction of equipment which uses water as a
heat-transfer medium. This is seen more easily when one observes the problems
water can cause, the mechanism by which water causes these problems, which leads
to solutions, and the actual solutions or cures available.

Water is a universal solvent. Whenever it comes into contact with a foreign
substance, there is some dissolution of that substance. Some substances dissolve at
faster rates than others, but in all cases a definite interaction occurs between water
and whatever it contacts. It is because of this interaction that problems occur in
equipment such as boilers or cooling-water systems in which water is used as a
heat-transfer medium. In systems open to the atmosphere, corrosion problems are
made worse by additional impurities picked up by the water from the atmosphere.

Most people have seen the most obvious examples of corrosion of metals in
contact with water and its devastating effect. Corrosion alone is the cause of failure
and costly replacement of equipment and is itself a good reason why water treat-
ment is necessary.

8.5.1
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8.5.2.1 Cost of Corrosion

The direct losses due to corrosion of metals for replacement and protection are
reported to be $10 to $15 billion annually; over $5 billion is spent for corrosion-
resistant metallic and plastic equipment, almost $3 billion for protective coatings,
and over $340 million for corrosion inhibitors (1978 dollars).! All this is just to
minimize the losses due to corrosion. Typical examples of these losses resulting
from failures of piping, boiler equipment, and heat-exchanger materials because of
corrosion and deposits are depicted in this chapter. Only with correct application
of corrosion inhibitors and water treatment will HVAC equipment, such as heating
boilers and air-conditioning chillers and condensers, provide maximum economical
service life. However, even more costly than failures and replacement costs, and
less obvious, is the more insidious loss in energy and operating efficiency due to
corrosion and deposits.

In heat-transfer equipment, corrosion and deposits will interfere with the normal
efficient transfer of heat energy from one side to the other. The degree of interfer-
ence with this transfer of heat in a heat exchanger is called the fouling factor. In
the condenser of an air-conditioning machine, a high fouling factor causes an in-
crease in condensing temperature of the refrigerant gas and thus an increase in
energy requirements to compress the refrigerant at that higher temperature. The
manufacturer’s recommended design fouling factor for air-conditioning chillers and
condensers is 0.0005. This means that the equipment cannot tolerate deposits with
a fouling factor greater than 0.0005 without the efficiency of the machine being
seriously reduced.

Figure 8.5.1 graphically illustrates the effect of scale on the condensing tem-
perature of a typical water-cooled condenser. From this graph, we see that the
condensing temperature increases in proportion to the fouling factor. An increase
in condensing temperature requires a proportionate increase in energy or compressor
horsepower to compress the refrigerant gas. Thus the fouling factor affects the
compressor horsepower and energy consumption, as shown in Fig. 8.5.2. Condenser
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FIGURE 8.5.1 Effect of scale on condens-
ing temperature. (From Carrier System De-
sign Manual, part 5, “Water Conditioning,”
Carrier Corporation, Syracuse, NY, 1972, p.
5-2. Used with permission.)
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horsepower. (From Carrier system Design Manual,

part 5, “Water conditioning,” Carrier Corporation,

Syracuse, NY, 1972, p. 5-2, Used with permission.)

tubes are quickly fouled by a hard water supply which deposits calcium carbonate
on the heat-transfer surface. The explanation of the mechanism of this type of
fouling is given in a later section.

Table 8.5.1 lists the fouling factors of various thicknesses of a calcium carbonate
type of scale deposit most frequently found on condenser watertube surfaces where
no water treatment or incorrect treatment is applied.

The additional energy consumption required to compensate for a calcium car-
bonate type of scale on condenser tube surfaces of a refrigeration machine is illus-
trated in Fig. 8.5.3. The graph shows that a scale thickness of only 0.025 in (0.635
mm) [fouling factor of 0.002] will result in a 22 percent increase in energy con-
sumption, which is indeed wasteful.

8.5.2.2 Cost of Scale and Deposits

The actual cost of scale is even more surprising. For example, a 500-ton air-
conditioning plant operating with a scale deposit of 0.025 in (0.635 mm) of a

TABLE 8.5.1 Fouling Factor of Calcium Carbonate Type of Scale

Approximate thickness of calcium

carbonate type of scale, in (mm) Fouling factor
0.000 Clean
0.006 (0.1524) 0.0005
0.012 (0.3048) 0.0010
0.024 (0.6096) 0.0020
0.036 (0.9144) 0.0030

Source: Carrier System Design Manual, part 5, “Water Conditioning,” Carrier
Corp., Syracuse, NY, 1972, p. 5-3. Used with permission.
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K = 1.0 Btu/(h - f® - °F). Example: Scale that is 0.025 in (0.6 mm) thick
requires 22 percent increase in energy.

calcium carbonate type will increase energy requirements by 22 percent if the same
refrigeration load is maintained and cost $2870 in additional energy consumption
required for only 1 month (720 h) of operation. This is based on an efficient electric-
drive air-conditioning machine’s requiring 0.75 kW/(h - ton) of refrigeration for
compressor operation. The average cost for this energy in early 1995 was 5.0
cents/kWh.

With proper care and attention to water treatment, wasteful use of energy can
be avoided. Likewise, in a boiler operation for heating or other purposes, an insu-
lating scale deposit on the heat-transfer surfaces can substantially increase energy
requirements.

Boiler scale or deposits can consist of various substances including iron, silica,
calcium, magnesium, carbonates, sulfate, and phosphates. Each of these, when de-
posited on a boiler tube, contributes in some degree to the insulation of the tube.
That is, the deposits reduce the rate of heat transfer from the hot gases or fire
through the boiler metal to the boiling water.

When this occurs, the temperature of the boiler tube metal increases. The scale
coating offers a resistance to the rate of heat transfer from the furnace gases to the
boiler water. This heat resistance results in a rapid rise in metal temperature to the
point at which the metal bulges and eventual failure results. This is the most serious
effect of boiler deposits, since failure of such tubes causes boiler explosions. Figure
8.5.4 shows a boiler tube blister caused by a scale deposit.

Table 8.5.2 shows the average loss of energy as a result of boiler scale. A normal
scale of only Yie-in (1.588-mm) thickness can cause an energy loss of 4 percent.
For example, a loss of 4 percent in energy as a result of a scale deposit can mean
that 864 gal (3270.6 L) more of No. 6 fuel oil than is normally used would be
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FIGURE 8.5.4 Boiler tube blister. (Courtesy of Metropolitan Re-
fining Co., Inc.)

TABLE 85.2 Boiler Scaled Thickness vs. Energy Loss

Normal scale, calcium Dense scale
carbonate type, in (mm) (iron silica type) Energy loss, %
Y32 (0.794) Yes (0.397) 2
Y16 (1.588) Va2 (0.794) 4
Y2 (2.381) ¥s4 (1.191) 6
Ya (3.175) Y16 (1.588) 8
Y16 (4.763) Y2 (2.381) 12
Y4 (6.350) v (3.175) 16

required for the operation of a steam boiler at 100 boiler hp (bhp) (1564.9 kg for
1 month (720 h).

8.5.3 WATER CHEMISTRY

Water and its impurities are responsible for the corrosion of metals and formation
of deposits on heat-transfer surfaces, which in turn reduce efficiency and waste
energy. Having seen the effects of corrosion and deposits, let us see how this can
be prevented. The path to their prevention can best be approached through under-
standing their basic causes, why and how they occur.

Water, the common ingredient present in heat-transfer equipment such as boilers,
cooling towers, and heat exchangers, contains many impurities. These impurities
render the water supply more or less corrosive and/or scale-forming.

8.5.3.1 Hydrologic Cycle

The hydrologic cycle (Fig. 8.5.5) consists of three stages: evaporation, condensa-
tion, and precipitation. This cycle begins when surface waters on the earth are
heated by the rays of the sun, vaporized, and raised into the troposphere, a thin
layer of air and moisture approximately 7 mi (11 Km) thick which surrounds the



8.5.6 GENERAL CONSIDERATIONS

Cloud formation

A Condensing water vapor
""/’ﬁlf,l/f;ec};lzitaﬁa{/
ali ’ 1,

o pain

%
Surfoce\
runoff \

‘\

A Evaporation from precipitation \\\

11175 Q8w surface water, respiration (animals), s

‘h"‘ combustion (machines), transpiration{plants)
N

Evaporation(Ocean confributes',
about 80 % of total water vapor in gir.}

FIGURE 8.5.5 Hydrologic cycle.

earth. Clouds of condensed moisture form in the troposphere, and when carried
over land by the wind, they contact cold-air currents. This causes precipitation or
rain or snow. In this manner, water returns to the earth’s surface, only to repeat the
cycle.

