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ABSTRACT

HYDRAULIC EFFECTS OF BIOFILMS ON THE DESIGN AND OPERATION OF WASTEWATER

FORCEMAINS

Theimpact of biofouling on wastewater forcemaingeserally not accounted for in current design
practice and little information is available in literature regardirey @ffect of wastewater biofilms on
forcemainhydraulics In practice, many engineers select a clean water, new pipe roughnesstdactor
perform hydraulic calculations which may lead to urgleingwastewater lift statiopumps. Brcemains
have to cope with particularlychallenging taskthey have to ensure that solids contained in the wastewater
(sand, gravel, organics) are readilginsported along with the wastewatéforcemain design standards
generally recommend a velocity of02ft/s (0.6 m/s) to prevent deposition of soligisda velocity of 3.5
ft/s (1.1 m/s)to resuspend solids that may have settletb further complicatdorcemain design and
operation; wastewater lift station pumps generally operate intenthjttwhich requires remobilization of
any material that may have settlglile the pumps remain idle. Therefore, forcemains must be designed
to beself-cleaning inorder to prevent solids deposition which could cause increased sulfide ppaducti
leading to corrosion and odor issues; loss of capacity througthuation of cross sectional area; or even
blockage at low points, or at the toe of an adversely slopedazigimg to costly removal.

The goal of this research is to identify shosimings in current forcemain design practice by 1)
evaluatingthe hydraulic effect of biofilms on the absolute roughrfkegsf forcemairs; 2) evaluating the
hydraulic effect of biofilms oHazenWilliams C factor and 3)determire critical velocity required for
sediment transport, air clearing, seléansingand optimal diameteaf forcemainswhich are not identified
in forcemain design standards.

Operatbnal dataverecollected and evaluated for B@unicipal wastewater forcemaitecated in
the United StatesData from previous studies, academic research, reports, and published papaesedere
to supplement and support research findigtotal of415data points obtained fron8@orcemain systems

ranging from 3to 66 inches in diameter were evaluated as part of this resd@eshilts of the hydraulic



analysis determined tha#i% of the systems evaluated were operating at velocities betwaed 25 ft/s
and 16% of systemwere operating at velocities less than 2 ;fifsdicating that these systems are over
designed and do not provide sufficient velocity t@uspend solids proniag sedimentation.

The hydraulic effect of biofilms on forcemairoW resistance was evaluated and determined that
ks and Cfactor variedvith forcemainvelocity. Calculated values ofskanged from approximately 35 mm
to 0.01 mm, with larger values occurring at velocities lessthafs (3.3 ft/s). The upper range of&lues
are orders of magnitude larger than the standard clean water, new\yapekound in literature. C factor
results ranged from approximately 30 to 150; approximately 60%rcemain systems evaluated are
operating at C factors less than 100, which is much lower than the recommended¥4als@s 150,
depending on pipe materidResults suggest that biofilms effect forcemains in a similar manner regardless
of pipe diameter, materiabrage Although velocity was determined to be the principle factor affe&ting
and Cfactor, a comparison of the C factor results todsults show that C factts dependent upon both
velocity and diameterEquationsveredeveloped to estimate &nd Cfactorandshould be utilized along
with the ColebrookWhite / DarcyWeisbach and Hazewilliams equations to estimate the friction
headlosgor forcemains

The reqired design velocity for selfleansing, sediment transport, air clearing, and economical

diameterranges fromapproximaely 4- to 11 ft/s depending on diameter&electing a design velocity
between 2 ft/0.6 m/s) and 3.5 ft/6l.1 m/s)may not be appropriate and the minimum design velocity
should be selected upon either the-st#ainsing velocity or economical pipe sizing. Although each system
should be evaluated to determine the correct minimum design velbasigd upon the propossgstem
propertiesthese resultmdicatethat the minimum forcemain design velocity shouldab&easts ft/s (1.5

m/s).
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1 Introduction

The determination of energy losses caused byfpigi®n is importantfor analysis andlesignof
pipeline systems. An accurate estimate of friction loss is critical &ipésizing and can have a significant
impact on hydraulic calculations and pump selection. Increased hydraulic resighdece hydraulic
capacity andncreases operation and maintenance coBiipe friction is a complex phenomenon and
guestionable friction calculations are surprisingly comnipeline fow resistancés influenced by flow
velocity,interiordiametersurfaceroughness gbipe and/or lining materialgjater temperatur@nd service
water.

Chemical or biological processes within the service waltminfluencesfriction loss Biologically
active water such as raw water, recycled water, and wastewater wilbfofilms that attach to the pipe
wall and can dramatically increase head los&filBis and Biofouling can occur due to any combination
of bacteria, algae, fungi, and invertebrate organisms in raw waterribaatel biological nutrients in
recycled water; and bacteria, biological nutrients, sediments, and greaastémater.Biofouling effects
hydraulic performance reducing capacity and is generally not included antdasign practice

Proper selection of roughness factors are required to ensure a pipeline sydigmes abnvey
the design flow. Although both water awdstewater pipelines are subjected to biofilms and biofouling,
thehydraulic effecof biofilms on thedesign and operation of wastewater forcemains are the primary focus
of this research. In addition, forcemains are required to transport grrarstifected to grease and gas
accumulation which could also affect the design and operation of fortgmai

In-service operational dateerecollected and luatedfor 20 municipal wastewater forcemains
located in the United Statasdetermine thlydrauliceffect of biofilms on forcemag Data from previous
studies, academic research, reports, and published papers were used to supplegoport research
findings. The presentetesearch improwscurrentknowledge ofvastewater forcemaiitow resistaiceand
resultswill provide engineers with a design guide for selecting and applying hydrautibnes$actors to

optimize the design dift station/forcemairsystems.



1.1 Research Objectives

The goal of tis researclis to identify short-comings in current forcemain design practice through

expanded evaluation diie findings by HR Wallingforddentified inReportSR 641- Flow resistance of

wastewater pumping mains: improved design through betteridaveder toimprove hydraulic design

methodologie®f forcemains. Key objectiveto achieve this goal are as follows:

Evaluatethehydraulic effecof biofilms on absolute roughnesks;
Evaluatethe hydraulic effect of biofilms oHazerWilliams C factor and
Estimatecritical velocity required for sediment transport, air clearing,-clelinsing and

optimal diameters of icemainswhich are notdentifiedin forcemain design standards.

1.2 Dissertation Organization

The work presented in this dissertation is organizednirie chapters. Brief descriptios of the

contents of each chapter are provided below.

Chapter 2 Literature Reviewprovides a brief overview dhe principles of pipeline design,
theory of roughness, roughness coefficients, modern pipe matdyipés of service water
affected by biofilmsand problems associated with biofouling of pipelines.

Chapter 3Data Collection and Analysis Methodolodgscribeghe types of data required for
the research, sources of datasumptions, anghethodology utilized for analysis of the data.
Chapter 4Wastewater Lift Station / Forcemain Systetescribes typical forcemain systems
within the United States, composition of wastewater, and provides apdiescof the data
collected for the research.

Chapter 5 Hydraulic Analysis and Resultsresents the results of hydraulialaulations.
Calculated results for absoluteughensand Cfactor were screened against pipe diameter,
material pipe age, and shear stréssleterminghehydrauliceffect of biofilms orforcemains
An uncertainty analysis was conducteckt@luate the effeaf changes inemperature, pipe

length, internal diameter, flowrate, and headloss on the results of tleulydalculationgo



determine the validity of the calculations given that data was not fiekttedl and the analysis
reliedon operational data collected from a utility’'s SCADA system.

Chapter 6Lift Station and Forcemain Opéian and Maintenanceeviews operational issues
associated with forcemains including grit/sediment transport, aaricte and sulfide
generation Pumping cycles of the lift station/forcemain systems collectegat of this
research were evaluateddetermine if the frequency and duration of pumping influenced the
results of the hydraulic calculations. In addition, the calculatédrpeance of the pumps were
compared to the design duty point to determitiedfincreased headloss as a resultsaifims
affect the annual operational costs of the pumps.

Chapter 7Prediction of Roughness Factdesfines the methodology used to develop equations
to predict absolute roughens andaCtbr given the forcemain velogit

Chapter 8Implementation of Results utilizes the predictive equations develop&aaipter 7

to evaluateoptimal pipeline sizingand todefine design velocities required for grit/sediment
transport and air clearing in forcemaitensidering adverse pipe deflections which occur as
the forcemain undulates to follow the topography along the pipeline alignment.

Chapter 9 Conclusions and Recommendatigmevides a summary of the results, forcemain

design recommendationgsearchimitations,and recommendations for further work.



2 Literature Review

2.1 Pipeline Design

Factors that should be considered during pipeline design include dis¢peogesed and future);
head loss; operating and surge pressamdynamic forces and stresses acting on the pipe maté&hal.
head losgor a given discharge relates to flow efficiend3ipeline desigshouldbalanceheeconomicof
pipelineconstructionpperation and maintenance cosswell assatisfy futuredesign flows. The service
life could be greater than 50 years for mipat pipelinesin which theselected diametenay be initially
oversized to allow for some growthfiow with time. The optimunpipe size will yield the least present

worth of capital and operation costs for the desired discleargaown irFigure2.1.
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3 Optimal Diameter
$700,000 1 \\ P
$600,000 1
% oo 1 \\
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© r
: L
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Figure2.1: Selection of Optimum Pipe Diameter
Therefore, accurate calculations of head loss taking into account hoiwesemter impacts
performance igmportant for both new pipe as well as the future pipe conditibloweverthe calculation
of friction loss can only produce accurate results éf ¢brrect roughness factor is applied tigdraulic

calculations. Selection ofconservative roughness values may be warranted, but when conservatism is



added on top of conservatism, the selected pipe dianvetdd likely be oversized which could lead to

deposition of solidsyaterquality issuesand excessiveapitalcost
2.2 Flow in Closed Conduits

A brief historicalreview of major contributions in the development of pipe flow theorasng
with current design practice and the corresponding applicttiiations, are summarized in this section.
Table 2.lidentifiesthe chronological development of pipe flow thearies

Table2.1: Chronological Development of Pipe Flow Theories

Date Name Contribution
1839- 1841 Hagen and Poiseuille  Laminar flow equation
1850 Darcy and Weisbach  Turbulent flow equation
Distinction between laminar and turbulent flow and
1884 Reynolds
Reynoldshumber
1913 Blasius Friction factor equation for smooth pipe
1914 Stanton and Pannell Experimental values of friction factor for smooth pipes

Experimental values of friction factor for artificially

1930 Nikuradse .
roughened pipes

1930s Pr,and'tl andon Equation for rough and smooth friction factors
Karman

1937-1939 Colebrook and White

Experimental values of the friction factor for commerci
pipes and the transition formula

1944 Moody TheMoody diagram for commercial pipes

The hydraulic research station charts and tables for th

1958 Ackers . .

design of pipes and channels
1972—-1975 Barr Direct solution of the ColebroeWhite equation
1976 Swanee andJain Direct solution of the ColebroeWhite equation

The development of pipe flow theory generally includes three major conoegtsling 1)the
distinction between laminar and turbulent flow; 2) the distinction betweaegh and smooth pipes; agy
the distinction between artificially roughened pipes and commercial. pipes

The ColebrookWhite equation transition formula represents the culmination of @lptbvious
work, and can be applied to any fluid in any pipe operating under turbulent flowicogadifThe later
contributions of Moody(1944), Ackers(1958) Barr (1972),and Swanee and Jain (1976) ae mainly
concerned with the practical application of the Colebidtiite equation Chadwicket al. 2004. In
addition, many othemresearcherdiave providedexplicit equations to approximate theol€brookWhite

equationthese effortwill be discussed in more detail the following section



Reynolds’ experiments demonstrated that there were two kinds ofidlmmar andurbulent. He
foundthat transition from laminar to turbulent flow occurred at a critical vigldor a given pipe and fluid
(Chadwicket al.2004) Expressing his resulss a dimensionless parame{Bg), Reynolds found that
laminar flow always occurred when R2,000and that turbulent flow always occurred far=R4,000. For
Re between D00 and 4900, he found that the flow could be either laminar or turbaedttermed this the
transition region. Although the exact values taken to limit thgaaf R vary withauthor and application,

they are often accepted identified above. The &nolds Nimber(Re) is calculated byequation 2.1.

_pvp _vp
Re=E2== (2.1)

wherep = fluid density (slugs/f kg/n¥); V = velocity (ft/s nVs); D = diameter (ftm); = dynamic
viscosity (Ib-s/ft?, N-s/n¥); andv = kinematic viscosity (fs, n?/s). Considering that turbulent flow occurs
at Re > 4,000, thecorrespondingelocity and dischargevere determined for standard diameters ranging
from 0.25- to 96 inat Re = 4,000and argoresented in Tabl2.2.

Table2.2 Velocity and Discharge & = 4,000

Nominal Diameter (ir) Vzclt(;;:)lty Dls(z?:)lrge
0.25 2.337 0.001
0.5 1.168 0.002

1 0.584 0.003
2 0.292 0.006
2 0.146 0.013
6 0.097 0.019
8 0.073 0.025
10 0.058 0.032
12 0.049 0.038
16 0.037 0.051
20 0.029 0.064
24 0.024 0.076
30 0.019 0.096
36 0.016 0.115
48 0.012 0.153
60 0.010 0.191
72 0.008 0.229
84 0.007 0.268
96 0.006 0.306




Most municipal pipelines are 6 inches indiameter and designed with a minimum velocity of 2
ft/s (0.6 m/s)to prevent sedimentatiand minimum velocity of 20 3 ft/s (0.6 to 0.9 m/sjo remove air.
As presented in Tabl2.2, laminar flow is generally ot experienced in pipelineperationand the vast
majority of flows in closegtonduit systems are turbuletitereforethe focus of this research will betime
turbulent flow regime.Municipal pipelines are generally designed with a maximum vglociiO to12
ft/s (3.1 to 3.7 m/sjo minimize the potential of liningrosionand to minimize energy input in order to
optimize pipe size. Therefor#,is desirable to determine the discharge Ratbr velocities equal to 12
ft/s (3.7 m/s) in order to defe the maximum flow characteristics of municipal pipelines. As presented in
Table2.3,R. ranges from 2x1to 3x1G for 0.25 to 96in. diameter pipelines.

Table2.3 Discharge an& for Velocity =12ft/satT = 60 °F

. . . Discharge
Nominal Diameter (ir) (cfs) Re
0.25 0.004 2.1E+04
0.5 0.016 4.1E+04
1 0.065 8.2E+04
2 0.262 1.6E+05
4 1.047 3.3E+05
6 2.356 4 9E+05
8 4.189 6.6E+05
10 6.545 8.2E+05
12 9.425 9.9E+05
16 16.755 1.3E+06
20 26.180 1.6E+06
24 37.699 2.0E+06
30 58.905 2.5E+06
36 84.823 3.0E+06
48 150.8 3.9E+06
60 235.6 4,9E+06
72 339.3 5.9E+06
84 461.8 6.9E+06
96 603.2 7.9E+06

2.3 Darcy- Weisbach Equation
DarcyandWeisbacltdeveloped an equation to describeftiion head losghy), or loss of energy
resulting from flow in closed conduits in a wide variety of applicatiofise DarcyWeisbachequation

shown as Equatio®.2, has the advantage of incorporating a dimensionless friction factor thabdegbie



effects & material roughnesalongtheinterior surface of the pipe wall and flow regime on retarding the

flow.

hy = f%!—g 2.2)

wherehs = head losglue to friction(ft, m); f = a dimensionlesgiction factor; L = length (ft, n);
D = inside diameter (ft, mV = velocity (ft/'s m/9; andg = acceleration due tgravity (ft/s?, m/s). As
seenfrom the Darcy-Weisbachequation, the head loss is directly proportional to the length of the pipeline
and friction factor. Therefore, the longer the fluid must travel and théeotlge conduit, the greater the
energy loss. The equation also relates the diameter inversilg tead loss In addition, & the pipe
diameter increases, the effects of shear stress on the pipe wall are reduced

Nikuradse made a major contribution to the theory of pipe flow by objéctiliferentiating
between smooth and rough turbulence in pipes. He carried out a series of paingfzimgeats where
smooth pipe walls were artificially roughened by sticking unifeamd grains onto the pipe wall measuring
the friction factor and velocity distributions at various Reynolds nundretdetermined that the friction
factor varied based upon the relative roughness of freeyehich is the ratio of the sand grain size to the
pipe diameterky/D). By using different diameter pipe and sand grafrdifferent sizes, he produced a set
of experimental results éfindRe for a range of relative roughness of 1/30 to 1/1014. He plotted the results
as logf vs. logRe for each value dt/D, as shown in Figurg.2,which shows that ther@refive regions of

flow.
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Figure2.2 Nikuradse EperimentaDataPlotted ad vs. R (Rennels and Hudson 2012)
Basal upon Nikuradse's experimenBrandtl andzon Karman established the following empirical

formulas for estimating the friction factor in turbulent pipe flows

Smooth Pip€k/d =~ 0):

1 2.51

7= 20g(7) 23)
Rough Pipe (k/d » 0):

1 k/

7= 25 ) @4

Although Prandtl andon Kéarman provided the framework for a pipe frictitimeory, the results
were not directly useful to engineers since they applieditificially roughened pipesThe roughnesef
commercial pipesrebothuneven in size and spacing atiterefore, do not necessarily correspond to the
results of the Nikuradse’s experiments.

Colebrook and White made two major contributions to the development and applicapipe of

friction theory. Firstthey conducted experiments to determine the effect cLindorm roughness found



on commercial pipeAs a result of these experiments, they discovered thatwv&. curves exhibited a
graduakhange from smooth to rough turbulence in the turbulent transition region in confiistiradse’s
results. In which, they were able to determine an effective roughmegsrstommercial pipes and publish
a list ofks values applicable to commercial pipe. Their second major contribattarded combining the
Prardtl and vonKéarmén smooth and rouglaws (Equations2.3 and2 4, respectivelyinto the Colebrook-
White equationwhich gave predicted results very close to the observed transitional behagdorroércial
pipes ands applicable to the entire turbulent region for commercial pipegusi effective roughness value
determined experimentally for each pipaterial type The ColebrookWVhite equatioris generally the
accepted design formula for turbulent frictioBoth logarithmic forms of th€olebrookWhite equation

are presenteds Equations 2.5a and 2.5b.

1 ks 2.51

\/—? =-2 IOg <3.7D + WF) (25&)
1 ks | 2.51
+=-0881n (m 2 ﬁ) (2.5b)

whereks = the absolute roughness height of the pipe wall applied with consistent unigspigeth
diameter.At first, the ColebrookWhite equation was not widely used by engineers because it is an implicit
equationthat requires a triabnderror solution. Since the Colebro@hite equation is implicit and
difficult to solve by handMoody developed a chart plotting the results of the ColebYbke equation.
This chart known as the Moodgiagram(Figure2.3), is probablythe most famous and useful figure in
fluid mechanics. Iprovidesthe ability to determine the friction factbased upon theelative roughness
and Reynalsnumber and can be used for circular and noncircular pipe flows as well ashgperl flows
and has a reported accuracy+@b% for design calculation¥\hite 1999. The MoodyDiagram shown
asFigure 2.3, graphically shows théaminar, transition zone, smooth pipe flow, and rough and smooth
turbulent flow regimes As shownin Figure2.3,asR. decreased$,approaches the smooth line curvihis
can be explained by the presenc¢heflaminar sub layer along the pipe wall that decreases in thickness as

theRe increases.
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Figure2.3 Moody Diagram(Rennels and Hudson 2012)

Ackers(1958)presented discharg®), diameterD), andfriction head losshy) in a series of charts
for various ks values, providing engineers a simple methodology for applying the ColeWhitk
equation As previously notedgs is the absolute roughness for commercial pipgpical values foks are
presented in Table 2.4. Numerous vajJesanges oks values are provided in the published literature
this variability can lead to calculation errors. It should be noted that the relatiyghnessky/D, or
sometims referred to ag/d or e/D, is dimensionlesst is alsoimportant to note that the application of the
absolute roughness values and thediadiameter are in the same units when applying to friction factor

equations, such as t@mlebrookWhite equation.
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Table2.4: Typical Absolute Roughness ValukdNew Pipe(Rennels and Hudson (2012))

US Customary Units S| Units
e € e or €
Pipe or Lining Material (in.) (ft) (mm) (mx10)
Asbestos cement 0.000096 0.000008 0.0024
Carbon steel, commercial 0.0018 0.00015 0.045
Concrete, smoothed 0.012 0.0010 0.30
Concreteprdinary 0.040 0.0033 1.0
Concrete, coarse 0.12 0.010 3.0
Glass tube 0.000060 0.0000050 0.0015
Iron, cast, uncoated 0.0102 0.00085 0.26
Iron, cast, asphalted 0.0048 0.00040 0.12
Iron, cast, cemedined 0.000096 0.000008 0.0024
Iron, casthituminouslined 0.000096 0.000008 0.0024
Iron, cast, centrifugalhgpun 0.00012 0.000010 0.030
Iron, galvanized 0.0060 0.00050 0.15
Iron, wrought 0.0022 0.00018 0.060
Fiberglass 0.00020 0.000010 0.005
PVC and plastic 0.000060- 0.00024 0.0000005-0.000020  0.0015-0.0060
Stainless steel, commercial 0.0018 0.00015 0.045
Steel, riveted 0.036-0.36 0.0030-0.030 0.90-9.0
Tubing, drawn (aluminum, brass, , 44060 0.0000050 0.0015
copper, lead, etc.)
Wood stave 0.0072-0.036 0.00060-0.0030 0.18-0.90

It is widely accepted that thearcy-Weisbachequation, with the Colebrook¥hite equation for
calculating the friction coefficients a highly accurate pipeater flow equation (Liou 199&hristensen
2000). The Colebrook¥hite equation has become the aceelgttandard for testing singfghase friction
factor correlations in turbulent regimes (Fat@l.2011). However,application ofthe ColebrookWhite
equationcan be cumbersome to use. Because of thimerousauthors such as Baft972, 1981) and
Swamee and Jai1976)hawe tried to establish explicit approximations of @@ebrook¥hite equation.
These explicit equations are generally accurate to witB# of ColebrookWhite, which is considered
acceptable for practical engineering applications.

The more common explicit approximations of tielebrookWhite equation,along with their
identifiedlimitationsand reported accuraciegeprovided in AppendiA. Assumingthat theColebrook-
White equation provides the most accurate estimate of the friction faetch,egplicit equation was
compared against th€olebrookWhite equationto determine relative accuraajiven the following

constraintghatcover thegeneralbperational ranges found municipal pipelines:

12



e velocity less than&ft/s (5.5 m/s);

e R.>4,000(turbulent flow)

e water at OF (v=1.2X10°ft%s), 15.6C (v= 1.11x1F m?s);

e insidediameter 06,12, 24, 36, and 60 in (152.4, 304.8, 609.6, 914.4, and 1524 mm); and

e kD of 0.0001, 0.001, and 0.01&epresenting very smooth pimamooth pipe, and rough pipe

Although municipal pipelines are generally designed with a maximum vetifclt® ft/s (3.7 m/s)
to minimize potential erosion of cement mortar linings and to minimize engugyto optimize pipe size,
the comparison afxplicit friction factor equations were evaluated Ravalues corresponding to velocity
< 18 ft/s (5.5 m/s)o determine relativerror at higher velocities.

In addition, the analysis was focused within this range because expected datd fecehis
researchwill be within this range.The results of this analysis are presentetddhle 25 and show that
other than the equations developed Rgund (1980) Moody (1947) and Wood(1966) the explicit
equations provide an average accuracy within 1% o€tiiebrookWhite equation. Table 2.8lsoranks
eachequation based upon the calculated accuracy relative to the Col&totkequation.

Additional analysis was p&rmed to further identify potential limitations in applying the explicit
approximations to the&ColebrookWhite equation to identify relative accuracies across multiple flates
and diameters. This analysis was performed using all explicit equdtasezl upon the following
assumptions:

o velocity less than 18 ft/s (5.5 m/s);

e minimumR.=4,000 (turbulent flow);

e water at 60F (v=1.22x1Cft%/s), 15.6C (v=1.11x1CF m?s);

e insidediametes of 6, 12, 24, 36, and 60 in.; and

o ksof 0.0018in. (0.045mm) representing carbasteelpipe

Results argrovided in Figures B.1 to B.5 (Appendix B) for fgismooth pipe.For clarity, esults

from less accurate equationgrenot presented in the figures.
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Table2.5 Summary of Explicit Equations to Approximate thelebrookWhite Equation

Af % (Compared to Colebroek/hite)

Rank Author k¢/D = 0.0001 k/D = 0.001 k/D = 0.015 Notes
Min Max Avg Min Max Avg Min Max Avg
Zigrang and
1 Sylvester -0.10 0.06 -0.03 | -0.03 0.06 0.00 0.00 0.03 0.01 Veryaccurate long equationeasy to apply
(1982)
> Romeoet al. 0.00 0.16 0.04 0.03 0.15 001 | -006 0.05 -0.05 Very accurate, long equation, difficult to
(2002) apply
Barr (1981) -0.38 0.04 -0.01 | -0.51 0.05 -0.03 | -0.10 0.12 -0.05 Very accurate, easy to apply
4 Sonnad and S o011 101 0.23 0.01 0.98 0.08 0.01 061 0.02 Very accurate, long equation, difficult to
Goudar (2006, apply
5 Haaland (198¢ -1.37 121 -098 | -1.25 077 019 | 004 044 020 ;/fergi;‘]fcurate’ easy to apptgnds to under
Accurate, difficult to apply,over-predictsf,
6 Chen(1979) 064 464 134 | 003 422 029 | 005 115 -p03 2ccuracyincreases f&> 100000 and large
k¢s/D values should not be applied to small
ky/D and lowRe
7 Jain (1976) -0.48 1.54 0.23 0.25 1.81 0.45 -0.06 3.15 0.09 Accurate, easyto apply
8 (Clglg%h'” 033 176 032 | 031 202 052 | 003 311 018 Accurate,difficult to apply
Swamee and Accurate, easy to applglightly conservative
9 Jain(1976) 0.39 1.67 0.31 0.35 1.94 0.55 0.08 3.31 0.24 whenV> 3 ft/s
10 (Clg‘;rg)h'” 031 180 035 | 035 207 056 | 009 338 024 Accurate, easy to apply
Manadilli
11 (1997) 0.06 0.69 0.59 0.37 1.09 0.63 0.09 2.46 0.24 Accurate, easy to apply
12 ggﬂ';’amt al 053 104 096 | 049 109 089 | 059 033 -0.51 Accurate, easy to apply
13 Round (1980) -1.84 4.99 2.64 -0.79 4.61 3.83 -2.73  -2.25 -2.63 Inaccurategasy to apply
14 Wood (1966) -0.26 6.26 4.21 -0.77 5.39 4.93 -3.90 1.83 1.68 Inaccurate, easy to apply
15 Moody (1947) -11.29 -8.45 -9.76 | -876 -5.65 -6.13 | -11.29 -11.94 -11.98 Inaccurate, easy to apply
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As presented ifriguresB.1 to B.5,most empirical relationships providecalculated accurady
within £1% of the friction factor(f) relative to theColebrookWhite equation. Zigrang and Sylvester
(1982), Barr (1981)Sonnad and Goudar (2006), and Roraeal. (2002) providevery accurate results.
Equations developed by Jain (1976), Swamee and Jain (1976), and Churchill1@®B§3also provide
good results with accuracies within £0.5%f@s determined from Colebrodhite. Haaland (1983) is
also fairly accurate, but tda to undepredictf compared to ColebroeW hite.

Although,each explicit equatioaloselyapproximagsthe Colebrook#hite equation, it should be
noted that th€olebrookWhite equation provides ® 5% error when compared to the actual experimental
data. Therefore, exact matching of theredicted by the Colebrodkthite equation may not be necessary
(Bhaveand Gupta 2006).

Since the Swamee and Jain (1976) equatioones of the easiest explicit edigas to apply,
provides an accuracy to within 0.58&nd produces estimatesftiat areslightly conservativeghe Swamee
Jain equation is recommended to calculate Dkifde ColebrookWhite equation cannot be utilized@he

Swanee-Jain equatiois presented as Equation 2.6.

0.25

T, 12
k 5.74
[l°g(ﬁ+@)]

f= (2.6)

2.4 Hazen-Williams Equation

In addition to theDarcyWeisbachequation, both thélazenWilliams and theManning equation
have also been used to calculagad lossn closed conduits. ThidazenWilliams equation is the most
popular in thdJnited Sates whereas th®arcy-Weisbachequation igreferredin Europeandacademia
Based uporthis literature review, Mannirig equation iggenerally used for opechannel flowput is also
applicable to fully turbulentlosedconduitflow; is seldom used in practicendis not as accurate in
calculatinghead losglosed conduitand,therefore will not be discussed further.

The HazenWilliams equation has been used for many years in water s@pgyneering and

became popular because it is an easy towskkdocumentedexplicit equatdn, based upon field testing
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of existing pipes in service. dwever, it is onlyapplicable to water at standard temperaitkin alimited
diameter and velocity rangbat generally @plies to the interndiate zone of the Moody diagranihe

original form of theHazenWilliams equation igpresentedsEquation 2.7.

V = K, CRO®3505% (2.7)

whereV = velocity (ft/s, m/s); Ky = a unit coefficient K, = 1.318US Customary Unitg).849for

S| Unitg; C = the HazenWilliams coefficient;R = hydraulic radiugft, m); andS = friction slope(ft/ft,
m/m). Sinceh = 9L, R = A/P = D/4 for pipesflowing full, andQ = VA (A = area (ft, n?)); the equation

can be rearranged to calculaead losgh) as showrasEquation 2.8.

KuQ1.852L

h = Xul L (2.8)

T 1852p4.87

whereh, = head losgft, m); K, = a unit coefficient K, = 4.72 US Customary Units, 165 for S
Units); Q = discharggcfs, n¥/s), L = pipe length(ft, m); andD = diameter(ft, m). Typical valuesof C
factors for new pipesonveying clean wateare provided irrable 2.6 These values were obtained from
fluid mechanics tektooks and handbookand are generally provided witlittle to no guidance or
background information as to howselect ormpply theC factor. Thereforethe engineer assumes that the
C factor isa constanandapplicable to all diametergelocities and service watein addition, the literature
gererally provides numerous values,ranges o factors, this variability can lead talculation errors.

Table2.6: Typical C Factors for New Pip€ with CleanWater

Pipe Material TypicalC Range
PVC, HDPE 140 135-150
Cementmortar lined ductile iron orteel 140 120-145
New cast iron or welded ste@inlined) 120 100-140
Concrete 120 130-140

Chin (2000 indicated that theHazenWilliams equation is applicable to the flow of water atQ6
(60.8F) in pipes with diameters between 50 rfhin.) and 1850 mm(72 in.),and flow velocities less than

3 m/s(10 ft/s) However, most literature indicates that th@zenWilliams equation is most accurate for
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water atastandard temperature (63, with atypical pipe sizef 24-in. (0.6m) diameterandavelocity of
3.28ft/s (1 m/s).

Applying the HazenWilliams equation to very cold or hot water, or unusually high or low
velocities can result in significant errors. The formula becomes increasing iade@sR. deviates from
5x1C. In addition, field testing has showimat C varies with pipe diameter as well pipe material type
although a single value &ffor each pipe material is generally presented in the literature (Z&pléMany
authors have shown that the Hax#/illiams C factor has a strong. dependence and is mostly applicable
to where the pipe is relatively smooth and in the early part of the transitrough flow. Jain (1976) has
shown that an error of up to 39% can be expected in the evaluation of the velocityHay¢néVilliams
equation over a wide range of diameters and friction slopes (hegd lbasnont (1954)ndicated that the
HazenWilliams equation should not be applied to the rough turbulent flow region and@/faators are
less than 100TheHazenWilliams equation is generally not recommended, since the roughness coefficient
(C) is strictly limited to a particular flow condition, g size, and water temperatuaad application outside
this range can lead to significant errors (Liou 1998).

As can be seen from Equation 2Z7is not dimensionless. It has units andhgrefore a function
of other parameters. From a theorettahdpointthe C factor of a pipe should vary with the flow velocity
under turbulent conditions. Ja{tt976) prposeda formulato determine theC factor, incorporating
kinematic viscosityabsolute roughnesdiameter, and velocityln addition, Liou (1998) determined that
theC factor was a function d?., ks, D, and kinematic viscositfy) and he developed an equation to calculate
the Cfactordirectly based upon these paramet&rsese relationships are providedEgiations 2.%nd
2.10.

Jain (1976):

1.08

—4
17.25[1.14—210g(%+6'(7;;‘)10°_9 )]

(VD)O'081

(2.9)
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Liou (1998):

~0545006 (%)%, _0.01. —0.08
C = Cf O5*RY06 () 7 k5001y~0 (2.10)

whereC, = 17.22 inUS Customay Units and 14.07 in SUnits. Figure2.4illustrates how th&
factor varies with diameteapplying Equatior2.8assuming water at @88 and a velocity of 3 ft/for pipe
ranging from 4to 84 in.(101.6 to 2133.6 mmin diameter As seen in Figur@.4, C factors increase
between 10 and 40% as diameter increases. Misapplyigftutor couldthereforeprovide a significant

error inheadlosscalculations.
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Figure2.4 Comparison of Calculated Factorto Diameter

Despite the limitations identifiedbove the range of applicability falls into the general range of
usefor most municipal water conveyance systen@hristenser§2000) reporedthat theHazenWilliams
formulayields relatively accurate results near the smooth flow turbulent regimesnfemth pipeskg <
0.028 mm) the relative error was determined ta®% and increases 0% for rough pipesk{> 1.52
mm). If a C factoris providedalongwith the appropriate testing data, tiequation2.11 can be used to
adjust theC factor for different velocities, but the effects of this correction atelly minimal. A two
fold increase in the flow velocity correlates to an appabéfitdecrease in the roughness factor. The

difference is usually within the error range for the roughness estimtte finst place, so most engineers
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assume th€ factor remainsonstant regardless of flow (V& 1984). However, i€C factor tests are done
at very high velocities (>10 ft{8 m/s), then a significant error can result when the resul@ifigctors are

used to predict head loss at low velocities

Vo)0.081
v

C=0G (2.11)

whereC = HazenWilliams (adjusted coefficient)C, = initial or referenceC factor, v, = initial
velocity (ft/s, m/s) andv = velocity (ft/s, m/s) Over the yearsa significant database Gffactors ha been
developedbased upon field testsHowever,C factorsfound in the literature for varioysipe materia
generallyare not accompanied with the relevant backgrdaastihginformationsuch as, velocity, diameter,
water temperature, and service water, for whichQffi@ctors were determinad order to apply Equation
2.11 Therefore, this information should be reported with any test sesuthe results can be modified

according to the application.

