Engineered
Learning”




Piping System Fundamentals:
The Complete Guide to Gaining a

Clear Picture of Your Piping System

0

Ray T. Hardee, P.E.



Piping System Fundamentals:

The Complete Guide to Gaining a Clear Picture of Your Piping System

Copyright © 2008 by Engineered Software, Inc.
Engineered Software, Inc. can be found on the web at: www.eng-software.com

Ordering Information
To order additional copies, contact Engineered Software, Inc. or call 800.786.8545

This book can be ordered online at www.fluidfundamentals.com

Notice of rights

All Rights Reserved. No part of this publication may be reproduced or transmitted in any form or by any means,
electronic, mechanical, photocopying, recording, or otherwise without prior written permission of the publisher.

For information on obtaining permission for reprints or excerpts, please contact marketing@eng-software.com
or write to:

Engineered Software, Inc.
4529 Intelco Loop SE
Lacey, WA 98503
800.786.8545
360.412.0702
360.412.0672 FAX

LIMITATION OF LIABILITY

THE INFORMATION IN THIS BOOK IS DISTRIBUTED ON AN “AS 1S” BASIS, WITHOUT WARRANTY. WHILE
EVERY PRECAUTION HAS BEEN TAKEN IN THE PREPARATION OF THIS BOOK, NEITHER THE AUTHORS NOR
ENGINEERED SOFTWARE, INC. SHALL HAVE ANY LIABILITY TOANY PERSON OR ENTITY WITH RESPECT TO
ANY LIABILITY, LOSS, OR DAMAGE CAUSED OR ALLEGED TO BE CAUSED DIRECTLY OR INDIRECTLY BY
THE INSTRUCTIONS CONTAINED IN THIS BOOK OR BY THE HARDWARE PRODUCTS DESCRIBED HEREIN.

PIPE-FLO® is a registered trademark of Engineered Software, Inc.
Ressitoflex® and CRANE® is a registered trademark of the Crane Company in the United States and/or other
countries.

ISBN: 978-0-918601-10-0

PSF-V050808

Printed and bound in the United States of America.



Contents

Contents
INErOdUCTION. ... e 1
The Value of a Clear PiCtUIe........coiiiiiiii e 2
MiNiMize Capital COST....uuiiiii i e e e e e e e e e e e s etrreeeeeaas 3
Minimize Energy CoONSUMPLION . .....iiii ittt e e e e e e e iaaaee s 4
Minimize MaiNtENANCE COSE....ciiiuiiiiiiie ittt s e e e e st 5
Elements of a Piping SYSIEM ...t 5
P D Bl N B S e 6
P U I D S e e 6
(0 1 1 4 1 =P 6
FIOW MEBLEIS ..eeieie ettt e et e e e e st e e e s e bbbt e e e e s ansbaeeeeesntbaeeaeeeasneneeean 6
(0201 00T oJ o1 1 1=T0 | £ PP PP 6
The Total SYStEM....cciiiiiiieeee e 6
Math and the BaSiCS.......ccoooevviiiiiii e, 7
1o o e o 8
YT oT o E] | o PP 8
(D1 Y | PPN 8
VAP OT PIrESSUIE....cii ittt ettt e e e e e e e e s e et e e e s e e e e e e e esnnneeeeeanannee 8
Pl S S UL e 8
L == o PR 9
[ (o VT = - = T PRU O UPPER 9
P I B e 9
Pipe Standard Specification...........cccccniiiminiiiinii i ———— 9
PP DIAMELET ...ttt ettt s et e e s 10
NOMINAl PiP@ DIBMEBIEI ... .iiiiiiii ittt s 10
OULSTAE PiPE DIAMELET ...ttt 10
INSIAE PIPE DIAMELET. ... ittt e e et nre e e e e e 10
WAIL THICKINESS ..ttt ettt e e ettt e e e et e e e e e e annteeeaeeaansaeeeaeeanees 10
NOmMiNal Pipe SiZeS (NPS).....cciiiiiiiiiie ittt nre e 11
ADSOIULE ROUGNNESS ...ttt 11
Relative ROUGNNESS ... it e e e e 11
BasiC CalCUlatioNS.......ooeiiiiiiiiiiiiieeeeeeee e 11
Pressure & Head CalCUlationS..........uiiiiiiiiiiiee et 11
BernOoUlli EQUALTION.....cciiii ittt e e 12
Pipeline Head Loss Calculations............cccocoiiiiiiiiiiciccc, 15
PIPEIINES. ... 23
Pipe Material VariableS...........uuuiiiiiiiiiiiiiiieiieeeeeeeeeeeeeeeeeee e 24
[ o= TP USTS 24
PIPE MALEIIAL.....eiiiiiei et 24
Pipe Sizing & FIUId VEIOCITY.....oiiiiiiiiiiiiecee e 27
PP A QTN ittt s 28
ValVES & FItliNGS.coiiiiiiiiiiiiiiiiiiee et 28
[ L gL PP PP PR UPRP PRSP 29
ISOIALION VAIVES ...ttt e e e et e e e e e e naaae e e e e e anntaeeaaeenn 31
L0SSES Through ValVES........coiiiiii i e e 35
Cost of Losses Through Valves & FittingS......cccccovviiiiiiiiiiieiiiiiiiiiceeee e 35
[ Lo ol fo] o X=T (1= PRSPPI 36