Throughout the hydrologic cycle, the water absorbs impurities. While falling
through the atmosphere, water dissolves the gases, oxygen, nitrogen, carbon diox-
ide, nitrogen oxides, sulfur oxides, and many other oxides present in the atmosphere
in trace amounts.

The quantity of these gases in the atmosphere depends on the location. For
example, in large urban areas rainwater contains high concentrations of carbon
dioxide, sulfur oxides, and nitrogen oxides. In rural areas, water contains lesser
amounts of these gases. A study made by Gene E. Likens of Cornell University
noted that in the recent past the acidity of our rainfall has steadily increased.? This
is caused by the increased amounts of sulfur and nitrogen oxide gases that pollute
the atmosphere.

8.5.3.2 Water Impurities

In contact with the earth surface, rainwater will tend to dissolve and absorb many
of the minerals of the earth. The more acidic the rainfall, the greater the reaction
with the earth’s minerals. This reaction includes hydrolysis and hydration. As water
passes over and through gypsum, calcite, dolomite, and quartz rock, it will dissolve
calcium, silica, and magnesium minerals from these rocks (Table 8.5.3). In similar

TABLE 8.5.3 Reactions of Water with Minerals

Hydrolysis is the chemical reaction between water and minerals in which the mineral dis-
solves in the water:

NaCl + H,0- Na* + CI- + H0

Sodium chloride 4 Water = Sodium ion in solution 4 Chloride ion in sotution + Water

Hydration is the absorption of water by minerals, changing the nature of the mineral:

CaS0O, + 2H,0 — CaSO, * 2H,0

Calcium sulfate 4 Water = Calcium sulfate hydrate
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manner, other minerals present in the earth’s crust can be dissolved and taken up
by the water. Table 8.5.4 shows some of the minerals present in the earth’s surface
which by reaction with water become impurities in water. Water accumulates on
the earth’s surface in lakes, rivers, streams, and ponds and can be collected in
reservoirs. These surface water supplies usually contain fewer minerals but are more
likely to contain dissolved gases.

Underground water supplies are a result of surface waters’ percolating through
the soil and rock. The water supplies usually contain large quantities of minerals
and not much dissolved gases, although there are numerous exceptions to this gen-
eral rule. Table 8.5.5 lists the various sources of water. Figures 8.5.6 through 8.5.10
show typical analyses of surface waters and underground well waters.

A brief observation of the analyses of these different water supplies shows that
the natural impurities and mineral content do indeed vary with location. In fact,
many well water supplies in a very proximate location exhibit vast differences in
mineral content. Let us examine each of the basic impurities of water to see how
they contribute to corrosion and deposits.

8.5.3.3 Dissolved Gases

Oxygen. One of the gases in the atmosphere is oxygen which makes up approx-
imately 20 percent of air. Oxygen in water is essential for aquatic life; however, it
is the basic factor in the corrosion process and is, in fact, one of the essential

TABLE 8.5.4 Mineral Groups

Silicates Quartz, augite, mica, chert, feldspar, hornblend
Carponates Calcite, dolomite, limestone

Halides Halite, fluorite

Oxides Hematite, ice, magnetite, bauxite

Sulfates Anhydrite, gypsum

Sulfides Galena, pyrite

Natural elements Capper, sulfur, gold, silver

Phosphates Apatite

TABLE 8.5.5 Sources of Water

Surface water Lakes and reservoirs of fresh water

Groundwater Water below the land surface caused by surface run-
off drainage and seepage

Water table Water found in rock saturated with water just above
the impervious layer of the carth

Wells Water-bearing strata of the earth—water seeps and
drains through the soil surface, dissolving and ab-
sorbing minerals of which the earth is composed
(thus the higher mineral content of well water)
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FIGURE 8.5.6 New York City (Croton Reservoir) water analysis. (Courtesy of The Metro Group,
Inc.)

elements in the corrosion process of metals. Therefore, dissolved oxygen in water
is important to us in the study of corrosion and deposits.

Carbon Dioxide. Carbon dioxide is present in both surface and underground water
supplies. These water supplies absorb small quantities of carbon dioxide from the
atmosphere. Larger amounts of carbon dioxide are absorbed from the decay of
organic matter in the water and its environs. Carbon dioxide contributes signifi-
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FIGURE 8.5.7 Water analysis of Syracuse, NY (Otisco Lake). (Courtesy of The Metro Group,
Inc.)

cantly to corrosion by making water acidic. This increases its capability to dissolve
metals. Carbon dioxide forms the mild carbonic acid when dissolved in water, as
follows:

CO, + H,0— H,CO,

Carbon dioxide + Water = Carbonic acid



8.5.10 GENERAL CONSIDERATIONS

" THE METRO GROUP, INC.

Divisions:
50-23 Twenty-Third Street Metropalitan Refining
s CNY 1T a
R TR CERTIFICATE OF ANALYSIS  Cmoviaed ot Cvatonny
FAX; (718) 729-8677 WATER ANALYSIS Petro Con Chemical
CLIENT: DATE:
ADDRESS: REPRESENTATIVE: SAMPLE DATE:
WASHINGTON, D.C. (POTOMAC RIVER} ANALYSIS NO.: 20197 SOURCE: CITY.

PALKALINlTY‘ m/L ' MOLYBDvA'vIE

m—
e

—m

TREATMENT TREATMENT CONTROL £OUN BECOMMENDED

ANALYTICAL RESULTS EXPRESSED IN MILLIGRAMS PER LITRE img/L) ARE EQUIVALENT TO PARTS PER MILLION tppm).
DIVIDE BY 17,1 TO OBTAIN GRAINS PER GALLON (gpg!.
CYCLES OF CONCENTRATION = CHLORIDES IN SAMPLE/CHLORIDES IN MAKEUP

sw:
$SAM WILDSTEIN, MANAGER LABORATORY SERVICES

Waler Expens Since 1926 / Sales o Service # Solutions

FIGURE 8.5.8 Potomac River (Washington, DC) water analysis. (Courtesy of The Metro Group,
Inc.)

Sulfur Oxides. Sulfur oxide gases are present in the atmosphere as a result of
sulfur oxides absorbed from the atmosphere, in which they are present as pollutants
from the combustion of fuels containing sulfur, such as coal and fuel oil. In large
urban areas, the quantity of sulfur oxides that are absorbed by surface water supplies
and aerated waters used in cooling towers can be significant. Also when dissolved
in water, sulfur oxides form acids which create a corrosive atmosphere.
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FIGURE 8.5.9 Water analysis of Jamaica, NY (wells). (Courtesy of The Metro Group, Inc.)

Nitrogen Oxides.

SO, + H,0— H,S0,

Sulfur trioxide + Water = Sulfuric acid

Nitrogen oxides are also present in the atmosphere both natu-
rally and from pollutants created by the combustion process. These, too, form acids
when absorbed by water and contribute to the corrosion process.
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" THE METRO GROUP, INC.

Divisions:
50-23 Twenty-Third Street Metropolitan Refining
Long Isiand City, NY 11101 Consolidated Water Conditioning
(718) 729-7200 Cosmopolitan Chemical
FAX: (718) 729-8677 CER.nFIvcv?‘::REASAFLVAS::ALYSIS Petro Con Chemical
CLIENT: DATE:
ADDRESS: REPRESENTATIVE: SAMPLE DATE:
YELLOW SPRINGS, OHIO (WELLS)  ANALYSIS NO.: 47588 SOURCE: CITY WATER

P ALKALINITY

TOTAL HARDNESS CaC0,

TREATMENT TJREATMENT CONTROL FOUND RECOMMENDED

ANALYTICAL RESULTS EXPRESSED IN MILLIGRAMS PfR UITRE (mg/L) ARE EQUIVALENT TO PARTS PER MILLION (ppm).
DIVIDE BY 17.1 TO OBTAIN GRAINS PER GALLON
CYCLES OF CONCENTRATION = CHLORIDES IN SAMPLE/CHLORIDES IN MAKEUP

sw:

SAM WILDSTEIN, MANAGER LABGRATORY SERVICES

Waler {xpens Since 1926 / Sales ¢ Service » Solutions

FIGURE 8.5.10 Water analysis of Yellow Springs, OH (wells). (Courtesy of The Metropolitan
Refining Co., Inc.)