2.5 Comparison of Darcy-Weisbach and Hazen-Williams Equations

A comparison between the Haz@filliams C factors andDarcyWeisbach friction factorare
plotted on aMoody diagram irFigure2.5. It shows equivalent valuesfoiction factor,f vs. R. for Hazen
Williams C factors ranging from 80 to 160'he water isssumed to be 16 (59F). By equating friction
slope &= h/L) to both theDarcy-WeisbachandHazenWilliams equationssolving forf and introducing
the Re to eliminateQ, the friction factor(f) can be calculated for a givéhfactor usingEquation2.12

Conversely, the equivale@tfactor can be converted if the friction factor is known using Equation 2.13.

1014.2

f= (2.12)

T (C1.852R0.148)0.0184

C= 42.118
- f0.541R0.075750.010

(2.13)

whereD is in meters. Similar expressions can be utilized f68 CustomaryUnits. If either the
friction factor (f) or HazenWilliams C factoris knownfor a given dischargehe other factocan be

converted using Equation 2.14a (SI) or Equation 2.14b (Metric).
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Figure2.5: Comparison of DardyandC FactorPlotted on the Moody gram(Travisand Mays 2007)

Based upon a review of Equati@i 2, f is strongly dependent upon pipe diametds shown in
Figure2.5, C factors greater thaspproximately 152 plot below the smooth pipe law developed by Prandtl
and vonKarman for all Re. Although severatheoretical limitationshave beendentified for usingthe
HazenWilliams equation,both the DarcyWeisbach(using ColebrookA/hite) and theHazenWilliams
equations should be compardd to identify potential errorand 2) todevelop guidelinefor application
of the HazenWilliams equationassuming thathe DarcyWeisbachequationprovides the most accurate
calculation forhead loss An analysis was performed assuming water is conveyed in an unlined carbon
steel pipe ks = 0.0018in.) to determinef the relative error associated witlsing theHazenWilliams
equation is significantconsidering/ariation intemperature, diameter, a@dfactor.

The relative errors associated with changes in temperatur€ factors of 130 and 140 are
presented irFigure 2.6 and show increasing errors associated with temperatures deviating from 68°F

(20°C).
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Figure2.7 shows thaincreaseckrror is introduced with increasing diamet€igure2.8 showshe
effect of changes i€ factors. In each cashe results show that errors can be as much asB@Pcthe
least erroloccurringwhenC = 145. However, it should be noted that éactor of 200 to 140 would be
selected for unlined steel pipe based upon Tabldli$ increasing the potential error when utilizing the

HazenWilliams equation.

Percent Change in Headloss - Comparison of Hazen-Williams to Darcy-Weisbach - Effect
of Temperature - 12 " Diameter
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Figure2.6: PercenChange irHead Loss- Comparison ofazenWilliams Equation ® DarcyWeisbach
(D-W) — Effect of Temperature
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Figure2.8: PercenChange in Head dss— Comparison oHazenWilliams Equation to DarcyA/eisbach
— Effect of C Factor

Utilizing the results presented in Figur2$ to 2.8 system curves were developed in order to
determine the significance of the identified errors for variation of ¢éeatpre, diameter, ar@factor. A
system curve provides a chart of thead lossagainstthe discharge owelocity. System curves were
developed for a pipe lengthf 1,000 ft andC factors of 130 and 140Considering that the relatipercent
change irhead losgs the same regardless of pipe lendttg results for a pipe length of 100afte not
presented because ttigferencein calculatedhead lossvasapproximately 0.5 f{0.152 m)at 10 ft/s(3
m/s)andwould be considered within reasonable error for the calculatldowever, a8 shown in Figures
2.9 to 2.12, theelativechange in calculateldead lossvas moderate faa pipe length of 1000ft, (304.8
m) but would be significant for a length of 10,0003048 m) Another observation from the system curve
comparisons that usindheHazenrWilliams equatiortends taoverpredict thenead losswhichcould lead
to costlydecisions to iorease pipe diameter to redlwad losor providinga larger pump t@vercome
perceived additional enerdggput requirements Even though using thidazenWilliams equation over
predicts thdnead lossusing &C factor of 140 provideslaead losswithin acceptable accuracy to the Darcy

Weisbach equation, despite the apparent relative ggrovéded in Figure2.6 to 2.8.
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Comparison of Headloss (Length of 1000 ft)- Hazen-Williams to Darcy-Weisbach - Effect
of Temperature - 6 " Diameter
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Figure2.9: System Curve- Comparison oHazenWilliams Equation to DarcywWeisbach- 6-in.
Diameter

Comparison of Headloss (Length of 1000 ft)- Hazen-Williams to Darcy-Weisbach - Effect
of Temperature - 12 " Diameter

90
80
70
60
50
40
30
20
10

Friction loss (ft)

Velocity (ft/s)

D-W (T =32 Degrees F)

D-W (T = 68 Degrees F)

D-W (T = 122 Degrees F)

C=130 =— - —=—0C=140

Figure2.10: System Curve- Comparison oHazenWilliams Equation to Darcy¥eisbach- 12-in.
Diameter
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Comparison of Headloss (Length of 1000 ft)- Hazen-Williams to Darcy-Weisbach - Effect
of Temperature - 24 " Diameter
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Figure2.11: System Curve- Comparison oHazenWilliams Equation to Darcy¥eisbach- 24-in.
Diameter

Comparison of Headloss (Length of 1000 ft) - Hazen-Williams to Darcy-Weisbach - Effect
of Diameter - 68 Degrees F
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Figure2.12: System Curve- Comparison oHazenWilliams Equation to DarcyA/eisbach- Effect of
Diameter and Gactor

As shown in the figures above, the error in calculdtiead lossising theHazenWilliams equation
as compared to the Dardyeisbachwith ColebrookWhite can be significanbut is acceptable for short

pipeline lengths because the relative error in calculatiagl losés minimal Consideringooth theDarcy
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WeisbachandHazenWilliams equationsthe Darcy-Weisbachequation is more rationally based and has
received wide acceptance. However, when specific experimentaréaeailable the HazenWilliams

equation can provide reasonable results.
2.6 Sensitivity to Surface Roughness

Both the DarcyWeisbach and HazenWilliams equations were analyzed to determithe
sensitinty of each equation to increases in surface roughndéssamtor, as well as a decrease in diameter.
Based upon continuity, d@ecrease in diameter resutt an increase in velocity for the same dischangye,
thereforeincreasediead loss Tables2.7 and 2.8 present the sensitivity to surface roughness for pipelines
using botltheDarcy-WeisbachandHazenWilliams equationstespectively A 12-in.(304.8 mmyiameter
cement mortar lined steel pipe conveying water & 680'C) at adischarge of 2.36fs (0.07 cms)was
considered fothis comparisonA discharge of 2.36 cff0.07 cms)was selected because it results in a
velocity of 3 ft/s (0.91 m/s) in a 18. (304.8 mm) diameter pipelable2.7 shows that a 50% increase in
absolute surface roughnessults ina 17.4% increase imead losswhereas decreasing the diameter by the
apparent increase in surface roughraegs maintainings for new pipeprovides a.7% increase imead
loss Thisindicatesthat determininghe Darcy friction factor is more sensitive to a change in surface
roughness and thdte surface roughness is the most important factor in calculegan) loss.

Table2.7: Sensitivity to Surface RoughnesBarcyWeisbachEquation
Diameter Decrease Correspondi

Item New Pipe 50%Increase irks to Increase ifk
D (in.) 12 12 11.94
ks (in.) 0.02 0.03 0.02
V (ft/s) 3 3 3.03
v (ft?/s) T (68'F) 1.09E05 1.09E05 1.09E05
Re 2.75E+05 2.75E+05 2.74E+05
f 0.023 0.025 0.023
L (ft) 10,000 10,000 10,000
hy (ft) 32.2 35.6 33.1
% increase iy 10.3% 2.6%

Table2.8 presents the results of a similar analgsiaductedusingthe HazenWilliams equation.
For thisanalysis, it was assumed tlaat2in. diameter pipeline is conveying 2.36 ¢@s07 cmsyandtheC

factorwas reducedby 10% However, a 10% reduction in pipe diameter resulted in-in1(20.5 mm)
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decrease in diameter, whicghunreasonable Therefore,t was desired to determine tdecrease in pipe
diameter corresponding to theadloss calculatedor a10% reduction irC factor. The resultdetermined
that a 46 decrease in diameteesulted in the equivalehiead losgrom a 10% reduction i€ factor. In
this case, &% reduction in pipe diameter, or approximately 0.5 in. (12.7,ns}ill unreasonable, but
shows that the heddss calculation is more sensitive to changes irCtfector.

Table2.8: Sensitivityof HazenWilliams Equation

ltem New Pipe 10% Decrease i€ 4% DiameteiReduction
D (in.) 12 12 11.52
C 140 126 140
V (ft/s) 3 3 3.3
L (ft) 10,000 10,000 10,000
h (ft) 24.7 30.0 30.1
% increase i, 21.5% 22.0%

As shownin Tables2.7 and 2.8, the effect of flow areaeductionis much less significant than
increased surface roughndssa 12in. diameter pipend may be ignored except in extreme cadese
thepipe irsidediameter has been significantly reduced or where calculations of tla aelbcity are more
important However, he effect of flow area reduction becomes increasingly important as diameter

decreases.
2.7 Modern Pipeline Materials

Although a number of pipe materigddong with their correspondirkgor C factors, were presented
in Tables2.4 and 2.6 many of the materialpresented Tabl@.4 are not used fomodern municipal
pipelines. The most commopressurgipe materialsused for municipal service inclugencreteductile
or steel pipe with cement mortiming for both raw and finished wateductile or steel pipe with epoxy
lining for wastewater service and HDPE, PVC,fiberglass,for either water or wastewateervice
Historically, unlined cast iropipe wasthe most popular pipe material for water systdmshas been
supersededith cement mortar lined ductile irorge more than 40 years ago.

Application of any equation to calculate friction loss can onbglpce accurate results if the correct
roughness factor iapplied forhydrauliccalculations. Fluid mechanicgextbooks along with pipe design

manuals were revieweith orderto compile a list of recommended roughness vahssed upormipe
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material Pipe manufacters literature and industry organization design guides were reviewed fmacem
the recommended roughness values identified against those lialedsn Tables2.4 and2.6. The
information obtained fronpipe manufactwars literature andindustry organization design guides for
modern pipenaterialsare summarized in the following sectioAs one would expect, these values varied
from manufacturer or association and in many cases were prowidbdittle to no guidance or

recommendationfor their application.
2.7.1 Ductile Iron Pipe

The Ductile IronPipe Research Associatio(DIPRA) recommends using thdazenWilliams
equation with aC factor of 140 for alcement mortar lined ductile iron pipe, regardless of diameter or
velocity rangeandsuggests that this value is an average and can be applied foraituedl asaged pipe
conditions American Water Works Association (AWWAJanual M4L, Ductile-Iron Pipe and Fittings
appliesthe DIPRA recommendation of 140 fGr(AWWA 2009). As presented above, tii:factor does
vary with diameter, so one should be cautious when applying this value for ateliam

SaintGobain aductile iron pipenanufacturer recommends value of 0.03 mn¢0.0012 in.)or
cement mortar lined ductile iron pifre their design literature This value is significantly different from

the k value of 0.0024nm (9.45E-5 in.)listed for cementined cast iron in Table 2.4.

2.7.2 Steel Pipe

Cementmortar lined steel pipe will perform the same hydraulically as cement mortdrdustile
iron pipe. AWWA Manual M11,Steel Pipe- A Guide for Design and Installatidior steel pipe design
(AWWA 1989) offers a relationship betwe€rfactors and pipe diarters for water service:

C

140 +0.1D (new mortar-lined steel pipe, US Customary Uridt#, in.)

C 130 +0.1® (for longterm considerations of lining deterioration, slime buildup,diStomary

Units,D in in.)
The above equati@s) predict that th& factor variedinearlywith diameter Figure2.13 combines

the change irC factor based upon Equatiéh8 and includes the predictionsingthe above AWWA
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equations.As shown inFigure2.13, this relationship is not necessarily linear. This approach is, hgwever
better than applying a singleughnessalue for all pipe diameters. It is interesting to note thaCtfaetor

for new pipestarts atL40 andncreases linearly based upon diame#fes identified above, ductile iron and
steel pipelines frequently utilize cement mortar linings; however, AWWA dR&RB provide different

recommendations for the roughnessdexeven though the lining material is the same hydraulically.
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Figure2.13: Comparison of C Factoo@puted from kand AWWA Equationgwater at 68F and a
velocity of 3 ft/s)

2.7.3 PVC

AWWA Manual M23, PVC Pipe-Design and Installation (AWWAR002 recommendsa ks value
of 0.0015 mm foPVC pipe AWWA M23 also indicates that several researchers have deterthited
HazenWilliams C factors can range from 155 to 165 for aged and new qopdtions, respectively.
However, M23recommendapplying a Gactor of 150 to provide a conservative value for R design

to account for degradation of the pipe.
2.7.4 HDPE

The Plastic Pipe Institute recommends applyngvalue 0f0.0015 mm(9.91E5 in.) or a Hazen

Williams Cfactor of 150 155 for HDPE pipe. Because of its flexibility, burid®PE pipecandeform
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slightly under earth and other loads providing a slight ellipticapeh This elliptical deformation slightly
reduces the pipe flow area. Calculations have shown tatiaal deformation of7% results in a flow

reduction of approximately 1%Generdly this phenomenon is negligible as it relates to pipe capacity.
2.7.5 Linings

Pipe manufacturet literature did not provide much information eitherthe absolute roughness
(ks) or Cfactors for pipes with lining systems. In 2008, Utah State conducted efft on a 4&. diameter
polyurethandined steel pipe. The flow test determirtath the friction factor an@ factor for velocities
ranging from 2.2 to 16.8 ft/§0.67 to 5.12 m/s)The calculatedC factor and friction factorff were
determined to be 149 and 0.0105, respectively. Although the friction factoepaaed the corresponding
ks value was noidentified Utilizing the reported resultg ks value of 0.015 mn{9.91E5 in.) was
calculated for th@olyurethane limg, which is larger than what would be expected referrifigahde?2.4.

As presented abovpipe manufacturergenerallydo not provide much informatiaegardinghe
hydraulic properties of the pipe/linireystem most hydraulierelated guidance islentifiedin handbooks
or other reference material. Therefonegi@eeramustrely onexperience and general tables summarizing
the hydraulic roughness of each pipe matelddst of the existing estimates of flow resistafasorsare
based ondata gatheredduring the 1960s and 1970s. Since then, pipeline technology has changed
considerablyand uinder or overestimates of pipe roughness can result in the incorrect sizing of pumps and
pipelines.

Although not considered as part of the scope of this reseamhuid be very usefuio measure
and provide revised absolute pipe roughness values for all modern pipealmaed manufacturing
practices. Farshaahd Riekg(2006)recently measured the absolute surface roughness of several modern
pipe materials anddings usingdifferent surface profiling instruments and provided values for absolute

roughness as indicated Trable2.9.
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Table2.9: Absolute Roughnesgks) Values (Farshadnd Rieke 2006)

. Ks
Material ) (mm)
Internally plastic coated 0.0002 0.005
Honed base carbon steel 0.000492 0.0125
Electropolisheebare Cr13 0.00118 0.030
Cement lining 0.0013 0.033
Bare carbon steel 0.00138 0.036
Fiberglass lining 0.0015 0.038
Bare Cr13 0.0021 0.055

2.8 Additional Sources of Losses

Thepipe roughness factors presenited ables2.4, 2.6, and2.9 should be used for clean water in
newpipe. Joint deflections and the type of service watetd also provide additional headlassreasing

the hydraulic roughness factors presented above.
2.8.1 Joint Deflections

It is generallyassumd pipelines are constructedtraightalong line and grade between fittings or
bends However, 1 is common to have slight deviations, or deflections along the pipeline. Push on joint
pipe can typically tolerate aarimum deflection betweent@ 5 degrees, depending qipe diameter and
type of pipe joint Theseminor deflections provide additional head Idkat is generally not accounted for
in hydraulic calculationsGeography or installation location (urbanroral) couldprovide additionahead
lossthat is not typically accounted for during hydraulic sizing and desigipefines. Jones et al2006)
recommend reducing the factor by 5 units for pipes installed in hilly regions to account for joint

deflecions. Overall, he literature does not provide guidance for changesdneto joint deflections.
2.8.2 Service Water

Biologically active water such as raw water, recycled water, and watstewill form biofilms that
attach to the pipe wall and can dramatically increase head loss. BiofilmsaadliBg can occur due to
any combination of bacteria, algae, fungi, angkitebrate organisms in raw water; bacteria and biological
nutrients in recycled water; and bacteria, biological nutrients, sedipsm grease in wastewater. The

increase in head loss due to biofouling is generally not includedrrent design practice, but should be
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considered because it ceffect performance cairg) a reduction in capacity, inefficient pump operation, a
decrease in power generation (hydropower systems), and ultimately greatsional costs.

Although numerous tables showingigyal surface roughness values for various pipe materials,
linings, or coatings for newdinstalled pipe conveying clean water were found in the literature; little
information on inservice hydraulic roughness factors have been collected for different typesicé serv
water (rawfinished,recycled, or wastewater). Values quoted in standard references were derived from
very limited amount of data, which in some cases were published decadss darliajority of these data
were collected on unlined casbn pipelines conveyingitherraw or finished water.

Thort's Water Supply (Johnsat al.2009) recommends using the following absolute roughness
(ks) values for design purposes to allow for the deterioration of the pipedijerdliess of pipeline rtexial:

e pipelines conveying raw water; 1.8-mm

e treated water trunk main®.3 — 1.0 mm

e distribution systems.5 — 1.5 mm

Tables for the Hydraulic Design of Pipes and Sewers (H.R.iMydtd and D.I.H Barr 2006)
recommends the following values of for wastewater forcemains (rising mains) in normal condition,
regardless of pipe material:

e Mean velocity 1.0 m/s; sk= 0.3 mm

e Mean velocity 1.5 m/s; sk= 0.15 mm

e Mean velocity 2.0 m/s; sk= 0.06 mm

Biofilms (Figures 2.14nd2.15 are aggregationd anicroorganisms bound by a polymeric matrix
that forms on surfaces in contact with water (Lambtet.2009). Picologlowet al.(1980) proposed that
the head loss due to biofilm development was mainly caused by two physicahisethd) filaments tha
increase the roughness of biofilms and oscillate in the flow which incarage and 2) the biofilm

viscoelastic properties which allow them to deform and absorb eneampért et al2009).
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Figure2.14 Biofilm on Interior of Pipe (Lambert Figure2.15 A Biofilm 2.6-mm Thick in a 25-
et al.2009) mm Diameter Unplasticized Polyvinyl Chloride
(uPVC) Pipe (Lambert al.2009)

Biofilm formation and deelopment are functions of the watemguality characteristics.
Groundwater is generally subject to anaerobic conditions, but could cootabacteria or other anaerobic
bacteria. Depending on its location, surface waters can be high in biolagivdly. Surface waters
located in Midwestern United States are subject to a number of ballagiats such as runoff from farm
fields and effluent from wastewater treatment plants. However, surfaeesv@tated in mountainous
areas are subject to ceotemperatures and snow melt, minimizing potential biological actit would
be more susceptible to seasonal variations. Therefore, geography andwateidype could be factors
in predicting biofilm development and hydraulic roughness.

A majorindicator of biofilm growth is the dissolved organic carbon (DOC) catnagon in the
service water. Since biofilms attach to all pipe materials, actual pipe ahabay be irrelevant in these
cases and selecting a certain pipe material because otspiyp®ivall characteristics applied to these types
of water may not be warranted. Researchers have determined that the roughnes®filnestcs related
to velocity and shear stress, indicating that a maximum velocity or shear stesause the biibm to
detach from the pipe wall.

Lambertet al.(2009) conducted an experiment growing biofilms at three different Yiewai 25

mm diameter PVC pipe to determine the effect that velocity had oimnbiddéivelopment and the resulting
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change in headlos¥/elocities selected were 0.3, 0.7, and 1.0 m/s (1.0, 2.3, and 3sdfuB)y the growth
factor varied between the pipes was velocity. It was determinedidfiins grown under higher velocities
were less rough than those grown under lower velocities and that ¢héatzd absolute roughness was
approximately the samerfdifferent pipe diameters implying that biofilm growth is relatively iretegent

of pipe diameter and very dependent on velocity.

Lambertet al. (2009) compared the measured velocity profiles against the theoretical yelocit
profiles and determined thifite von Karmank) constant was significantly lower in biofouled pipe than the
0.40 generally accepted for pipes. In addition, a trend of decrdasitith increasingvelocity was noted
in the results. Therefore, equations such as the Colebvhite, which assumed = 0.40, may not be
valid for biofouled pipes. It should be noted that this research was ajgptiecry small data set with low
Re (< 25,000) and requires additional study to determine its applicabilitictiof factor estimates of va
water pipelines. However, these results may provide the concept to develop ae @cpaton to estimate
biofilm roughness.

In 2004, HR Wallingford l(auchlanet al.2005) completed a twgear project on flow resistance
in wastewater force mains. Data collected from twéintge working systems owned by Thames Water
and United Utilities across the United Kingdom enabled researchersdlopleew recommended values
for the hydraulic roughness of wastewater pumping madResearchers at HR Wallingtbsuggestethat
the pipe roughness in wastewater force mains is influenced blithaedss of the biological slime layer
that builds up on the interior of pipes. This, in turn, can depend on the size aue $exture of pipes and
on the flow velocityof the sewage travelling through them. Thasntifiedthat flow velocity was the main
factor affecting flow resistance in wastewater force mains with hydraalighness decreasing as flow
velocity increases and developed an equation to estknaised on flowelocity and is presented as

Equation 2.15.

kg = 0.446V 234 (2.15)

33



whereV = m/s A relationship for Velocity inft/s, or Hazen WilliamsC factors, were not
determined as part of the study. A chart showing the test results, along witto&guEs (average trend
line), and the upper and lower bounds representing the 95% confident@perare presented Figure
2.16 Although Equatior2.15predicts the roughness coefficient to within a 95% confidence leved, ithe

substantial variance ik between the lower to upper bounds.
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Figure2.16 Wastewater Pipeline Test Results Compardehuaation (1.1) (Lauchlaet al.2005)

HR Wallingford attempted to relate the calculated shear stredg toidhe pipe, but determined
that there was no clear correlation between shear streds. a@ue of the recommendations within the
study included conducting further tests over a wider rangelo€ities and pipe sizes for each pipe material
in order to investigate the variationlafwith pipe size and material.

Although Raw Water, Recycled W, and Wastewater are subjected to biofilm formation,
municipal wastewater forcemaimase the focus of this research. Finished water and recycled water are

typically associated with distribution systems, which are networked to pedvetter water quali and
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service reliability; whereas wastewater forcemains are typically sihggad pipelines in which operational
data can be obtained and applied to reduce potential errors in the analysisutsd r

In addition to biofilms, wastewater pipelines are subjected toneediand loose deposits including
organic and inorganic material. Therefore, forcemains must be des@mbedseHcleaning in order to
prevent solids deposition which could cause increased sulfide production leadorgogion andodor
issues; loss of capacity through a reduction of cross sectional aes@ndplockage at low points or at the

toe of an adversely sloped pipe leading to costly removal.

a) Rising/Force b) Gravity Sewer Main
Dry biofilm
A Wet biofilm
Wet/Dry
Biofilm
Sediment and loose
deposits, including organic Wet biofilm

and morganic material

Figure2.17 Typically fouled water and wastewater pipes, including a) rising/force wastewater nwin, an
b) traditional gravity fed wastewater main (Cowle 2015).

2.9 Roughness Equation Modifications

As presentedn Section 2.8.2biofouling effects pipeline hydraulics and may not conform to the
conventional theory of roughness equations. Therefoodijfivation of the friction factor equatiorasnd
the HazenWilliams equationis requiredto account fotthe variable roughnesssociateavith biofouled
pipelines Bratland (2009)suggested utilizing a dimensionless surface structure uniformity fagfdo (
define how the surface imperfections show similarity with each other i3 &#rah@e and size The more
uniform the surfacethe more abrupt the transition between smooth and rough flow beconadan®®

2009). Batland suggeste@tquation 2.160 calculatef, as a better representation of the pipe surface
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roughness (using boths land ). Bratland indicated thatefting us = 1 provides a value of that

approximates th€olebrookWhite equation:

1 2

7

o4 0.9445ug e \Us
o (22) )] @19

Bratland indicated thats has to be measurgout does not provide guidance on how to determine

this factor However, utilizing the uniformity coefficient concept could help deschiofiims and their
effect on pipe roughness and should be evaluated in more detail utilitirey headoss datdo sedf an
expression can be determined to definebibélm influence on the roughness coefficients.

2.10 Aging of Pipelines

As demonstratedrittion is a very important factor in determiniagpipeline’s capacity.The
challengdan calculating friction losses due tothe uncertainty in selecting a value for the pipe roughness
(ks for DarcyWeisbachand Cfactor for HazefWilliams). There are several sources that provide reliable
pipe roughness values for new pipe. Howeverethe little information or guidance to selecting or
applying roughness factors for future or aging mipeditions. In general, an allowance must be added to
new pipe values to account for deterioration in service as a result of deposit ecorrosion, biofilms
(slimes and biological growsl), and other potential fouling/iller 1990).

Experience of similar systems is the best guide to selecting roughness valuesteriil p
deterioration allowances for pipe aging. Pipes conveying waser a pdicular problem because of a wide
variation of pH, dissolved gases, and chemical composition of the watere \Baters could be high in
nutrients or biological growth and dduform biofilms that would attach to the pipe walliler 1990).

All values ofks (absolute roughnessjlentified in Table 2.4 are recommended for new pipe
conveying clean water. As a pipe ages, it is subject to the water chemistry ofvibe sater.Most
pipelines that have been in service for several years will suffer a m@dilctcarrying capacity due to

corrosion or biofilms, encrustations, or grease that may attach pipevall. The rate of deterioration is
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dependent on the chemical constituents of the water and the pipe material.or€héré$ necessary to
consider the future pipe condition when designing a pipeline.

Colebrook and White showed by a simple application of their transitionabfrifdctor equation,
thata 25% reduction in carrying capacity would be experienced-in.2lameter pipdf roughness was
increased frorks= 0.254 to 2.54hnm (0.1 to 1 in.). However, the corresponding reduction in esestonal
areawould be about 2%. Therefoeyeduction in pipe capacity is affected more by an increase in surface
roughness as the piges. By analyzinghe data fromunlined castiron pipes, Colebrook and White

determined that the roughness increased uniformly with age and could be bestexXpy¥Equation 2.17.

ke=ks+ at (2.17)

wherek; = the absolute roughness aftgears ks = the absolute roughness of the n@pesurface
a = the growthfactor (mm/year) andt = time in years The growth factor is difficult to predict amdust
be fielddetermined for each system because water quality and pipe material influenceltid.
Numerous researchdrave shown a similar equation for aging pipe roughfeessastiron pipes. Lamont
studied the records efxty old castiron pipes and suggesta relationship between tgeowth factor and
the Langdier Saturation IndeXLSI), which depends on the pH, alkalinity, and the calcium content of the
water Bhaveand Gupta 2006). Hudsoh966 studied several distribution system pipes (finished water)
in seven cities located in tHgS and concluded that softening of water results in deposits and loss of
carrying capacity and is a major factor in determining carrying capdeigyire2.18 pesents a summary
of the C factor trend data based upon pipe age and stimvgariation inC factors from each git This
shows that geography, or more importantly, the water quality plays a sighifidann aging hydraulic
roughness factors. It should also be noted that Hudson performed the tests@ated the composite
factor for the entire pipeline, including all minor losses. Thad lossassociated with the pipeline
appurtenances (minor losses) should be determined in order daatal the roughness coefficient

accurately In addition, Hudson did not identify pipe materials for each test. Although pipeatsatezie
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not identified, i is assumed that a majority of the pipes tested were urdaston pipes given the time

period of the study and age of pipes tested.
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Figure2.18 Trend Curves of Head Loss TestEinished Wger (Hudson 1966)

Hudson did noprovide the test data indicating pipeline parameters, testing velocithange in
discharge over time, but did provide a summary of changes in treatment provessisawith the most
severe changes factorsoccuring at times where treatment plant operations or processes were changed.
Walski et al.(1988) proposed an equation to estimateGHactor of unlined metal pipe based upon age
and quality of the watebutis only applicable to unlined irepasechipe The literature does not provide

documentation for aging roughness factors of modern pipe materials.
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Lamont (1954) reported that in hydraulically smoatimferrous pipes or spudined pipes carrying
clean waterlittle or no age effect is to be expected and an allowance of 5% should be suffideealso
recommendedllowing a 25% reduction in capacity for sglumed and concrete pipes carrying raw water
subject to biofouling.Allowing for a 25% reduction in capacity due to biofouling could oversizpitie
therefore analyzingroughness factors due to biofouling and pipe aging is requirettton a better
understanding of how service water effects pipe roughness in order to pronaie accurate prediotn

of pipe roughness factors.
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3 Data Collection and Analysis Methodology

The following sections provide general information on data collectioranaalysismethodology
developed for this research
3.1 Data Collection

Data collected for thisresearchwas obtainedrom municipal utilities. Additional data from
previous studiesacademic researckgports, and published papersr@used to supplement and support
research findings. In order to redwgalysisuncertainty, data collection efforts focused on single thread
forcemains and did not consider systems with multiple lift @tatipumping into a common forcemain
system The followinginformation wasbtainedfrom each utility

e Pump station asbuilt drawings

Pipeline plan and profile asbuiltawings

Operational data
o discharge
o wetwell level

0 pressure(s) or HGL elevation(s)

Pump curveif applicable) and

Repairs or failures associated with the pipeline

The elevation of pumps, wet well floor, and pressure setsmationswere obtained frompump
station asbuilt drawingsPipeline plan and profile drawinggere usedo determine the date tlsystem
was constructedpipeline diameter, material, pressure rating, length; amndetdify the number and type
of fittings and appurtenances along the pipel®ipeline plan and profile drawings were also useatkfine
the shape of thpipeline profile to determine if iundulates owas installed along a uniform gradient
Information regarding miscellaneous operational featwrels as chemical feed systewsrealso be noted.

Supervisory Control and Data Acquisition (SCADA) systems were used fo opterational datéor each
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systenfromtheutility owner SCADA systems monitor and record any inputs programmed into the system
and can include items such as pressilogyrate, pumps off/on,wet well leve] valves open/closed, or
chemical concentrations.

Operational data required to calculate headloss insltltedischarge anttydraulic grade linat
two known points. Hydraulic grade line could be determined from eitpegssureor watersurface
elevationssuch as in a wet well or storage tank. Typically, the discharge is measured frametiens and
a pressureor level transducer isused to measure and monitor pressar water surface levelsThe
advantage to utilizing SCADA data is that historic recoetslz obtained and analyzed taking into account
different flowratesor operating conditions. In additiomnalysis ofmultiple records can be used
determine or identify potential data errors with the monitoring deviceghwlbiuld in turn potentially
reduce errors in calculations.

Although the use of data obtainffdm SCADA systera provides multiple datsets theaccuracy
of data is reliant upon the accuramfythe existing pressure sensors and flow metdiiserefore, ptential
discrepancies or errors identifiéidm a review of the data werdiscussed with the utijitin order to
determine reliability of the datBepending on the systenatacouldbechecked against other components
within the same system to determine the accurday examplea forcemairdischarging to a treatment
plant or other similar process can utilize the treatmbmtproces®r other secondary data soutoeverify
the distarge orthe measured change in wet well levessild be usetb determine the volume or average
flowrate conveyed during a pump cycle.

Frequency of calibration andhaintenance of thessensors was discussed with each utility
representativand potentl time periods where SCADA system errors caepist due to faulty sensors
were noted and natonsidered fothe analysis In general, it was determined that these control and
monitoring sensors were field verified and calibrated annu#lllyas assumed that the flow meters, level

and pressure transducers were calibrated and that data logged by the SCADA systemadge accur
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Several utilities requested to remain confidential. Therefore, the sthig@act naméas ben
provided to reference the data set. However, the name of ut@gwithheld. Source water qualityas

not considered for this research

3.2 Development of System Attributes

3.2.1 Pipeline Attributes

Pipeline material and nominal diameter were noted from the pipeline pthrprafile asbuilt
drawings. hterior diametewas determined from manufacturers’ catalogs and cut sheets based upon the
pipeline pressure clagdentifiedon the asbuiltrawings If the pipe pressure class was not identified on
the ashilts, the pressure class was assuiteelde approximately 1.5 times theaximumcalculated steady
state hydraulic grade lirfer pipeline With the exception of concrete pipe, where the interior diameter is
generally equivalent to its nominal diametée interior diameter varies from the nominal diameter based
upon material typeln some cases such as HDPE, the interior diameter (ID) can be much smalleethan th
nominal diameter; on the other hand, the ID is typically latgen the nominal diametéor ductile iron
pipe. Therefore it is important tatilize the actual pipe I0or hydraulic calculations.A summary of
pipeline materials and corresponding interior diamati#ized as part ofthis research are providex
Appendix C.