Contents

(D=1 Ry ] 42T PP PP UPPPPPPRPI 37
VAT oo 111 PP P PP PP PPPROP 37
Pipe Specifications..........ccoviiiiiiirinnr i —————— 37
P UM D S e 39
How a Centrifugal PUmMpP WOTIKS........cc.uiiiiiiiieiiiiieeeeeeee e 40
T oI 1= g Y] ¢ 1T T PSSP PU PP OPPPPPPRPN 41
PUMID CASINGS ittt ettt et esb e e b e e et e nnn e e an 44
SEAING 8 PUMP .ttt e et e et eesnne e naneas 47
Pump Drives (Fixed VS. Variable).........coouiiiiiiiiiiie e 50
(UL 0] O Y/ 1= T PP PP 50
Basic Pump Configurations & Arrangements..........cccccucveerinnninnnninsesnnssse s, 50
CentrifUugal PUMPS ..ottt e e et e e e e st e e e e e s e snnnneeaeeeannees 52
Regenerative TUrbine PUMPS .. ...ttt eee s 54
VErtICAl TUIDINE. . ettt e e e et e e e e e s ntae e e e e e aneee 54
Pump Selection ConsiderationsS.........coevuiiiiiiieeiieeecs e 54
Understanding the Pump Performance Curve.........coccveeveveveeereeeeeeeeeeennee. 55
TYPES OF CUIVES.coi ittt ettt e e e e et e e e et e e e s e tb e e e e e e easbaeeaeeeantreeaeesannees 55
Head and FIOW RALE.........cccoiiiiiiiiii it 57
PUMP EffiCIENCY....ceiiiiicee ettt e e e e s mn e e e e mmnn e s 58
Net POSitive SUCHION HEAU.........cccoviiiiiiiiiii s 58
SRULOFT HEA.....ei it 59
MINTMUM  FIOW...ctiiiiice et 59
Allowable Operating REGION.......coi it e e e e e e st a e e s snbaaeeaeaaaes 60
Best Efficiency PoOiNt...... .ot cces s sss e ssr s sne e e e 60
Preferred Operating REQION.........uiiii i saeaee s 60
MaxXimUM FIOW REEE........ccciiiiiiiiiiie e e s 60
Net PoSitive SUCLION Head...........uuuiiiiiiiiiiiiiiiiiiiieiiieeiieeieeeeeeeeeeeeeeeeeeeeeeneeenes 60
Calculating the NP SHa........cooiiiiiic e 61
Location of PUMP iN the SYSEEM ... 62
PUMP SUCTION PIPING.ciiiiiiiiiiiiieie et 62
FIUT PrOPEITIES . eeeieieeee ettt e et nnn e nnnee s 62
SUPPIY TANK PrESSUTIE...ciiiiiiiiiiiie ittt et snn e 63
PUMP AFFINItY RUIES.....ceeeeeeee ittt 63
Changes in IMpeller SPEEU.......o e e e e 64
Changes in Impeller DIamMEter....... ..ot a e e 65
Pump Power & Cost of Operation..........ccuciiiiiiiciiicecee e 65
Calculating PUmp Operating COSt.......oiuuiiiiiiiiiiieie e 65
Fixed Speed FIOW CONTIOL. ..o 66
Variable Speed FIOW CONTIOL. ...t 66
Operating PUmps Properly.....cciiii e 66
Startup and SHULAOWN ... et e e e e e ar e e e e e s sanes 67
MINIMUM FIOW ISSUES ...ttt e s 67
PUMP RUN QUL e e e e e et e e aeaaaeeaeeeesnesannnannes 67
NP SH. ..ttt et 67
FIUI CONSIAEIAIIONS .. .iiiiiiiii it 68
CoNtrol ValVesS......cooeeiiiiei e 69
Controlled LOOPS. ..o, 70
Actuated CONLrol VAIVE.......c.coiiiiiie e e 70
Self Contained REQUIALOT.........ciiiiiiiie e e e e e e e e 70
TREOTHIE VAIVES ... e 71