3NO, + H,0 — 2HNO; + NO
Nitrogen + Water = Nitric acid + Nitric oxide

Hydrogen Sulfide. The odor typical of rotten eggs which is found in some water
is due to the presence of hydrogen sulfide. This gas comes from decaying organic
matter and from sulfur deposits. Hydrogen sulfide forms when acidic water reacts
with sulfide minerals such as pyrite, an iron sulfide commonly called “fool’s gold”:



WATER CONDITIONING 8.5.13

FeS + 2H* —  Fe?* + H,S

Ferric sulfide + Acid in solution = Iron in solution + Hydrogen suifide

Hydrogen sulfide reacts with water to form hydrosulfuric acid, a slightly acidic
solution. Its presence in water is also due to the decomposition of organic matter
and protein which contain sulfur. Hydrogen sulfide is also a constituent of sewer
gas, marsh gas, and coal gas. It can be present in water and also comes from these
sources. Because of its acidic reaction in water, hydrogen sulfide is very corrosive
and must be removed or neutralized.

8.5.3.4 Dissolved Minerals

Alkalinity. Alkalinity is the quantity of dissolved alkaline earth minerals ex-
pressed as calcium carbonate. It is the measured carbonate and bicarbonate minerals
calculated as calcium carbonate since that is the primary alkaline earth mineral
contributing to alkalinity. Alkalinity is also measured and calculated as the hydrox-
ide when that is present. All natural waters contain some quantity of alkalinity. It
contributes to scale formation because its presence encourages deposition of cal-
cium carbonate, or lime scale.

PH Value. The quality of alkalinity, or the measure of the relative strength of
acidity or alkalinity of a water, is the pH value, a value calculated from the hydro-
gen-ion concentration in water. The pH scale ranges from 0 to 14. A pH of 7.0 is
neutral. It indicates a balance between the acidity and alkalinity. As the pH de-
creases to zero, the alkalinity decreases and the acidity increases. As the pH in-
creases to 14, the alkalinity increases and the acidity decreases.

The pH scale (Fig. 8.5.11) is used to express the strength or intensity of the
acidity or alkalinity of a water solution. This scale is logarithmic so that a pH
change of 1 unit represents a tenfold increase or decrease in the strength of acidity
or alkalinity. Hence water with a pH value of 4.0 is 100 times more acid in strength
than water with a pH value of 6.0. Water is corrosive if the pH value is on the
acidic side. It will tend to be scale-forming if the pH value is alkaline.

Hardness. Hardness is the total calcium, magnesium, iron, and trace amounts of
other metallic elements in water which contribute to the hard feel of water. Hardness
is also calculated as calcium carbonate, because it is the primary component con-
tributing to hardness. Hardness causes lime deposits or scale in equipment.

Drinking water

Soft drinks Mitk Borax Lime
|~L4 - L
0 1 4 5 6 7 8 9 10 1t 12 13 14
IT\creas'mg acidity Neutral Increasing alkolinity
(Corrosive) (Scale-forming)

FIGURE 8.5.11 The pH scale.
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Silica. Silica is dissolved sand or silica-bearing rock such as quartz through which
the water flows. Silica is the cause of very hard and tenacious scales that can form
in heat-transfer equipment. It is present dissolved in water as silicate or suspended
in very fine, invisible form as colloidal silica.

Iron, Manganese, and Alumina. Iron, manganese, and alumina are dissolved or
suspended metallic elements present in water supplies in varying quantities. They
are objectionable because they contribute to a flat metallic taste and form deposits.
These soluble metals, when they react with oxygen in water exposed to the atmo-
sphere, form oxides which precipitate and cause cloudiness, or “red water.” This
red color, particularly from iron, causes staining of plumbing fixtures, sinks, and
porcelain china and is a cause of common laundry discoloration.

Chlorides. Chlorides are the sum total of the dissolved chloride salts of sodium,
potassium, calcium, and magnesium present in water. Sodium chloride, which is
common salt, and calcium chloride are the most common of the chloride minerals
found in water. Chlorides do not ordinarily contribute to scale since they are very
soluble. Chlorides are corrosive, however, and cause excessive corrosion when pres-
ent in large volume, as in seawater.

Sulfates. Sulfates are the dissolved sulfate salts of sodium, potassium, calcium,
and magnesium in the water. They are present due to dissolution of sulfate-bearing
rock such as gypsum. Calcium and magnesium sulfate scale is very hard and dif-
ficult to remove and greatly interferes with heat transfer.

Total Dissolved Solids. The total dissolved solids (TDS) reported in water anal-
yses are the sum of dissolved minerals including the carbonates, chlorides, sulfates,
and all others that are present. The dissolved solids contribute to both scale for-
mation and corrosion in heat-transfer equipment.

Suspended Matter. Suspended matter is finely divided organic and inorganic sub-
stances found in water. It is caused by clay silt and microscopic organisms which
are dispersed throughout the water, giving it a cloudy appearance. The measure of
suspended matter is turbidity. Turbidity is determined by the intensity of light scat-
tered by the suspended matter in the water.

8.5.4 CORROSION

Corrosion is the process whereby a metal through reaction with its environment
undergoes a change from the pure metal to its corresponding oxide or other stable
combination. Usually, through corrosion, the metal reverts to its naturally occurring
state, the ore. For example, iron is gradually dissolved by water and oxidized by
oxygen in the water, forming the oxidation product iron oxide, commonly called
rust.

This process occurs very rapidly in heat-transfer equipment because of the pres-
ence of heat, corrosive gases and dissolved minerals in the water, which stimulate
the corrosion process.

The most common forms of corrosion found in heat-transfer equipment are

¢ General corrosion
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* Oxygen pitting

¢ Galvanic corrosion

» Concentration cell corrosion

* Stress corrosion

* Erosion-corrosion

* Condensate grooving

¢ Microbiologically influenced corrosion (MIC)

8.5.4.1 General Corrosion

General corrosion is found in various forms in heat-transfer equipment. In a con-
denser water or cooling tower circuit, it can be seen as an overall deterioration of
the metal surface with an accumulation of rust and corrosion products in the piping
and water boxes. On copper condenser tubes, it is observed most frequently as a
surface gouging or a uniform thinning of the tube metal.

In boilers, general corrosion is observed in the total overall disintegration of the
tube metal surface in contact with the boiler water. (See Figs. 8.5.12 and 8.5.13.)

General corrosion occurs when the process takes place over the entire surface
of the metal, resulting in a uniform loss of metal rather than a localized type of
attack. It is often, but not always, accompanied by an accumulation of corrosion
products over the surface of the metal (Fig. 8.5.14).

Iron and other metals are corroded by the metal going into solution in the water.
It is necessary, therefore, to limit corrosion of these metals by reducing the activity
of both hydroxyl ions and hydrogen ions, i.e., by maintaining a neutral environment.

FIGURE 8.5.12 General corrosion on condenser tube. (Courtesy of The Metro
Group, Inc.)

FIGURE 8.5.13 Pitting corrosion on condenser tubes. (Courtesy
of The Metro Group, Inc.)
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e .
TUBE B

FIGURE 8.5.14 Boiler tube corrosion. (Courtesy of Babcock & Wilcox Co.)

Another important factor in the corrosion process is dissolved oxygen. The ev-
olution of hydrogen gas in these reactions tends to slow the rate of the corrosion
reaction and indeed, in many instances, to stop it altogether by forming an inhibiting
film on the surface of the metal which physically protects the metal from the water.

Accumulation of rust and corrosion products is further promoted by the presence
of dissolved oxygen. Oxygen reacts with the dissolved metal, eventually forming
the oxide which is insoluble and in the case of iron builds up a voluminous deposit
of rust. Since the role of dissolved oxygen in the corrosion process is important,
removal of dissolved oxygen is an effective procedure in preventing corrosion.

8.5.4.2 Oxygen Pitting

The second type of corrosion frequently encountered in heat-transfer equipment is
pitting. Pitting is characterized by deep penetration of the metal at a small area on
the surface with no apparent attack over the entire surface as in general corrosion.

The corrosion takes place at a particular location on the surface, and corrosion
products frequently accumulate over the pit. These appear as a blister, tubercle, or
carbuncle, as in Fig. 8.5.15.