Using the pipeline plan and profile drawindg®rizontal station and elevatioreve recorded at
changes in slopalong the pipeline.The actual length of the pipeling thesum of each segment length
accounting for changes in slope and elevatilamg the pipeline and was used in all hydraulic analyses.
The actual length wasompared to thhorizontal station length to determine how horizostationlength
relates to actuadipelinelength andshape of the pipelingrofile.
3.2.1.1 Minor losses

Minor losses are secondagyergylosses that occur due to the turbulent interaction pijle

fittings and appurtenances. The minor lassociated with a fitting is based upomiaor loss coefficient
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(K-Factor) multiplied bythe velocity head in the pipeThereforethe totalenergyloss associated with

minor losses is based upon the suralbK-Factors as presented igiation 3.1.

VZ

Where i = minor headloss2K = sum of minor loss coefficient¥, = velocity; g = acceleration
due to gravity.
3.2.1.2 Fittings and Appurtenances

The number and type of fittings and appurtenances were cataloged from thee piddinilt
drawings. Minor loss coefficients i-factors) vere selected based upon industry standards from the
following sources which provide the most complete databaeé minor loss coefficientsn order to
standardizeéhe method of evaluating losses associated with fitting and appurtenances

¢ Internal Flow Systemssecond Edition (Miller 1990);

¢ Handbook of Hydraulic Resistancehird Edition (Idelchik 2001);

o Pipe Flow: A Practical and Comprehensive Gu{@ennelsand Hudson 2012); and

e Flow of Fluids Through Valves, Fittings and Pij&-410 Metric(Crane Valve 1999).

K-Factors and corresponding source selected for this research are summariald 32l For
bends, the r/d ratio corresponds to the ratio obredradius todiameter. Total losses associated with
fittings and appurtenances alogach pipeline were calculatéém Equation 3.1and subtractettom the

total head loss to determitiee head loss associated with pipe friction.
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Table3.1: Minor LossCoefficients

ltem K-Factor
Entrance Sharp () 0.50
Exit (1) 1.00
Tee- Through Flow (Dead Branch) (M) 0.04
Tee- Branch Flow (Dead Run) (M) 1.10
Reducer (M) 0.04
Butterfly Valve (C) 0.30
Ball Valve (C) 0.04
Gate Valve (C) 0.10
Plug Valve (C) 0.22
Venturi Flowmeter R) 0.20
Bends- Short Radius (r/d = 1) (C)
15° 0.13
30 0.15
45° 0.18
60° 0.20
75° 0.22
9(r 0.24
Bends- Long Radius (r/d = 2) (C)
15° 0.07
30 0.08
45° 0.10
60° 0.11
75° 0.13
9(r 0.14
Bends- Mitered (C)
15° 0.05
30 0.10
45° 0.18
60° 0.30
75 0.48
9(r 0.72

(C) - Crane; (M)- Miller; (1) - Idelchik; (R) - Rennels

3.2.1.3 Joint Deflections

Jointdeflectionsare described in Sectiéh8.1. Asbuilt drawings generally do not indicate minor
joint deflections. The shape of theipeline profile may suggest that the joints were ldefed during
construction, but there is no way to be certdiherefore, losses associated with joint deflectmnmgd not
beevaluatedandwere assumed to be incorporated intoftledion loss
3.2.1.4 Other Minor Losses

Sedimentatiorandbr air buildup along the pipeline reduces available flow area and increases
headloss.The actual loss associated with these items wouldifieult to predict without knowing the

severity of the impacbr headloss data at a specific locatibherefore, these items cannotdssesseds
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part of thisresearch butheir potential impacto system operationgill be discussed in more detail in

Chapter 6.

3.2.2 Lift Stations

Depending on lift station configuration, capacity, and number of pumps, thedatfbhs for a lift
station typically ranges from-3o 7 ft. The headloss for a small package tyife station will be
approximately 3 ftwhile a large pump station may be closer to 7Ift.order to standardize the approach
for analyzing each systerthe headloss througkachlift station was noindividually calculatedand the
total headloss thraih small and largéft stationswereassumed to be 3 ft and 5 ft, respectively. The
difference between 3 and 5 ft of headlassninimal and will not significantly affect thenydraulic
calculations.Pump curves were obtained fachlift station which did not monitor and record the pump

stationdischarge pressure
3.3 Hydraulic Analysis of Research Data

The hydrauli@nalysisservesto correlatdrends inpiperoughnes$or wastewateforcemaindased
upon pipediameter, material, and agePipe material, age, diameter, lengémd minor losseswere
determined from the pipeline plan and profile drawjrags described above. Due to the difficulty of
measuring the actuaisidediameterof the pipe insidediameterwas obtainedusing pipemanufacturers’
catalogs and cut sheets based upon the pressure class noted on the plan ancpingke dr

Utilizing thepressurer hydraulic grade linesnsidediameter, pipe length, and dischaadgained
from boththe SCADA data angdipelineplan and profile drawingshe total head los®f the systenwas

calculated by rearranging the Energy Equation as shown in Equation 3.2:

_P_ P VWV _
b=ttt (3.2)

whereh; = head lossP = pressurgy = unit weight of the fluidV = velocity;, g = acceleration due

to gravity;andZ = elevation. P/yis known as the pressure hefdm); V2/2gis known as the velocity head
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(ft, m); andZ is the elevation heafft, m). Subscripts 1 and 2 denote the upstream and downstream
locations respectively.

Both the DarcyWeisbat friction factor and the Hazeéwilliams C factorwere calculated ugsg
pipe friction head los@otal head lossninus minor losses), dischargesittediameter and pipe length as
identified in Equations3.3 and 3.4respectively Absolute roughnes&s) wascalculated by rearranging

the ColebrookWhite equation agdentifiedin Equation 3.5:

f=" (33)
1.852 1/
o~ 2
(%) s
ks =3.7D [10 Vi) — m] (35)

The shearstressand shear velocitywere evaluatedto determine the effects of biofilms and

biofouling on these parameter$he shear stress,f wascalculated using Equation 3.6:

D V2
T = yhy 3 =25 = pU? (36)

wherey = unit weight of the fluidhs = head losslue to friction;D = diameterL = pipe lengthand

U, isthe friction velocity also known as the shear velocighichis calculated from Equation 3.7:

To __ f
U,— /; = V\E (3.7)
3.4 Review and Application of SCADA Data

Duration and time interval of the SCADA data measurements werefnoteceview of theentire
dataset for each forcemain systenin general, the data fields provided from each utility included the
datdtime of the measurement; wet Welvel; discharge pressure, or wet wekter surface leveflowrate

and in some instancesimp off/onidentifying which pumgs) wereoperational during the pumping cycle
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Wastewater forcemains tend to be single tread pipelines discharging t@aeitheholeand gravity

sewer lift station wet well;or a wastewater treatment plant. As a result, the downstreamdHalown

andcan be considered constant at astant discharge. Therefottetal headloss of the systemas

estimated using the SCADA data measoents applied to one the following methods:

1)

2)

3)

Flow and discharge pressure provide#iieadloss is the difference between the pump station
discharge pressui@iGL) and the downstream HGLAbsolute roughness andf@ctor are
calculated using the headlofiewrate, and pipeline attributes.

Flow and wet well level provided (discharge pressure not moniter&djnp station discharge
pressure is estimated using the pump catereg with the wetwell level, flovate, and elevation

of the pump station dischargge. Total dynamic head of the system at a given flowrate and
wet well level was used to estimate the discharge pressure along thestatiomp discharge
piping. Headloss represeritse difference between the pump station discharge pres#Bte

and the downstream HGLAbsolute roughness andf@ctor are calculated using the headloss,
flowrate, and pipeline attributes.

Pump runtime status and wet well level provided (discharge pressufoantbt monitored)
-Duration of the pump cycheas determined from the pump runtime statdigerage discharge
during the pump cycle can be estimated fromctinge in wet well volume displaced during
a pump down cycland could be applied to the pump curve as described in 2) to estimate the
discharge mssure. This method also requires monitoring the time to fill the elétwhien

the pumps are off to determine the avetiafjew rate into the wet well.

Although Method 3) could produce acceptable resultequires small time stepecorded by the

SCADA systemand could introduce too much potential error for the purposes of this fesHaecefore,

this method of data collecticaind analysisvasnot be pursued furtheand data collection efforts exe

focusedon systems where the flowrate and wet well level or discharge pressures aoeadonit

An inherent problem with utilizing SCADA data for this type of g is potential errors

associated with inaccurate data logging if the sensors are not calibratatfunction. Fieldwork was not
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performed to verify sensor measurements. Therefore, in order to meérpoiential errors associated with
SCADA sensor measurements, floavrate, discharg@ressure, and water levels used indakeulations
wereaveragd overeachpumping cycleselected

A potential issue with using pump curves to estimate discharge pressure tisetipaimps are
assumed toperae along their factoryperformanceurve. Pump performance could not be verified as part
of this researchHowever, this was discussed with utility representatives to identify paitgpdist
performance issues with the system being analyzed.

Analysis of each fomnain system includktensets of calculationsTen calculationgor each
forcemain systerwereselectedn orderto compare the results to thgstem being analyzexthdto ensure
reliable results The ten pumping cycles used in the calculations were selectatdam However, prior
to averaging the data over the pumping cgclé applying it tacalculations, the data was screened to ensure
that the measured parameters were fairjform, consistentwith other pumping cycles, and thiie
flowrate was reasonably close the design discharge of the systemncertaintyanalysis presented in
Section5.3,was conducted on the datad calculation results in order to validate the use of the data as well
as determine sensitivitp calculaion parameters.

3.5 Standardization of Calculations

Assumptions used in data collection and the hydraulic analysis include:

o Lift Station asbuilt drawings are accurate;

e Forcemain attributes obtained from record drawings are accurate

e Pipesprovide cicular cross section;

e Forcemain remains completely full;

e Forcemain provides complete cross section areadimentation, air locking, or ah

obstructions are not present;

e Valves located along the pipeline are fully open

e Pipelines are installed alomgnsant slope between grade breaks;
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e Pumps are operating along their curves with no degradation of the impeller;

o SCADA measurements are correct;

e Constant Temperature 2Q (68°F); and

e Wastewater viscosity is equivalent to clean water viscosity ofrwate

A Microsoft Excel spreadsheet was developed to standardize thesesalyd calculatiorisased
upon the methodology described in Sectidr8. All forcemainsystems analyzedere single thread
pipelines which allowed for direct computation of the absolute roughness faetb€ This researcldid
not consider systems with multiplpoump statios dischargingo a common forcemain header system
However,some systems did contain multigdge diameter segments in serieSince absolute roughness
and other pipeline properties could not be directly calculated for epehspgment irserieswithout
headloss data for each segmemhacro was deveped in Microsoft Excel usingddserto simultaneously
vary values ofks for eachpipe segment until the calculated headloss equaled the headloss measured from
the SCADA data.

Constraints established for the macro inclugezliming kin a largediameteisegment wagreater
than or equal t&swithin the smaller diameter segment. This assumption was made basedeufiudiniys
of Lambertet al.(2009)who determined the thidessof biofilms within a pipeline reduced with increased
velocity. Therefore,a thicker biofilmwould likely be associated with a largkyvaluedue to the lower
velocityof the larger diameter pipe segme8ince Slver couldgeneratenultiple solutions, the application
of the macro was performed several times with different starting valuesstwe convergence on a

consistent result fax given system
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4 \Wastewater Lift Station/ Forcemain Systems

4.1 General

Wastewater lift stédbns arepump stations designed ¢onveyraw sewagdrom alower to higher
elevation through a pipelinepmmonly referred asfarcemainor rising main Lift Stations receiveewage
from the sanitary sewer systerBewage is collected in a wet welthich provides a storage volume to
buffer against variable fluentflows. Lift station pumps are controlled based upon the wet well level and
are driven by eitheconstant speethotorsor variable frequency drives (VFD). Constant speed pumps
operate bateen the maximum and minimum water surface levels in the wet wiedireas, VFDs are
generally programmed tary the speed of the pump to match the influent flow msaghtain the desired
wet well level

Although there are several guidelinesich asthe Recommended Standards for Wastewater
Facilities (Wastewater Committee of the Great Lak&3l4) commonly referred to as “10 States
Standards”which identifies the minimum recommended velocity of a forcentiaéme is little informabn
in literature regating hydraulicdesign of forcemains. Forcemains typically convey raw sewage, grit, and
grease. These items must be considered during the design process-epdrsstig velocities should be
provided to minimize accumulation of grit. Raw wastewatebiddogically active as a consequence,
biological growth attaches to the wall of the forcemain. Oversized forcemaiin low velocities can
potentially experience operational problems such as sedimentationgedaséduildup,septic conditions,
and odors Air can accumulatat high pointalongthe pipelineand tydrogen sulfide generation can result
in corrosion of the forcemain (if air pockets are present) or downstreaenssamd structures. These items
are discussed in more detail@mapter6.

Forcemains represent approximately 7.5% of the U.S. wastewater networanrmapproximate
length of 60,000 mile§Thomson 2010)In percentage terms, gravity sewers are a much greater length.

However, avastewater foramain failure can create much greater operational and environmentalnpsoble
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thanfailure in a gravity line. It is very unusual to find dual force mains orratese routing. If a key force
main is out of commission, the entire wastewater system comes to(&lstopson 2010).

According to the Water Environment Research FoundatiWERF) Inspection Guidelinefor
WastewatefForce Mainsthe primary material for force mains in the United States isiemmaterials (cast
iron, ductile iron, and steel) at over 60% wattncretg RCP, PCCPpeing the next highest percentage at
over 15%(Thomson 2010)Figure4.1 providesa breakdown of the force mammaterial makeup from the

WERF Report.

AC, 5.1%

[/

SteeI 4.2%
RCP, 4.0

PE, 12% \

Other, 0.3%

Figure4.1 Forcemain material breakdown (Thomson 2010)

4.2 Composition of Wastewater

Composition ofwastewater refers to the actual amounts of physical, chemical, and biological
constituents present in wastewatéfastewater compaosition varies widely from community to community
anddepends on thevater quality ofthe municipal water supply, the type of residential community, the
number and type of commercial and industrial connections, and the wasteoliatetion system. Typical

values for constituents found in untreafesiv) wastewater in the United States are presentédiafe 4.1
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Table4.1: Typical Composition of Untreated Domestic Wastewater
Concentration Range (mg/l)

Constituent

Weak Medium Strong U.S. Average
Solids, total (TS) 350 720 1200
Dissolved, total (TDS) 250 500 850
Fixed 145 300 525
Volatile 105 200 325
Suspended solids (SS) 100 220 350
Fixed 20 55 75
Volatile 80 165 275
Settleable solids 5 10 20
BODs at 20 C 110 220 400 181
Total organic carbon (TOC) 80 160 290 102
Chemical oxygen demand (COD) 250 500 1000 417
Nitrogen (total as N) 20 40 85 34
Organic 8 15 35 13
Free ammonia 12 25 50 20
Nitrites 0 0 0
Nitrates 0 0 0 0.6
Phosphorus (total as P) 4 8 15 9.4
Organic 1 3 5 2.6
Inorganic 3 5 10 6.8
Chlorides 30 50 100
Sulfate 20 30 50
Alkalinity (as CaCQ) 50 100 200 211
Grease 50 100 150
Total coliform (CFU 100 mt) 10°-107 10-10° 10%-10°
Volatile organic compounds (VOCs) <100 100-400 >400

1 Adapted from Metcalf and Eddy (1991) akinow 1989

As with wastewater flowsgoncentration of the individual constituents found in wastewater will
vary depending on the time of day, day of the month, and monkie glear Kienow 1989). Variationin
biochemical oxygen demand (BOD) concentration with time must be considered whssirasg hydrogen
sulfide generation Variation of suspended solids, temperature, BOD, and dissolved oxygen (DO) are
discussedn the following chapters. Flow hydrodyna® and nutrient availability of wastewater were
beyond the scope of this research and were therefore not considered.

Literature recommenddean water viscosities for raw wastewdtgdraulic calculationsStandard
of practice is to assume wastewatescuisity is equivalent to clean water viscosity. Hager (2010), in

Wastewater Hydraulics: Theory and Practice indicates that clean water tyissoselated to the

temperature of the sewage.
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4.3 Data Collection

This section describes the data collecgd analyzedbr this researchA total of415 data points
obtained from 8 forcemain systems ranging fromt® 66 incheg76.2-to 1676.4 mmjn diameter were
evaluated as part of this resear@ata sets were named Research Data, HR Wallingford, apet€nd
Reports. The Research Data set includes operational data collected from munesplalitiift station /
forcemain systems across the United Statesprovided 270 data point$l.R. Wallingford include426
data pointpresented in Report S&41 -Flow resistance of wastewater pumping mains: improved design
through better data. Papers and Repodsidedata for 1¥orcemain systemsbtained from professional

papers and reports. Each data set is described in more detail in the fipkedions.
4.3.1 Research Data - Descriptions of Systems

The Research Datetincludes 20forcemaindocated in Colorado, California, Georgénd Idaho.
In several instancethe utility owner requested to not laentifiedas part of the researci herefore, the
state anagystemname will be used tmentify the systenand Qvners names will be excluded General
attributes ofeach systenincluding the pipeline length, diameter, material, age, and minor laesees
summarizedn Table 4.2 Pipeline pofiles for each forcemain system are presented in Appéhaix It
should benoted that Middle Trib, Mid Monument, Norris Lakes 03, and LS 15 contained up to three
pipe segments of different diameters in seri@saddition,the Mid Monumenforcemain discharges into
the Middle Trib forcemainimmediately downstream of the Middle Trib lift statiomhe Middle Trib and
Mid Monument systems are programmegrevent simultaneous operatitimerefore, they were included

in the data set
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Table4.2 Summary ofForcemain Characteristics @llectedfor this Research

(1) 2 Change . Ma_xi_mum
. Pipe Nominal Internal P&.P Calculated in % Increasein - — M|n|m_um ¥ K (Minor
. Pipe : - Station ) Length (Actual Elevation 2K/
Location  System Name . Age Diameter Diameter ) Pipe Length Loss
Material o (in) (in) Pipe Length @) - (1) Length vs along Coefficients) 100 ft
Length (f) () Station Length)  Pipeline
(ft) (ft)

Colorado Janitell PVC 13 4 4.00 783.7 783.8 0.1 0.014% 11.4 3.74 0.48
Colorado Kettle Creek DIP 27 12 12.52 5,860.4 5,872.3 11.9 0.202% 95.0 4.06 0.07
Colorado Big Valley DIP 35 4 4.10 413.5 415.9 2.4 0.573% 39.6 1.37 0.33
California  South River RCP 8 66 66.00 42,796.3 42,960.4 164.1 0.382% 66.5 8.83 0.02
California Natomas RCP 4 60 60.00 47,1147  47,166.5 51.8 0.110% 75.2 13.64 0.03
Colorado Chapel Hills PVC 32 8 8.28 5,500.0 5,508.4 8.4 0.153% 125.7 3.06 0.06
Colorado Drennan PVC 20 10 9.98 4,612.0 4,613.3 1.3 0.028% 55.0 4.40 0.10
Colorado Black Squirrel  PVC 27 8 8.28 2,185.4 2,186.6 1.2 0.055% 46.2 4.88 0.22
Colorado  Middle Trib PVC 5 12 12.08 6,128.5 6,144.7 16.2 0.263% 66.1 3.84 0.06
PVC 25 8 8.28 2,400.0 2,400.9 0.9 0.036% 64.3 1.40 0.06

Mid DIP 14 16 16.60 3,901.0 3,912.9 11.9 0.304% 49.9 6.52 0.17

Colorado Monument PVC 5 12 12.08 6,128.5 6,144.7 16.2 0.263% 66.1 3.84 0.06
PVC 25 8 8.28 2,400.0 2,400.9 0.9 0.036% 64.3 1.40 0.06

Colorado Sand Creek HDPE 11 36 31.51 19,195.2  19,225.1 30.0 0.156% 112.3 14.36 0.08
Georgia  Norris Lake DIP 2 16 16.60 17,785.0 17,807.5 225 0.126% 224.0 3.36 0.020
DIP 2 12 12.50 1,860.0 1,861.1 1.1 0.062% 51.0 1.64 0.09

Georgia Rock Quarry DIP 19 14 14.60 6,085.0 6,090.4 5.4 0.089% 172.5 2.32 0.04
Georgia Dacula DIP 22 16 16.60 7,688.0 7,692.8 4.8 0.062% 140.9 1.99 0.03
Colorado TRM RCP 17 42 42.00 6,078.3 6,087.4 9.1 0.149% 37.5 4.01 0.07
Colorado TRP RCP 7 42 42.00 7,876.4 7,887.4 11.0 0.140% 37.3 5.25 0.07
HDPE 9 16 14.01 1,105.0 1,109.4 4.4 0.400% 14.0 0.74 0.07

Idaho LS 03 HDPE 9 18 15.75 1,660.0 1,660.0 0.0 0.000% 5.5 0.04 0.00
PVC 28 12 12.08 1,659.3 1,660.2 0.9 0.052% 8.5 1.61 0.10

Idaho LS 06 PVC 15 18 17.53 12,980.1 12,988.2 8.1 0.062% 294 18.00 0.14
Idaho LS 15 DIP 15 16 16.30 6,186.5 6,186.6 0.1 0.002% 12.3 1.77 0.03
DIP 15 20 20.80 923.9 930.0 6.1 0.653% 9.6 1.76 0.19

Colorado Jimmy Camp PVC 15 12 11.20 12,229.1 12,238.1 9.1 0.074% 132.0 9.05 0.07
Average 0.16% - 6.34 0.10
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From Table 4.2 the actual pipeline lengtivas found to ben average of 0.16% longer than the

horizontal station length identified ane plan ad profile drawings. Alsocsum of minor loss coefficients

was found to range from 1.4 to 18With an average 06.34 or 0.10/100 ft. An attempt was made to
characterizeghe forcemainsbased upon the difference between the maximum and minimum elevations
along the pipkne profile and the difference between the actual pipeline and horizontal station length, but
there does not to appear to be any obvious correlafiobetter way to characterize the pipelimay be

based upon the shape of the pipeline or numbenadlations howeer,a review oftheforcemain profiles
presented in AppendiR.2 did not provide any useful correlationghese itemsverenoted in an effort to

define general pipeline attributes that could be used during the planningspobeasew pipeline.
4.3.2 HR Wallingford

A studysimilarto the current research was undertaken by HR Wallingford and detaiRegbort
SR641 Flow resistance of wastewater pumping mains: improved design throughdsgs(Lauchlan et
al. 2004) A summary of Report SR 641 was published in the Proceedings of tA& &G Management
under atechnicalpapertitled Flow Resistance of Wastewater Pumping Maynsauchlan et al(2005)
The study conducted a minimum of four field tests fof@8emainsystems owned by Thames Water and
United Utilities across the United Kingdgpnoviding 126 data points.

Researchers at HR Wallingfosiiggestedhat the pip roughness in wastewater forcemains is
influenced by the thickness of the biological slime layer that bujidan the interior of pipesvhich may
depend on the size and surface texture of pipes and on the flow velocity of the savwaltiegthrough
them. Theflow velocity was determined to be the main factor affecting ftesistance in wsiewater
forcemains with hydraulic roughness decreasing as flow velocity increédstsms analyzed iheded pipe
sizes ranging from 3 to approximately ih@hesin diameter; pipe material included cast @), ductile
iron (DI), asbestos ceme(&C), polyethylengdPE), steel, clay, and PVC; and the average velocity ranged
from approximately %4 ft/s (0.44m/s)to 7.31ft/s (2.23 m/s). A summary of general system attributes

along withthefield test method is provided ifable 4.3
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Table4.3 Summary of HR Wallingford System Information (Report SR 641)

Internal

Pipe

Average

Utility Pumping main MZtlgreiaI Diameter length lzlllc;\;v Velocity > K M-:;f;(t) d
(m) (m) (m/s)
United Utilities  Hebden Green Cl 0.1605 382 249 1.23 6.69 UM
United Utilities  Heskin Lane Cl 0.1602 215 47.4 2.23 4.14 UM
United Utilities  Highway Lane Cl 0.1124 620 15.2 1.05 4.99 UM
United Utilities  The Dell Cl 0.0808 233 8.3 0.91 5.97 UM
United Utilities  Church St DIP 0.2054 620 429 1.15 10.85 UM
United Utilities  Lea Gate (old main) DIP 0.9626 3600 738 1.00 UuU
Thames Water  Dene Hollow AC 0.1319 2800 7.3 0.48 7.25 MT
Thames Water  Bishopstone Cl 0.1312 1286 11.7 0.79 6.39 M
Thames Water  Stadhampton Cl 0.102 780 6.1 0.74 5.1 M
4.85 M/
Thames Water  Bradfield Farm DIP 0.1574 980 224 0.92 MT
Thames Water Cheddington south end  DIP 0.1448 1700 33.7 1.67 8.45 MT
Thames Water Lea Gate (new main) DIP 1.0106 3600 738 0.88 14.47 MR
Thames Water  Rissington DIP 0.2472 570 51 0.93 9.8 TW
Thames Water  Freckleton HDPE 0.5818 2450 320 0.91 14.27 MR
Thames Water  Nether Winchendon HDPE 0.101 904 8.9 1.14 8.25 M
Thames Water  Fairmile Steel 0.1518 788 22 1.1 4.3 M
Thames Water  Whitchurch Hill Steel 0.1071 1440 6.2 0.64 9.8 M
Thames Water  Bibury UPVC 0.1276 1100 121 0.88 9 MT
Thames Water  Garsington UPVC 0.1032 950 6.8 0.82 4.1 M
Thames Water  Great Coxwell UPVC 0.1276 1445 15.6 1.05 3.15 MT

* Cl — Cast Iron; DIR Ductile Iron Pipe; AG- Ashestos Cement; HDPEHigh Density Polyethylene; Steel; UP\VAC
Polyvinyl Chloride

Descriptiors of the Test Methodology obtained from SR @4dprovided below:

M —Thepressure head and the inflow and outflow rates were measured contindnirstythe test.

MT —The pressure head was measured continuously. The inflow and outiewveae calculated from the
timing the rate of rise and fall of the wet well during tést.

MR - The pressure head was measured continuously. The flowrate was maoatiredreatment works or
pumping station and an average flowrate for the test was estimated.

TW —Test data for pump down test provided by Thames Water. The inflow Hiwhotates were calculated
from timing the rate of rise and fall of the wet well during the test. Static heals ieere estimated from
the levels of the pumping station and the outflow location. The averagermuhgzd measured on site was
used.

UM - Test data for pump down test provided by United Ultilities. The inflow atftbeurates were calculated
from timing the rate of rise and fall of the wet well during the test. Static heal} ieere estimated from
the levels of the pumping station ané thutflow location. The average pumping head measured on site was

used.
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UU- Hydraulic roughness data was provided by United Utilities. Not enoughriafmm was provided to
enable recalculation of the hydraulic roughness value. The data was ndédridlthe analysis.

Fielddataand resulting calculatiorier all systems including the length of the pipeline, temperature
of water,total K-Factorstotal systenheadloss, and calculated friction factegre obtained fronReport
SR 641. Belineprofiles were notncluded as part of the studyheyear the project wasonstructedvas
providedfor a small number of the pipelines included in the data set. Report SR 641 aldedndhta
from previous papers; these data aresnotmarizedn Table4.3but aredescribed irChapters Hydraulic
Analysis and Resultslt should be noted th&eport SR 641 indicated thiatvas not possible to measure
the forcemainength at several of the sites and that forcemain lsngtheestimated based upon available

records. The effect gfipelengthwas evaluated as part of thecertaintyanalysis(Section5.3.2).
4.3.3 Papers and Reports

A literature review was performed to identify professional papers @odtseproviding forcemain
operatiomal datathat could be included as part of the current researtie. literature review identified a
paper titled C-Factor Testing as a Condition Assessment Tool for Wastewater Force”Mains
Johannessen et 2014) and &ft station evaluationeport foran tnnamedutility in Colorado.

Johannessen et §2014)reported hydraulic testingsults forl4 forcemains.Neither the location
nor utility owner of the forcemains were identified in the papelowever, sfficient information was
provided in the paper fwerformthehydraulic analyss as part dhecurrent research. Two of the forcemain
resultswerenotincluded in the analysis because 1) neither fédanor velocity of the test areincluded
and 3 the ppelineutilized different diameterm series andthe paper didhot identify the length of each
pipe segment. Sumery data from the papgexcluding the pipelines that could not be analyzed
provided inTable4.4. Johannessen et al. (2014) reported the flowrate and velocity of each, sylsieim
was used to back calculate the interior diameter. The resulting intdidoneters are an average 286
smaller than the ones listed in literatutds is more than likely due to rounding of the flow and velocity

values presented in the paper.
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Table4.4: Johannessen et §2014)DataSummary

. . Nominal Interior Pipe Length Flowrate Velocity V
PipeMaterial Diameter (in) Diameter (in)} P (ft) ’ (mgd) (ft/s)y C factor
DIP 24 24.17 14,610 3.5 1.7 77.0
ACP 4 4.5 1,370 0.1 1.4 57.0
ACP/DIP 16 15.88 11,250 1.6 1.8 79.0
CcCcP 30 29.52 9,400 4.3 1.4 82.0
CIP 18 17.48 450 1.4 1.3 74.0
DIP 8 8.17 8,300 1.2 5.1 119.0
DIP 20 19.82 1,930 3.6 2.6 108.0
DIP 20 20.13 8,360 3.0 2.1 101.0
DIP 24 23.82 8,070 4.0 2 96.0
DIP 24 24.22 7,240 6.0 2.9 82.0
DIP 6 6.28 640 0.5 3.6 119.0
PVC 12 12.10 3,280 1.6 3.1 95.0
PVC 18 18.00 4,630 2.4 2.1 87.0
RCP 48 47.91 2,150 25.9 3.2 104.0

! Calculated from reported flowrate and velocity

Data obtained fromlift station evaluation report for an unnamed utilgysummarized iTable 4.5.

Table4.5: Lift Station Report- System AttributeSummary(Unnamed Utility

System . . Nominal Interior Pipe Length .
Nyame PipeMaterial Age (yr) Diameter (in) Diameter (in) P (ft) ’ Velocity (ft/s)
LS 4 CIP 18 4 4.30 507 2.1
LS9 DIP 20 10 10.9 3,760 3.0
LS 16 DIP 24 6 6.30 4,725 1.9
LS 12 DIP 26 4 4.20 620 3.1
LS 15 DIP 31 4 4.20 818 2.4

4.4 Lift Station / Forcemain System Operation

Lift station pumping cycls vary depending on influent flowrateyet well storagesolume and
capacity of the pumpsSCADA dataobtained for each systewasusedto determine thaverageduration
the pumyfs) operated during a pump cycadtime pumps were off prior tthe start of the next pump
cycle. This analysis was performed to characterize the pump (syche summaryof the type of pump
drive; duration of data analyzed; average pump runtime; avéraggump is off between pump cysle
total number of pumping cycles; SCADne interval reading; average station discharge pressure; and
minimum and maximum wet well lexehreprovided inTable 4.6. Average pump runtime was found to

vary between 1 and 16 minutes with pumemainng idle between 2 and 70 minutes between pump cycles.
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Table4.6: Systemand Operational Summary

Duration of SCADA Average Minimum /  Approximate Average  Average Time
System Name Pump Drive Data Time Int_erval _Station Maximum Active Wet Pump Between Pump
Type Analyzed Reading Discharge Wet Well  Well Volumé Runtime Cycles, Pumps
(Days) (Seconds) Pressure (psi) Level (ft) (ft3) (min) off (min)
Black Squirrel Constant 153.3 30 48.5 3.2/55 145.3 2.3 16.9
Drennan Constant 168.3 30 41.8 2.0/35 113.5 1.4 70.4
Janitell Constant 168.3 30 17.8 2.0/3.0 46.0 16.9 55.2
Kettle Creek Constant 168.3 30 44.6 4.0/5.5 213.0 4.7 5.2
Mid Monument! Constant 183.0 30 65.2 3.3/5.7 309.0 2.2 21.7
Chapel Hills Constant 168.3 30 61.5 25/45 176.0 3.0 65.8
Big Valley Constant 153.3 30 22.2 2.0/3.0 66.5 2.1 23.9
Middle Trib? Constant 183.0 30 70.4 2.6/5.7 319.3 3.2 8.5
Sand Creek?® VED 546.0 300 66.2
Natomag’ 2 VED 2735.8 1,800 10.8
South River? VED 14711 1,800 17.6
TRM 23 VED 365.0 300 14.8
TRP23 VED 365.0 300 14.8
Norris Lake? Constant 1.0 15 115.6 9.0 27.9
Dacula Constant 1.0 15 84.0 2.0/35 185.0 4.1 12.0
Rock Quarry Constant 1.0 15 85.6 1.3/3.0 185.0 6.0 62.6
LS 03 Constant 118.4 60 52.5 5.0/55 39.3 1.1 2.5
LS 06 Constant 118.4 60 43.9 1.0/3.0 570.0 5.7 4.4
LS 15 Constant 118.4 60 31.0 3.0/4.0 100.5 4.4 2.3
Jimmy Camp Constant 47.0 10 88.7 3.5/5.8 300.0 1.8 11.7

1 ECO2 Chemical Feed SystefiDischarge pressure measured in SCADA systavet welllevel not provided for analysjg Active volume between

Min/Max levels
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5 Hydraulic Analysis and Results

5.1 Hydraulic Analysis Methodology

5.1.1 Research Data

Hydraulicanalygsof the Research Datetwere performed using the SCAD@perationalData
and §stemCharacteristics (Tablé.2). Due the volume of data collected as part of the Researchs®ata
analysis was limited to ten sets of cdétions for each faemain system to ensurm@nsistentresults.
Depending on the data providéat each systemeither Method 1 or 2 (Sectior3.4) were utilized to
perform the hydraulic analystf the pumping cyclePump cycles were selected at random; the data was
screened to ensure that the measurements were fairly consistetegwemping cycle.