Contents

How a Control Valve Operates..........cccveviiieiiiiiiiiiiieiee e 71
SiZING CONIOl VAIVES.....ooiiiiiiiiee e 73
Control Valve DeSCriplioN......ccoiviiiiiiii e 74
(O g =T = Tod (=T ] A Lo 1 4T o PP SOTPUPPPN 75
ValVe BOAY StYIES... . ittt e e e et e e e e et e e e e e e anneee 75
Control Valve TYPeS. ..o 77
Linear Motion Control ValVe.........ooooiiiiiiiiii e 77
GlODE VAIVES ... 78
PINCIN VaIVES ...ttt e et e e et e e e e e e neaeeeas 80
Diaphragm ValVES........ooiiiiiiiie ettt 81
Rotary Motion COoNrol ValVe.... ..o 81
2= LY = 1Y RPN 82
Butterfly Valves.......cccciiiminiiiii i 83
Eccentric ROtating PlUg VaIVES........c.oii i 84
PlIUG VAIVES ...t ettt sr e e et e e 84
Pressure Rating.............. s 84
Selecting Control ValVeS.........ooooiiiiiii e 84
N [o] g0 F= U @foT o Lo [14 Lo T s 1= TSP STPRRPIN 85
Control Valve CavitatioN.........coooiiiiiiiiiiiieeecceeee e 85
FIOW MELEIS. .o 87
FLOW IMELEIS ... et e e e e e e e e et eeeeeaeeens 88
Categories Of FIOW METEIS.......c.uuiiiiiieiieiie e 88
Differential Pressure FIOW MELEIS.........uiiii ittt 88
[T =T TR Y 1= T RPN 90
Head Loss Caused by FIOW MELErS........c.viiiiiiiiiiieeciin e 92
The Pressure Profile of a Differential Pressure Flow Meter...................... 93
Piping System COmMpPoNeNntS......cccoeevvevviiiiieieeiiiin e 95
(=T L o] aT= T [ =] TP 96
FITEIS & StraiNerS.couui it eeaeeees 97
TANKS & VESSEIS ... e e 98
Operational Consideration..........ccuiiiiiii i e e 99
[ (e LA o = T [ = T PO PRRT TP 99
Change in FIuid TemMPEratUre.........ooii it 99
Changes 10 the PrOCESS ... . ettt e e e e e e e aaneee 100
Fouling of the Heat EXChanQer ... 100
Obstructions in the FIOW Stream..........cueiiiiiiiiiiee e 100
Using a Heat Exchanger to Indicate FIOW..........cooiiiiiiiiiiiiiiiie e 100
Changes in TanKS. ... 101
The Total SYStem.....cooociviiii e 102
(7011 aT=Tod 11 o PO P PP PP PPPPPPPPPPRRPIN 103
PP EIINES e 103
Head LoSS in @ Single PipeliNe.......oo e 103



Contents

Vi

Combining PIPeliNneS IN SEIIES......uuiiiiiii e 103
UNCONSTIAINEA FIOW....ciiiiiiiieeie ettt e e e e e e e e e e neaeeeas 104
FIOW Through @ SIPhoON ..o e s 107
Combining Pipelines in BranChes. ... 108
Combining Pipelines in NetWOrKS......cccoooovviiiiiiiiii e, 109
Pipelines iN Parallel...........oooi i 109
COMPIEX NEEWOTKS ...ttt et e e st e e e e et e e e e e e nnabe e e e e e anees 111
The SY S EM .. 112
PUMPS & PIPEINES. ...ttt e e e e e e e taeeaeeaan 112
Adjusting Flow through the System........cccccoiiiii 116
USING @ CONIOL VAIVE.....oiiiiiiiiie ettt 117
Changing Pump Impeller DIameter.........coooiiiiiiieiiiiiieee e 118
Changing PUMP SPEEU........ooiiiiiiiiiie ettt 120
RUNNING MUIIPIE PUMPS..eiiiiiiiiii et e e st e e e 121
Summary of CONtrolliNG FIOW.......cuuiiiiiiiiiiie e 123
Solving Hydraulic Network System ..., 123
COMPreSSEA Al SYSTEM ...t e et e e e e et e e e e e s nraeeeeeaannees 124
(07eTo] 11 o JRS3 V£S] (= 4 F PR PRPTNE 125
Changes to SYSTEMS ... e e 128
Changing Tank LeVelS & PreSSUIES.....ouuiiiiiiiiieiee et 128
DTSy o | O 1Y T PP 130
Changing FlUid Properti@S......cui ittt 132
Changing the PipeliNeS........ocii it e e e 135
Total System Examples........oooiiiiiiiiiiii e 136
Increasing the System Capacity......ccccvvevvieiiiiiiieiiiieiieeieeeeeeeeeeeeeee e 137
Modeling the SYSTEM ..o 138
Cleaning the Heat EXChanQers........cccccoiiiiiiiiiiiii e 140
(00 o Yo 18 =3 T ) o [ 141
Reducing Pumping COSTS.........cccccceeesrssssssssssssssssssssssssssssssssssssssssssssssssnssnn 142
Evaluating the SysStem...........uiiii e 143
(070 o Vo [ =1 T o [P 146
Minimizing MainteNanCe COSt........uuiiiiiiiiiiiiiiiieeeeeeeee e eee e 146
[T LYY o o £ PP 147
LT 22T = g Lo =S 149
NOMENCIALUIE.....ieeeee e 151
GlOSSAIY i 154
Lo L= P 157