Oxygen pitting is caused by dissolved oxygen. It differs from localized pitting
due to other causes, such as deposits of foreign matter, which is discussed in Sec.
8.5.4.4. Following are examples of pitting caused by dissolved oxygen (Figs. 8.5.16
and 8.5.17).

Oxygen pitting occurs in steam boiler systems where the feedwater contains
dissolved oxygen. The pitting is found on boiler tubes adjacent to the feedwater
entrance, throughout the boiler, or in the boiler feedwater line itself.

One of the most unexpected forms of oxygen pitting is commonly found in
boiler feedwater lines following a deaerator. It is mistakenly believed that mechan-
ically deaerated boiler feedwater will completely prevent oxygen pitting. However,
quite to the contrary, water with a low concentration of dissolved oxygen frequently
is more corrosive than that with a higher dissolved oxygen content. This is dem-
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HoO == H* +OH~
Fe® == Fe?* +26~
2HY +2¢~ —= H,

Fe?* +20H™ == Fe(OH),
4 Fe (OH)Z +02 + 2H20 — 4 FG(OH)3¥

Fe (OH )3 ( Rust )

FIGURE 8.5.15 Reactions forming blisters over pit.

onstrated by the occurrence of oxygen pitting in boiler feedwater lines carrying
deaerated water.

Mechanical deaerators are not perfect, and none can produce a feedwater with
zero oxygen. The lowest guaranteed dissolved oxygen content that deaerators pro-
duce is 0.0005 cm?®/L. This trace quantity of dissolved oxygen is sufficient to cause
severe pitting in feedwater lines or in boiler tubes adjacent to the feedwater en-
trance. This form of pitting is characterized by deep holes scattered over the surface
of the pipe interior with little or no accumulation of corrosion products or rust,
since there is insufficient oxygen in the environment to form the ferric oxide rust.
(See Fig. 8.5.18.)

8.5.4.3 Galvanic Corrosion

Corrosion can occur when different metals come in contact with one another in
water. When this happens, an electric current is generated similar to that of a storage
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FIGURE 8.5.16 Pitting on boiler tube.
(Courtesy of The Metro Group, Inc.)

FIGURE 8.5.17 Blisters over pits on boiler tubes. (Courtesy of Babcock & Wilcox Co.)
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@ Electron flow @
Cu

FIGURE 8.5.18 Pitting in boiler feedwater FIGURE 8.5.19 Galvanic corrosion caused by

line. (Courtesy of the Metro Group, Inc.) dissimilar-metal couple. (1) Iron going into so-
lution loses two electrons: Fe® — Fe?* + 2e7;
(2) electrons flow to copper, the less reactive
metal.

battery. The more active metal will tend to dissolve in the water, thereby generating
an electric current (an electron flow) from the less active metal. This current is
developed by a coupling of iron and copper, as in Fig. 8.5.19.

This tendency of a metal to give up electrons and go into solution is called the
“electrode potential.” This potential varies greatly among metals since the tendency
of different metals to dissolve and react with the environment varies.

In galvanic corrosion, commonly called “dissimilar-metal corrosion,” there are
four essential elements:

1. A more reactive metal called the “anode”

2. A less reactive metal called the “cathode”

3. A water solution environment called the “electrolyte”

4. Contact between the two metals to facilitate electron flow

The rate of galvanic corrosion is strongly influenced by the electrode potential
difference between the dissimilar metals. The galvanic series is a list of metals in
order of their activity, the most active being at the top of the list and the least active
at the bottom. The farther apart two metals are on this list, the greater will be the
reactivity between them and, therefore, the faster the anodic end will corrode. The
galvanic series is shown in Fig. 8.5.20.

If one or more of these four essential elements are eliminated, the corrosion
reactions will be disrupted and the rate of corrosion slowed or halted altogether.

One method of preventing this type of corrosion is to eliminate contact of dis-
similar metals in HVAC equipment by using insulating couplings or joints, such as
a dielectric coupling which interferes with the electron flow from one metal to the
other. Other forms of protection involve the removal of dissolved oxygen and use
of protective coatings and inhibitors which provide a barrier between the corroding
metal and its environment.
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Corroded end (anodic, or least noble)
Magnesium atloys (1)
Zinc (1)
Berytlium
Aluminum alloys (1)
Cadmium
Mild steel, wrought iron
Cast iron, flake or ductile
Low-alloy high-strength steel
Nickel-resist, types 1 & 2
Naval bronze (CA464), yellow bronze (CA268), aiuminum bronze (CA687), Red
bronze (CA230), Admiralty bronze (CA443) manganese bronze
Tin
Copper (CA102, 110}, silicon bronze (CA655)
Lead-tin solder
Tin bronze (G & M)
Stainless steel, 12-14% chromium (AIS| Types 410, 416)
Nickel silver (CA 732, 735, 745, 752, 764, 770, 794)
90/10 Copper-nickel (CA 706)
80/20 Copper-nickel (CA 710)
Staintess steel, 16-18% chromium (AIS| Type 430)
Lead
70/30 Copper-nickel (CA 715)
Nicke!l-aluminum bronze
Inconel* alloy 600
Silver braze alloys
Nickel 200
Silver
Stainless stee!, 18 chromium, 8 nickel (AISI Types 302, 304, 321, 347)
Monel* Alloys 400, K-500
Stainless steel, 18 chromium, 12 nickel-molybdenum (AIS! Types 316, 317)
Carpenter 201 stainless steel, Incoloy* Alloy 825
Titanium, Hastelloyt alioys C & C 276, inconel” alloy 625
Graphite, graphitized cast iron
Protected end (cathodic, or most noble)

* International Nickel Trademark.
1 Union Carbide Corp. Trademark.
t The Carpenter Steel Co. Trademark.

FIGURE 8.5.20 Galvanic Series.

8.5.4.4 Concentration Cell Corrosion

Concentration cell corrosion is a form of pitting corrosion that is a localized type
of corrosion rather than a uniform attack. It is frequently called ““deposit corrosion”
or “crevice corrosion’ since it occurs under deposits or at crevices of a metal joint.
Deposits of foreign matter, dirt, organic matter, corrosion products, scale, or any
substance on a metal surface can initiate a corrosion reaction as a result of differ-
ences in the environment over the metal surface. Such differences may either be
differences of solution ion concentration or dissolved oxygen concentration.
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With concentration cell corrosion, the corrosion reaction proceeds as in galvanic
corrosion since this differential also forms an electrode potential difference. This
can best be prevented by maintaining clean surfaces.

8.5.4.5 Stress Corrosion

Stress corrosion is a combination of exposure of a metal to a corrosive environment
and application of stress on the metal. It is frequently seen on condenser tubes and
boiler tubes in the area where the tubes are rolled into the tube sheets. In steam
boilers, stress corrosion has been referred to as “necking and grooving.” It is seen
as a circumferential groove around the outside of a firetube where it enters the tube
sheet. Figure 8.5.21 shows this type of corrosion.

The corrosion failure is a result of a corrosive environment and stresses and
strains at the point of failure. Usually it occurs at the hottest end of the tube at the
beginning of the first pass against the firewall. It concentrates at the tube end
because of strains from two sources. First, when tubes are rolled in, stresses are
placed on the metal, expanding the metal to fit the tube sheet. Second, when a
boiler is fired, the heat causes rapid expansion of the tube, and consequently strains
are greatest at the tube ends, which are fixed in the tube sheets. This actually causes
a flexing and bowing of the tube, and sometimes the expansion is so severe that
the tubes loosen in the sheets. During this bending of the tube, the natural protective
iron oxide film forming at the tube ends tends to tear or flake off, exposing fresh
steel to further attack. Eventually, the tube fails due to both corrosion and stress.

Stress corrosion can also occur on condenser tubes and heat-exchanger tubes
from heat expansion that causes stresses in the metal at tube supports or tube sheets.
This problem is reduced by more gradual firing practices in boilers, which allow
more gradual temperature changes, and by using proper inhibitors to correct the
corrosive environment.

FIGURE 8.5.21 Necking and groov-
ing on boiler firetube. (Courtesy of The
Metro Group, Inc.)
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8.5.4.6 Erosion-Corrosion

“Erosion-corrosion” is the gradual wearing away of a metal surface by both cor-
rosion and abrasion. It is also commonly called “impingement corrosion.”