In order to minimize potential errors associated with inaccurate SCADgoiseneasurements,
flowrate, discharge pressuamdor water levels used in the analysiere averaged over each pumping
cycleand applied to the hydraulic calctidtans. Velocity was calculated using the average flow oater
the pumping cycland internal diameter of the forcemain. The velocity was used to celtiaheadloss
associated witiminor losses. Equation 4.1 was used to calculate the total heddtdss headloss was
determined by subtracting the minor losses from the total headlbiss. following parameters were
calculated fromhe friction headloss

o DarcyWeisbach friction factoEquation 3.2;

e Absolute roughness from Equati8r;

o HazenWilliams Cfactorfrom Equation 3.3;

e Shear stresstf) from Equation 3.6; and

e Friction velocity - ) from Equation 37.
Wastewater temperatw&verenotmeasured or recordéy theowners and therefore wassumed

to be20°C (68.0 °F) for all systems. The effect of temperatorethe hydraulic calculations evaluated
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in Section 5.3.1 Hydraulic calculation result®r the Research Datet brcemain gstemsarepresented

in Appendix D.1.
5.1.2 HR Wallingford Data

General information fothe systems analyzed as part of the HR WallingfB&port SR 641
(Lauchlanet al. D14)are summarized ifiable4.3. Report SR 64identified thewater temperatursum
of theK-Factors, total system headloss, calculated friction faatmlks. However, the shear stress, friction
velocity, and C factor were not evaluated as part of the stlilgse parameters were calculatsthg the
methodology identified above and Section 3.3.

ReportSR 641 also included data from previous papers; thesevdataot includedin Table4.3
but wereincludedas part of thdwydraulic analysisDataassociatedvith the previous papers include the
velocity, diameter, andsk Reynolds Number and friction factor were determirssiianing a temperature
of 20°C (68.0 °F) Friction factos wereconverted to a @actor, andshear stress and shear velocity were
determinedfrom theresults. Data from previous papers referendadSR 641 were denoted as “HR
Wallingford — Previous Studis” in chartscomparing the resultsResults of the calculationgerformed

usingthe HR Wallingford data are presentedAppendix D.3
5.1.3 Papers and Reports

5.1.3.1 Johannessen et al. (2014)

Johannessen et §2014) included th€ factor, flowrateyelocity, pipelength, nominal diameter
and materia(Table4.4). Interior diameter was determineding the flow rate and velocity and verified
against manufacturers engineering data for each rpgerial In some cases thealculatedinterior
diameter was different than published manufacturer informdiikey due to rounding of the actual values
reported in the paperC factor was convertetb a Darcy friction factor usingequation 2.12and k was
calculatedrom Equation3.5. The variancén interior diameter did not significantdffectthe calculatedks
values.Shear stress and shear velocity were adet@edfrom Equations & and 3.7respectively. Analysis

results are summarized in Appen@d.
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5.1.3.2 Unnamed Utility Lift Station Report

Theunnamed lift station evaluatioeport compared thactualpump performance to the factory
pumpperformanceurves. ThéJnnamed Utility Lift StatiorReportidentifiedthe forcemain attributes for
each lift station system and concluded thatajorityof the pumps were operating along or very close to
the pumpfactoryperformanceurves. Utilizing the results from the puimpgrformanceestingalong with
the pipeline attributeshydraulic parameterarere calculated based upon the methodology provided in

Section3.3 Results of the analysis asemmarized in Appendi®.4.
5.2 Hydraulic Analysis Results

Theresults of the hydraulic analyses were used to identify, screeeyvahdte trends associated

with friction factor, k, C factor, pipe age, Bratland Unifoity Factor, and shear stress.

5.2.1 Hydraulic Roughness Parameters

5.2.1.1 Friction Factor and Absolute Roughness (ks)

Reynolds Number and corresponding friction facalculatedirom the Researcbataset were
plotted ona Moody Diagramas shown inFigure 5.1 The Hydraulically smooth curve is defined by
Equation 2.3and he dashed line represents the boundary between the transition zone and rolgyft turbu
flow, with rough turbulent flovoccurrngabove the boundary line. Moody proposed thiatboundarybe
approximately 1% above friction factor for infinite ReynaddNumber defined by R=1600/(kJ/d)
(McGovern 2011) This relationshi@long withthe ColebrookWhite equationwas used to determine the
friction factor corresponding to this boundaryResilts show amajority of the data points above the

boundaryline in the fully rough turbulent flovzone.
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Reynolds Number, R,

Research Data

Hydraulically Smooth

: 3
-
ViGN

L]
“ 0.1 B |n Y L]
'6 . S~ = 8| \ - i)
S T -_'h ot
E =] a T ~a =% [ h. g
g \ |grr~ .: ‘.‘-L:.
= \ el T TTHEL
2 001 — —r Ll
[ ——

0.001
1.E+03 1.E+04 1.E+05 1.E+06 1.E+07 1.E+08

= = = = Rough Turbulent Flow Boundary

1.E+09

Figure5.1 Frictionfactor for Research Data

As shown inFigure 5.2, results werescreenecby forcemain system to evaluate the change in

friction factor foreachsystem since the diameter is constant for each sys$tgation factors show a trend

of decreasind with increased Rand are generally grouped together with the exception of Janitell and Big

Valley, whichareplotted to the left of the magroup. Resuts show thatorcemaingonveying wastewater

do not follow the traditional Moody diagram plot fystems wittsimilar relative roughness k).
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Friction factos (f) calculatedfor the entire data set are presenteddsgemainsystem inFigure
5.3 Although theesultsfollow a similar trendshowingf decreasing with increased, Bhe data is primarily
clustered into two groups with & Ralue of approximately 1.5E05 as a divisiondirSteepslopes are

associated with the resulidth several data points approaching the smooth line cuAledata were

screened againdtameter and materiaks shownn Figure5.4 andrigure5.5, respectively.
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From Figures.4 and 5.5neither the diameter nor the pipe material appear to influecten
factor. Theleft data clusteshown in Figure 5.4s composed primarily 4 and 5.i(101.6 and 127 mm)
diameter pipewith 6 in. (152.4 mm)diameterappearing in both clusteranddiameterdarge than 6in.
(152.4 mmwithin the right dataluster

From the ColebrookVhite equationyariables infleéncing fiction factorare k, D, and R. Since
Re is a unction of (V, D,v), whereD is constan{for each systemjandthe kinematic viscosityv) was
assumedd be constant for each systetimen fiction factorbecomes function of kandvelocity. Since
the diameter is constanie sharp reductioin f with increasing Rindicates a strong influence on velocity.
To evaluatehis observation, absolute roughnélsg was plotted againghe correspondingelocity (by
forcemain systemasshown inFigure5.6. Theresults show thatskdecreases as flow velocity increases
for wastewater forcemainhich does not agree withikuradse’sfindings that kis fairly uniform (clean
water). Thee resuk suggesthatfriction factor and kare significantly affected byastewater biofilms

and that kis a function of velocity
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Figure5.7 providesa plot of k versus velocityfor all data. The same trend of decreasingwiith
increaing velocity is observechowever, the additional data sources add a considerable amount of scatter.
There appears to be a trend limith additional potentialrend linesto the right and left of the core trend

line. It is also noted thad majority of lift station forcemain systems evaluated for this reseaneh

operating at velocities less than 1 m/s (3.3 ft/s), below the minimum neeoded scour velocity.
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The entire data set was used to quantify the effect of diameter and matekal &igure 5.8
presentshe results screened against pipe dianatdFigure5.9 presents theesults screened agaimpspe
material along with typical values offor clean water in new pipeResults do noindicateany observable
trends associated with pipe diameter or material. A majority of the skedaiated with PVC pipe closely
follows the core trend line; however, datadtnerpipe materials are plotted on either side of the trend line.

As shown inFigure5.9, anumber ofdata points are approaching the typicaldtue for clean water
and new pipencluding a fewks data points plotted belothe typicalclean water, new piple value. A
majority ofthe datgpointsapproaching the new pipge values and a large portiari the dateplottedfar
left of the core trend linevere obtained from Report SR 643pecific information on these systemesre
not available. Possible explanations fdhe variance in resultsould bethat 1) the composition of
wastewater in the UK is different than that of the United State¥h@3e forcemain systenesuld be
combined wastewateand stormwater systemsr diave a large volume of clean water reporting to the
system, 35ource water chemistry may havsignificanteffect on k, 4) Sedimentation may be occurring
in lower velocity forcemains, or 5) air locking could be occurrinthiwithe system The potential for

sedimentation oair lockingis presenteth Sections 6.1.1 and 6.1.2.
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Figure5.9 ksversus velocity for All Data (by Pipe Material)

5.2.1.2 C-Factor

As described in Sectidh4,utilization ofthe HazeANilliams equation assumesanstant Cdctor
for the calculation of headloss. Larg€rfactosrepresent a smoother pipe wall (higher carrying capacity)
andsmallerC factors describe a hydraulically rougher pipe. From a purely theoretindpsint C factor
should vary with thélow velocity under turbulent conditions. Equation 2.11 can be used to adjust the C
factor for different velocities; however, Walski determined that thectebf this correctioris usually
minimal with a twefold velocity increase correlating to an apg# 5% decrease in the roughness factor.
This is usually within the error for the roughness estiméiterefore, the Gactor is usually held as a
constant for systems with constant pipe diameter and maiétaski 1984).

Field data has shown thatf@ctors are not constant with changes in diameter for similar materials.
Walski provides typical valuesf C factoss for different pipe material and diameténs/NVater Distribution
Modelling (Walski 2001) A summary of the Gactors relevant to the current researchpaoidedin

Tableb.1.
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Table5.1 Typical GFactors for New Pipe Carrying Clean Waéralski 2001)
C-Factors for Pipe Diameter

Type of Pipe 3in. 6in. 12in 24in. 48in.
Cement Mortar Lineé-
CL. DIP, Steel 137 142 145 148 148
Asbestos Cement 147 149 150 152 152
HDPE, PVC 147 149 150 152 153
RCP 145 147 150 150

C factors calculated from the Research [Bstwere plottechgainstvelocityto determine if trends
similar to thefriction factorand k resultsfrom the previous sectiooould be identified.Figure5.10and
Figure5.11 provide the calculation results of f&ctoragainstvelocity for the Research Dagetand the
entire dataset respectively. Velocity ifit/s was selected sincealdenWilliams is appliedpredominately

in the United Statessing U.S. Customary Units.
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Figure5.1Q C factor versu¥elocity for Research Data (by Forcemain)
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Although the resultpresentedn Figures5.10 and 5.1khow significant scattedear evidence
exists that the Cactoris a function of velocityvith the C fictor increasing with increased velocity.cére
trend line similar to thesdindings does existvith a general rise in @actor between velocities ranging
between 2.5 ft/s and 4.5 fi{{8.8 m/s and 1.4 m/sJhe slope of the line above 4tfs (1.4 m/s)appears to
stabilize possiblyindicating apotential tendenctowards its clean water factor. If this is the case, then
thebiofilm layermay be shearing from the pipe wadisulting inincreased hydraulic efficiencylhe chart
also slowstwo distinct trend lines locatdabthto the left and right of the core trend line. Several factors
could influence theeresults includingpipe material, diametesedimentationair buildup in the pipeline,
or even therofile of the pipeline.

C factor results were screened against pipe materiadianteter. Figure5.12presentsheresults
screened against pipe diametEigure5.13 showshe results screened against pipe material along with the
average clean waterf@ctor for the pipe materials related to this reseafsterage (Factors were obtained
from Table2.6 andwereshown todetermine fi the calculatedC factors were trending towards the clean

water Cfactor at higher velocities.
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Results show that factor is nosignificantly affeced by diameter The resultsuggesta dominate
trendline associated witRVC pipe however, ther pipe materials are located on both siofethis trend

line. These results seem to indicate that neither diameter nor material affed¢atiter@nd that velocity

Figure5.13 C factor versus Velocity for All Data (by Material)

is the dominant factor for determining &cfor.

In practiceC factors less than 80 are considered to be unrefiabdéean water sgems however,

the Cfactors presented thefiguresabove were determined from operational data and published research.
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Resultsshow that approximately 60% forcemain systesevaluatecare operating at @actors less than
100. If the original design assumed higher C factors, tiepumps ardikely operatingto the left of the
design point whiclhequires a longer pump runtime and incregeaglerutilizationduring a pumpingycle.
These itemsireevaluated in more detail Bection6.2

Since the radts presented above indicate &tor isprimarily a function ofvelocity, and that
material nor diameteappear taffect the Cfactor, the calculated factor results for LS 03 are presented
in Figure5.14 LS 03was selected because the system utilizes three different pipe interior digfivters
in., 15.75in. and 12.08n.) and materials (HDPE and PVC) in serié&sultswere determined using the

Macro described in Section 3.5 and show a direct relationship between velddiyfastor
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Figure5.14 C factor versus Velocity for LS 03 (by Pipe Interior Diameter)

5.2.2 Effect of Pipe A ge

Results were screened against pipe taggetermine ifpipe ageinfluences kand C &ctor Pipe
age was only available for the Research BataFigure5.15presentks versus velocity anéigure5.16
shows Cfactor versus velocity, both screened against pipe Bigem the figures, pipe age does not appear

to influence the roughness parametemyficming that velocity isthe dominant faor for wastewater

forcemains.
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5.2.3 Effect of Biofilms on Pipeline Hydraulics

has been proven to be inadequate in evaluating the frictional resistabimdouled pipelines (Schultz
2000; Schultz and Swain 1999; Barton 2006; Lambert et al. 2009; Cowle 2015). However, uader cer

situatiors this is proven not to be the case, namely at the polar extrentes Mbody diagram (i.e. very

The traditional approach of adopting thel€brookWhite equation to simulate pipeline hydraulics
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low and very high flow), where traditional approaches are valid irrespedtihe presence of a biofilm
(Picologlou et al. 1980; Lambert et al. 2009; Cof045).Lambert et al. (2009) documented that a 25 mm
(1 in.) diameter biofouled pipe followed a smooth pipe law frictional relatipretR. < 5x1C. This is
attributable to the larger boundary layer associated with such conditidtistes the onset of/draulically
smooth flow. Similarlyat the other extreme, high detachment inducing shear forces are likelyttin&gmi
extent of biofilm growth. Such situations are generally uncommon withinfioresimaingdCowle 2015)

Therefore, traditional practicean lead to undeor over estimated pipeline flow capacities, which
result in unforeseen efficiency issues. For example, if the flow capacity pélnpiis underestimated (i.e.
undersized), it may fail to achieve the design velocity required foickeslhsing and as a result, the
likelihood of future fouling and fouling issues will increase. Furtheandra pipeline is oversized (i.e.
overestimated) it could add unnecessarily to the cost of tjecprboth financially and environmentally
(i.e. in terms of the projects carbon footprint) (Cowle et al. 2012).

Velocity profiles in biofouled pipelines were first investigated by barh(2009using raw water
and also by Cowle (2015bsing a synthetic wastewatdrambert plotted the theoretical velocity profile by

using the Nikuradse (1933) formula for artificialigh pipepresentedn Equation 5.1.

u

1
Z=El”kls+3 (5.1)

Where u is the velocity at distance y from the walljs the friction or sheavelocity (Equation
3.7); ks is absolute roughness; and B is the Nikuradse roughness function (gets@tyas 8.48 for
conwentional surfaces). heoretical velocity profiles along with Lamber{(2009) biofouled pipe data are

shown inFigure5.17.
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Figure5.17 Expected Velocity Profilessk= 1.725 mm (Lambert et al. 2009)

Lambert et al. (2009 eterminedhat the von Karman constant of biofouled surfaces was non

universal and lower than the conventional valftie = 0.40. FromFigure5.17, the theoretical velocities

near the center of the pipe were too low and too high near the pipe wallseitg&009) utilized linear

regression to determine the k and B values to match the measured data and are presented inS.2ble

Table5.2 Values of « and B for observed velocity profiles (Lambert et al. 2009)

Velocity Profile (m/s) K B
1.15 0.3569 12.25
0.89 0.3106 8.85
0.22 0.2821 9.6

Results show thathe von Karmanconstant is significantly lower in the biofoul@ipe than the

0.40 generally accepted for pipe# addition, he results also show that both x and B decrease with

increasingvelocity. This suggests that tequationsusedto calculate and predict headloss in pipes such

as the ColebrocekVhite, whichassume k = 0.40, are not valid for biofouled pipes (Lambert et al. 2009).

Figure 5.18shows that the velocity profiles using the above variableegaidi k and B closely match the

measured data.
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Figure5.18 Observed and theoretical velocity profiles using k, B found by linear regression (Lambert et

al. 2009)

Cowle assumethe typial von Karman constant was 0.42¢st literature identifies this value as

0.40. Lambert et al(2009) expressed the naniversalk as a function oR. and was confirmed by Cowle

(2015)using a synthetic wastewater. Both relationships are predariEgdations 5.2 and 5.3, akijure

5.19:

k=1.00x10°R.+0.26  (Lambert)

k=9.443x10'R.+0.302 (Cowle)

(5.2)

(5.3)

e=042=0.01
050 4 —~ - — Lambert et al. (2009}

e

_'E,I_;_'_'_-;—-- =

x = 9E-0TRe,, + 0,302
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Figure5.19 Influence of Ron « for the combined data from Re = 5.98x10 to 1.00x16 (Cowle 2015)

76



Cowle (2015) determined thatdisovaried linearly with Ras shown in Equation 5.4.
B =-1.964 x 107°R, + 6.001 (5.9
The lebrookWhite equation was derived from a logarithmic velocity distribution (Matthew
1990; Lambert et al. 2009; Cowle 2015) based upon the univer$ak von Karman constant is integrated
in to the logarithmic multiplier, which is traditionally given as eith@88 or 2.00 determining the
logarithmic form of the equation (Cowle 201%8)singthe ColebrookVhite equation (Equation 2.5along
with the experimental observations, Lambert et al. (2688rminedhat Equatior?.5aoverestimated the
value ofks when applied to biofouled pipes. To correct this error Lambert (20@9¢althe dimensionless
constant multiplier fob from 3.70 to 0.85Themaodified ColebrookWhite equation proposed by Lambert
et al. (2009])s presenteésEquation 5.5.
7= — g (s + 252 (5.5)
Lambert (2009) applied the modifi€blebrook¥hite equation curves to thebserved data from
boththe River Murray and Myponga system&luated by Lambert. Both systems included 50 mm (1 in.)
and 25 mm (2 in.giametempipeswith biofilms grown at 0.3 m/for 600 hours Biofilms on oth pipedor
each systenwere grown at the same velocity and should be expected to produce a similar trend in x
(Lambert et al 2009) Results are presented in Figsie20 and 5.2nd showthe modified Colebrook
White curveis in good agreement with the rising limb of the friction factata until the critical shear is
reached. Lambert et al. (2009) indicated that the limited evidencehe modified ColebrookVhite
equationmay be a start at understanding how biofilms gramder the same velocity behave when the
flow conditions are varied. More reseasglil be required to measure velocity profiles in biofouled pipes
with various sourcevaters, diameters, and velocities, toegi@ine if a common trend in k holds between

them.
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Figure5.21 Modified Colebrookwhite curves with observed Myponga data (Lambert et al. 2009)
Cowle (2015)yerfornmeda similar experiment incubating a synthetic wastewat#in in a 0.D
m (4 in.) diameterHDPE pipe for approximately 450 hours at Reynolsmbers of 5.98x10(V=0.58
m/s), 7.82x10 (V=0.76 m/s), and 1.00x2QqV=0.96 m/s) Figures5.22 and 5.23how the modified

ColebrookWhite curves along with the observed data for Reyndldmber test cases of 5.98% and

1.00x10; wherel = friction factor,f.
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Figure5.23 Modified ColebrookwWhite curves with observed ddta the biofilm incubatedt Re =
1.00x1G (Cowle 2015)

Figures5.22 and 5.23howthat themodified ColebrookWhite curveis in good agreement with
the rising limb of the friction factor data until critical sheaadhieved Cowle (2015) determined that the
friction datais independent from the meamlocity dataand supporta noruniversalx, and in particular,
the datasin agreement of the values ofletermined froniR. using Equatiors.3.

The observed drop friction factoris due to the biofilm shearg from the pipe wall at these higher

velocities. Only the biofilms grown at 0.3 ni/k ft/s) were sheared off at the range of velocities tested
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suggesting these biofilms had lower strength than those grown at highétieglédthough the biofilms
sheared off at different velocities in the two 0.3 i@d/dt/s) growth velocity pipes, the pipe wall shear
stresses athich this occurred were calculated to be nearly identical, at 3.8 (Nambert et al. 2009).

It should be noted that Lambert et al. (2009) and Cowle (2xK8)ssed a relatively small range of
environmental and hydrodynamic conditionsluding 25mm, 50 mm, and 100 mm diameter pipes; with
biofilms incubated avelocities of 0.22 m/s, 0.89 m/s, and 1.15 m/s (Lambieal. 2009) and 0.58 m/s,
0.76 m/s, and 0.96 m(€owle2019. Since the roughness characteristics of biofilms are highly dependent
upon the hydrodynamizonditions they are subjected to, further experimentation is required tonc i
validity or obtain a refined equation for use under a range of envinoiainconditions and flow regimes
(Lambert et al. 2009) Results alseshow that th@ipelinevelocity during incubation has tlgeeateseffect
on friction factor As expected, the critical shear is different for each system and is depentenpipe
velocity during incubation. The results presented by Lambert and Cowle Indicate that biofouling affects
the structure of turbulent flow in similar ways despite utilizing défe types of water.

Equation 5.3along with Equation 5.5Modified Colebrookwhite equation)were applied to the
Research dattto identify datasubjected to loweReynolds Numbers and to quantify the changesin k
usingthe ModifiedColebrookWhite equation. Considering thatvaries with R, the calulatedvalues for
ks were plotted against velocigtong with data points found to have valueg &f0.4 Figure5.24presents
the resultscreenedby systemwith data pointsassociated withk < 0.4 identified with a circle around the
data point. Figure 5.25 sivs the results foks versus velocity by data souraadFigure 5.26rovides the

results screened by diameter
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As shown inFigure5.25, amajority of the datgoints wherex <0.4arepart of theHR Wallingford
dataset As expected, data points corresponding £®.4 were found fodiameters lesghan 8in. (203.2
mm) (Figure5.26 since smaller diameters tend to promote lowgrvialues forks calculated from the
ColebrookWhite eguationalong with thecorresponding dcalculatedrom the modifiedColebrookWhite
Equation argresented ifrigure5.27. The change inskesulting from the two equationsssownin Figure
5.28 thedata for Hebdn GreenandLS 15 arenot showrbecausehe modified kvalue for these systems

decreased more thd® mm andhe chart was truncatédr clarity of the remaining results
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Figure5.28 Differencein ks from ColebrookWhite Equation compared to ModifiedolebrookWhite
(by System)

In principle,Equation 5.3s recommended for use in simulating pipelines at the mseqdilibrium
biofouling stage. However, the equation assumesgkiligt constantalue. Section5.2.1.1demonstrated
that k appears to bafunction of velocity for wastewatéorcemains

From Equatiorb.3, the Reynold&lumber corresponding t6=0.4 is approximately 1.04x10~rom

the results presenteabove it is assumedhat thefriction factorcen be calculated fromthe standard
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ColebrookWhite equatiorwhen R > 1.04x10°. Therefore, &Reynolds Numbeof 1.04x10was used to
determine thdorcemainvelocity where the standard form of the Colebrewkite equation could be
appliedconsidering that the minimum recommended forcemain diameteinis#01.6 mm). Standard
wastewatewas assumed to be approximatedyF (21.1°C)therefore, the velocity was computed for water
temperatures 65°@8.3°C) 70°F(21.1°C)and 75°H23.9°C)to evaluate the variance in velocitreguired

to maintainthe equivalent R Results are presented ifrigure 5.29 and show thata velocity of
approximately 3.2 ft/s is required for a¥ (101.6 mm)diameter pipgthe velocity decreassharply until

a diameter ohipproximately 20 in(508 mm) As onewould expectjarge velocites arerequired for a
smaller diameterto maintain the equivalent Reynoltlsimber because the hydraulic radius is smaller.

The effect of 5 °Fprovidesapproximately &7% change imequiredvelocity to maintain the threshold.R

R. = 1.04X10°
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Figure5.29 Velocity at R 1.04x16 (65 °F, 70 °F and 75 °F)

Although the findings from Lambert (2009) and Cowle (2045w that x is not constant for
biofouled pipeswhen Re < 1.04x10 are significant,the minimum recommended forcemain velocity is
generally taken as 3 ft(6.9 m/s)to prevent sedimentationTherefore, forcemainsif. (152.4 mm)and
greater in diameter shoulgenerallyoperateabove the threshold.R From Figure 5.29, the threshold
velocity for a4 in. (101.6 mm)diameter foremainis approximately 3to 3.5 ft/s(0.91-to 1.1 m/s) The

velocity in a4 in. (101.6 mm)diameterforcemain shouldhereforebe greater thaB.5 ft/s (1.1 m/s}o
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ensure that it is operating above the threshldIR generala properly design forcemain should utilize
velocities greatethan 3-3.5 ft/s(0.91 —1.1 m/s) thereforethestandard ColebrooWhite equation should
be used to calculateidtion factor

5.2.4 Bratland — Uniformity Factor

As described in Sectiah 9, Bratland (2009) suggested utilizing a dimensionless surface structure

uniformity factor (is) to define how surface imperfections show similarity with each otherrimstof shape

and size. The more uniform the surface, the more abrupt the transition bemeaih and rough flow
becomes (Bratland 2009). Bratland suggested Equation 2.16 titateficas a better representation of the
pipe surface roughness (using b&ttand us). Using Equation 2.1@&nd k from the MlebrookWhite
equation, ie uniformity coefficien{us) was calculated for all data using a solver macro in MS ExXided
modified ColebrooR#/hite equationdeveloped by Lambevtasused forks when R < 1.04x10. Results
wereplottedagainstRe, velocity, ks, U*, and 1, to evaluatepotential trends associated with As shown in
Figures5.30 to 5.34no observable trends wedentified from either the Ror Velocity. Thesefigures

also indicate data points whatevas found to be less than 0.40.
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It was anticipated thatwualues closer to 1 would be associated with larger diamétevgever no

86

correlatiors wereobservedased upomwither diameter or materiallhe results of gplotted against kby
data sourcare shown inFigure 5.33. From Figure 5.33, two trends lines were observedne for us
approximately equal tth and the other with a downward slopith increasingks. A majority of the data
scatter is associated with the HR Walliogf Dataandks values foravon Karmarconstant less than 0.40.

In some casegs determined from the modified Colebro@kaite equatiorshifted the data pointswards




the trendlings), but a majority of the dat@mainedutside the trendline. Although not included as part of
this research, suversus K resultswere screened against both diameter and matelat,observable

correlations could not be identified.

100 1000

k, (mm)

* Research Data ® HR Wallingford a HR Wallingford - Previous Studies x Reports and Papers O k<0.4 A k<0.40 (Modified ks)

Figure5.33 usversus k(by Data Source)

Considering that a majority of ttaatascatter provided ifrigure 5.33 resulted from kvalues
corresponding tax<0.40 and the fact that the results ferviried between th€olebrookWhite and
modified ColebrookWhite equations, the entire data set excluding data points associatad@dhwere
plotted as shown ifigure5.34 Removing the data associated withver R. andk<0.4 does provide a
well-defined trendline; however, no useful correlations can be developed to deteybased upondor
use in determining friction factoAdditional trends associated with skin friction and shear stress were also
evaluatedbut did not provide any correlations with and therefore were not presented as part of this

research.
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Although uis an interestingoncept for dealing with biofouled pipelines, the moditedebrook

White equatiordeveloped by Bratlan@009 does not provida useful correlation for pipelines conveying

wastewater and therefore is not recommended for use in designing wastewateains.

5.2.5 Effect of Shear Stress

Shear stresszg) for all data was calculated from Equation 4.5, repeated below:

Ty =

(4.5)

As shown abover is a function of velocity and friction factof)( Sincef is determined from

ColebrookWhite and k appears to be a function e¢locity for wastewater pipelines (Sectiér2.1.1) it

stands to reason thatshould be related to velocitfalculated shear stress was plotted ag&gstelocity,

and k to evaluate potential trends associated withddta Figure5.35provides shear stress versus R

Figures5.36 and 5.37rovide shear stress versus velocity, screened against material and diameter,

respetively; and Figure$.38 and 5.3®rovide shear stress versus velocigyscreened against material

and diameter, respectively
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Based upom review of Figure$.35t0 5.39 no apparent correlation could tentified between
shear stress and Relocity, or k. Lysne (1969suggested wastewater biofiims tend to sheanthe pipe
wall at sheastressegreaterthan3.83N/m?, Lambert et al. (2009)etermined a shear stress3dd N/n¥
was required to shear raw water biofilms from the pipe w8hear stress wathen plotted against &
(screened by velociyasshownin Figure5.4Q No correlatiols wereobserved between shear stress and

ks. However, the data show that larger shear stress and lovatués are associated with greater velocities
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Figures5.36 and 5.3&how a general trend of increased shear stress with increasing velocity;
however significantscatteris observe@way from the apparent trend line. In some caksa outside the
core trend line appears to show decreasing stezswith increased Mecity. A possible explanation of
theobservedscatter could dwith the sensitivity ofr, based upon its inpwyriablesvhichwill beevaluated
further inSectionss.3 and 8.2.

5.3 Uncertainty Analysis

Potential errors associated with the hydraulic calculations perfiorm8ection5.2 could result
from inaccurate as built drawings or operational data.order b quantify these potential errors} a
uncertainty analysiszvas conducted tevaluatethe sensitivity oks, C factor, R, f, and z, based upon a
change in the following parameters

e  Temperature;

e Pipe Length

e Internal Diameter

e Flowrate and

e Headloss

Research Datasresultsvere includedn the uncertainty analysithe remaining datasets were not
included since thewere collected from various sources and could not be directly verifiedertainty
analysis was conducted by varying each parandgetified aboveall otherinputsweremaintained from
the hydraulic analysis unless the input evaluated is used to detamoiher value used in the calculations.
For example, varying the flowrate causes a change in velocity, which in turrts &ffecks, C factor, and
7o; While a change in temperature influenceaRd k. Key results for each parametaeidentifiedin the
following sectionsand a summary of all results are provided in Se@i8r6.

5.3.1 Temperature
As described in SectioBy wastewatetemperature was not field measured and was assumed to be

68 °F (20 <C) for all calculations.The assumed temperature was varied by +20 °F (+11.12 WWpatuate
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the effect of tenperatureon the hydraulic calculationdReynolds Numbeis the only parameter directly
affected by a change in temperatuegs indirectly affected by changes in temperature through changes in
Reynolds Number.

Results of the analysis cannot be expressed in simplistic frofias a maximum or minimum
change in kdue to the change in temperature because of varying pipe sizes andrttitionswithin each
system. Therefore, results are presented based upoalthéated change in knd the corresponding %
change in kas a function ofelocity. Results are presentedfiigure5.41and show tha& larger overall
change in kis experienced at lower velocities. However, the change; i@Xpressed in terms of
percentageat lower velocities is negligible sint&rge k values were determined at lower velocities. The
change in kwasalso found to baegligible at higher velocities, but since thev&lues are typically much
smallet the overalpercentagehange in kis larger.

Although not presented her¢he change in temperature resultedairt30%change in B the
resulting change inskvas determined taverageapproximately-0.02mm (7.87E4 in.). Thereforejt was

concluded that the effect of temperature on the hydraulic calculatesminimal.
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5.3.2 Pipeline Length

As previouslydescribedthe pipeline length was determined fratility asbuilt drawingsind was
not independently measured or verifiedctual length of each pipeline waslculatedfrom the asbuilt
drawings taking intaaccountchanges in slopalong each pipe segmemts shown inTable 4.2, the
difference between thasbuilt station length and the calculated lengtried from 0.0 to 0.65%. Ths
variance is due tthe frequency of undulaticend utility crossings

In order to assess the effectpipeline length o, ks, andt,, a £1% change itength was selected
for the uncertainty analysis. A 1% change in length was determinedr@abenable sindie maximum
change in length due to undulation was determiode0.63%. Although a 1% change in length was used
for the analysis, the assumptimay not be appropriate for systems wiiny longpipdines For example,
a 1% change for the Natom@gstem(actual length of 47,167 ftesults in a change approximately 500
ft (152.4 nm), whichis excessiveNonethelessa 1% chage in length was appligd each systenm order
to standardize the analysis.

Theresultingchange in kwas determined to range froth.66 mm to 1.69 mn¢0.65 in. to 0.67
in.), with an average change of approximately 3%gure5.42shows thathevariancencreasegor large
ks valuessince largeks values arayenerallyassociated withower velocities Figure5.43confirmed that

the change inds minimized with increased velocity
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Theresultingchange in Gactor was determined to B8 which corresponds to approximately a
0.5% change. As shown kigure5.44, the change in @ctor increases with increased veloci€y factor
increase with increased pipeline length because a largior indicates increased hydraulic efficiency.

Overall the change in Gattor due to a 1% change in pipe length is negligible.
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5.3.3 Internal Diameter

Nominal pipe size and material welidentified from utility asbuilt drawings. Internal diameters
were determined frormanufactures’ catalogs andvere not field measured or verified A change in
diameterdirectly affects the friction factor (or €ctor) and consequently &ndt,. A 0.25in. (6 mm)
change in diameter was selected to assess the efidieioéteron f, k, andt.. A 0.25 in.(6 mm) change
provides a minimal change éhiameterandwas determined to be reasonable spipe interior diameters
of cementitious and ferrous pipesuld changever its service life due to scaliog corrosion

Changes indwere found to range from6.5 mm to 17./m(-0.65 in. to 0.7 in,)with and average
change of approximately 16%, due to result of a £th2B mm) change in internal diamst Change in
C factor ranges fror26 to 41, with an average change of approximately 108énds associated with the
results could not be readily evaluatéacs each system provides a different diameteterdifferentflow
conditions. The calculatedchange angbercentchange in kby pipe diameteis presented ifrigure5.45
As one would expect, a 0.25 6. mm) change impastthecalculatedks value for small diameter pipes

compared to larger diameters. A similar result is shownguare5.46for C factor.
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5.3.4 Flowrate

Wastewater flows are typically measured using electromagfietiameters (mag meters).
Reported accuracy of mag meters ranges f0r25% to +0.50%lepending on the manufacturer and model
of the mag metemfww.badgermeter.com The uncertainty analysis assumed & change in the average

flow to account for the variance in flow measurers@veragedver the pump cyclevhich providesa
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conservative estimafer the change in flow. &sults are presentedTiable 5.3 (Section 5.3.6) and show
that a 1% change in flowrate providesgligiblechange in frictiondctor, -3.3 mm to 3.4 mm (-0.13 in. to
0.13 in.)change in kK and -1.6 to 1.6 change in &ctor. Figure5.47compares the change inrksulting
from a 1% change in Flowrate for eaticulatedralue of k. A similar comparison for @ctor is provided

in Figure5.48. Results show that the change akd C &ctor resulting in a 1% change in flowrate are

minimal.
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5.3.5 Headloss

Friction headloss was calculated from tiéference between thestimated HGL at both the
dischargeof thelift station (upstream) and downstrefmcemaindischarge location. The upstream HGL
was estimated usinfe elevation of the discharge piping and either the discharge pressure or T of
pump (adjusted using the wet well level during the pumping cycRssible errorassociated with the
headloss estimate adlee to inaccurate SCADAeasurements from faulty sensors (flow and pressarre);
incorrect system data such as asbuilt records or pumps. As demonstrated in Section 6.5, a 1% change
in flowrate minimally affected the estimation qfdnd Cfactor. Therefore, for this analysis, the change in
headloss was assumed to result from inaccurate pressure sensor measurements ormweganpéibars.