About the Author

Ray T. Hardee, P.E.

CEO & Vice President of Engineering
Engineered Software, Inc.

One of the principal founders of Engineered Software, Ray Hardee is also Co-
Owner and Chief Engineer. Starting in 1982, Hardee was chiefly responsible
for engineering and sales for Engineered Software. Prior to establishing Engi-
neered Software, Hardee had over 13 years in the power generation industry.
Hardee graduated with Honors from the United States Merchant Marine Acad-
emy in Kings Point, NY. Upon graduation, Hardee became an officer in the U.S.
Naval Nuclear Power program and qualified submarines.

After the Navy, Hardee worked for Ebasco Services and was involved in the
start-up and test group where he would perform the pre-operational tests for
both nuclear and fossil power plants. Hardee has contributed dozens of articles
and papers to various magazines and standards publications and has given
over a thousand presentations on fluid piping around the world.

Vii



Chapter One

Introduction



Piping System Fundamentals

A fluid piping system consists of pipelines, pumps, components, tanks, and control valves connected
together to deliver fluid to a variety of locations at a specific flow rate and/or pressure.

Piping systems meet the needs of a variety of applications including:
* Industrial and commercial cooling applications
*  Process piping systems in chemical plants and refineries
» HVAC chilled water systems and hydronic heating systems
» Food and beverage applications
» Pharmaceutical process systems
« Ultra pure water systems used in pharmaceutical and integrated chip manufacturing
» Marine and shipboard applications
»  Waste collection and treatment systems

In short, a fluid piping system is one in which there are pipelines transporting a fluid.

Most textbooks on fluid dynamics limit the study of piping systems by isolating the various items in
the system and evaluating them individually. For example, one learns how to calculate the energy of a
fluid anywhere in the system using the Bernoulli equation and how to determine the head loss in a fully
charged pipe with a Newtonian fluid, but little effort goes into learning what happens when multiple
pipelines are connected. The study of pumps is often limited to how the impeller imparts kinetic energy
to the fluid and how the casing converts the energy of the fluid to potential energy, but does not cover
Net Positive Suction Head.

After entering the work force, we continue to look at the piping system as a collection of the various
parts. We talk to a valve vendor when we have a problem with a control valve, a pump vendor for pump
problems, and an instrument vendor when there are control issues. However there is no vendor to call
to see how each item in the total piping system affects its operation.

As a result, we are typically left to our own devices to gain a clear understanding of how the total pip-
ing system operates. This is why it can be difficult to get a fluid piping system to operate properly. In
reality, if we have a problem with any element in a system, it is usually caused by the various elements
not working well together.

The objective of this piping system fundamentals book is to provide piping system practitioners (en-
gineers, designers, maintenance supervisors, and plant operators) with the fundamentals of how total
piping systems operate. Our approach provides a basic understanding of the various elements found in
a piping system, and then shows how the elements operate together as a whole.

It is not our objective to derive the equations involved in describing system operation. In fact, we will
minimize the amount of math that must be used. Most of the engineering equations we will be using
are found in Chapter 2 and are presented in such a way that one can gain an understanding of what is
happening system wide.

The Value of a Clear Picture

Learning a topic is easier if there is a tangible reward for the efforts, such as saving money and time.
Therefore, we will be presenting three real-life piping system case studies. After we gain a clear under-
standing of system operation, we will use the information to optimize these examples.
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