Water moving rapidly through piping can contain entrained air bubbles and sus-
pended matter, sand, or other hard particulates. This is not uncommon in cooling
tower waters where such particles are washed from the atmosphere. These abrasive
particles remove natural protective oxide films present on the surface of the metal
and cause general corrosion of the exposed metal. The higher the velocity of the
impinging stream, the greater the rate of erosion-corrosion.

8.5.4.7 Condensate Grooving

Condensate grooving is a particular phenomenon of steam condensate line corrosion
in HVAC equipment. It is found in steam condensate piping on all types of equip-
ment, heat exchangers, steam-turbine condensers, unit heaters, steam absorption
condensers, radiators, or any type of unit utilizing steam as a heat-transfer medium.

Condensate grooving is-a direct chemical attack by the steam condensate on the
metal over which it flows and is identified by the typical grooves found at the
bottom of the pipe carrying the condensate. This is shown in Fig. 8.5.22.

The primary cause of condensate grooving is carbon dioxide. The dissolved
carbon dioxide forms a mild carbonic acid. The methods available to prevent this
type of corrosion include removal of bicarbonate and carbonate alkalinity from the
boiler makeup water (dealkalinization) and use of carbonic acid neutralizers and
filming inhibitors.

8.5.4.8 Microbiologically Influenced Corrosion (MIC)

Since the early 1980s the phenomenon of Microbiologically Influenced Corrosion
(MIC) has become as a very serious problem in building HVAC recirculating water
systems. MIC is the term given to corrosion involving the reaction of microbiolog-
ical species with metals. It is corrosion caused or influenced by microbiological
organisms or organic growths on metals.

There are many forms and mechanisms of MIC involving many types of micro-
biological organisms. The basic cause of MIC found in recirculating water systems
are as follows:

FIGURE 8.5.22 Steam condensate line cor-
rosion. (Courtesy of The Metro Group, Inc.)
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¢ Iron Related Bacteria (IRB)
 Sulfate Reducing Bacteria (SRB)
¢ Acid Producing Bacteria (APB)
* Biological Deposits

Iron Related Bacteria. A major group of organisms that are a direct cause of
corrosion of iron and steel in recirculating water systems is the iron related bacteria
(IRB). This class of organisms is responsible for causing corrosion of iron and steel
by direct metabolism of iron. Some of these organisms actually consume iron by
using it in their metabolic process and then deposit it in the form of hydrated ferric
hydroxide along with the mucous secretions.

Sulfate Reducing Bacteria. The best known group of organisms involved in MIC
are the Sulfate Reducing Bacteria (SRB). This group of organisms basically falls
into three kinds, the Desulfovibrio, Desulfotomaculum, and Desulfomonas genera
of organisms all of which metabolize sulfur in one form or another. All are anaer-
obic, which live without oxygen. The most widely known organism is the Desul-
fovibrio.

Acid Producing Bacteria. Another group of bacteria which cause MIC is the Acid
Producing Bacteria (APB). There are many types of APB most of which are the
slime forming bacteria such as Pseudomonas, Aerobacter, and Bacillus types which
exude various organic acids in their metabolic process. Organic acids such as formic
acid, acetic acid and oxalic acid have been identified in deposits of slime containing
APB. These organic acids cause low pH conditions at local sites resulting in cor-
rosion at these sites. .

One APB that is commonly responsible for MIC is the Thiobacillus. These
organisms oxidize sulfur compounds forming sulfuric acid which is extremely cor-
rosive.

Biological Deposits. MIC can also be caused by other forms of organic growths
such as algae, yeast, molds, and fungus along with bacterial slimes. Even in the
absence of specific corrosive organisms such as the IRB, SRB or APB biological
deposits provide the environment for corrosion through establishment of concen-
tration cells resulting in under deposit corrosion. Biological deposits in general act
as traps and food for other organisms resulting in rapid growth. This complex matrix
sets up a corrosion potential between adjacent areas of a metal surface that may
have a different type of deposit.

To control MIC it is important to understand the processes that cause it and
therefore understand how to prevent it. It is clear that an essential control program
will include control of all types of biological growths in recirculating water systems.

8.5.5 SCALE AND SLUDGE DEPOSITS

The most common and costly water-caused problem encountered in HVAC equip-
ment is scale formation. The high cost of scale formation stems from the significant
interference with heat transfer caused by water mineral scale deposits.
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8.5.5.1 Mineral Scale and Pipe Scale

At this point, we should differentiate between mineral sale and pipe scale. Mineral
scale is formed by deposits of the more insoluble minerals present in water, the
heat-transfer medium (Fig. 8.5.23). Pipe scale (Fig. 8.5.24) is the natural iron oxide
coating or corrosion products that form on the interior of piping which flake off
and appear as a scale.

E)

FIGURE 8.5.23 Pipe scale and iron corrosion products. (Courtesy of The
Metro Group, Inc.)

FIGURE 8.5.24 Mineral scale deposits of water minerals. (Courtesy of The
Metro Group, Inc.)
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Mineral scale in steam boilers, heat exchangers, and condensers consists pri-
marily of calcium carbonate, the least soluble of the minerals in water. Other scale
components, in decreasing order of occurrence, are calcium sulfate, magnesium
carbonate, iron, silica, and manganese. Present also in some scales are the hydrox-
ides of calcium, magnesium, and iron as well as the phosphates of these minerals,
where phosphates and alkalinity are used as a corrosion or scale inhibitor. Sludge
is a softer form of scale and results when hard-water minerals reacting with phos-
phate and alkaline treatments forming a soft, pastelike substance rather than a hard,
dense material. In most cases, scales contain a complex mixture of mineral salts
because scale forms gradually and deposits the different minerals in a variety of
forms.

The major cause of mineral scale is the inverse solubility of calcium and mag-
nesium salts. Most salts or soluble substances, such as table salt or sugar, are more
soluble in hot water than in cold.

Calcium and magnesium salts, however, dissolve more readily and in greater
quantity in cold water than in hot, hence inverse solubility. This unique property is
responsible for the entire problem of mineral scale on heat-transfer surfaces in
HVAC equipment. From this property alone, we can readily understand why mineral
scale forms on hot-water generator tubes, condenser tubes, boiler tubes, etc. It is
simply the fact that the hottest surface in contact with the water is the tube surface
of this type of equipment.

In condenser water systems using recirculating cooling tower water or once-
through cooling water, the water temperature is much lower than that in steam
boiler or hot-water systems. At these lower temperatures most of the scale-forming
minerals will remain in solution, but the tendency will be to deposit calcium car-
bonate on the heat-transfer surfaces where there is a slight rise in temperature.

The primary factors which affect this tendency are:

 Alkalinity

* Hardness

« pH

¢ Total dissolved solids

The higher the alkalinity of a water, the higher the bicarbonate and/or carbonate
content. As these minerals approach saturation, they tend to come out of solution.

Likewise, a higher concentration of hardness will increase the tendency of cal-
cium and magnesium salts to come out of solution. The pH value reflects the ratio
of carbonate to bicarbonate alkalinity. The higher the pH value, the greater the
carbonate content of the water. Since calcium carbonate and magnesium carbonate
are less soluble than the bicarbonate, they will tend to precipitate as the pH value
and carbonate content increase.

Also affecting this tendency are the total dissolved solids and temperature. The
higher the solids content, the greater the tendency to precipitate the least soluble
of these solids. The higher the temperature, the greater the tendency to precipitate
the calcium and magnesium salts because of their property of inverse solubility.

8.5.5.2 Langelier Index

The Langelier index is a calcium carbonate saturation index that is very useful in
determining the scaling or corrosive tendencies of a water. It is based on the as-
sumption that a water with a scaling tendency will tend to deposit a corrosion-
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inhibiting film of calcium carbonate and hence will be less corrosive, whereas a
water with a nonscaling tendency will tend to dissolve protective films and be more
corrosive. This is not entirely accurate since other factors are involved in corrosion,
as we have seen in Sec. 8.5.4 on corrosion, but it is an extremely valuable index
in determining a tendency of a water.

In the 1950s, Eskell Nordell arranged five basic variables into an easy-to-use
chart to quickly determine the pH of saturation of calcium carbonate and the Lan-
gelier index.® This index is based on the pH of saturation of calcium carbonate.