The ResearctDataseincluded sixforcemain systemgSand Creek, Natomas, South River, TRM,
TRP, and Norris Lakeyvherethe lift stationdischarge pressure wasported fromthe SCADA data.
Inaccurate discharge pressure readings directly affect the calculated heddhessystem. Currently,
thereis no universally adopted convention for specifying the accuracy of peessusors. Accuracy of
pressure sensors is based upon stability and accuracy requirefmigsitistended applicationPressure
sensors are generally selected based upon specifications stiotabSrror Band (TEB) and integrated
amplification, compensation and calibration. Since a general industdastidfior pressiersensor accuracy
is not availablethe uncertainty analysigas performe@ssunmg a £2.5% changeheadloss A change in
headloss can aldee used to simulate pump impeligear. Decreased pump performance occurs as the
pump impelér wearsThe change iffotal DynamicHead (TDH) ofa pump varies depending on the shape
of the pump curve.

The uncertainty analysis adjusted the friction headloss for each forceme2n58y to determine
the effect of headloss og, IC factor, and shear stresResultsare summarized ifable5.3 (Section 5.3)6
and show a5.4% to 61% change in k approximéely a 1.4% change in @ctor, and a change of

approximately 1.7% in shear stress.
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5.3.6 Discussion and Results

Uncertainty analysigesults arsummarizedn Table 5.3. Changen Internal diameter resulted in
the largest change insland C factor, followed by changes in headloss, flowrate, pipe length, and
temperature.A +0.25 in.(0.01 mm change in irgrnal diametesignificantly affectedks and Cfactor.
Changedo the remaining factorgsulted in minimaaffectsto ksand C fctor Results show that changes
to each of these parameters affect the average change in different ways. As orexpexild change to
internal diameter wouldesult in the greatest change to the roughremdtsince the velocity is related to
the flowrate dvided by the pipe area; and the pipe area is function of the square driretat.

It should be noted that the uncertainty analysis was a desktop exercise sthdathelvas not
collected as part of this research. Therefore, a simplified approach was develogeaansidered a
constant change for each parameter and did not consider the dimension of the paframexample, a
0.25 in. (0.01mm) change in diameter provid@ greater impador a smaller diameter. This analysis
evaluatedthe resulting change insland Cfactor due to a change in each paramitentified above
independentlyalthough not evaluated as part of this analgsianges, or erroysi measurements to several
of the parameters would compound the potential error in determigingdkCfactor. Results show the

importance of collecting accurate information of the system prior forp@ng hydraulic calculations.
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Table5.3 Summary of Uncertainty Analysis Results

Change (calculated valumriginal value)

Parameter

ltem Temperature Pipe Length Internal Diameter Flowrate Headloss
+ 20°F + 1.00% + 0.25in. + 1.00% + 2.50%
Increase Decrease Increase Decrease Increase Decrease Increase Decrease Increase Decrease
Re Min -2.4E+04 2.8E+03 4.1E+02 -2.6E+04
Max -2.8E+03 2.7E+04 2.6E+04 -4.1E+02
Avg -1.2E+04 1.3E+04 4.5E+03 -4.5E+03
% Change -30.44% 27.30% -11.11% 14.29% 1.00% -1.00%
f Min -0.01 0.00 0.00 -0.07 -0.01 0.00 -0.01 -0.01
Max 0.00 0.01 0.07 0.00 0.00 0.01 0.01 0.01
Avg 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00
% Change
ks (mm) Min 0.01 -0.08 -1.66 0.00 0.00 -16.50 -3.30 0.01 -4.09 -3.29
Max 0.05 -0.01 0.00 1.69 17.73 0.00 -0.01 3.39 3.26 4.28
Avg 0.02 -0.03 -0.36 0.36 1.88 -1.76 -0.71 0.73 -0.57 0.61
% Change 1.49% -2.33% -2.96% 3.07% 16.62% -14.42% -5.78% 6.16% -5.43% 6.08%
C factor Min 0.14 -0.96 -26.41 1.45 0.26 -1.58 -2.07 0.36
Max 0.84 -0.14 -1.41 41.25 1.56 -0.26 -0.35 2.15
Avg 0.38 -0.52 -7.78 9.41 0.77 -0.90 -1.18 1.08
% Change 0.47% -0.61% -9.50% 11.69% 0.93% -1.07% -1.40% 1.30%
7o (N/m?) Min -0.23 0.01 0.01 -1.51 -0.56 -0.33
Max -0.01 0.23 1.51 -0.01 0.33 0.58
Avg -0.07 0.07 0.31 -0.31 -0.12 0.12
% Change -0.99% 1.01% 3.97% -3.98% -1.67% 1.78%
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6 Lift Station and Forcemain Operation and Maintenance

6.1 Forcemain Operation

Forcemains are very reliable when they are properly designed and mairE#ed000) Issues
associated with the operation and maintenance of wastewater forcpmaiasly include sedimeiaition
air buildup and corrosionAccumulation of fts, oils, and grease (FOGade also potential operational
issues; however, most utilities requirgrease trapsvithin the sanitary sewer systemvhich minimize
potential inpacts fromFOGs, and therefore will not be discussed further.

Wastewater liftstation pumps generally operate intermittentiyh the frequency of pumping
cycles Sedimentationair buildup and corrosiorgenerally occur at lower velocitiemnd are often
interrelated Sedimentation is problematic because both organic and coare®mesive materials could
be presenin wastewater Depositionof organic materiatould turnanaerobic in forcemains withlong
detention or high hydraulic retention time (HRT). Although it is rare, mohiizaif anaerobic organic
deposits froma forcemain could potentiallgisrupt wastewater treatment plant operations wlanif,
mobilized. Sedimentation of granular material could lead to accumulzftimaterial and degradation of
hydraulic capacity if the forcemain is not capable of transporting theriadat

Air locking and corrosiortanoccur when the sewage turns anaerahicng perials of idle and
low velocities. Improper placement, functionality, or lack of air releabees can lead to air buildup, or
even air locking within the forcemaillydrogen sulfideeleasedhnto air pocketgan lead t@ipe corrosion.

This chapter is intended to provide a brief introduction and defaraethodology associated with
estimating sediment transport, air clearing, and hydrogen sulfide wittianfiains. Bsults will be used
to identify potential operational issues associated with these itemsdearsdop forcemain design
recommendations. These topae further evaluated in Chapt& The frequency of pumping cycles
relatel to HRTis evaluated inSection6.2to determine if correlations can lakentified between forcemain

hydraulic performare and puming cycles.
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6.1.1 Sedimentation and Sediment Transport

Wastewater forcemains have to cope wiffagicularlychallenging task: they have to ensure that
solids containedn the wastewater (sand, gravelkganicy are readily transported along with the
wastewater.Both organic and nenohesive (sand and gravel) materials could be present in the sewage
Sand and gravedould beintroduced into sewer systems through cracks or holes in sewer pipes or from
roadway surfaces in the case of combined sanitary /stormwater systems.

Forcemains must be designedtoselfcleaning to preverdeposition osolids which could cause
increased sulfide production leading to corrosion and odor issuesifloapacity through a reduction of
cross sectional area; or even blockage at low points or at the toe of an Igdslepssd pipe leading to
costly removal.

Sedimentation occurs when the forcemagtocityis not capable of transporting the materigM
5-8142 (Army 198&) indicates that a velocity greater than 2 {@$ m/s)is required to maintainrganic
solidsin suspension and thatl&ls will settle at velocities less than 1t{0.3 m/s)and when wastewater
pumps are idle. However velocity of 2.5 to 3.5tfs (0.8 to 1.1 m/s)s generally adequate te-suspend
and flushthe solids from the linéArmy 1985).

Wastewater pumps atgpically nonclog pumps with the capability of passing umt6éin. solid
(or larger) depending on thsize of thepump Mostutilities require pumps to be able to pass a minimum
3 in. solid to minimize cloggingf the pumps. Even though the pumps are capabmsding large
diameter solids, the forcemain may not have sufficient velocity to trerapgersolids, leading tsolids
accumulationcapacity reduction, or potential clogging of the forcemain.

Sedimentcan betransporedin forcemaingsthrougheithersuspended loaandbr bed loadwhich
vary depenihg on the flow conditions (velocity), fluid properties, and chsggstics of the solids.
Suspended load conweyparticles in lemogeneous or heterogeneous suspensiokmogeneous
suspensions occur wheglocity is turbulent and high enough to keep the salitiformly suspended and

moving along with the fluid. As velocity slows, a heterogeneous suspetesi@lops as heavier particles
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slow down and begins to settle in the pipe. If operating velocity is too Eterdgeneous flow can lead to
solids deposition (Copeland 2013).

Under a sliding bed conditioméd load or bed motiojy particles will settle to the bottom of the
pipe and slide or roll along at a slower, uniform rate or in discontinuousmeois. At very low velocities
with large patrticles, a dianary bed occurs, in which the lower part remains deposited, but someeparticl
may move along the surface. Tp@ntof transition from heterogeneous flow to a sliding bed is called the
deposition velocity or rsuspension velocity (also sometimes mefé to as the “saltation regime”).
Intermediate conditions can occur in suspensions of varying particle tenestéas (i.e. size, shape, density,
etc.)(Copeland 2013).

Based upothe findings presented in Chapfeia number of forcemainaithin the ResearcBata
Setsuch asTRP andTRM, and 6 other forcemaingere consistently operatirag a velociesless thar
ft/s (0.9 m/s) With the excetion of TRP and TRMthese lift stations are operated intermittefihsed
upon the influent flow rate reporting to the statiohRP and TRM areontrolledusing VFDs, but are
consistently operating aklocitiesless thar2.3 ft/s(0.7 m/s) Therefore sedimentatioris likely occurring
within these forcemainsSnce the velocitys less than 3.5 ft/61.2 m/s) re-suspension of the material
not likely tooccur, which will ultimatelyreduce capacity over timand increase operating casts

Forcemaingend to undulat as theipeline follonsthegroundtopography. Forcemain profiles for
the systems collected and analyzed as part of this research are proviggzbmaixD.2. The profiles
show that a majority of the pipelines undulate and many sections of the &mserontairsteep adverse
slopespr even verticabectionswhich affect the transport granular particles

Utilizing the results from the hydraulic analys@h@pters), the maximuntheoreticaparticle size
transportedn ahorizontal pipelinavas estimated for each systaiithin the Research Datets Other data
setswerenot evaluated since plan and profile drawings were raitadole for these forcemains. Sediment
size characteristics for sewers located in the U.S. were not foundlitethture. However, Butler (1996

presented typical sewer sediment characteristics found in sewers locéedlik.t(Table6.1).
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Table6.1 Wastewater Solids Characteristics (U¥ata)

Sediment Class Normal Transport Median Size, ¢ (mm)
Mode Low Medium High
Sanitary Solids Suspension 0.01 0.04 0.06
Grit Bedload 0.30 0.75 1.00

A particles threshold of movement can be defined by the Shields Diggresented aSigure6.1
Shields diagram empirically shows how the dimensionless critical sheas #&res function of the
particleReynolds numberA simplified approach for estimating the critical particle diameter for mewe:
and predicting the associated critical velocities necessary for grit tramspoesented in the following
sections. Several factors including cohesioay affect the results and are not accouritedn the
methodology presented below. Cohesion increases the required sheanattéssflow needs to exert on
the depositetted in order to initiate movement of particles in the surface layeabémdtory tests, erosion
of synthetic cohesive particles has been observed to occur at bed shear stressé§nof @gjanic

material) and & N/n? (granular, consolidated deposi(Butler 2003).
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Figure6.1 Critical Shields Number fdParticle Movement (Axworthy 2014)
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6.1.1.1 Movement by Suspension
Particle movement in suspension occurs when the shear veldtjtef(the pipe flow is greater
than suspension shear velocity* ¢y, or (U™ > Ug,s). The shear velocity is calculated frdgquation 3.7

and the shear velocity for particle suspengldtyg is calculated fronfequation 6.1.

Us*us = \/T;us(G - 1)gds (6-1)
Whererg,, is the dimensionless shear stress for particle suspeisithe specific gravity of the
particle;g is the gravitational constant (f/s/s%); and d is the particle sizeft{ m). The dimensionless

shear stress for particle suspension is determinedHBiqpmation 62.

Tius = R? (6.2)

where R (Dietrich 1982) is determined from Equation 6.3.

Ry = exp (—bl + byIn(Rep) — bs (m(Re,,))2 — b, (ln(Rep))Z + by (m(Re,,))z) (6.3)

The DietrichEquation coefficients ariglentifiedin Table6.2 and theParticle ReynolddNumber
(Rep) is determined from Equation 6.4.

Table6.2 DietrichEquation Coefficients

Coefficient Value
by 2.891394
b, 0.952960
bs 0.056835
b4 0.002892
bs 0.000245
Rep = ds y(G-1)gds (6.4)

v
The maximumparticle sizeconveyed under sedimestispesion wasestimatedor each system

using Microsoft Excel. Since transport through suspension occoes U* > Ug,s; a macro was

developed to determine tilmeaximum theoreticabalue of d whenU* = Ug, assumindJ* was 95%of

Ugys- This approach was utilized émsureJ ™ > Ug,,;.
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The maximum theoretical particle size that can be transported through suspiemseach
forcemainsystems shown inFigure6.2 The theoretical particle size transporteas found to range from
0.22 mm to 0.82nm, which are classified as medium to coarse sand partiiggugh the results provide
significant scatter, there does appear to be a generalafémteased suspended particle size transported
with increasing velocity.

Sincesedimentsuspension occurs wheér > Ug, and U* is a function ot, the resub for d
were compared to the calculated valuesarid U*. Results forr were presented in SectiérR.5and show
a general trend of increasewith increased velocityFigure6.3 providesJ* plotted against Velocity and
shows the same general patterfigsire 6.2 with a general trend of increasing U* as a function of velocity.

This topic will be reviewed further in Secti@m2.
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Figure6.3 Friction Velocity(U*) versus Velocity for Particle Suspension
6.1.1.2 Bed Motion
As shown inFigure 6.1, bed motion of a specific particle size occurs when ttie< U, and
when the dimensionless shields param@t&ris greater thaor equal to theritical shields parameter).
The shields parameter is a function of the hydraulic conditions in thenfarn and theiameter of the
particle and is provided a&quation 6.5 Qitical shields parameteas defined by Parker (20083

provided a€Equation 6.6.

. _ _Wy?
U= G D (6.5)
T, =TspCOSQA (1 + ta: a) (6.6)

wheret; , is the critical shieldnumber for a horizontal pipe;is the angle of the forcemain with
respect to the horizontghdverse angle measured counterclockwise positive) i is the tangent of the
angle of reposé@an ¢) for the particle. Approximate values foangle of reposaresummarized ifmable
6.3 Equation6.6 accounts for the downward gravitational force exerted on a particle estergron an

inclined forcemain (Axworthy 2014). The critical shields parametegtisrchined from Equation 6.7.
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720 = 0.5(022R;° + 0.06(10)"77Re5)) (6.7)

Table6.3. Approximate Angle of Repose Values by Particle Size (Julien 1997)

Class Name ds, mm / (in) Angle of Repose)
> 0.25 (0.01) 30
Sand > 0.5 (0.02) 31
>1(0.04) 32
> 2 (0.08) 33
> 4 (0.16) 35
Gravel > 8 (0.31) 36
> 16 (0.63) 38
> 32 (1.26) 40
> 64 (2.52) 41
Cobble > 128 (5.04) 42
> 256 (10.08) 42

Bed motion of large particles can cause erosion of the pipe invert as 8hbigure 6.4.

Figure6.4: Erosion of Forcemain Invert Due to Sliding Bed Conditions (Copeland 2013)
The maximum particle size conveyed under bed motiaa calculated for each system in the
Research Dataset using Microsoft Excel. Since transport through bied moturs whew* < Ug,; and

when the dimensionless shields param@téris greater than or equal to the critical shields parameter (
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(z* = t;); amacro was developed to determine the maximum theoreti@dsdming* = 0.95t; to
ensure particle transport through bed motion.

The maximum theoretical particle size that can be transported througmdiexh for each
forcemainsystems presented iffigure 6.5and shows geneal trendof increased particle size transported
throughbed motionwith increasing velocitywhich follows thesame genergattern observeth Figure
6.3 FromFigure6.5, the theoretical particle size transported was calculatedlasbthan 50 mm (2 in)
whichis classified agravel As with suspended particles, bed motion is determined by the friction velocity

U*. The particle size transported through bed motion as a function of U* is meéseRigure6.6.
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The largest particle transported through bed motion was calculategrious adverse angles.
Although the resultare not presentdtkere the maximum particle size that could be transported desrease
as the adverse angle increaséthe particle size reacha minimum at a adverseangle approximately
equalto the particles angle of repos®esults suggest that vertical deflections in wastewater forcemains
should not exceed the angle of repose of the material being transported through bed fnatiorthy
(2014) reached a similar conclusion and Hashimoto et al, (1980) regmatembimparedotthe horizontal
case, flow up an incline tends to require higher throughput velocitiedén tar avoid deposition.

In an experimental investigation carried out at Queen's Univevgityon & Tse(1984)evaluated
the transport ofour particle sizes beteen 1 mm and 6 mm at angles of inclination up to 40 degrees from
the horizontal. Wilson & Tse (1984) plotted the change in deposited velogity &gainst the angle of
inclination, presentedas Figure 6.7. Results showthat thechange in depositional velocity reaches a
maximum at an angle of approximately 30 degrees and continues &grdsl For the materials tested
this maximum velocity waspproximately 50 percent larger than that required to move a deposit in a
horizontal pipe. This large difference is clearly a matter of impoedor both design and operation of

pipelines with inclined sections (Wilson 2006).
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May (2001) evaluated setieaning velocities required to convey sand gravel particles through
inverted sewer siphons and determined that the maximum velocity requireddntmteposition occurred
at an adverse angle between approximately 30 and 37.5 dedResslts are consistent with results
presented above and domsthat the maximum adverse angle of deflection along a forcemaspteting
coarse particles should not exceed the particles angle of repose. Pipeline raaddedttan the angle of
repose could further decrease the ability to transport particles througiobied Therefore, thenaximum
adverseanglealong aforcemainmaybe limited to 30 degredfrom horizontal)unless theliameter along
therising limb is decreased tncrease velocity to provide an equivalent transport capacity

Relationsips for bed motion transport in pipelines subjected to biofilms could not be fourgl in th
literature. This condition should be further studied to determine hovnsadiffect the incipient motion
of particles and bed motion transport in forcemains. Riwraboveanalysis, sand was determined to be
the maximum patrticle size transported through suspension and gravéypiaally transported through

bed motion. Both of these iteragevaluated further i®ection 8.2.
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6.1.1.3 Vertical Pipes
In order for edimentto betranspored in a vertical pipe, the particle must be suspended in the pipe
flow (U* > U;,s) and theaverage velocity in the pipaustexceed tk fall velocity (o) of the particle

Fall velocity (wo) of a particle is determined froEguation 6.8:

w,=(56-1) i—‘f)o's (6.8)

Where G is the particle drag coefficient calculated fréquation 6.9which is bestsuited for
natural sands and gravels witg,R10* (Julien 1995). Turton and Levenspiel (1986) proposggaEon

6.10to estimate the particle drag coefficient of a sphere fpxRBx1C.

24
Rep

Cp

+15 (6.9)

0.413
1+1.63x10*Rgp*°

CD=

22 (1 + 0.173R%557) + (6.10)
ep

R

Fall velocity was computed for particle sizes ranging from Ori#6to 64 mm. Euations 6.@&nd
6.10 were both evaluated in ordeto comparethe fall velocityfor both spheri@l and natural particles.
Analysis was performed assuming a water temperature of (®4°€°F) andparticle specific gravityG,
of 2.65. Results ar@resented iTable6.4 andFigure6.8.

Table6.4. Comparisorof Cp and Fall Velocity Based on Particle Size

ds (mm) o (in) Rep Co(ulien)*  Co (Turton)? % |(|r2r/1 ?} & g‘;’n 5))2
0.125 0.005 5.467E+00 5.89 6.71 0.02 0.02
0.25 0.010 1.546E+01 3.05 3.18 0.04 0.04

0.5 0.020 4.373E+01 2.05 1.69 0.07 0.08
1 0.039 1.037E+02 1.69 0.99 0.11 0.15
2 0.079 3.499E+02 157 0.64 0.17 0.26
4 0.157 9.896E+02 152 0.46 0.24 0.44
8 0.315 2.799E+03 151 0.39 0.34 0.67
16 0.630 7.917E+03 1.50 0.41 0.48 0.92
32 1.260 2.239E+04 1.50 0.45 0.68 1.3
64 2,520 6.333E+04 1.50 0.47 0.96 171
80 3.150 8.851E+04 1.50 0.47 1.07 191

! Natural Particles? Spheres
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Wilson (2006) presentdgiquation 6.110 approximate the settling velocity of a sphefeyure6.8

presentshe results ofVilson’s equation plottedlongwith the resultgrom Table6.4.

Vs = 1.73/gd, (G — 1) (6.11)
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Figure6.8 Comparison of Fall Velocity Based on Particle Size

FromFigure6.8, Equation 6.1provides good agreemewith the terminal settling velocity of a
sphere and is easier to apfihan Equations 6.8 and1®. Theresultsprovided inTable6.4 show that the
fall velocity of natural particles is approximately ¥z of the fall vitjoof a sphere.

As shown inAppendixD.2, theTRM, TRP, LS 15, LS 03Natomas and South River forcemains
contain vertical sections. Based upon the data collected for these systemmaxtmum particle size
(assuming a sphere) that can be transported through the verticalaisessdrom 0.5n. (12.7 mm}o less
than a 2n. (50.8 mm), depending on tpgediameter and flowrate of the system

In order to transport solids in a vertical riser, continuous flow\atl@ecity greater than the fall
velocity must be provided over a duration long enough to travel the lehgjle dser sectionHowever,
unnecessarily high velocity could cause excessive pipe wear and energy lsshssign purposes, it is

recommended taletermine the settling velocity based upon a sphere because it provides the most
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conservative approachlhe diameter of the riser section can then be sized to provide a velocigr great
than the settling velocity of the design particle.
6.1.2 Air in Forcemains
This section provide abrief introduction to the causes, mitigation, ar@hsport of air within
forcemains The presenger accumulation of air/gas withaforcemain cameduceits capacityandmay
causecorrosion ofmetallic and concretgipe materiak. Air can be introduced into a forcemain through a
number of ways including:
o Initial filling of the pipeline during commissioning;
e As pressure drops and/or temperature rises, dissolved air comes out ohsoluti
e Cascading of sewage in to lift statimet welland subsequent pumping;
e Entrainment due to vortices in pump suction /intake piping duestdficient submergence
e Hydraulic jump-the flow within the pipe system may change from pnéssd to gravity at
high points. A hydraulic jump could form in a downward sloping pipe due to air acdiwonula
even if the forcemain remains pressurized
¢ Forcemain filling and emptying due to repairs or topographic features of then@irceuch as
where the forcemain discharge elevation is below a high point alongrtieentain
e Gas forméion due to biological activity;
e Surge events- negative pressures \Wwih the pipeline during aydraulictransient event can
cause air to enter the pipeline through pipe joints or vacuum valves; and
e Due to cyclic operation d lift stationsystemsections of the forcemain malyain atthe end
of the pumping cycle.
In addition to capacity reductio@naerobic conditions through biological processes within the
biofilm can lead to high hydrogen sulfidevelopmenthat can cause odors or corrosion of the pipe lining
This is major concern in forcemains wltdw velocities and long HydrauliRetentionTimes (HRT). As

illustrated inFigure 6.9 air transport in pipes can occunder several different pattes in vertical and
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horizontal pipesThe transition from one flow pattern to another is a function of a number of different
variables includingthe gas and liquid mass flow rates, the properties of the fluid, andpéhelipmeter

and angle of inclinatioto the horizontalEscarameia 2006)
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Figure6.9 Flow patterns in vertical and horizontal pipes (air is representediie)Wscarameia 2006)

Due to the intermittent operation of wastewater pumps, forcemains canuatigas in elevated
sections ofa pipeline. If gas accumulation is present along the top of a downward slagjngest, a
hydraulic jump will develop at the tail end of the gatume ejecting bubbles from the large pocket. The
pumping action of the hydraulic jump transports part of the ejected gas ddverbittom of the declining
section (Pthof 2008).Wisner et al(1975) suggested that the hydraulic removal of air from pipelines may
take place due to either sweeping or generation and entrainment. Sweeping is yheebmdial ofthe
whole air pocket. Removal by generation and entrainment occur at the dewnsetnd of the hydraulic
jumpas shown irfFigure6.10. Generation refers to the process at the downstream end of a hydraulic jump,
while entrainment is used to describe the movement within the liquid of thete generated bubbles
(Escarameia 2006) The sweeping condition corresponds to full bore pipe flow whereas generation and

entrainment occurs under partially filled conditions.
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hydraulic grade line

Figure6.10 Schematic overview of downward gas transport by flowing water (Pothof 2008)

As shown in Figur®.1Q large air pokets accumulated along highpoirgsluce the effective pipe
cross sectional area atidottlestheflow resuling in free surface flow conditionghichcausesn increase
in energy loss Certain turbulentonditions of the downstream hydraulic jump may enable to break up
large air pockets into smaller air bubbles whieaim be transported downstream provided the velocity is
adequate for conveyance. The velocity required to convey gas along dowlopargspelines is called
the clearing velocity. Although ®verl researcherhiave developed equations predict the clearing
velocity, there is no generally accepted fotenfor predicting transport ofran pipelines.

Critical clearing velocity for a given pipe slope has been taken by several researchers as
proportional to (gD)°, where g is acceleration due to gravity and D is pipe diameter (Escara@é)a 20
Kent (1952) performed experiments in both 33 mm and 102 mm stationary and/alovgtoped ppes
(15° and 60°). The length of the dowardsloped pipe was 51 for the 102 mm diameter pipe. Although
Kent (1952) determined an equation for the clearing velocity, Mo@&16) provided a better fit to Kent's

(1952) data and is provided as Equation 6.12.

Ve

Jab

= 0.55 4+ 0.5vVsinf (6.12)
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Where \ is the clearing velocity; g is acceleration due to gravity; D is diameter§ &dngle
from horizontal. Wisner (1975) focused on stable air volumes instead of the clearing velocity and
developed Equation.83. Experiments were performed in a 245 mm diameter pipe atchdownward

angle of 18°.

Ve

T = 0.825 + 0.25Vsin® (6.13)

Escarameiat al. (2006) performed experiments in a 150 whia@meterpipe with gas pockets up
to 5 Liters anddownwardslopes up to 22.5°. Escarameiaal. (2006) proposed Egtion 6.14 for the

clearing velocity.

Ve

T = 0.61 + 0.56Vsind (6.14)

Clearing velocity was evaluated using the above equafmmpipediameterganging fromb to 66
in. in. and downward slopes ranging from horizontal to vertieagjure6.11presentshe clearing velocity
as a function of diameter for horizontal and 45° downwgdogdingangles. Rsults show that the Wisner's
equation provides the most conservative cleavieigcity for horizontalconditions andequation 6.14,
developed by Escarameia et(@006)provides the most conservative clearing velocity for‘adésvnward
angle. Results also indicate that the required clearing velocity increases waiitietdr.

Figure6.12presentshte effect of downward angle on the clearing velocitylfin., 24in., and 48
in. (304.8 mm, 609.6 mm, and 1219.2 mchameters. Results show that both Kent / Mosvand
Escarameia follow a similar trend whereas, the results from Wisner ajgpesuire greater clearing
velocities for horizontal pipes; it should be noted that Wisner's rgséacused on air clearing in horizontal
pipes Equation 6.14developed by Escaramegd al. (2006) provides the most conservative clearing

velocity for downward angles greater than 30°.
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Figure6.12 Clearing Velocity versus Downward Angleby Diameter

Lubbers (2007) performed experiments on 110 mm, 220mm, and 500 mm (4.3 in., 8.7 in., and 19.7
in.) diameter pipestalownward sloping angleangingfrom 5° to 30° and 90°. Lubbers determined the
clearing velocity is at maximum for downward slopes of approximateharidthat the clearing velocity
decreases witdiameter These results are in sharp contrast withrdsils presentedbove. Lubbers’

results are for stable plugs downstream of the hydraulic jump whbesather clearing velocities are for

119




large individual gas pockets. Experimental observations indicatedafhatogkets can accumulate along
a control section located at the transition between pipes withasubsupercritical flows, forcing free
surface flow conditions below pockets (Lubbers & Clemens 2005).

Based upon the abowamalysis Equation 7.14leveloped byescarameia (2006) is recommended
because it provides the most conservativanegiefor clearing velocity Results show that a sufficiently
high fluid velocityshould beused for air/gasemovalfrom a pipeline. Additional mitigation measures to
manage air in pipelines include limiting the number of undulatokslength along thialling limb of the
pipeline; reducing the diameter along the downward sloping pipe segmeéntrease the velocity; or
removing airmechanically throughir release valves.

Although air can be removed from wastewdtecemainausing air release valvesamntenance of
sewage air release valves can be difficalime buildupcan render them inoperable, and improper
placement willprevent airpurging from the system. In addition, the results from Lubbers suggest that an
air valve located at the high point ofgeadualsloped pipeline would be ineffective because air could
becometrapped along the sloping portion of the pipeline.

Air pockets can decrease capacity significantly whanlsesncreasd power consumption. Pozos
(2007) indicated thahivestigations on a variety of water pipelines throughout the worlg tesealed that
entrapped air can reduce their efficiency by as much as 30%phelhe systems are commonly operated
with air volumesthat diminish system flow efficiencies by 15 to 20%. Pocketsoafipressed air present
enormou®bstaclegor pumpingfluids. Entrapped air increases head pressure by 20% and wéllfonsps
to perform 20% harder, and thus demand 20% more electrical energy torpeette restrictionsIn
addition,Escarameiaet al.(2005) stated that although limited reliable data was colletesithesults appear
to show that for the same flow conditions, the hydraulic gradient associaiteftbwi with an air pocket is
25 to 35%argerthan associated with wateoak.

Increased headloss associated with air pockets could explain some of the variathigy in
calculated absolute roughness ani@€ors resultpresented ilChapters. Air clearingis evaluated further

in Section 8.2.5.
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Information presented aboghows that the amagement of air within wastewafercemainsis
critical. Air or gas pockets can cawssgnificant decrease in capacity, increased headloss, and extra power
consumption. The presence of gas pockets are often a preliminary indfcafootential failure location
through corrosion (metallic and cementitious pjpeseak detection technologies can identfytential
trouble spotsilong the pipelinéghat may grow over time and leadftolure. Pothof (2011) indicated that
these gas pockets are responsible for an estimated annuedl€83e of 10,000 tenn the Netherlands,
equivalent to the electric power consumption of 5,400 households.

Air release valveshouldgenerallybe provided at high points along the pipelinediierrelease of
air during filling as wellasnormal operation of the pipeline. Based upon field inspections of 500 miles of
forcemains, Pure Technologies repdrthat 72% of air pockets are not at known high pointst(der
2014), which agree with the findings reported by Lubbers & Clemens (2088Jeforejt is important to
be able to clear air pockets from forcemains since air valves may typidagly provided at these locations
Futureforcemaindesign practiceshould cosider adequate velocities to remove air pockewrder to

decrease the reliance on air valvethim event thatheybecomenoperable.
6.1.3 Sulfide Generation

This section provides a brief introduction hydrogensulfide generation and theroblems
associated witthydrogensulfide in forcemaia As presented in the previous section, gas pockets can
develop in forcemainsesulting in potentiatross sectional flow areseductionand can promote the
corrosion of any cement or ferrous pipe enetl with which they are in contac

Sulfide related problems are a major concern when designing and operatingaterstellection
systems. The major problems rethte buildup of sulfide in sewers include corrosion of sewer structures,
odor nuisance and healthpacts on sewer workerERA 1974). These problems are directly associated
with gaseous hydrogen sulfidel.S). When HS is in contact with sewer surfaces exposed to the sewer

atmosphere, this gas can be absorbed and oxidized to sulfuric acid by aerobic aophazifthiobacillus
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bacteria.Typical H.S concentration in a sewer atmosphere varied from 0.2 to 300 ppm (Yongsiri 2004,
Mak 2011).

Hydrogen sudide (H.S) gas is generated within the anaerobic slime layer formed on submerged
pipe walls. HS releases from the slime layer and rises into the pipe atmosphere and eddxydiacteria
on the unsubmerged portion of the pipe in the presence of moisture, formingcsadfdr{(RSQs) which
corrodesmetallic and cementitious baspipe. This phenomenon has been reported to occur worldwide
(Pozos 2015, EPA 1991, Sand and Bock 1984, Schafer et al. 1990). Entrained air pockets are a majo
source of oxygen and major contributors to this type of corrosion (Zloczower 20i0yvell known that
most of the gas in a pocket is air and nes HPozos 2012). However, under certain conditions, if the
concentration of kB is high and the pockets persist long enough the@ydamage the line by corrosion
(Islander et al1991).

The Water Environment Research FoundatioWERF Inspection Guidelinetor
Wastewateforce Maing Thomson 2010indicates thaapproximately50% of ferrous forcemain failures
are due teither internal of external corrosiorHydrogen sulfide and corrosion in wastewater systems are
affected by dissolved sulfides, pH, BOD and temperature, dissolved oxygerelacity. HoweverH.S
in the water phase can be transferred to the air phase and therefore azusealgorrosion if air pockets
exist within the foremain

Once hydrogen sulfide leaves the dissolved phase and enters the gas phase, it canrcande od
corrosion. Hydrogen sulfide gas is a colorless but extremely odorous gas that caadiediby the human
sense of smell in concentrations as low as 0.00047 ppm. It is also very hazarthomsans in high
concentrations and can cause a number of hegldted problems, including deatienow 1989) A
summary ofH,S concentrationsassociated impactand health effects are provided Tiable 6.5 and

examples otorrosionin wastewater pipelines gesented in Figures 7.13 and 7.14.
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Table6.5. H.S Levels, Impacts, and Health Effe(f§enow 1989)

Hydrogen Sulfide Concentration (ppm Impacts and Health Effects
<0.0021 Olfactory detection Threshold
0.00047 Olfactory recognition Threshold
0.5t0 30 Strong odor
10 to 50 Headache, nausea, and eye, nose, and throat irriti
50 to 300 Eye and respiratory injury
300 to 500 Life threatening (pulmonary edema)
>700 Immediate death

11 ppm= 1 mg/l

Figure6.13 Forcemain Failure Due to Figure6.14: Hydrogen Sulfide Corrosion of Concrete P
H.S Attack (Copeland 2013b) (Dawalt)

Anaerobic conditions develop when the dissolved oxygen concentration reacbetherefore,
the formation of sulfide is a function of the oxygen demand of thage plus the oxygen demand of slimes
along the wall of the forcemairf.he principal drivindorce for corrosion in wastewater systems is biogenic
sulfuric acid production which is produced from hydrogen sulfide géthough sulfide is formed within
the forcemain during normal operation, sulfuric acid cannot form unless the ipefitains aair pocket.
Therefore limiting air pockets will reduceorrosion potential within the pipelinBowever,discharge of
the wastewater to a downstream structure could induce turbulence and releaserslitfalesa corrosion
of the structureand downstraa sewer pipe

AmericanSociety of Civil EngineersASCE) Manual of Practice No. 69Sulfide in Wastewater
Collection and Treatment Systerfi§enow 1989)identifies Equation 6.15or estimaing the hydrogen

sulfide concentratiom forcemains
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23 = 0.0131 222 (0D, (1.07)"-2° (6.15)

whered[S]/dt = sulfideproduction ratémg/I-hr); d[S] = sulfide concentration (mg7ljit = detention
time in forcemain (hr¥ (pipeline length/ velocity)D = diameter (ff)BODs= 5 Day BiochemicaDxygen
Demand (mg/l)andT = wastewater temperature (°C).

Although he literature does not provide a threshold value;8f ¢bncentratiom asewage system
before giving rise to concern about corrosidreré are two main studies referencedtmsubject. One
was a paper producéy the Los Angeles County Sanitation Distriatisich demonstratethat a HS gas
concentration of 2 ppm or less did not allow the growtiitabbacillus and therefore prevented serious
pipe damage. Once Thiobacillbacteia colonize, significant pipe damage can occmother study from
South Africaidentified that Thiobacillus bacterieould exist in concentrations between 2 to 5 ppm. This
tends to make onkeelieve thafThiobacillus bacteria become substratgted at HS gas concentrations
below 2 ppm. Thus, 2 ppm would be a good humber tbous®ntinuous concrete pipe exposure in a sewer
environment withouproducing sulfuric acigKienow 1989).

The problem with this approach is that the hydrogen sulfide gas concentnaisewer is never
constant. In additiomecent studies on the effect of the Clean Water Adutinde production in domestic
wastewater show that sulfide concentratiaresrising dramatically as a result of regulaijiienow 1989).

The rate of hydrogen sulfide production is influenced by both the surfacefahe pipe in contact
with the sewage and the period of contact. Boon (1992) determined that thedsegtipumping cycles
did not have an effect on the rate of sulfide pobidun and that travel time was a major fact@orrosion
rates depend on the sulfide concentration in the forcemain, rate of reléhSgarid the pipeline material.
Predicting orrosion rates are beyond the scope of this research. However, severahscaratiprovided
in the literature to estimate tleerrosion rate and are detailed in ASCE Manual of Practice NoS68ide
in Wastewater Collection and Treatment Systefisnow 1989).

Sulfideconcentration was estimated uskguation 6.1%or variousinput parameters to determine

its sensitivity todiameter, detention time, BOD, and temperature. Typical 8@’'C) concentrations in
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the United States range from 400 mg/l to 110 mg/l with an average of 181Kiegb\y 1989). Effect of
diameter was evaluated assuming a B@bBncentration of 181 mg/l, wastewater temperature of 20°C
(68°F), and detention time of 1 hihe results arpresented ifrigure6.15 andshow that the diameter has

a significant effect osulfide concentration.
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Figure6.15 Sulfide Concentratiari81 mg/l BODR, 20°C, 1 hiDetention Time
The effect oBODs concentratiomndtemperaturen sulfide concentratioarepresented ifrigure
6.16and Figures.17, respectively Asshown in Equatio.15 the Sulfide concentration is proportional
to the BODR concentrationand temperature Therefore, as one would expestlfide concentration

increases witboth BODs concentratiorand temperature.
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Figure6.17 Sulfide Concentration: 181 mg/l B@DL hr Detention Time
Sulfide concentration is also proportional to tietention timeFigure 6.18 presentghe silfide
concentratiorbased upon detention time foir, 12in. and 24in. (152.4 mm, 304.8 mm, and 609.6 mm)

diameters Results show that detention time has a signifiedfetct on sulfide concentration

126



45
. 40 /
)
é N /
S 30
2 =
=
g 25 //
§ 20 — ]
O 15 =
% / P
a " |

5 // |

0 - | |

0 1 2 3 4 5 6
Detention Time (hr)
6" 120 24"

Figure6.18: Sulfide Concentration by Diameter and Detention Tir8&:mg/| BOR, 20°C

When sizing a forcemain system, both the diameter and correspondingasetsné should be
considered.Results presented above show that the sulfide concentration increases as diansetsesiecr
However, conveying the same discharge througmallerdiameterpipe increass the velocity which in
turnreducedetention time. The effect of detention time was evaluated fotensg®nveying 2.36 cfs
(0.07 cms}hrough a 1,000 ft long pipeline. Both 2 (304.8 mm) and 1. (254 mm)diameters wer
considered assuming a B@Eoncentration of 181 mg/l at 20°C (3. Results are summarized Trable
6.6 andshow that although the sulfide production raf&]#it) is higher for the 1h. (254 mm)diameter
system, the resulting decrease in detention time more than offsets te@éseand reduces the estimated
sulfide concentration. This suggests that an oversized forcemain, egpen@fbrcemains, could produce
very high sulfide concentratien

Table6.6: Comparison of Sulfide Concentrati@jS]) in 10in. and 12in. DiameterPipe

Diameter (in) 12 10
Velocity (ft/s) 3.0 4.32
dt (hr) 0.0926 0.0643
d[S)dt (mg/thr) 2.66 3.13
d[S] (mg/l) 0.25 0.20

Sulfide related problems are a major concern wheigieg and operating wastewatsgilection

systems.Major problems related to buildup of Sd# in sewers include corrosion of sewer structures, odor
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nuisance and health impacts on sewerkers (EPA1974).Corrosion due to hydrogen sulfide is a major
economic problem in sewer networks both because of renovation costs and the cosisermivpr

measures. The effect of sulfide concentration is discdssther inSection 6.2.1

6.1.4 Operational Costs

As noted above, a majority of the pumps evaluated were found to be operating to théhieft o
design pointindicating that more head was required to overcome friction losses wighédystem than was
originally designed. Shifting the pump operating point to the left usuallyesaa decrease in discharge
and operating efficiencyhich causes the pump to run longer during each pumping cycle; this roanbi
with a reductio in efficiency increases operational costs.

Pump operating points were compared to the design point to evaluate the patergmse in
annual operating costs.vArage flow at each openagj point along with the average time the pumps were
operatimal andremaining idle Table 6.8) were usedo determine the average annual operational costs.
The average flow and pump cycle information were wsede this analysis was not intended to be an
energy audit of each system, but to merely provide an estimate of the changelreatimatedperational
costs associated with the increased friction due to the pipe biofilm.

Assuming that the volume pumped remained the same for both operating cenditéotime the
pumps were operating at the design point during each pumping cycle was determitieidiby the
average volume pump per cycle by the design flow of the pump.ndmber of annual pumpg cycles
weredetermined from the revised pump operating time assuming that the tirpentips remained idle
was the same. This was determined to be a valid assumption since the averagaiefloauld be the
same in both cases.

Operational costs were calculated by multiplying the brake horsepowé?)(@binverted to kW)
by the operatingime/cycle and the number of cycles assuming an electrical rate of $0.4%/ kWhe
results are summarized Trable 6.7 andshow the change in operating costs is nearly insignificant when

comparing the average pump operating point to the design point of the pump.
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Table6.7: Comparison of Calculated Annual Operating Costs at Average Flow and Rgigp Boint

Average Flow Operating Point Annual Design Operatin
Annual Pump Point Change in pCost 9
System Flow TDH n BHP Operating Runtime Annua}I Operating Increase
(gpm) (ft) (%) (days)  Operating Cost
Cost Cost (%)

Janitell 88.3 55.0 30.8 4.0 $ 547 85.4 $ 377 % 170 45.2%
CK:?S:( 997.6 1055 816 326 $ 9,153 174.3 $ 8647 $ 506 5.9%
Big Valley 80.8 53.7 424 2.6 $ 124 29.8 $ 117  $ 7 5.7%
ﬁ;‘lipe' 4313 1420 570 272 $ 700 160 $ 637 $ 62 9.8%
Drennan 7519 100.1 714 266 $ 301 7.0 $ 300 $ 1 0.4%
Blac_k 1,045.4 116.7 704 438 $ 3,058 43.3 $ 2959 3 99 3.3%
Squirrel
.l'\_/lrli%dle 1,083.0 1589 66.1 65.7 $10,560 99.7 $10,439 $ 121 1.2%
Mid 984.0 1569 54.0 723 $ 3,957 34.0 $ 3,759 $ 198 5.3%
Monument
Rock o
Quarry PS 1,120.8 210.7 64.4 926 $ 4,745 31.8 $ 3664 $ 1,082 29.5%
Dacula 1,970.3 200.4 69.7 143.2 $21,608 93.7 $19,167 $ 2,441 12.7%
LS 03 2,0425 1159 75.7 79.1 $14,338 1125 $14580 $ (242) -1.7%
LS 06 2,033.9 1043 76.0 70.6 $23419 206.0 $23595 $ (176) -0.7%
LS 15 1,682.0 759 769 419 $16,280 241.0 $16,132 $ 148 0.9%
g;“r;“g 1,4000 2051 733 990 $ 7,783 488 $ 7582 $ 201  2.7%

n — Efficiency; BHP- Brake Horsepower

6.1.5 Forcemain Cleaning

Although forcemain cleaning is beyond the scope of this research; it doastedbrief discussion.

Forcemain eaning may be desired to remove sediment deposition, grease, or aindgpiockrderto

restore hydraulic capacity. Numerous technologies available for forcemaidleaning and generally

includeeither mechanical cleaning or the use of a pipeline pigrcemain cleaning may only provide a

temporary improvement without correcting the problems thattteitsl degraédcondition. Ice piggngis

a promisingnewtechnologythat pumpsa supercooledatersolutionforming a solidice plug (pig)inside

the pipethatmelts as it travels along the pipkminating the neetbr launchingor receivingports.
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6.2 Lift Station Operation

6.2.1 Pumping Cycles

The approaclilescribed in Sectiod.4 was used to calculate the average pump runtime and time
between pump cycldsr 2 hr incrementsvereach24-hr periodstarting at time 0:06or lift stations with
constant speed pumpgable4.6). Two hourincrements werselected because some puropded less
than once per hicomputational limitations resutg in large files;andit was determined th& hr time
blocks generally providkadequateesultssuitable for this researctSince theresults are presented an
average over 2 hr incrementbe sumof the averagerun timeper cycle and time between pump cycles
multiplied by the number of cycles equals 120 minutes. Theref@maveragaumber ofcycles per hour
is determined by dividing the number of cycles by 2.

Resultsprovide insight into the frequen@gnd duration of pumpingycles as well asaverage
operational conditions of the lift stations included in this reseaResultswereusedto determine if any
correlations can be made betweendhleulatedoughness parameters and gump operational dat&ach
systems response to inflow is cleadigservedn Figures6.19 to 6.33 As one would expect, the longest
time between pumping cycles occurs between 0200 andwWi{ld@sharp increase ipump cyclebetween

0400 and 080Qcorresponding to morning peaks.
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Figure6.27 Pumping Cycles Norris Lake
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Figure6.33 Pumping Cycles Jimmy Camp

As presented iTable4.6 and Figure$.19to 6.33 average pump runtime vadibetween 1 and
16 minuteswith pumpsremairing idle between 2 and 70 minutes between pumpycles. The number
of cycles represents timimber of pump stargver the 2hr time increment. The maximum number of
startsthat a pump can sustain per hmnelated to the size of the motamd generallglecreases witlarger
motor sizes.

The average number pimpcycles over the 2 hr interval ranged from 1 to 15 for most lift stations.
The exception was LS 03 which operates approximately Qiteyer cycle with 2.5 minutesf idle time,
providing 20 to 45 cycles over each two hqariod Frequent pump cycling is due &narrow wet well
operational band of 0.5 ft (0.15 m).

The time between pump cycles wdastermined to bapproximately60 minutes or greater for
Drennan, Janitell, ChapHlill s, and Rock Quarry lift statisindicating thathere is amall volume of flow
reporting to thesstations. As shown inTable4.6, the wet well storage band ranges from 0.5 ft.1dt3

(0.15 m to 0.94 myvith aper foot volume ranging frond6 ft3/ft to 285ft3/ft (1.3 n¥/m to 8.1 n¥m).
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Although not presented, calculategviklues were compared to the time of daydtime of year
the data was collected artle pump cycle information presented above. ddorelatiors wereobserved
between kandoperational time of day, year, pumpidigration,or time between pumping cyclegnother
factor evaluated washe Hydraulic RetentionTime (HRT) (also known asglydraulic ResidenceTime),
which is the averagiéme that the sewage takes to travel the length of the forcemain and is detelogined
dividing the volume of the pipeline by the flowrate.

Understanding the frequency of operation and the volume of sewagegumrelation to the HRT
could help develoa method for optimizindorcemaindesign.Utilizing the pump cycle information and
discharge during a pump cycle, tHRT was calculated foeachoperational poineévaluated as part of this
research. In addition to the HRT, the volume of wastewater pumped during the pump cycleeand th
corresponding percentage of the total forcemain volume were calculated.

Pumping cycle of each lift stationutilizing constant speed pumpsere evaluated. Average
flowrate calculated from theperationaldatapresentedwere tsed todetermine the average time that the
pumps were operating; average time pumps were idle; percentage of forcemaim polaped per cycle
number of cycles to pump the volume of the forcemaiid, ttime it takes to pump thentire forcemain
volume.

This analysis providea morerealistic methodology to determinihe time it takes to pump the
entire volume of the forcemain as compared to the HRT calculation sitede$ into account the time
duration the pumpare operating as well as sitting idIResults arg@resented in Appendix.1 Appendix
E.2presents the results graphicallyowing the time the pumps are operating, idle, and the number of pump
cycles required to convey the entire volume of the forcemain repressrieel dashed lineThe average

pumping cycle results asuammarized imable6.8.
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Table6.8 Summary ofAveragePumping Cycles

Average Average % of Number of  Time to Annual
Svstem Forcemair Average  Time Time Forcemain Cycles to Pump Pump
l\}/ame Volume Flowrate Pumps Pumps  Volume Pump Forcemain Operating
(ft3) (cfs)  Operating Off Pumped per Forcemain  Volume Time
(min) (min) Cycle Volume (hr) (days)
Janitell 68.4 0.2 16.9 55.2 291% 0.3 1.2 85.4
Kettle 50204 2.2 47 5.2 12% 8.0 1.4 1743
Creek
Big Valley 38.1 0.2 2.1 23.9 60% 1.7 0.5 29.8
ﬁ;‘lipe' 2059.8 1.0 3.0 65.8 8% 11.9 12.7 16.0
Drennan 2504.1 1.7 1.4 70.4 6% 18.0 21.6 7.0
Black 817.6 2.3 23 16.9 39% 26 0.7 43.3
Squirrel
¥r'i%d'e 5788.3 2.4 3.2 8.5 8% 12.6 2.4 99.7
Mid 11669.2 2.2 2.2 21.7 3% 39.8 15.6 34.0
Monument
Rock 7080.8 3.0 6.0 62.6 15% 6.7 7.0 31.8
Quarry
E:;gs 20560.9 5.9 9.0 27.9 11% 9.3 5.7 89.5
Dacula 11561.9 4.4 4.1 12.0 9% 10.6 2.8 93.7
LS 03 4755.0 4.6 1.1 25 6% 15.7 0.9 112.5
LS 06 21769.1 4.5 5.7 4.4 7% 14.1 2.4 206.0
LS 15 15946.1 3.7 4.4 2.3 6% 16.0 1.8 241.0
gmmy 83730 3.1 1.8 11.7 4% 24.7 5.5 48.8
amp

Results show:

e Although the Janitell pumps sit idle for approximately 55 mindkesentire forcemain volume
is conveyedkach pumimg cycle. The remaining systems conagproximatelyd% to 60% of
the forcemainvolume per cycle, with a numbef systemspumping less than 10% of the
volume per cycle

e Drennan, Mid Monument, and Chapel Hills require 21.6 hrs, 15.6 hrs, and 12.7 hrs,
respectivelyto pump the forcemain volumaAs a result,lie wastewater in these forcemains is
likely turning septic. Mid Monumertdischargs directlyto the Middle Trib forcemain which
is equipped with an ECO2 odor control system, so odor is no blkelssuevithin this system,

but could be an issue for Drennan and Chapel Hills
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e Other systems pump the entire forcemain volume in less thaar§, whichmaybe acceptable

to prevent anaerobic conditions and odors.

¢ Annual operatioal timeof the pumps is a function of the pump capacity as well as the inflow

volumereporting to the lift station and ranges from 7 and 241 days with Drennan ogé¢hati
least at approximately 7 days per year.

As demonstrated abovthe time to pump entire forcemain volum&able6.8) providesa better
measure of the time it takes to convey the entire volume of therfaitesince it takes into account the
time duration the pumpsperate angit idle before the nexgumping cycle begins.

Results were also compared to the calculatefbikeachsystem;neither he ime to clear the
forcemain r numberor duration of pumping cycles appearsaftect k. No correlations between the
operational data and calculated valuessafdre observed; thereforle,is primarily a function of velocity
for wastewater pipelineddowever, klikely varieslinearly along the pipeline due tixygen depletion and
formation of sulfide within the slime layer. Evaluatiohthis topic is beyond the scope of the current
research but shoulte evaluated ifuture research

Although k was found to be independenttbe number and duration of pumping cyclas well
as the time required to convey the entire forcemain volutmetime to pump théorcemain volumes an
importantfactor to evaluate in ordéw determine if the wastewat&ill turn septicduring transport. A very
long forceman clearingtime will promote anaerobic conditions and sulfide developmstitin the
pipeline. The time for wastewater to turn septic depends on several factandiinclthe age of the
wastewatergeneral wastewater characteristicencentration odissdved oxygen, sulfate, BOD, and
temperature

Stuetz (2001) performed an experiment to determine the sulfide concentration iastewater,
outside sewers, and within a rising main over timem@osition of the sewage used for the two experiments
was similar. However, the rising main included widleloped populations of sulfur metabolizing

microorganisms present in biofilm.
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Stuetz (2001) reported that thetablishment of anaerobic conditions in domestic wastewater is not
necessarily followed by rapid septicity development. In crude sewasjde@sewers, the speed of septicity
development remain relatively sldang after it has become anaerobitégure 6.34 showsthatthe change
in hydrogen sulfide concentrations in typical sewage is relatively dlwimg the first 24 hours. However,
sulfide develops more rapidlyn forcemains Figure 6.35 shows the change in dissolved sdé#i
concentrationsapidly risesover time inforcemaingStuetz 2001
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Figure6.34 Suffide Generation in Crude Sewage Outside Sewers (Stuetz 2001)
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Figure6.35 Suffide Generation in a Rising Main (Stuetz 2001)
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High concentrations of sulfide can lead dorrosion ofmetallic and cemelitious bagd pipe
materials. Thereforét is desirableo limit the amount of sulfide produced in forcemains. ASCE Manual
of Practice (MOP) No. 60 (MOP 6(Kienow 1989) indicates that sulfide generation is likely to be mihima
for forcemains less than 200(&1 m)long. Systems with the greatest potential for sulfide generation are
long forcemains (thousands of feet to several miles) and those wheréyislonadequate to transport
organic solids (Kienow 1989). Discussion on velocity required for particle transjsr provided in
Section6.1.1 ands further evaluate¢h Section 8.2.

Given the informatiomdentifiedabove, the sulfide concentration remains relativelywatiin raw
wastewater. However, the sulfide concentration rises sharply in fortenvhich lave an established
biofilm. High sulfide concentrations can lead to odor issu8slfide production rates are greater in
forcemairsas compared to raw wastewater. Therefoomfan operational standpoititvould be desirable
to decrease HRT in the forcemand provide additional storage in the wet well. In addition, it may be
easier tanitigate odorrelatedissues in the wet well as compared to the forcemain.

All of these factors indicate thatqperly designed forcemains should consider the time to pump
the forcemainvolume of as well as maintainingsalfficient velocity to transporparticles érganic and

granulay and air Optimal pipe sizing igliscussed ilChapter 8.
6.2.2 Pump Operation Points

As identified inChapter3, pump factoryperformance curves were provided by the Owner of each
system. Pump desigrpoints for systesutilizing constant speed pumpse summarizedn Table 6.9.
Pumps controlled with VFDs were nioicluded sincggump curves weraot obtainedor these systems.
Norris Lake utilizes constant speed pumps but was not included in the table belowhsid=sEharge
pressuref the statioris monitoredand was used fdrydrauliccalculations The maximunsolid sizethat
eachpump can pass ranges from hb5to 5in. Transprt of lids is discussed in more detail$ections

6.1.1 and 8.2.
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Table6.9 Summary of Pump Nameplate Duty Points

Number of Pump Design Point _ Max Sphere
System P?J‘%S Flow(gpm)  TDH (f) Eff'(%'/oe)”cy BHP () 5ize1 (in)
Janitell 1 139.6 43.8 39.0 4.0 15
Kettle Creek 3 1,130.0 92.0 79.8 32.9 3.0
Big Valley 1 100.0 53.0 45.0 3.0 15
Chapel Hills 1 500.0 141.0 62.5 28.5 3.0
Drennan 1 740.0 100.0 71.6 26.1 3.0
Black Squirrel 1 1,120.0 113.0 71.0 45.1 3.0
Middle Trib 1 1,041.0 456.0 65.0 184.6 3.0
Mid Monument 1 1,170.0 155.0 57.0 80.4 3.0
Rock Quarry PS 1 1,650.0 186.0 75.8 102.3 3.0
Dacula 1 2,615.0 184.0 77.0 157.9 3.0
LS 03 1 1957.0 120.0 76.0 78.1 3.0
LS 06 1 2,400.0 100.0 79.1 76.7 5.0
LS 15 1 1,800.0 72.0 77.0 42.5 3.0
Jimmy Camp 1 1450.0 203.0 74.8 99.5 3.0

! Maximum size particle pump can pass

Equations defimg the pump head capacity curve and efficiency from the factory pump
performancecurve were developedor each pump using M.S. ExcelThese equations were used to
calculate the pump openagj pointat each flow measured by the SCADA system and analyzed as part of
the hydraulic analysi§Chapter5) andwere compared to thdesign point of the pumfp evaluate the
performance of each system

In most cases it was determined that the pump(s) were operating to thetteftdafsign poin
indicating that more head was required to overcome friction losses withisystenmas compared to the
original design Thisis consistent with the findings of the hydraulic analy§ismp operatig points were
plottedalong withthe pumpperformanceurve for each system and are presented in Figugésto 6.49
The followingresults were observed

¢ Dacula, Rock Quarry, Chapel Hills, Janitell and Kettle Creek were tiqgeta the left of the

design point.

e Big Valley, Chapel Hills, Middle Trib aniid Monument were operiaig close to the design

point, but the efficiency at the operational point(s)réatively low compared to the best

efficiency point of the pump.
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Figure6.37 Pump Operational Pointskettle Creek

145




Big Valley

80 80
70 70
60 60
50 LS 50 ®
£ = 9
T 40 40 £
o 2
- 2
30 30 &
20 20
10 10
0 0
100 200 300 400 500 600 700 800
Flow (gpm)
e Pump Curve A Design Point O Operation Point = Efficiency
Figure6.38 Pump Operational PointsBig Valley
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Figure6.32 Pump Operational PointsGhapel Hills
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Figure6.41 Pump Operational Points — Black Squirrel
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Middle Trib
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Figure6.42 Pump Operational PointsMiddle Trib
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Figure6.43 Pump Operational Points — Mid Monument
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Rock Quarry
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Figure6.44 Pump Operational PointsRock Quarry
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Figure6.45 Pump Operational PointsDacula
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Figure6.47 Pump Operavnal Points-LS 06
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Figure6.48 Pump Operational Pointsl-S 15
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Figure6.49 Pump Operational PointsJimnmy Camp
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7 Prediction of Roughness Factors

7.1 Introduction

As shown inChapters, absolute roughnegis)) and C factor were found to vary with the velocity.
Both the @lebrookWhite and HazerWilliams equationsitilize constanks and Cfactorsin determining
headloss.Therefore, hese equations require modification to calcutetadloss based uptmefindings of
this research The following sections descriibe methodology used to evaluate ttegaand develop

predictive equations for both &nd C &ctorbased upowelocity.
7.2 Data Analysis and Curve Fitting

All data collected as part of this research were evaluated and screened in ordeojotedadtive
equations for kand Cfactor based upon velocity. CurveExpert Professional 2.3.0 and Microsoft Excel
wereused to analyze the data and develop predictive eqadtioboth k and Cfactor. The following

sections detail the data analysis, assumptions, and curve fitting methodology
7.2.1 Absolute Roughness

All calculated values forskevaluated apart of this esearchare presented ifigure 7.1. The
Research Dataset (data collected as part of this resémastigwn as blue data pointee red data points
represent the H.R. Wallingford Datand datacollectedfrom previous studieand reportsare shown in
green. Also presented frigure 7.1 are the ks data points corresponding R< 1.04x1G which, as
demonstrated in Sectid2.3 lead to erroneous valueskafsince thevon Karman constantas found to
beless than 0.4. Lastly, the predicative equation developed by H.R. WallinGioagter 3to estimate k
from velocity is also shown iRigure7.1.

FromFigure7.1, the predictive equation developed by H.R. Wallingford does not provide a good
fit of the dataset. In addition, a large number of data points from the H.Rn§fi@li data is subjected to
values of kwherex<0.4. Since these data points produce erroneous valugshafkwere removed from

the data set. The remaining data along with the H.R. Wallingford predictiveayliati are presented in
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Figure7.2 The HR Wallingford predictive line was provided to illustrate that the remaidétg provides
much larger values oflas compared to the HR Wallingford data and to highlight that the HRA¢faltd

data set included several data points wheredhekarmanconstant was less than 0.4.
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Figure7.2 ks Data excluding values where<.04E5
The data wrescreened to determine the best fit line. Three predictive \ieee developednd
are presenteth Figure7.3. First a predictive equation was developed for the entire dgedtiding

Re<1.04x10). Second, data associated witlv&lues greater than 30 mfh.2 in) were removed since it
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is impractical to use an equivalent sand roughness value greater tham 802 in) without adjusting for
a reduced interior diameter. 30 mm (1.2 was selected as a reasonable value for the upper threshold of
ks based upon experience. Thidhta points identified by a red cirolgere considered outliers to the
dataset Although thesgotential outliergrovide a linear relationship with a similar slope and shape as the
remainder of the dataset, the data points are shifted tmtiesuggesng higher headlossyhich could be
the result of an obstructipaedimentationpr potential air lockingandthereforewere removed

Predictive lines weredeveloped in MS Excel as a power function which provided the best overall
fit to the data Several nonlinear functions were evaluated; however, the power functiodegat tive best
overall fit to the data given the ledog scale. A summary of theebest fit linesand goodness of fit are

presented ifrigure 7.3andTable7.1.
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Figure7.3 Comparison oBest Fit Lines ks

Table7.1: Summary of Predictive Equations and Goodness of kit - k

Data Set # of Data Equation R? SSE MSE Standard
points Deviation
All data excluding _ 3.890
Re<1.04x10 332 ks=2.95V 0.5614 150.9 0.457 1.03
ks<30 mm 276 ks=2.35V36%3 0.4741 113.9 0.414 0.89
OutliersRemoved 243 ke=1.897Vv437®  0.6118 79.11 0.327 0.92

SSE-Sum of the squared error; MSBViean square error
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Predictive equationgepresenting the best fit lineshown inFigure 7.3 appear toprovide a
reasonable fit to the datbowever, theoutliers removedine (red) appeargo bestrepresent the data and
crosses the HR Wallingford line at approximately 2 (6/6 ft/s)where therds a concentration of data
points. The slope along the other lines developed is flatter and cooksas (0.004 in.at approximately
2.5 m/s(0.76 ft/s) The predictive line developed biWR Wallingford line was included to showisi
dependence on data painvhere k<0.4 (Re<1.041C%) and to illustrate that the predicted \alues
determined as part of this research are approximately an order of rdadaiyer than the HR Wallingford
line for velocities less than 1 m(3.3 ft/s).

Calculated errors comparing the predicted valuksod the actual value are presentedrigure
7.4. Error associated with the predictive equattdass tharapproximately 2nm (0.079 in.)for velocities
greater tharl m/s(3.3 ft/s)which is generally considered the minimum recommended forcemain velocity
The large error associated witiwer velocitiesmay provide an indicator that selecting 30 mm (1.pas.

the upper limit may not be appropriate.
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Figure7.4 Error of PredictiveEquation(ks)
Given the prediedline is a power function,skvill continue to decrease with increased velocity.

A practical maximum velocity musgiherefore be selected. Thiseisploredfurtherin Section 7.2.3
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7.2.2 C-Factor

The procedure identified above to evaluatdata was applied the Cfactorresults Cfactor data

plotted by data source along identifyidgta points associated wit<1.04E5 areshown inFigure7.5.
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Figure7.5 Summary of Cdctor Results

To be consistent with the approach utilized fgr tkree predictive lines for Gactors were

developed and are presentedrigure 7.6 First a predictive equation was developed for the entire dataset

(excluding R<1.04x10°). Secamd, the Cfactor data pointequivalent to kvalues greater than 30 n(th2

in.) were removed since it is impractical to use an equivalent sand roughness valuggre&@@mm (1.2

in.) without adjusting for a reduced interior diameter. Thirdptiier data points identified by a red circle

were removed. Although these data points provide a linear relationship, the degapoihifted to the

right of the main trend line suggesting higher headloss which could be the result oftractioios

sedimentationor potential air locking.

Regression and predictive lines weeveloped usinGurveExpert ProfessionaSeveral nonlinear

functions were evaluated; however, the Weibull function provided the besilditerA summary of the

best fitlines and goodness of fit goeesented iTable7.2.
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Table7.2 Summary of Predictive Equations and Goodness of Fitactorf
Equation Data Set # of_Data Equation R? Standard
points Error
All data excluding _ —0.62367253
1 Re<1.04x10 332 C =129.72 — 75.56¢ 0.4847 22.97
2 ks<30 mm 276 C =136.32 — 68.89¢~04930v*'*  0.3808  21.34
3 Outliers Removed 243 C =135.11 — 56.12¢-0310v>¢* 05784  17.90

From Figure 7.6, the outliers removed lified) appears tdestrepresent the data. alCulated
errors comparing the predicted value ofaCtor to the actual value are presenteBigure 7.7 Results
show considerable scatter in the calculated error suggestinglieatactos such as diameter shoudtso

be considereth developing the predictive equation
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7.2.3 Final Curve Fitting
7.2.3.1 Estimation of ks

As presented in Sectigh2.], ks values greater than 30 n{th2 in.)were removed from the dataset
since it was assumed to be impractical to have an equivalent sand roughnessdeghihgm 30 mifi.2
in.) withoutreducing the diameter. This assumed maximgwakieis likely too large; however, the data
collected and evaluated does not support reducing this assumed threshot staties should furdn
evaluate this in more detail to confirm or refine thisiagstion.

Figure 7.8resentsll calculated values ot by pipe material andlsoincludes the suggested clean
water, new pipe absolute roughness values published in the literAtunajority of these data points are
well above the clean water, new pipe absolute roughness. Some calculated vajues®fdund to be
below the new ipe, clean water published value @f KA cluster of data between 1.5 and 2 m/s (4.9 ft/s
and 6.6 ft/sppproaches a;kalue of 0.1 mn{0.004 in.) A number of data points are below 0.1 04
in.) at velocities approximately 2 m(6.6 ft/s)and thee are approximately 3 data points near 2.7(81%

ft/s).
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Figure7.8 ks Results by Material with New Pipe (Clean Wateudplished kValues

Predictive equation (outliers removed) developed in sedti@rl provides areasonabldit to the
dataset However, this linear relationship woutdntinueindefinitely providing smaller values & as
velocity increases. In practice, this relationship cannot continue beyopdithished values of for clean
water new pipe. Therefore, a practical lower limit shoule$tablished for application of the predictive
equation. Intuitively, the slope of the predictive equation should decresisgpsaches the clean water,
new pipe kvalue. An equation to define this line could not be readily developed since thevergréew
data points for velocities greater than 2 (@/$ ft/s)

As shown in Sectioid.2.2, C &ctorresults suggestnapproximate constant factor for velocities
greater tha 2 m/s(6.6 ft/s) Given the limitechumber ofdatapoints greater tha m/s(6.6 ft/s), hisnear
constant Gactorwas used taalculateequivalent kvaluesfor velocities ranging from 2 (6.6 ft/s) to 4 m/s

(13.1 ft/s). Equivalentvalues were plotted tevelopatrendlinein MS Excelresulting inEquation 7.1.

kg = 0.1364V ~0-546 (7.1)

where k is absolute roughness in mm and V is velocity in fiife two predictive equations

developedor ksare shown along with the trimmed dataset (outhesvalues fok<0.4 removed) ifrigure

159



7.9, the goodness of fit is presentedliable7.1, thetwo predictive equations intersect at approximately 2

m/s (6.6 ft/s).
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Figure7.9 Predictive Equations £k
Based upon the abowenalysis, he recommended application of the predictive equations to
calculate kare summarizedn Table7.3.