The pH of saturation of calcium carbonate is the theoretical pH value of a
particular water if that water is saturated with calcium carbonate. As the actual pH
of a recirculating water approaches or even exceeds the pH of saturation of calcium
carbonate, the tendency is to form a scale of calcium carbonate. If the actual pH
is well below the pH of saturation of calcium carbonate, the tendency is to dissolve
minerals and therefore to be corrosive. The Langelier index, therefore, is determined
by comparing the actual pH of a recirculating water with the pH of saturation of
calcium carbonate.

To determine the Langelier index, the actual pH of the water must be measured,
and the pH of saturation of calcium carbonate, called the pHs, is calculated from
a measure of the total alkalinity, hardness, total dissolved solids, and temperature.

A useful shortcut calculation of pHs can be made for cold well or municipal
water supplies that are used for once-through cooling or service water. The reason
why this rapid calculation is valid is that these supplies are usually consistent in
temperature [49 to 57°F (10 to 14°C)] and total dissolved solids (50 to 300 mg/L).
If a water supply has these characteristics, the following formula can be used (see
Fig. 8.5.25).

pHs @ 50°F (10°C) = 11.7 — (C + D)

Likewise for hot-water supplies at 140°F (60°C), a short-form calculation of the
pH of saturation of calcium carbonate can be done with the following formula:

pHs @ 140°F (60°C) = 10.8 — (C + D)

Once the pH of saturation of calcium carbonate has been calculated, the Lan-
gelier saturation index (SI) can be determined from the formula

SI = pH — pHs

where pH = actual measured pH of the water and pHs = pH of saturation of
calcium carbonate as calculated from Fig. 8.5.25. Figure 8.5.26 can also be used
to determine the pH of saturation.

A positive index indicates scaling tendencies; a negative one, corrosion tenden-
cies. A very handy guide in predicting the tendencies of a water by using the
Langelier saturation index is shown in Table 8.5.6.

8.5.5.3 Ryznar Index

Another useful tool for determining the tendencies of a water is the Ryznar index.
This index is also based on the pH of saturation of calcium carbonate and was
intended to serve as a more accurate index of the extent of scaling or corrosion in
addition to the tendency. This index is calculated as follows:

Ryznar index = 2(pHs) — pH
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A c D
Total solids Calcium hardness M Atkalinity
(mg/L) A (mg/L of CaCO,) o] (mg/L of CaCo;) D
50-300 0.1
400-1000 02
10- N 0.6 10- 11 1.0
B 12- 13 0.7 12- 13 1.1
14- 17 0.8 14- 17 1.2
Temperature 18- 22 09 18- 22 13
°F °C) 8 23- 27 1.0 23- 27 1.4
28- 34 1.1 28- 35 1.5
32-34 ( 0-11) |26 35~ 43 1.2 36- 44 16
36~ 42 ( 22- 55) |25 44- 55 1.3 45- 55 17
44- 48 (6.7- 89 |24 56~ 69 1.4 56- 69 1.8
50- 56 (10.0-13.3) | 2.3 70- 87 1.5 70- 88 1.9
58- 62 (14.4-16.7) | 2.2 88- 110 1.6 89- 110 2.0
64- 70 (17.8-21.1) | 2.1 111- 138 1.7 111~ 139 21
72- 80 (22.2-26.7) | 2.0 139~ 174 1.8 140- 176 22
82- 88 (27.8-31.1) | 1.9 175- 220 1.9 177- 220 2.3
90- 98 (27.8-31.1) | 1.8 230~ 270 20 230- 270 24
100-110 (37.8-43.3) | 1.7 280~ 340 21 280~ 350 25
112-122 {44.4-50.0) | 1.6 350- 430 22 360- 440 26
124-132 (51.1-55.6) | 1.5 440~ 550 23 450- 550 27
134-142 (56.7-63.3) | 1.4 560- €90 24 560- 690 28
148-160 (64.4-71.1) | 1.3 700- 870 25 700~ 880 29
162-178 (72.2-81.1) | 1.2 800-1000 26 890-1000 30

pH,=(93+ A+ B)- (C+ D)

Sl = pH -

PH,

If index is 0, water is in chemical balance.
If index is positive, scale-forming tendencies are indicated.

It index is negative, corrosive tendencies are indicated.

FIGURE 8.5.25 Data for calculations of the pH of saturation of calcium carbonate. (From
Eskell Nordell, Water Treatment for Industrial and Other Uses, 2d ed., © 1961 by Litton Edu-
cational Publishing Inc., reprinted with permission of Van Nostrand Reinhold Co.)

where pHs = pH of saturation of calcium carbonate, as calculated from Fig. 8.5.25,
and pH = actual measured pH of the water. Table 8.5.7 can be used to determine
the tendency and extent of corrosion or scaling with the Ryznar index.

Let us see how these indices can help us in analyzing a particular water supply.
Figure 8.5.8 depicts an analysis report on the Washington, DC, water supply. The
Langelier saturation index at 50°F (10°C) is determined by using this analysis and
the data shown on Fig. 8.5.25 as follows:

and

pHs =93 +A+ B - (C+ D)

=93+01+23~- (1.8 +20)
= 8.2
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FIGURE 8.5.26 The pH of saturation for waters 49 to 57°F (10 to 14¥) and total
dissolved solids of 50 to 300 mg/L.

TABLE 8.5.6 Prediction of Water Tendencies by the Langelier Index

Langelier saturation

index Tendency of water
2.0 Scale-forming and for practical purposes noncorrosive
0.5 Slightly corrosive and scale-forming
0.0 Balanced, but pitting corrosion possible

-0.5 Slightly corrosive and non-scale-forming

~2.0 Serious corrosion

Source: Carrier System Design Manual, part 5, “Water Conditioning,” Carrier Corp., Syr-
acuse, NY, 1972, p. 5-12.

SI=pH - pHs =77 — 82 = -05

From Table 8.5.6, according to the Langelier saturation index this water supply
is somewhat more than “slightly corrosive and non-scale-forming.”

To learn more about this water, the Ryznar index (RI) can be calculated in the
same manner:

RI = 2(pHs) — pH = 164 — 7.7 = 8.7
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TABLE 8.5.7 Prediction of Water Tendencies by
the Ryznar Index

Ryznar stability index Tendency of water
4.0-5.0 Heavy scale
5.0-6.0 Light scale
6.0-7.0 Little scale or corrosion
7.0-7.5 Significant corrosion
7.5-9.0 Heavy corrosion
9.0+ Intolerable corrosion

Source: Carrier System Design Manual, part 5, ‘“Water
Conditioning,” Carrier Corp., Syracuse, NY, 1972, p. 5-14.

According to Table 8.5.6, this water supply tendency indicates ‘“‘heavy corrosion.”
The Ryznar index, being more quantitative, indicates that the degree of corrosion
would be greater than we would anticipate from the tendency shown by the qual-
itative Langelier saturation index.

In an examination of a water supply, both the Langelier and the Ryznar indices
are used to determine the scale-forming or corrosion tendencies.

In open cooling tower condenser water systems and steam boilers, however, there
is a constant accomulation of minerals as a result of evaporation of pure water,
such as distilled water, and makeup water containing the various mineral impurities.
Therefore, in these systems the pH, concentration of hardness, total dissolved solids,
and alkalinity are constantly changing, making a study of the Langelier and Ryznar
indices relatively complex and subject to gross inaccuracies.

8.5.5.4 Boiler Scale

Scale in boilers is a direct result of precipitation of the calcium, magnesium, iron,
and silica minerals present in the boiler feedwater. Scale can be prevented by re-
moving a porftion of the scale-forming ingredients prior to the boiler with external
water-softening equipment or within theh boiler itself with internal boiler water
treatment.

One of the most troublesome deposits frequently encountered in steam boilers
is iron and combinations of iron with calcium and phosphate used in boiler water
treatment. These sticky, adherent sludge deposits are caused by excessive amounts
of iron entering the boiler with the feedwater. The iron is in the form of iron oxide
or iron carbonate corrosion products. It is a result of corrosion products from the
sections prior to the boiler, such as steam and condensate lines, condensate receiv-
ers, deaerators, and boiler feedwater lines. A program for preventing scale deposits
must include treatment to prevent this troublesome type of sludge deposit.