Table7.3 Summaryand Limitsof Equatiors to Estimate k

Equationks (mm)

Limits

ks= 30

V <0.54(m/9

kg = 1.897V~+37°

0.54 <V <1.98 (m/s)

ke = 0.1364V 0546

1.98 <V <4.0 (m/s)

7.2.3.2 Comparison of Predictive Equations

Headloss was calculated using bothiagenWilliams and DarcyWeisbachequations along with
the predictive equations identified above in order to compare ang teeifaccuracy of the predictive
equations. Predictive equationdor ks were substituted into the Swamégin equatiorassuming a water
temperature of0 °F(21.1°C). Equation 3 irTable7.2was substituteth to the Hazeswilliams equation.
Headloss was calculateding 6in., 12in. and 24in. (152.4 mm, 304.8 mm, and 609.6 md@meters at

apipe length 0fl6,404 ft 5,000 m) resultsareshown in Figure 7.10.
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Figure7.10 Comparison of Headloss using Predictive Equations

Results shova substantial gap between the calculdteddlossrom 1m/s 8.3 ft/g to 2 m/s(6.6
ft/s) for a 6in. (152.4 mm)diameter pipe; this gaparrowsasdiameter increasesAlso noted isarise in
headlossising the @rcy-Weisbachequation fowvelocitiesless than 0.7 mf&2.3 ft/9. This rise in headloss
furtherindicateghat the assumeadaximumks value of 30 mn{1.2 in.)maynot be apppriate forsmaller
diameterswhich is logicalfrom an application standpoint since an equivalent sand roughness of 30 mm
(2.2 in.)provides a diameter reduction of nearly 4084n. diameter) In addition, the lHzenWilliams
headloss curve for aif. (152.4 mm)diameter pipe shows a flat, or constant headloss betweemis15
(3.8 ft/9 and 1.4 m/44.6 ft/9. Theactual headlosshould not beonstantwithin this region ands not
consistent with theesults observed in the hydraulic analysilithough there is a sharp transitiam
headlosgor DarcyWeisbachusing a6 in. (152.4 mm) diameter at approximately 1.9 (@%8 ft/s) the
headloss calculated from both methadsrelates well for velocities greater than 1.9 %8 ft/s)
Headlossletermined byHazenWilliams for the 12in. and 24in. (304.6 mm and 609.6 mrd)ameters are
4% and 7%greater than thBarcy-Weisbachrespectively.

Headloss calculated from either equation should produce similar reRaksltspresented above
suggestthat the HazeiVilliams predictive equation should also account for diameter since there is a

substantial deviation for smaller diameters betwesmis(3.3 ft/g —2 m/s(6.6 ft/9 and the relative error
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increases with larger diameserConsidering thdeviation inheadloss resultssing the two equationthe

ks predictive equation was used to calculate the equivaléattOr for a number of diameteassuming a

16,404 ft §,000 n) long pipe and water temperature7@f°F (21.1 °C) Results are presented kigure

7.11 andsuggesthat the HazeiWilliams predictive equation should inclutdeth velocity andliameter as

dependent variables in determining C factor.
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Figure7.11 EquivalentC factor Relationshipy Diameter

An attempt to develop a single predictive equation to estimai&ctor using a multivariable

nonlinear regression produced unfavorable results. Therefore, ppmach wasevelopedCurveExpert

Professionalvas used to evaluate and develop an equation to define the results for each diameted presen

in Figure 7.11 The Weibull Model was found to best represent the datatakesform of Equation 7.2

where y is the Gactor and x is the velocity (m/s)

y=a-— be=cx" (7.2)

TheWeibull Modelparametergdetermined byCurveExpert Professionakeprovided inTable7.4.
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Table7.4 Summary of Weibull Model Parameter&+factor Equation Development

Diameter (in) a b c d
6 135.65 112.16 0.963 1.876
8 136.81 108.75 0.967 1.883
10 137.62 106.14 0.97 1.889
12 138.22 104.04 0.973 1.893
18 139.36 99.46 0.978 1.904
24 140.03 96.3 0.982 1.912
30 140.46 93.89 0.985 1.919
48 141.17 88.96 0.992 1.933
66 141.48 85.72 0.996 1.943
Average 0.978 1.906

Each parameter was plotted against diameter Wiagsoft Excel to identifyand screeritical
relationshipdetween parameter®ue to the relative ranges of each parambtghthea and lparameters
arepresented in Figure 7.5Hhd thee and dpbarameters Figure 7.13. The figures alpoovidethetrendline

and correspondingZ®alues for each parameter.
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Both the a and b parameteery significanty with diameter. However, the c and d parameters are
nearly constantThereforethe impact of the ¢ and d parameters on the WeibatldViwasevaluatedy

comparing theaverage of these parameters to the actual values for the exponential portion ofi¢he m

(e‘de). The results are presented in Figure Tdrda 6in. diameter pipe and show that utilizing the

average for the ¢ and d parameters provides nearly identical results.
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C factors were calculated for bothrb and 66in. diameter pipe using the trendlingsvelopedor
thea and b paramete(Bigure 7.12 and both the actual and average values for ¢ and d in order to verify
that that using the average values did not significantly afféactor. These two diameters represent the
minimum andmaximum diameter el@ated as part of this researdResults along with the calculated error
comparing the actual against the average c and d parameters are shguneir7.15 Using the average
¢ and d parameters provided calculaiethctos with lessthan 0.86 errorindicatingthat it is acceptable

to apply the average ¢ and d parameithe exponential padn of thepredictive equation.
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Figure7.15 Comparison of Céctors Calculated from Actual and Average ¢ and d parameters
Combining the trendlines for the a and b parameters as well as the average vahess dod d
parameters to EquationZrresults irEquation 7.30 determineC factor based upon both velocity and pipe

diameter:

Cractor =@ — be_CVd (7.3)
Wherea = 132.09¢°%°174 : p = 137.37¢~%112 : ¢ = 0.978; d = 1.906 ¢ is diameter in inches

andV is velocity in m/s
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A comparison of the dadloss determineflom both theHazenWilliams equation and &uation
7.3; andthe DarcyWeisbachequationusing theequation(spresented imable7.3is providedin Figure
7.16for 6in., 12 in, and 24in. (152.4 mm, 304.8 mm, and 609.6 muigmetes. The error associated with
calculated headlosssing the predictive equati(®) was determined to be less than 5%esiitts show that
a slight gagdor the headloss curves betwekt5 m/s (3.78 ft/s) and 1.75 m/s (5.74 f&l) remains for 6
in. (152.4 mm)iameter pipe but is greatly reduced as compar&tjtoe 7.10; however, tiremaindeof
the headloscurve matches very well. In addition, the headloss curves for the larger diarpeterde
nearly identicakesults The headlossuwrve associated withlazenrWilliams was noted to ba smooth
curve whereas the Dardyeisbactprovides a rise in headloss for velocities less than 0,Avhishfurther
indicatesthat that the assumed maximugwvklue of 30 mm (1.2 inhnay not be appropriate for smaller
diameter pipe. These predictive equations should be used to estimate roughness factopelfoegi
conveying wastewater based upon the velocity in the pipe. Although notdié&iée a similar analysis

was conducted for U.S Customary UnitsesRIts argoresented in Appendix F and theedictive equation

is provided in Section 7.3.1.2.

200
180
160
140
120
100
80
60
40
20
0

10%
8%
6%
4%
2%
0%
-2%
-4%
-6%
-8%
-10%

Headloss (m)

Error (DW Compared to HW) (%)

0 0.5 1 1.5 2 2.5 3 35 4
Velocity (m/s)
H-W - 6" DW-6" = = —=H-W-12" = = =DW-12" — .. H-W-24"
= . . DW-24" Error - 6" —— —— Error-12" — - - - Error - 24"

Figure7.16 Comparison of Headloss Calculdtitom Hazenwilliams and DarcyWeisbach Equations
for 6in., 12in. and 24in. Diameters
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The above analysis determined the minimum velocity correspondingsteatue of 30mm (1.2
in.) is approximately 0.5 m/s (177 ft/s). Since theC factor is a function of both velocity and diameter
the minimum recommende@ factor corresponding to a velocity of 0.54 m/s (1.77 Wa$determined

and plotted againstiameteras presented iRigure 7.17 and can lalculatedrom Equation #4.
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Figure7.17 Minimum Applied C factor by Diameter

Cractor (Min) = 10.753In(¢) + 32.395 (7.4)
whereg is diameter (in)
7.2.3.2.1 Temperature Effects on Equivalent C-Factors
Equations 7.2 and 7.3 wedeveloped assuming a wastewater temperature of 70 °F. Equivalent C
factors were also evaluated assuming tempesatis® °F and 60 °FL0 °C and 15.6 °C)Analysis shows
thatthe equivalent Gactors were reduced approximately 0.54% for ever§FL(5.56 °C)reduction in
temperature Equation 75 provides aimple correction factdiCr) to be applied tdequation 73 to adjust

the C fictor(C factor * G) based upomwastewater temperature

Cr = [1—5x10"% % (70 — T(°F))] (7.5)
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It should be noted thahis analysis was performed assuming an average wastewater temperature

of 70°F (21.1 °C) andhereforeshould beverified in future research
7.3 Summary of Results and Recommendations

This sectionsummarizes theredictive equations developed to estimatesolute roughnesss{k
and C factor, based upon velocity. Thespiationsshould be substituted in th€olebrookWhite /
DarcyWeisbachand HazesWilliams equations to calculate headloss in wastewater forcemains.
7.3.1 Final Predictive Equations

A summary of the recommended predictive equations for both BEeigbach and Hazen
Williams equationsin both Metric and US Customary uniseprovided below.
7.3.1.1 Absolute Roughness - ks

Table7.5 Summary of Predictive Equation and Limitss{Metric Units)

Equation k(mm) Limits Equation No.
ks= 30 V < 0.54 (m/s) (7.6a)
k, = 1.897V ~*37° 0.54 <V <1.98 (m/s) (7.6b)
k, = 0.1364) 70546 1.98 <V <4.0 (m/s) (7.6c)

Table7.6. Summary of Predictive Equation and Limitss{W.S. Customary Units)

Equation k (in) Limits Equation No.
ks=1.18 V < 1.77 (ft/s) (7.7a)
kg = 13.571y ~*37° 1.77 <V £6.50 (ft/s) (7.7b)
k, = 0.0103V 0546 6.50 < V< 13.12 (ft/s) (7.7¢)

7.3.1.2 C-Factor

Equations 7.8Metric) and7.9(US Customary) estimatef@ctor based upon velocity and diameter.

The minimum Cfactorto beapplied to hydraulic calculations for velocities less than BA(1.77 ft/s)s

calculated from Equatio.4. Equations 7.&nd 79 were developed assuming a wastewater temperature

of 70 °F(21.1 °C), Equatioi1.5 is used tadjust the Gactor for wastewater temperatures other than 70 °F

(21.1 °C).
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Table7.7. Summary of Predictive Equations and Limits:actbr

C-FactorEquation Limits Equation No.
Metric Units
Cractor = 132.1p0-0174 _ 137_37(1)—0.1126—0.908V1-9°6 0.54 <V <4 (m/s) (7.8)
US Customary Units
Cractor = 132.1¢p0-0175 _ 137_29¢—o.11ze—0.102V1-9°7 1.77<V <13.12 (ft/s) (7.9)

Where: ¢ is diameter in inches; V is velocity m/s, (ft/s)
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8 Implementation of Results

8.1 Economic Forcemain Sizing

Thehydraulic analyses performed@hapter 5 determindfiat thehydraulicroughness parameters
(absolute roughens andf@ctor)varied with velocity forwastewateforcemains As velocity increases,
the absolute roughness was foundi¢éareasgandsimilarly, theC factor increasewith higher velocity
Results indicate that the hydraulic efficienafyforcemains improve with increased velocity. Although
hydraulic efficiengy improves the system experiences higher headloss with increased velocity since
headloss is a functioof square of theelocity.

Economic factors such as operational and capital costs should be consiuenesiamg forcemain
systems A significant portion of operational costs are associated with energy us@agital costs
associatedvith the lift station dependn thenumber type, and size of the pumpthe facemain cost is a
function of the pipe material, diameter, and lengthll of theseitems are interelated In general, the
forcemain capital cost decreases as diameter decreases; however, decreasingetee idienreases
velocity, whichin turn, increases pump sizing and operational costs associated with energy.

Sewage lift stations are generally designed for a yearly maximum floveveoythe average flow
may beconsiderably lessLarsen (2016) indicates that due ttee nonlinear relation between energy
consumption and flow velocity in turbulent flows, the power consumption wilk s aninimum if the
flow is distributed as close as possible to the yearly average.

The following sections review and evaluate thehmdblogy for economic sizing of pipelines and
discusgsseveral economitactorsto be considered during design and howytaeeinter-related. This
analysis is not intended to be a market stadg utilizes general cost curves for estimating capitakcost
since local or geographical factors such as economies, material costy, @vstgy or labor rates can

significantly affect operational and construction co€gerational costs vary depending on the frequency
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and duration of pump operatiolzquation8.1 can be used to estimate the pump runtime wheris @e
inflow (gpm) and Qis the pump flowrate (gpm)
t =760 Ln (8.1)
Q45

Additionally, the rate structure of electrical utilities can also aféewergy costs. For example,
electrical utilities could offer discounts for energy usage during afik beurs omay provide surcharges
for usage during peak consumption time periégtisquency and duration also affect the energy uaage
smaller lift stations tend to run periodically while larger stations could run more fidgue even
continuously. Frequency of operatiaithin smaller stations depends on the size of the pumpshand
inflow rate reporting to the statiormable6.8 showdhat the smaller lift stations evaluated as part of this
research operateetweeny/ to 241 days annually.

Annual costs associated with pumping water were determined for velocitisgrénom1.64 ft/s
(0.5 m/s) to 13.1 ft/s (4 m/sind diameters ranging fromit. (152.4 mm)to 18in. (457.2 mm). Energy
costs were determined from the water horsepower due to constant pumping (365 ddi}§ assuming
an electrical rate of $0.07/ktw which is the average industrial rate for Colorado
(http://www.electricitylocal.con)/ Water horsepower was determined from the flowrate and friction loss;
the friction loss was calculated using the Ha¥éilliams Equation along with Equatich6to estimate the
C factor assuming a 5,000 ft (1,524 m) long pipefareveocities ranging from 1.64 ft/s (0.5 m/s) to 13.1
ft/'s (4 m/s) Results ar@resented in

Figure 8.1 and showhat velocity has a significant effect on annual pumping costs assuming
continuous pumping. The actual annual duration of pump runtime will affect the apetation cost and

ultimately the economic diameter of the forcemain and will be evaluated in ltheihgl section.
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Figure8.1: Example of Annual Pumping Cost witledpect to Diameter
8.1.1 Pipeline Economic Analysis

As presented@dbove, velocity has a significant effect on pumping costs.  Other falctdrean
affect the economic sizing of forcemains include pipe length, annualaluttipump runtire, energy
costs,capital costs ofhe pipeline and pump station, and project financing terms. Although the project
financing terms (interest rate apadyback periogcan affect economic sizing, these parameters are a
function of local economic facteand will not be evaluated as part of this research.

Economic analysis of a sysh evaluates the project life cycle costs (LCC) based upon the system
configuration. The system is optimized when the LCC is a minimum. Sevetiabdsesuch as the
Capitalization; Annuity; or Present Value Methods can be used to estimalt€CC. The Qaitalization
Method converts recurring costs to capital costs; the Annuity Metbodertscapital costs to recurring
costs; and thBresent Value Method determines the mesent worth of the systerRresent Value Method
is the most common and will beilized for this analysishased upon thenethodology identifiedn

Hydraulics of Pipelineby Tullis (1989. The present worth (PW) is determined frEnuation 8.2.

inital cost
PW == (8.2)
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Where:n is the years of useful life; ands the interest rateThe most economical diameter is the
diameter that produces the lowest present worth consideriranthel operational cost of pumping and
capital cost for the pump station and pipelinEhe process includes calculating the total annual costs for
a given flowrate considerinvarious pipe diameters. Total annual cost is the present worth of thé capita
costs (pump station and pipeline), annual operational costs, and any other costs tadeel.indlhe
minimum total cost results in the most economic systemits/éife cycle Requirements angrocedure
for optimal diameter analysis identifiedin Table8.1.

Table8.1 Procedure of Optimal Pipe Diameter Selection

# Item Calculation

1  Total Cost of Installed Pipeline ($) Unit cost of pipe ($/ft) * length

2 Annual Cost of Pipeline ($/yr) Present Worth of pipeline

3 Required Pump Head (ft) Determine system head on pump (total dynamic head)
4 Required Pump HP PumpBHP

5 Required Electrical PowgkW) Convert pump hp to KWBHP * 0.7457 = kW)

6  Annual Power Cost of Pumping ($/yr)  Cost of power usage ($/k\r * total hrsoperating annually
7  Cost of Pumping Station ($) Total Capital $ of Pump Station

8  Annual Cost of Pump Station ($/yr) PreseniWorth of Pump Station Capital Cost

9  Total Annual Pumping Cost ($/yr) (6 +8)

10 Total Annual Cost ($/yr) (2+9)

Required Pump Head is thetal headlossf(iction and minor los@splus the static headf ¢the
system. The required pumprsepower (p) represents the brake horsepower (BHP) of the pump and is
determined from the discharge, pump head, and pump efficiéviicyosoft Excel was used to develop a
spreadsheeb determine the optimal diameter using the methodology presented abloe following
sections will evaluate theensitivity ofeconomic sizing to energy costs, pump runtime, pipe leagstem
static head, and pipelirrapital costs givethe following design parameters:

e Static head 0b0ft (15.2 m);

e Electrical unit rate of $0.07 kw-hr; constant rateno demand charges @sture increases

considered

e Pipe unit cost of $8ft / in-diameter assumed to be constant over entire length

e Pipe length of 10,000 ft (3,048 m);

e Pumps are 75% efficient and operate an average of 12 hrs/day over the year
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e Pump Station capital costs amortized over 20 yaaalspipeline amortized over 30 years; both

at a7% interest ratp

e Healloss determined from the Haz@illiams equation using=quation 7.8 (Section 7.3.1.2

to estimate th€ factor; and

e Minor lossesvereassumed to be 5% of friction losses.

Although not presented as part of the sensitivity analysis below, theaffaanp station cost was
found to be insignificant to the economic sizing of the pipe. Pump station eogtdepending on several
factors of which the most important include the type and number of pumps, number of redundant pumps
depth of the structure, and volume of wet well storage. As a general thlends, pump station unit cost
($/station hp) decreases with increased hp, or station size. A power function wapelevelestimate the
station cost based upds total requirechp assuming aost of $1500 /hpfor small (1 hp) stationand
$2,000 /hp for large (B00 hp)stations The resulting power function &tation Cost$) = 15,000(hp¥- "4
This cost model is not inteed to provide a complete estimatepoimp station capital cost but provides
relative costfor comparison purposéxsed upon the statioodsepower.

Pipeline economic sizingasfirst performedusingthe above assumptions given flowrates of 500
gpm(0.03 cms), 2,000 gpi®.13 cms)5,000 gpm(0.32 cms) 10,000 gpn{0.63 cms), 20,000 gpii.26
cms) and 50,000 gpm (3.15 cms) in order to provide a baseline feetis#ivity analysis belowResults
for the 5000 gpm (0.32 cmsgase are presentegtaphically inFigure 8.2with the optimal diameter
identified by the arrowCalculations are also summarizediable8.2to show the methodology and result
of the calculations. Aalysis was performed for interior diametefsl-inch incrementshowever, only
results near the optimal diamefsome diameter results omitted for breyityillustrate the relative change
in results near the optimal diameter.

The relative change in total annual cost is relatively minor for diagetgin. (76.2 mm)from
the optimal diameter. Thereforg, slightly smaller diameter could be selectedntrease operational

velocity without significantly impacting the total annual coBhis is illustrated graphically iRigure8.2,
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with a nearly flat spot in curve adjacdntthe optimal diameterFigure8.2 alsoshows that the velocity

falls quickly with increasing diameter.
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Figure8.2 Example of Optimal Diameter Calculation

Table8.2 Example of Optimal DiameteéZalculation Results for 5,000 gpm and 10,000 ft long pipeline

17in. 19in. 20in. 21in. 25in.
Total Cost of Installed Pipeline ($) $ 1,360,000 $ 1,520,000 $ 1,600,000 $ 1,680,000 $ 2,000,000
Annual Cost of Pipeline ($/yr) $109,598 $122,491 $128,938 $135385 $161,173
Required Pump Head (ft) 136.8 103.7 94.1 87.1 72.4
Required Pump HP 230.5 174.7 158.5 146.8 121.9
Required Electrical Power (kW) 171.9 130.3 118.2 109.5 90.9
g’);r‘;a' Power Costof Pumping ¢ 55 707 $39.042  $36245  $33571 27,880
Cost of Pumping Station ($) $879,267 $714,499 $664,415 $627,382  $ 545,963

Annual Cost of Pump Station ($/yr  $ 82,997 $ 67,444 $62,716 $ 59,220 $ 51,535
Total Annual Pumping Cost ($/yr) $ 135,703  $ 107,386 $ 98,962 $ 92,792 $ 79,415
Total Annual Cost ($/yr) $ 245,301 $ 229,877 $ 227,900 $ 228,177 $ 240,588
Velocity (ft/s) 7.1 5.7 5.1 4.6 3.3

Results of the baseconomicanalysis are summarized Trable8.3 andshow that the velocity at
the most economical diameter (10,000 ft pipeline) also increases with diaameteflowrate. As
demonstrated above, the apél diameter selected can vayfewinches to either increase operational
velocity or facilitate selection of a standard size pipe diameter without significantly impattten¢ptal

annual cost.
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Table8.3 Economic &ing for different flowrates with 0,000 ft long pip&t 50 ft static head

. . Required Annual Pumping

Féowrate D.Optltmal_ Veflt(;cny Pump Head Headloss (ft) Pumping Cost % of
gpm) lameter (in) (f/s) (ft) Costs Total
500 7 4.2 181.5 131.5 $ 6,991 10%
2,000 13 4.8 120.0 70.0 $ 18,492 13%
5,000 20 5.1 94.1 44.1 $ 36,245 16%
10,000 28 5.2 80.0 30.0 $ 61,666 18%
20,000 39 5.4 70.9 20.9 $ 109,283 22%
50,000 60 5.7 63.4 134 $ 244,329 27%

8.1.2 Effect of Energy Costs

The effect othe energyunit cost was evaluated for the base case evaluated above. Unit rates for

energy were varied in $0.01 increments from $0l%-hr to $0.10 / kwhr. Theresultspresented ifrigure

8.3 andTable 8.4 showthat the economic diameter is rsignificantly affected for small flowrateslt is

also notedhat the optimal diameter increases sligladythe discharge and energy rate increase. This

suggests that the present worth of a larger diameter pipeline is less than ubk cgranational cost

associatedavith the higher energy rates
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Table8.4 Effect of Energy Cost on OptimBliameter— 10,000 ft long pipe

Flowrate Optimal Dameter (inY (Velocity (ft/s))
(gpm) $ 0.03kw-hr  $0.06/kwhr  $0.07/kwhr $0.08/kwhr $ 0.09/kwhr $ 0.10/kwhr
500 71/(4.2) 7/(4.2) 7/(4.2) 7/(4.2) 71/(4.2) 71(4.2)
2,000 13/(4.8) 13/(4.8) 13/(4.8) 13/(4.8) 13/(4.8) 14/ (4.2)
5,000 20/ (5.1) 20/ (5.1) 20/ (5.1) 21/ (4.6) 21/ (4.6) 21/ (4.6)
10,000 28/ (5.2) 28/ (5.2) 28/ (5.2) 28/ (5.2) 29/ (4.9) 29/ (4.9)
20,000 38/ (5.7) 39/ (5.9 39/ (5.9 39/ (5.9 40/ (5.1) 40/ (5.1)
50,000 58/ (6.1) 59/ (5.9 60/ (5.7) 61/ (5.5 61/ (5.5 62/ (5.3

8.1.3 Effect of Pipe Length

The effect of length was evaluatemt pipe lengths ranging from 500 ft to 50,000 ft dlodvrates
ranging from 500 gpm to 50,000 gpm (0.03 cms to 3.15 cms) with all other assumptions iddraiied a
remaining the sameAs shown inTable 8.5, the effect of length on optimal diametsrminimal, with
optimal diameters decreasing slightly as pipe length increases.

Table8.5. Effect of Length on Optimal DiametetVarious Flowrates

Flowrate Optimal Diameter (in) (Velocity (ft/s))
(gpm) 5001t 1,000ft 5,000ft 10,000ft 20,000ft 50,000ft
500 7/(4.2) 7/(4.2) 7/(4.2) 7/(4.2) 7/(4.2) 7/(4.2)
2,000 14/ (4.2) 13/(4.8) 13/(4.8) 13/(4.8) 13/(4.8) 13/(4.8)
5,000 21/(4.6) 21/(4.6) 20/(5.1) 20/(5.1) 20/(5.1) 20/(5.1)
10,000 28/(5.2) 28/ (5.2) 28/(5.2) 28/(5.2) 28/(5.2) 28/ (5.2)
20,000 39/(5.4) 39/(5.4) 39/(5.4) 39/(5.4) 39/(5.4) 38/ (5.7)
50,000 60/ (5.7) 60/ (5.7) 60/ (5.7) 60/ (5.7) 60/ (5.7) 59/ (5.9)

8.1.4 Effect of Static Head

The effect of static head on optimal diameter was evaluated for static headg feagi 25 f{(7.6
m) to 200 ft(61 m)in 25 ft (7.6 m)increments. Aalysis was completed for pipe lengths of 1,000, 10,000
and 20,000 ft (304.8, 3,048, and 6,096 m) dredassumptions identified abovResults are summarized
in Tables8.6, 8.7 and8.8. Overall, the effect of static head optimal diameter was found to be minimal.
The optimal diameter was found to decrease by ome (25.1 mm)for a change instatic headof
approximately 175 ft (55.3 nfpr flows less than 10,000 gp(0.63 cms). Far flows larger than 10,000
gpm (0.63 cms)the effect of increased static head reduced the diameter an additiored@oohpared to

flows less than 10,000 gp(@.63 cms)
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Table8.6. Effect of Pump Static Head on Optimal Diametelr,000 ft long Pipe

Static Head Optimal Diameter (in) (Velocity (ft/s))
(ft) 500 gpm 2,000 gpm 5,000gpm 10,000 gpm 20,000 gpm 50,000 gpm
25 7/(4.2 14/ (4.2 21/ (4.9 29/ (4.9 40/ (5.1) 61/ (5.5
50 71(4.2) 13/(4.8) 21/ (4.6) 28/ (5.2) 39/ (5.4) 60/ (5.7)
75 71(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 39/ (5.4) 60/ (5.7)
100 71(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 39/ (5.4) 60/ (5.7)
125 71(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 39/ (5.4) 59/ (5.9)
150 71(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 38/ (5.7) 59/ (5.9)
175 71(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 38/ (5.7) 59/ (5.9)
200 71(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 38/ (5.7) 59/ (5.9)

Table8.7: Effect of Pump Static Head on Optimal Diametet0,000 ft long Pipe

Static Head Optimal Diameter (in) (Velocity (ft/s))
(ft) 500 gpm 2,000 gpm 5,000gpm 10,000 gpm 20,000 gpm 50,000 gpm
25 71/(4.2) 13/(4.8) 21/ (4.6) 28/(5.2) 39/(5.4) 61/6.5
50 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 60/6.7)
75 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 60/6.7)
100 7/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 59/6.9
125 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/(5.7) 59/ (5.9)
150 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/(5.7) 59/ (5.9)
175 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/(5.7) 59/ (5.9)
200 71(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 38/ (5.7) 59/ (5.9)

Table8.8 Effect of Pump Static Head on Optimal Diamete20,000 ft long Pipe

Static Head Optimal Diameter (in) (Velocity (ft/s))
(ft) 500 gpm 2,000 gpm 5,000gpm 10,000 gpm 20,000 gpm 50,000 gpm
25 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 60/ (5.7)
50 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 60/ (5.7)
75 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 59/ (5.9)
100 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/ (5.7) 59/ (5.9)
125 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/ (5.7) 59/ (5.9)
150 71/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/ (5.7) 59/ (5.9)
175 7/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/ (5.7) 59/ (5.9)
200 71/(4.2) 13/(4.8) 20/ (5.1) 28/ (5.2) 38/ (5.7) 59/ (5.9)

8.1.5 Effect of Pump Runtime

The effect of pump runtime (hrs /day) was evaluated at various flovutiteisig theassumptions
identifiedabove. Evaluationconsideregipe lengths of 1,000 {804.8 m) 10,000 f{(3,048 m), and 20,000
ft (6,096 m)to determine if runtime was integlated to the pipe length. eRults are presented in Tables
8.9, 810, and.11 Consistent with the previous sections, the @pgthdoes not significantly affect the
optimal diameter. Also noted from thesultsbelow is thaaminimal change in optimal diameter is due to
pump runtime for flowrates approximately 2,0§}im(0.13 cmskand less For flows greater the 2,000 gpm

(0.13 cms) the optimaldiameterincreases with an increase in pump runtime with approximated/irma
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(254 mm)diameter change in optimal diameter at 50,000 ¢pib cms) This suggests that the present

worth of a largediameter pipeline is less than the annual operational cost assweuthitéae higher energy

rates.
Table8.9 Effect of Pump Runtime on Optimal Diameter — 1,000 ft long Pipe
Pump Optimal Diameter (in) (Velocity (ft/s))

Runtime

(hrs/day) 500 gpm 2,000 gpm 5,000 gpm 10,000 gpm 20,000 gpm 50,000 gpm
2 7/(4.2 13/ (4.8 19/ (5.7 26/ (6.0 36/(6.3 55/(6.9
4 71(4.2) 13/(4.8) 20/(5.1) 271/(5.6) 37/(6.0) 56 /6.5
6 71(4.2) 13/(4.8) 20/(5.1) 271/(5.6) 38/(5.7) 5716.3
8 71(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/(5.9 58/6.1)
10 71(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.49) 59/6.9
12 71(4.2) 13/(4.8) 21/ (4.6) 28/(5.2) 39/(5.49) 60/6.7)
14 71(4.2) 14/(4.2) 21/ (4.6) 29/(4.9) 40/(5.1) 61/6.5
16 71(4.2) 14/(4.2) 21/ (4.6) 29/(4.9) 40/(5.1) 62/6.3
18 71(4.2) 14/(4.2) 21/ (4.6) 29/(4.9) 41/(4.9) 63/6.1)
20 71(4.2) 14/(4.2) 21/ (4.6) 30/(4.5) 41/(4.9) 63/(5.1)
22 71(4.2) 14/(4.2) 22/(4.2) 30/(4.5) 41/(4.9) 64 /(5.0
24 71(4.2) 14/(4.2) 22/ (4.2) 30/ (4.5) 42/ (4.6) 64/ 6.0

Table8.1Q Effect of Pump Runtime o®ptimal Diameter 10,000 ft long Pipe
Pump Optimal Diameter (in) (Velocity (ft/s))

Runtime

(hrs/day) 500 gpm 2,000 gpm 5,000gpm 10,000 gpm 20,000 gpm 50,000 gpm
2 71(4.2) 12/ (5.7) 19/ (5.7) 26/ (6.0) 36/ (6.3) 54/ (7.0)
4 71(4.2) 13/(4.8) 19/ (5.7) 27/ (5.6) 37/(6.0) 56 / (6.5)
6 71(4.2) 13/ (4.8) 20/ (5.1) 27/ (5.6) 37/(6.0) 57/ (6.3)
8 71(4.2) 13/ (4.8) 20/ (5.1) 27/ (5.6) 38/(5.4) 58/(6.1)
10 71(4.2) 13/ (4.8) 20/ (5.1) 28/(5.2) 38/(5.4) 59/ (5.9)
12 71(4.2) 13/ (4.8) 20/ (5.1) 28/(5.2) 39/ (5.4) 60/ (5.7)
14 71(4.2) 13/ (4.8) 21/ (4.6) 29/ (4.9) 40/ (5.1) 61/ (5.5)
16 71(4.2) 14/ (4.2) 21/ (4.6) 29/ (4.9) 40/ (5.1) 62/ (5.3)
18 71(4.2) 14/ (4.2) 21/ (4.6) 29/ (4.9) 40/ (5.1) 62/ (5.3)
20 71(4.2) 14/ (4.2) 21/ (4.6) 29/ (4.9) 41/ (4.9) 63/(5.1)
22 71(4.2) 14/ (4.2) 21/ (4.6) 30/ (4.5) 41/ (4.9) 64 / (5.0)
24 71(4.2) 14/ (4.2) 22/ (4.2) 30/ (4.5) 42/ (4.6) 64 / (5.0)
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Table8.11 Effect of Pump Runtime on Optimal Diameter — 20,000 ft long Pipe

Pump Optimal Diameter (in) (Velocity (ft/s))

Runtime

(hrs/day) 500 gpm 2,000 gpm 5,000 gpm 10,000 gpm 20,000 gpm 50,000 gpm
2 6/(5.7) 12/(5.7) 19/(5.7) 26/ (6.0) 35/6.7 541(7.0
4 6/(5.7) 12/(5.7) 19/(5.7) 26/ (6.0) 36/ (6.3) 55/ 6.9
6 7/(4.2) 13/(4.8) 19/(5.7) 27/ (5.6) 37/ (6.0) 57/6.3
8 7/(4.2) 13/(4.8) 20/(5.1) 27/ (5.6) 38/(5.4) 58/ (6.1)
10 7/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 38/(5.4) 59/ (5.9)
12 7/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 60/ (5.7)
14 7/(4.2) 13/(4.8) 20/(5.1) 28/(5.2) 39/(5.4) 61/(5.5)
16 71/(4.2) 13/(4.8) 21/ (4.6) 29/ (4.9) 40 /(5.1) 61/ (5.5)
18 71/(4.2) 14/ (4.2) 21/ (4.6) 29/ (4.9) 40/ (5.1) 62/ (5.3)
20 71/(4.2) 14/ (4.2) 21/ (4.6) 29/ (4.9) 41/ (4.9) 63/(5.1)
22 71/(4.2) 14/ (4.2) 21/ (4.6) 30/ (4.5) 41/ (4.9) 64/ (5.0)
24 71(4.2) 14/ (4.2) 21/(4.6) 30/ (4.5) 42/ (4.6) 64/ (5.0)

The resultgprovided inTable8.10 for a10,000 ft (3,048 m) pipe length are shown graphically in

Figure 8.4.
Pipe Length of 10,000 ft
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Figure8.4 Effect of Pump Runtime on Optimal Diametet 0,000 ft long pipe
8.1.6 Effect of Pipe Costs
Cost of the pipe (materials and installation) is often one of the largest sxgbaditureof a
project. Several factors must be considered in arriving at the most economécahty diameter of the
pipe. hitial cost and life expectancy of a pipelinary with the material and requirements for linings or

protective coatings (Tullid989. Althoughthesefactors should be considered when evaluating pipe
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economicsthey are beyond the scope of this researttyeneral rule of thumb for pipeline instadita
cost ranges from $6 tal®/ foot / in-diameter depending on the pipe material, linings / coatings, length,
installation depth, geotechnical conditions, and the number or type oihg®ssi

Effect of ppe cost was evaluated in $0/5® in.-dia. ncrements from $6 $10/ ft/ in-dia.
Evaluation considered p& lengths of 1,000 {804.8 m), 10,000 {t3,048 m), and 20,000 6,096 m)and
the remainingassumptions identified abovdresults presented in Tabl8d2 t08.14 show that the pg
cost does not significantly affect the optimal diameter.