8.5.5.5 Condensate Scale

In recirculating cooling tower condenser water systems for air conditioning and
refrigeration chillers, scale deposits are a direct result of precipitation of the car-
bonate, calcium sulfite, or silica minerals due to such an overconcentration of these
minerals that their solubility or pH of saturation is exceeded and the minerals come
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out of solution. Scale in this equipment can include foreign substances such as
corrosion products, organic matter, and mud or dirt. These are usually called “fou-
lants” rather than “‘scale.” Treatment to prevent mineral scale should, therefore,
include sufficient dilution of the recirculating water to prevent the concentration of
minerals from approaching the saturation point, pH control to prevent the pH from
reaching the pH of saturation of calcium carbonate, and chemical treatments to
inhibit and control scale crystal formation.

8.5.6 FOULANTS

In addition to water mineral scale, other deposits of mud, dirt, debris, foreign matter,
and organic growth are a recurrent problem in recirculating water systems. Deposits
of foreign matter plug narrow passages, interfere with heat transfer and foul heat-
transfer surfaces, causing inefficient performance of the equipment and high energy
consumption.

8.5.6.1 Mud, Dirt, and Clay

Open recirculating cooling tower systems are most subject to deposits of mud, dirt,
and debris. A cooling tower is a natural air washer with water spraying over slats
and tower fill washing the air blown through either naturally or assisted by fans.

Depending on the location, all sorts of airborne dust and debris end up in cooling
tower recirculating water systems. These vary from fine dust particles to pollen,
weeds, plant life, leaves, tree branches, grass, soil, and stones.

The fine particles of dust and dirt tend to collect and compact in the condenser
water system, especially in areas of low circulation. At heat-transfer surfaces, the
dust and dirt can deposit and compact into a sticky mud and seriously interfere
with operating efficiency.

Muddy foulants are a common occurrence and form with the combination of
airborne particles, corrosion products, scale, and organic matter. Very rarely can
one identify a foulant as a single compound because it is usually a complex com-
bination of all these things.

In closed recirculating water systems, foulants are not nearly as varied and com-
plex as in open systems, but they are just as serious when they occur. Deposits in
closed systems are usuvally caused by dirt or clay entering with the makeup water
or residual construction debris. A break in an underground water line can result in
dirt, sand, and organic matter being drawn into a system and is a common source
of fouling.

Makeup water containing unusual turbidity or suspended matter is usually treated
at the source by coagulation, clarification, and filtration so as to maintain its pot-
ability. Suspended matter and turbidity, therefore, are not common in makeup water
in HVAC systems since the makeup water usually comes from a municipal or local
source, over which there is a water authority responsible for delivery of clear,
potable water.

Where a private well water, pond, or other nonpublic source of water is available
for use as makeup water to recirculating water systems and boilers, it should be
carefully examined for turbidity and suspended matter. The suspended matter mea-
sured as turbidity should be no more than the maximum of ! turbidity unit for
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drinking water recommended by the Environmental Protection Agency. When the
supply is excessively turbid, some form of clarification such as coagulation, settling,
filtration, and/or fine strainers should be used to remove the suspended matter and
reduce the turbidity to below 1 unit.

The more common problem with suspended matter and turbidity results from
makeup water that is temporarily or occasionally dirty. This may occur when the
local water authority is cleaning sections of a distribution main or installing new
mains or when water mains are cut into during some nearby construction project.
This kind of work creates a disturbance of the water mains, causing settled and
lightly adherent pipeline deposits to break off and be flushed into the water supply.
These deposits consist mostly of iron oxide corrosion products and dirt, clay, or
silt.

8.5.6.2 Black Mud and Mill Scale

One of the most common and difficult foulants found in closed systems is a black
mud made up of compacted, fine, black magnetic iron oxide particles. This black
mud not only deposits at heat-transfer surfaces, but also clogs or blocks narrow
passages in unit heaters, fan-coil units, and cooling, reheat, and heating coils in air-
handling units. This black mud is a result of wet very fine particles of black mag-
netic iron oxide being compacted into a dense adherent mud.

The interior of black iron piping, commonly used for recirculating water, has a
natural black iron oxide protective coating ordinarily held intact by oil-based in-
hibitors used to coat the pipe to prevent corrosion during storage and layup. This
natural iron oxide protective coating is called mill scale, a very general term which
can be applied to any form of pipe scale or filings washed off the interior of the
pipe. This mill scale film becomes disturbed and disrupted during construction due
to the constant rough handling, cutting, threading, and necessary battering of the
pipe. After construction, the recirculating water system is filled and flushed with
water, which removes most of the loosened mill scale along with any other con-
struction debris. However, very fine particles of magnetic iron oxide will continue
to be washed off the metal surface during operation, and in many instances this
washing persists for several years before it subsides. Mill scale plugging can be a
serious problem. It is best alleviated in a new system by thorough cleaning and
flushing with a strong, low-foaming detergent-dispersant cleaner. This, however,
does not always solve the problem. Even after a good cleanout, gradual removal
of mill scale during ensuing operation can continue.

8.5.6.3 Boiler Foulants

In steam boilers, foulants other than mineral scale usually consist of foreign con-
taminants present in the feedwater. These include oil, clay, contaminants from a
process, iron corrosion products from the steam system, and construction debris in
new boiler systems. Mud or sludge in a boiler is vusually a result of scale-forming
minerals combined with iron oxide corrosion products and treatment chemicals.
Such foulants are controlled by using proper dispersants which prevent adherence
on heat-transfer surfaces.

In heating boilers, the most frequent foulants other than sludge are oil and clay.
Oil can enter a boiler system through leakage at oil lubricators, fuel oil preheaters,
or steam heating coils in fuel oil storage tanks. When oil enters a boiler, it causes
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priming and foaming by emulsifying with the alkaline boiler water. Priming is the
bouncing of the water level that eventually cuts the boiler off at low water due to
the very wide fluctuation of this level. Qil can also carbonize at hot boiler tubes,
causing not only serious corrosion from concentration corrosion cells but also tube
ruptures as a result of overheating due to insulating carbon deposits. Whenever oil
enters a boiler system, it must be removed immediately to prevent these problems.
This is easily done by boiling out with an alkaline detergent cleaner for boilers.

Clay is a less frequent foulant in boilers, but it, too, can form insulating deposits
on tube surfaces. Clay enters a boiler with the boiler makeup water that is either
turbid or contaminated with excessive alum, used as a coagulant in the clarification
process. Clay can be dispersed with the use of dispersants in the internal treatment
of the boiler, but makeup water should be clear and free of any turbidity before it
is used as boiler feedwater. Where turbidity and clay are a constant problem, fil-
tration of the boiler feedwater is in order.

8.5.6.4 Construction Debris

All new systems become fouled and contaminated with various forms of foreign
matter during construction. It is not uncommon to find these in the interior of HVAC
piping and heat exchangers: welding rods, beads, paper bags, plastic wrappings,
soft drink can rings, pieces of tape, insulation wrappings, glass, and any other
construction debris imaginable.

It is necessary not only to clean out construction debris from the interior of
HVAC systems prior to initial operation, but also to clean the metal surfaces of oil
and mill scale naturally present on the pipe interior. This oil and mill scale, as has
been shown, can seriously foul and plug closed systems and cause boiler tube
failures, if the oil is carbonized during firing. Every new recirculating water system
and boiler must be cleaned thoroughly with a detergent-dispersant type of cleaner
or, as in steam boilers, with an alkaline boilout compound. This initial cleanout
will remove most of the foulants and prevent serious operational difficulties.

8.5.6.5 Organic Growths

Organic growths in HVAC equipment are usually found in open recirculating water
systems such as cooling towers, air washers, and spray coil units. Occasionally
closed systems become fouled with organic slimes due to foreign contamination.
Open systems are constantly exposed to the atmosphere and environs which contain
not only dust and dirt but also innumerable quantities of microscopic organisms
and bacteria. Cooling tower waters, because they are exposed to sunlight, operate
at ideal temperatures, contain mud as a medium and food in the form of inorganic
and organic substances, and are a most favorable environment for the abundant
growth of biological organisms. Likewise, air washers and spray coil units, as they
wash dust and dirt from the atmosphere, collect microscopic organisms which tend
to grow in the recirculating water due to the favorable environment. The organisms
that grow in such systems consist primarily of algae, fungi, and bacterial slimes.

8.5.6.6 Algae

Algae are the most primitive form of plant life and together with fungus form the
family of thallus plants. Algae are widely distributed throughout the world and
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consist of many different forms. The forms found in open recirculating water sys-
tems are the blue-green algae, green algae, and brown algae. The blue-green algae,
the simplest form of green plants, consist of a single cell and hence are called
unicellular. Green algae are the largest group of algae and are either unicellular or
multicellular. Brown algae are also large, plantlike organisms that are multicellular.

Large masses of algae can cause serious problems by blocking the air in cooling
towers, plugging water distribution piping and screens, and accelerating corrosion
by concentration cell corrosion and pitting. Algae must be removed physically be-
fore a system can be cleaned since the mass will provide a continuous source of
material for reproduction and biocides will be consumed only at the surface of the
mass, leaving the interior alive for further growth.

8.5.6.7 Fungi

Fungi are also a thallus plant similar to the unicellular and multicellular algae. They
require air, water, and carbohydrates for growth. The source of carbohydrates can
be any form of carbon. Fungi and algae can grow together; the algae living within
the fungus mass are furnished with a moist, protected environment, while the fungus
obtains carbohydrates from the algae.

8.5.6.8 Bacteria

Bacteria are microscopic unicellular living organisms that exhibit both plant and
animal characteristics. They exist in rod-shaped, spiral and spherical forms. There
are many thousands of strains of bacteria, and all recirculating waters contain some
bacteria. The troublesome ones, however, are bacterial slimes, iron bacteria, sulfate-
reducing bacteria, and pathogenic bacteria.

Pathogenic bacteria are disease-bearing bacteria. Cooling tower waters, having
ideal conditions for the growth of bacteria and other organisms, can promote the
growth of pathogenic bacteria. In isolated instances, pathogenic bacteria have been
found growing in cooling tower waters. Therefore, it is as important to keep these
systems free of bacterial contamination, to inhibit growth of pathogenic bacteria,
as it is to prevent growth of slime-forming and corrosion-promoting bacteria.

8.5.7 PRETREATMENT EQUIPMENT

Prior to internal treatment of HVAC equipment, it is frequently necessary to use
mechanical equipment to remove from the feedwater supply damaging impurities
such as dissolved oxygen, excess hardness, or suspended solids.

The choice of proper equipment and its need can be determined by studying the
quality and quantity of makeup water used in a boiler, condenser water system, and
an open or a closed recirculating water system.

8.5.7.1 Water Softeners

Hardness in the makeup water is the cause of scale formation. In equipment using
large volumes of a hard water, a substantial amount of scale can form on heat-
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1.12
Index terms

Fans (Continued)
construction of
control sensor location for
for condensers
for cooling towers
in systems
in two-fan systems
location of
noise in
selection of
system matching of
types of
Fans and blowers
Capacity, definitions of
Pressure, definitions of
Fans return air
Fiberglass
safe application in noise control
Fire alarm and smoke control
Foulants
in water
Fuels
comparison of types

selection for energy conservation

G
Gas purification equipment
Glycol

in solar heating
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Index terms
H

Hangers
for vibration control devices
Heat exchangers
brazed-plate types
coils for
fixed-tubesheet type
in energy conservation
maintenance of
packed floating tubesheet type
plate-and-frame type
shell-and-tube type
U-tube removable type
Heat loss, in buildings
calculation of
Heat pumps
air-source types
chiller controls

for electric heating systems

selection for energy conservation

water-source and geothermal types

Heat recovery

in energy conservation systems
Heat tracing

controls for

definition of

design for
Heat-pipe recovery

for energy conservation
Heaters

electric

for fuel oil
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1.14
Index terms

Heaters (Continued)
gas-fired
Heaters, hydronic cabinet
application and location
coil types for
cooling applications of
selection of
Heaters, unit
classification of
connections to
controls for
location of
noise levels of
repair vs. replacement criteria
selection of
systems comparison
Heating
perimeter
Heating loads
computer method calculations
manual method calculations
Heating systems, electric
boilers for
heat pumps for
infrared heaters for
radiant panels for
selection of
valance heaters for
warm air systems
Heating, electric

unit heaters for

Links

9]
Nl [| |
ef|l=|e||@
— || —=]]|

9
N-J
W

[5.9.17]

SN IEATE
S IBd IR
— W

n
o |||
o[22
=11 ES

Nl |||
D=2 S IR
BN Pl []=]]r
= D SR I SR L N A =) [\ON I kel | NUSH | KO, | Iy

e
'S
~

hd
Fo
%0

[5.4.11]

W
-~
~

HIEIEIEGIE
I IR IR
HN[=]x

4
b
o



Index terms

Heating, infrared
electric heater arrangement
physiology of
gas-fired heaters
High humidity in air supply
system design considerations
Hot-water systems
classes of
control equipment
piping layout
venting and expansion tanks for
HVAC systems
direct digital control of
monitoring and logging of
scheduling and control of
applications of
Hydronic systems

in energy conservation

I
Indoor air quality
design checklist
Insulation
application in energy conservation
Internal combustion engines

in cogeneration systems

L

Legionnaire's Disease

Life-cycle costing

in system design for energy conservation
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Index terms

Liquid chillers
altitude correction for
in energy conservation
Low-temperature air supply

system design considerations

M

Maintenance
of absorption chillers
of centrifugal chillers
of general equipment
of heat exchangers
Makeup Air Units
heat sources for
types of
Manifolds
for radiant panel heating
Metric conversion tables
Motors, in HVAC

altitude correction for

N

Noise

in cooling towers

in fans

in terminal units

in unit heaters
Noise and vibration

general equipment considerations
Noise control

active silencers

duct silencers for

N
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Index terms

Noise control (Continued)
duct systems, analysis of

duct walls, sound transmission in

enclosures and partitions, design of

safe fiberglass application

silencers, application of
Noise criteria

ambient noise levels

regulations for

speech interference levels
Noise reduction

acoustic louvers for

0]

Office occupancy

HVAC applications for

P
Pads
for vibration control
Pipe
sizing for steam heating systems
Piping
for gas
for hot-water systems
for oil
for radiant panel heating
for radiator systems
for refrigerants
for steam
for water

in two-pipe systems
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Index terms

Piping systems
air control in
Psychometrics
effect of altitude on
Pumps
centrifugal type
controls for
end-suction type
for condenser water circulation
for fuel oil
for hot-water systems
for solar heating
in closed systems
in heating systems
in refrigeration systems
in single-pipe systems
in steam systems
installation and operation of
location of
parallel and series operation of
positive displacement type
regenerative turbine type
rotary type
selection of
self-priming type
submersible type
variable speed control of

verticle multistage type
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Index terms
R

Radiant panel heating systems
boilers for
ceiling panels for
components of
controls for
design of
floor panels for
heat transfer media for
installation of
manifolds for
piping for
tubing for
wall panels for
Radiators
controls for
enclosures for
heating elements for
piping arrangements for
selection of
Refrigerants
materials compatibility of
selection criteria for
types of
Refrigeration
controls for

Refrigeration systems

S
Scale and sludge

in water
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1.20
Index terms

Screw compressors
semi-hermetic type
single screw type
twin-screw type

Seismic protection
of equipment

Silencers
active

Snow-melting systems
controls for

electric system types

W
(=
~

infrared system types

load determination of
Solar distribution systems

general design of

heat-transfer media for
Solar heating

distribution systems for
Solar space heating

pumping for

water drainback systems for
Sound

absorption of
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Index terms

Stacks, steel
chemical loading in
Steam
Mollier diagram for
Steam heating systems
air vents for
condensates in
pipe sizing of
separators for
steam traps for
valves for
Steam systems
energy conservation in
in energy conservation
separators for

Stoker systems

T
Test cells, HVAC for
Thermal energy

HVAC applications for
Thermal storage

controls for

heat recovery via
Thermal wheels

in energy conservation
TRACE computer programs

for HVAC design
Transformers

heat recovery in energy conservation
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Index terms

Tubing

for radiant panel heating systems

\%

Valence units
cooling mode
design of
heating mode
selection of cooling elements for
selection of heating elements for
Valves
controls for
for fuel oil
for steam heating systems
isolation and balancing types of
sealing for
Variable-Air Volume systems
design for comfort
energy efficiency
fan applications
system designs
typical designs
Ventilation
and energy conservation
Vents, prefabricated
Vibration control
application of
isolation materials for
seismic protection with
selection of devices for

theory of
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1.23
Index terms Links
\%Y

Waste heat and heat recovery

in energy conservation

Water
chemistry of
corrosion in
foulants in 8.5.30
gases in 8.5.7
hydrologic cycle of

impurities in
minerals in
scale and sludge in
Water conditioning
abrasive separators in
aerators in
boiler scale control
closed recirculating systems, treatment
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