Table8.12 Effect of Pipe Cost on Optimal Diametel,000 ft long Pipe

Pipe Cost ($/ Optimal Diameter (in) (Velocity (ft/s))
ft/ in-dia) 500gpm 2,000 gpm 5,000 gpm 10,000 gpm 20,000 gpm 50,000 gpm
6.0 8/(3.2 15/ (3.6 23/ (3.9 32/ (4.0 44/ (4.2 68/ (4.9
6.5 8/(3.2) 15/(3.6) 23/(3.9) 31/(4.3) 43/ (4.4) 67/(4.5
7.0 8/(3.2) 15/(3.6) 22 /(4.2) 31/(4.3) 43/ (4.4) 66 /(4.7
7.5 8/(3.2) 14/ (4.2) 22 /(4.2) 30/(4.5) 42/ (4.6) 65/ (4.9
8.0 7/(4.2) 14/ (4.2) 22 /(4.2) 30/(4.5) 42/ (4.6) 64 /(5.9
8.5 7/(4.2) 14/ (4.2) 22 /(4.2) 30/(4.5) 41/(4.9) 64 /(5.9
9.0 7/(4.2) 14/ (4.2) 21/(4.6) 30/(4.5) 41/(4.9) 63/6.1)
9.5 7/(4.2) 14/ (4.2) 21/(4.6) 29/(4.9) 41/(4.9) 63/(5.)
10.0 7/(4.2) 14/ (4.2) 21/(4.6) 29/(4.9) 40/ (5.1) 62 /(5.3

Table8.13 Effect of PipeCost on Optimal Diameter10,000 ft long Pipe

Pipe Cost ($/ Optimal Diameter (in) (Velocity (ft/s))
ft/ in-dia) 500 gpm 2,000 gpm 5,000gpm 10,000 gpm 20,000 gpm 50,000 gpm
6.0 8/(3.2) 15/(3.6) 23/(3.9) 32/(4.0) 44/ (4.2) 67/(4.9
6.5 8/(3.2) 15/(3.6) 22/ (4.2) 31/(4.3) 43/ (4.4) 67/(4.9
7.0 7/(4.2) 14/ (4.2) 22/ (4.2) 31/(4.3) 43/ (4.4) 66 /(4.7
7.5 7/(4.2) 14/ (4.2) 22/ (4.2) 30/ (4.5) 42/ (4.6) 65/(4.9
8.0 7/(4.2) 14/ (4.2) 22/ (4.2) 30/ (4.5) 42 /(4.6) 64 /(5.0
8.5 7/(4.2) 14/ (4.2) 21/(4.6) 30/ (4.5) 41/(4.9) 64 /(5.0
9.0 7/(4.2) 14/ (4.2) 21/(4.6) 29/(4.9) 41/(4.9) 63/(5.)
9.5 7/(4.2) 14/ (4.2) 21/(4.6) 29/(4.9) 40/ (5.1) 63/(5.)
10.0 71/(4.2) 13/(4.8) 21/ (4.6) 29/ (4.9) 40/ (5.1) 62 /(5.9
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Table8.14 Effect of Pipe Cost on Optimal DiameteR0,000 ft long Pipe

Pipe Cost ($/ Optimal Diameter (in) (Velocity (ft/s))
ft/ in-dia) 500 gpm 2,000 gpm 5,000gpm 10,000 gpm 20,000 gpm 50,000 gpm
6.0 8/(3.2) 15/(3.6) 23/(3.9) 31/(4.3) 44/ (4.2) 67/(4.9
6.5 71/(4.2) 14/ (4.2) 22/ (4.2) 31/(4.3) 43/ (4.4) 66 /(4.7
7.0 71/(4.2) 14/ (4.2) 22/ (4.2) 31/(4.3) 42/ (4.6) 66 /(4.7)
7.5 71/(4.2) 14/ (4.2) 22/ (4.2) 30/ (4.5) 42/ (4.6) 65/(4.9
8.0 71/(4.2) 14/ (4.2) 21/ (4.6) 30/ (4.5) 42/ (4.6) 64 /(5.9
8.5 71/(4.2) 14/ (4.2) 21/ (4.6) 30/ (4.5) 41/ (4.9) 64 /(5.9
9.0 71/(4.2) 14/ (4.2) 21/ (4.6) 29/ (4.9) 41/ (4.9) 63/(5.)
9.5 71/(4.2) 13/(4.8) 21/ (4.6) 29/ (4.9) 40/ (5.1) 62/(5.3
10.0 71(4.2) 13/(4.8) 21/ (4.6) 29/ (4.9) 40/ (5.1) 62 /(5.3

8.1.7 Effect of Pump Station Cost

Effect of pump station cost was not evaluabedletail as part of this researchAlthough not
presentedthe pump station capital cost was found to be insignificant to optimal diasieiey of the
pipeline.

8.1.8 Effect of Payback Period and Interest Rates

Although the results are not presented here, the effect of payback periodenest rates were
also bund to be minimal in determining optimal diametetilizing actual values in the anabsare
important in estimating the present worth of the tptaject cost However, changing either the interest
rate to finance the project or life cycle duration minimally affected the optirmadeter, resulting in a+1

—2in. (25.4- 50.8 mm) change in optimal diameter.
8.1.9 Range of Flow for Optimal Diameter

Therange of flow corresponding to optimal diametens.6(152.4 mm) to 42n. (1,079.4 mm)
were determined assuming a pipe length of 10,008G48 m); energy cost of $0.07 / Kw; 12 hrs/day
runtime; and 50 f{15.2 m)static head. Bsults are shown iRigure 8.5 As one would expect, the range
of flow is narrow with smaller diameter pipe and increases with diamAteidentified in Sectior8.1.3
the pipe length does not significantly affect the optimal dianfer the assumed inputs. Therefore, this

figure can be useds an initiakestimateof optimal diameter for a given flowrate.
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Figure8.5 Range of Flow for Optimal Diameter10,000 ft long pipe
8.1.10 Comparison of Selecting One Diameter Smaller Than Optimal

The results presented Trable 8.3vere compared to the resuits adiameter Iin. (25.4 mm)less
than the optimal diameter. The velocity correspog to the optimal diameter ranged from approxéeta
4.2 ft/s (1.3 m/sjor a 7in. (177.8 mm)iameter pipe to 5.5 ft/s (1.7 mfey a 6in. (152.4 mm)iameter
pipe. Selecting a pipe sizarl (25.4 mm)smaller increasegelocity andheadlosdut onlyaccounted for
anincrease in annual energy cosfsapproximately $3@0. This increase is nhominal compared to the
benefitsof increasing the velocity regarding sediment and air transport in the farcezapecially for
diameters less than 24. (609.6 mm) The effect of velocity on selecting arl (25.4 mm)smaller than

optimal diameteis presented ifrigure 8.6 andable 8.15
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Table8.15: Change in Velocity and Annual Pumping Costs Resulting fedattthgDiameterl in.
Smaller than @timal Diameter

Flowrate (gpm) 500 2000 5000 10000 20000 50000

Optimal Diameter (in) 7 13 20 28 39 60

Velocity (ft/s) 4.17 4.83 5.11 5.21 5.37 5.67
Change from Selectingiameter 1lin. Smaller thanOptimal

Diameter (in) 6 12 19 27 38 59

Velocity (ft/s) 5.67 5.67 5.66 5.60 5.66 5.87

% Increase Velocity 36% 17% 11% 8% 5% 3%

Increase in Annual

Pumping Cost $ 3,316 $ 3,693 $ 3,697 $ 3,532 $ 3,539 $ 3,769

8.1.11 Summary

This sectionpresentedhe methodologyassociated with economic sizing of forcemains. This
methodology was usdo evaluate the effect of pipeline length, energy costs, pump station capital costs,
pipdine capital cost, pump runtime, static head, and project financing terms (imteeand duration of
payback period) on determining the optimal diameter.

Although these parameters agedl inter-related;the analysis determined that the optimal diameter
is not significantly affected by pump station capital cost, length ofipgebr static head. It should be
noted that the length of piggnificantlyaffecsthe pipeline capital costeowever, energyasts associated
with pump runtime, velocity (headloss), and electrical usage were de¢elrtoi have thgreateseffect on

optimal pipe sizing. Pipeline capital costs are directly related to theethaand length. Pipeline length
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has a greater effect on optimal sizing as diameter (flowrate) increase® rBntime had a substantial
effect on pipe sizing since operational costs are directly relatdu tfrrequency and duration of pumgp
operations.

Even though several parameters were found to hmwienal impact on the optimal diameter, it is
important tonote that each parameter was evaluated independently. Combining extreesefaakach
parameter may cause a shift in optimal diameter selection; therefore, initanmpocompletely define

all parameters to ensure an accurate evaluation.
8.2 Forcemain Design and Operational Considerations

This chapter evaluatea forcemais theoretical ability to transport particles and clear air
consideringhe use of the predictive equations to estimate pipe roughness pardkgets<factor) from
velocity. Resultsare compared to current design practieess well as the research data provide

recommendationf®r forcemainsizing.
8.2.1 Design Standards

An internetsearch was conducted teview forceman design standardsbtained fromvarious
utilities, professional organizations, and publicatioBesign sandards fronwithin the United States as
well as around the world were revieweldumerous organizations cite tfien State $andards or provide
similar requirements. Therefore brief summary of the Tertées Standards as well as those that differ
from these standardse presented below:

Wastewater Committee of the Great Lakepper Mississippi River Board of State gpebvincial
Public Health and Environmental Managers. Recommended Standards for Wastewatesfd@iin
States Standards(2014) — A minimum forcemain diameter ofifiches. Acleansing velocity of at least
2.0 ft/s (0.6 m/syhould be maintaineat desig pumping ratand a maximum velocity of 8 ft(2.4 m/s)
to avoid high headloss.

Pumping Station Desigidone2006 —The lowest velocity for raw wastewater to keep grit moving

is 2 ft/s(0.6 m/s)and a daily peak velocity of 3.5 ft/s (1.1 misYlesirable to rsuspend settled solids. If
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velocitiesare less than 2.5 ft(€.8 m/s) then adaily flush at 4.0 ft/s (1.2 m/s) long enougghsweep out
the entire volumeés desirable. A lower velocity of 1.6 ft/s (0.5 mégh be tolerated if a twiesaily velocity
of 3.5 ft/s(1.1 m/s)is attained.

City of Los Angeles Minimum velocity of 3 ft/90.9 m/s)to maintain solids in suspension. The
recommended velocity should normally be betwgdtis (1.5 m/s)and 7.5 ft/2.3 m/s),dependingon
most economical pipe size givéime present worth of the pipeline assuming a 60 year life expectancy.
Maximum velocity should not exceed 10 f{& m/s) during intermittent flow conditions.A Hazen
Williams C factor of 140 shall be used for clean new pipes and 100 for very old pipes.

City of Baton Roug€onveyance Design Requiremef812)—maximum velocity of 8 ft/s, with
acceptable operatinglocitiesbetween 5t/s (1.5 m/s)and 8 ft/g(2.4 m/s) during typical flow conditions.

Colorado Springs Utilities- Public Force Mains shall be sized, in conjunction with the pumps, to
maintain velocities of at leastfZs (0.6 m/s)n the Public Force Main. If a Public Force Main’s length is
such that the Wastewater within the pipe catireatel the entire distance from the pump to the discharge
manhole in 1 pump cycle, then the velocity during each pump cycle shall be a miofr8uEfi/s (1.1 m/s)
to resuspend solids during pump operations.

Hunter Water CorporationAustralidd Water andSewer Design Manual (2008) Recommend
determining design velocity from V #©.3log(0.1/D) where D is pipe diameter (mm) and velogitys)
with a maximum velocity of 3 mf4.0 ft/s)to minimize the potential qfipe scour fronentrained grit. The
equation was developed to provide a shear stress of 03aNthto control biofilm growth. Application
of the equation yields a velocity of 0.95 m/s (3.1 ft/s) foria.@liameter and 1.2 m/s (4 ft/s) for 48
diameter. The lowest rate of pumping should be limited to approximately 25% of the maxiatem
Reference is made to “Tables for the Hydraulic Design of Pipes and Sewéi& Wallingford and the
recommendeddof 0.3 mm (1 m/s), 0.15 mm (1.5 m/s), and (h¥@ (2 m/s).

Kildare CountyCouncil Requirement®iff Foul Pumping Stationand Associated Infrastructure
(2012)- The diameter of the rising main shall be such that the velocity of the djsdsawithin the range

0.75m/s (2.5 ft/s) tdl.8 m/s (5.9 ft/sjo ensure effective setieansing. The maximum velocity shall not
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exceed 3m/s. The roughness valuds] used for the design of the pumping main shall be shown in
calculations, and shall be in accordance with the latest edition of Tablée fHydraulic Design of Pipes,
Sewers ad Channels published by HR Wallingford.

San Antonio Water System Lift Station Design Lift Station Design & ConstructicieliGes
(2012) - Minimum force main size will be-thch (except for grinder pumps).ofee Mainssizedso that
flow velocity is betwee ft/s (0.9 m/s) and 3.5 ft/s (1.1 m(selocities Hghtly above 3t/s (0.9 m/skare
recommended) with one pump in operatidtaximum flow velocities shall bé.8 ft/s (1.5 m/sjor two
pumps in operation and 6fs (18 m/s) with three pumps in operation. For lift stations with more than 2
pumps, flow velocities may be as low a#/2 (0.6 m/$ with one pump in operation, but when three or
more pumps operate a flow velocity equal to, or greaterih#ta(1.5m/s) must be generated.

Western Municipal Water District's Sewer Lift Station and Forcemain Guoiket The minimum
and maximum velocity under all operating points shall be 3 ft/s (0.9 nusj &/s (2.1 m/syespectively.
The velocity at degn flow point should be between 4 ft/s (1.2 m/s) aritds (1.5 m/s).

Washington Suburban Sanitary Commission Pipeline Design MarRalt Two— Sewer Design
Standards (2008} minimum velocity of 2 ft/s(0.6 m/s)and maximum velocity of 6 ft/¢1.8 nis).
Velocities ranging from 2 ft/s (0.6 m/®) 3.5 ft/s (1.1 m/s) would be required testespend solids that have
settled in the forcemain. This higher velocity is requitedorofiles which undulate containing multiple
high and low pointsRelatively small stations with intermittent pumping of one or two pumps generally
should be designed for higher minimum velocities in the forcemaimpaad to larger stations with having
more than three pumps.

WaitakereCity Council (Auckland Australia) Code #fractice City Infrastructure and Land
Development Section 5.0 Wastewater Drainage (20@8)rcy-Weisbach absota roughnesks= 1.5 mm
(0.06 in.), with a maximum velocity of 3.m/s (14.8 ft/s), and maximum rise of 60 (@97 ft). A
recommended minimuwelocity was not identified.

City of Phoenix Wastewater Lift Station Design Guidance Maniiile force main must be sized

to achieve a velocity betweerit& (0.9 m/sland 7 t/s (2.1 m/s) for all planned phases of expandiitiner
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the DarcyWeisbachor the HazefWilliams equation can be uséar hydraulic calculations of headloss
over a range of flow rates. Both friction and minor losses must be consideiragitaranalysis. System
Curves developed assumingf&rtors of 100 and 120 or equivalent friction factors. The design shall be
based on & factorof 100.

Although te general consensushsit a velocity greater than Zts (0.6 m/s) is required to prevent
deposition of solids and a velocity of approximately 3.5 ft/s (1.1 m/s) is rddoimesuspend solidghat
may have settled these standards are generally not applied consistently by different enginfrera or
project to project. San Antonio’s standards provided velocity guidelines basedhe number of pumps
operating. This approach removes potential misinterpretation of thee@qlésign velocities.The
minimum theoretical velocity required for sel€leansing, sediment transport, air clearing, and the

economical diameter will be evaluatetlecompared to the research data in the following sections.
8.2.2 Sediment Transport — Self Cleansing Velocity

Organic, sand, and gravehrticlesare present in wastewatsystems Sedimentation of this
material in forcemainsmay increase hydraulic roughness factors, reduce hydraulic capaeate
obstructions at low points, and could cause increased sulfide production leadiogasion and odor
issues. Therefore, wastewater forcemains are best designed to hdesaling to prevent the deposition
of solids. Self-cleaning properties occur when the critical shear stremshisvedo transport the largest
particle.

In the United Statesoncentration of suspended solidglomestic sewage varies from 100 to 350
mg/L (Metcalf & Eddy, Inc. 2003). Typical sanitary sewage contains about 21 0afnguspended mater,
of which about 160 mg/L is mineral and 50 mg/L is organic (Tchobanoglous et. aB8@82007).

Past design practices utilized a velocity of 2 f$ (n/s)as agenerakule of thumb to obtain self
cleaning velocities. The tractive force method was determined to be avisftef assessing the critical
velocityin orderto obtain selcleansing velocities for solids transport is sewers and forcem@ies. the

last fewdecades, countries around the world are increasingly using tractive foheemsferred method
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for selfcleansing design (Merrit 2009\SCE and WEF now advocate a transition to the tractive force
approach for seltleansing desig(Bizier 2007). Proger application of the tractive force method strongly
depends on selection of an appropriate design sediment particle and gbstit; essimates of design
minimum flow rates Bizier 2007).

As wastewater flows over a sediment bed in a sewer, hydrodynamic lift anddregjdre exerted
on the bed particles. If these two combined forces do not exceed the restoresydiire sediment
submerged weight, interlocking, and cohesion (if present), then the paréolesrstationary. If they
exceed the régring force, then entrainment occurs, resulting in movement of the partitl the
flow/sediment boundary. Not all of the particles of a given size at this bguadadislodged and moved
at the same time, as the flow is turbulent and contains-s&arfluctuations in velocity (Butler 2003).

Solids with a larger size and a higher specific gravity are more likely to bedrset as bedload
along the invert of the sewer; whereas solids with a smaller size and a lowfic gpawity are transported
through suspensionConsequently, if the average shear stress is sufficient to trangpesiga particle as
bedload, then all smaller particles will also be effectively tranegdpsither in suspension or as bedload
(Bizier 2007).

Various efforts haveen made tadentify the tractive forces requiréd transport various sizes
and types of particles is sewer conduits (Medina and Vega, Bigiar 2007. Flow conditions are
classified as selfleansing when the actual shear stress (1) is greater than or equal to a specified critical
shear stress (tc) at a defined frequency of occurrenBe{er, 2007). Raths and McCauley (1962) conducted
experiments to determine the tractive force required to move sand partialesin. (205 mm) diameter
sewer flowing sewage. Particle sizes ranged from 0.15 to 7.9 mm with a specific gravity of @ski &V

al. (2004) linearized their results Equation 8.3.

7. = kd®?77 (8.3)
Wherercis the critical shear stress; k =0.867 for S| unitgn(N/n?) and 0.0181 for US Customary

units . in Ib/ft?). Equation8.3applies to discrete granular particles and not to particles embeddhéra wit
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a cohesive matrix (Merritt 2009)The literaturegenerally identifies a iim particleas grit in wastewater;
this valuecorresponds to the measuigrd particlesizein UK sewage Table6.1) and applyingequation
8.3yieldsa critical shear stress 00081 Ib/f£ (0.867 N/n3). Critical shear stress associated with standard

particle sizes ranging from 0.25 n(®01 in.) to 64 mm (2.52 in.) using Equati®3 aresummarized in

Table8.16.
Table8.16 Summary of CriticaBhear Stress for Standard Particle Sizes
Class Name Particle Size Critical Shear Stress
mm inches N/m? lb/ft?
Sand 0.25 0.01 0.59 0.012
0.5 0.02 0.72 0.015
1 0.04 0.87 0.018
Gravel 2 0.08 1.05 0.022
4 0.16 1.27 0.027
8 0.31 1.54 0.032
16 0.63 1.87 0.039
32 1.26 2.26 0.047
Cobble 64 2.52 2.74 0.057

! From Equation 8.3
Methods that address seleansing are described in Yao (1974), Hager (1994), Butler et al.

(2003), and Walski et al. (2004). Additional sewer-stdainsing aspects acevered in several sources,
such as those by Durand (1953), Ota and Nalluri (2003), Saul et al. (20@3)ait et al. (2003) (Merrit
20009). Recommendations of shear stress for sanitary sewage system oamgddut 0.03 to 0.08 Ibfft
(1.4 to 3.8 N/rf) asidentified inTable8.17. The low end of theange would be appropriate for sewage
containing small sized particles (1 mm) with limited grit load or frequentrisapuelocity occurring. The
high end of the range auld be appropriate fdarger sized grit, higher than normal grit production or
cohesiveness of deposits, and less frequent sceveipngity events Kienow (1989) suggests that shear
stresses of 0.10 Ib#f{4.79 N/n%) and higher could be appropriate for largemed gravel materials found
in combined systems and some sanitary systems, with larger shear segsged to mobilize cohesive

particles.
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Table8.17 Recommended Critical Shear Stress to Move Deposits in Sanitary Sewers and Farcemai
(Kienow 1989)

Recommended Shear stress

Reference /2 N/E
Lysne 1969 0.08 3.83
Paintal 1972 0.08 3.83
Schultz 1960 0.03 t0 0.04 1.44t01.92

Yao 1974 0.03 to 0.04 (<Inm) 1.44t01.92

Yao 1974 0.06 to 0.08 (>1 mm) 2.87 10 3.83

Maguirée 0.13 6.2

Bischop 0.05 2.5

! Cited in Nalluri and Ghani 1996

All of these shear stresses are higher than would be necessary in clean wateiobéoagsbesive
properties of wastewater and the effaiftsediment particles in reducing turbulence in the boundary layer
(Kienow 1989). May et al. (1996) indicatesdhcohesionl) will tend to increase the value of shear stress
that the flowneeds to exert on the deposited bed in order to initiate movementiokegan the surface
layer and2) may alter the way in which the sediment then moves which affectsdimese transporting
capacity of the flow.May et al. (1996) further indicate that experimental research byrNafid Alvarez
(1992) using synthetic cohesive sediments suggestththaecond condition may niee¢ significant; once
the structure of a cohesive bed is disrupted, the particles are stripped awaynsported by the flow in a
similar way to norcohesive sediments.

The effect of cohesion on shear stress can be large at the threshold miemo&éost information
about threshold shear stress for sewer sediments are expressed in terms githemoacting on the bed;
this will tend to be higher than the correspogdaverage shear stress for the pipe as a whole, since the bed
will usually be rougher than the pipe wall. Nalluir and Alvarez (1992) contltiae a shear stress of 2.5
N/m? (0.051b/ft?) was required for the more mobile figeained material on theurface of a deposit and 6
-7 N/n? (0.13 - 0.13b/ft?) for the more granular and consolidated material below (May et al. 1996).

May et al. (1996) concluded that a critical shear stress of 2.0(R/@#b/ft?) was sufficienfor a
design flow of speified frequency of occurrence; this could correspond to small forcesysiiems where

the pumps wouldrequentlycycle at the design flow. Yao (1974) recommends a minimum shear stress of
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1 -2 N/n? (0.02 - 0.04b/ft?) for sanitary systems and43N/n? (0.06-0.08Ib/ft?) for combined sewer
systems.

A critical shear stresgrc) between IN/m? (0.02 Ib/ft?) and 2 NMm? (0.04 Ib/ft?) is typically
recommended to prevent the formation of a thick biofilm. However, the Melbourne anop®itan
Boards ofWork (1989) proposed tc of 3.4 N/nt (0.071b/ft?). In a small diameter pipe (<0.4 m), this value
corresponds to a flow velocity aboutris (3.3 ft/s) In a larger pipe with a diameter >1 m, the velocity
should exceed 1-24.4 nis (3.9 —4.6 ft/s)to prevent excessive biofilm grow(Hvitved-Jacobsen 2013)
As identified as part of this researtdipfilms alsoaffect the roughness of the sewer pipgmbert (2009)
concluded that biofilms in raw water pipelines sheared from pipe walls twh&m N/m? (0.061b/ft?).

A large range of recommended critical shear stresses were identified &ttbgethan the findings
from Lambert(2009) the critical shear stresguidelinesidentified abovewere developed for sanitary
sewersproviding continuoudlow and may beppropriate for larger lift statidiorcemain systemwhich
operate continuouslyConsidering thasmaller lift stations operate in cycles where plenp(s)may sit
idle for an extended time periodelecting a larger shear stress may be rappropriateo remobilize
cohesive sediment. In additighe larger shear stress values should be used for systems subjected to larger
particles that may enter the system regardless if the pumps operate continditieslyelocity associated
with the citical shear stress nébe determined by rearranginguation 4.5 intdequation8.4.

8T¢
Ve = E (8.4)

Wherep is the density of watef;is the friction factor, determined from tBgvameeJainequation
(repeated fronSection 2.3 ks in the Swamee Jain equation wesimated fronEquatiors 7.6a to 7/.c

provided in Section 7.2.3.1

0.25

- 1z
k 5.74
[l°g(ﬁ+@)]

f (2.6)
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The critical velocity corresponding tshear stregsranging from1 N/n? (0.021b/ft?) to 7 N/n?
(0.15 Ib/fé) were determined assuming a water terafure of 70 °F (21.11 °C). Rdts are presented in

Figure8.7. Although not presented beloshanges in water temperature (densitg)gnificantly affected

critical velocity.

Pipe Diameter (mm)
0 200 400 600 800 1000 1200 1400 1600

90 1 1 1 1 1 1 1 1

8.0 = 2.5 -
d o — w
> 70 e — S —— =
£ == T T e e e === - - 20 £
> 6.0 —— e ==~ = = =
= o == e e m=m——— >
_8 5.0 P P —————— 1.5 8
] P P e e <
2 40 == o
® 3.0 Z = - 1.0 =
9 / - S
£ 20 7 — £
o / 0.5 o

1.0 —_

0.0 T T T T T T 0.0

0 10 20 30 40 50 60 70
Pipe Diameter (in)
1N/m2 2 N/m2 3N/m2 = = =4N/m2 = = =5N/m2 = = =6N/m2 = - - 7N/m2

Figure8.7: Critical Shear Velocity for Shear Stresses Ranging from 1 to 7 N/m

The sharp rise in critical velocityoservedfor shear stresses 2, 3, and 4nN(Figure8.7) occurs
at the transition from velocities less thaB4 m/s (.8 ft/9 which results in agof 30mm (1.2 in.) As
identified in Sectiory.3, the predictive equation fok kpplied an assumed upper limit of 30n (1.2 in.)
for low velocities(<1.8 ft/s (0.54 m/g. A rise is not shown fdahe criticalvelocitiesof 1 N/n¥ since the
velocity is less than 0.54 m(%.8 ft/s) resultingin aconstant kof 30 mm (1.2 in.) These results imply
that the upper roughnefsiitation assumed in developing the predictive equations may be incoitect.
should be noted that this upper limit was assumed and should be field wrifiegh additional study.

Although the iterature did not provide guidan@e regards to théime between flushing cycles
before cohesion woulldegin to affect particle transppdohesions unlikely to be an issue in forcemain
systems sinceo apparent distinction was observed in the calculateallkes based upon pump cydita
In other words, the pump cycle, or time between pumping cycles did not appeactdsetlowever, his

should be field verified through additional study.
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General consensus in the literature was that a minimum shear streNef(®.04 Ib/ft?) should
be applied to sanitarsewersystems. Shear stress should be increased based upon the type of system as
well as expected particle size. Several refereigesdified inTable8.16 recommendsheairstress of 0.08
Ib/ft? (3.83 N/nf) and Bizier (1989) recommends 0.10 I#f(4.80 N/n¥) for gravel sized particles
Therefore, to be conservative in design, it may be appropriate to size a fortemevide sekcleaning
velocities based upon a shear stressithier0.08 Ib/fé (3.83 N/nf) or 0.10 Ib/ft (4.80N/m?) to ensure
mobilization of all expected particles cohesive particles. The critical velocity associated with these shear

stressegor pipe diameters ranging fromil. (152.4 mm)to 66in. (1,676.4 mmare presented irFigure

8.8.
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Figure8.8: Critical Shear Velocity for Shear Stresses of 3.83 and 4.80 N/m
Equations to estimate the critical velocity for each shear stress weremsdeising the trendline
function in M.S Excel and arprovided inTable 8.18 It should be noted that theequations were
developed by removing the data points associated with low velogitiese k = 30 mm since this value

was assumed as an upper limit fov&luesand does not appear to fit the results presentEdyure8.7.
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Table8.18 Equations to estimate critical velocity based upon diameter for shess of 3.83 N/dand

4.80 N/n?
Critical ShearVelocity Units 1c= 3.83 N/n} 1. =4.80 N/n?
ft/s Ve = 1.161Ing) + 0.032 Ve = 1.021In¢) + 1.514
m/s Ve = 0.354In¢) + 0.010 vc = 0.311In$) + 0.462

¢ is diameter in inches
8.2.2.1 Recommendations

It is crucial to design a forcemain system without permanent solids acciomuBgtsed upon the
expected particle size in the wastewater, the critical shear shrasksl be used to determine the minimum
velocity required to prevent deposition of solids in the forcemain. Partele sinould be determined based
upon the size of the system and whether it is a separate sapgtmy o conmbined sanitary / storm system.
The systemgeographic location should also be considered when selecting minimamsgiess since
systems located iBasternUnited Satestend to be both older armbmbinedsanitary and storm systems
which could #ow more infiltrationandor larger particles to eter the systemDefects present in older
sygems couldalsoallow sedimenfrom cracked pipe or separated joints to enter the sewer sgsliding
to the sediment load.

Although a design particle of 1. mm (0.04 in.) is considered appropriate for tgpioadtic sewage,
the seli-cleansing velocityf a forcemain should be selected based upon the design critical shear stress
instead of particle size due to potential cohesion of particles and undulatimtdhas along a typical
forcemain profile. Selectinga design shear stress @08 Ib/f¢ (3.83 N/nf) or 0.10 Ib/ft (4.80 N/n%)
provides a conservative estimate of required velocity to achieve scour anadtrafhggarticles found in
sewage.

Additional research should be conducted to identify typpaaticle sizesdund in forcemain
systems. Research should also evaluate the effect of biofilms amdiaolon particle transport in

forcemains.
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8.2.3 Sediment Transport - Suspended Sediment

Transport through suspension occurs whéh> Us, ;). The shar velocity (/*) is determined
from Equatior3.7, and the suspension shear velocity can be determined from Equation 6.1. Following the
methodologyidentified in Sectior6.1.1.1 the maximum theoretical particle size)(tlansported through
suspension was estimated assunilig= 0.95U;,;. This approach was utilized to ensure movement
through suspension since it is unknown how the presence of biofilms oraohé#scts particle transport
in wastewater forcemains. The friction factor was determined from the Swimimeegjuation with k
determined using the predictive equations identified in Se€ti®i.1 The methodology is based upon
sediment transport theoglong a horizontal plane and does not account for cohesion of particles. The
theoreticalmaximum patrticle size transported througtspensiomwas determined for diameters ranging
from 6in. to 66in. and velocitiesanging from 0.2%n/s (0.8 ft/s}o 4 m/s(13.1 ft/s) Results ar@resented
in Figure8.9and show that the maximum particle size transpastéichited to sand ranginfjom 0.2 mm

(0.08 in.)to approximately 1 mm (0.04 in.).

Velocity (ft/s)
0 1 2 3 4 5 6 7 8 9 10 11 12 13
- 1.2 1 1 1 1 1 1 1 1 1 1 1 1 1 1‘2 -
£ £
£ i3
()] ()]
N N
wv wv
< <
2 2
£ £
[ [
a a
£ £
= =
£ £
xX xX
(T (T
= 0.0 T T T T T T T 0.0 =
0 0.5 1 1.5 2 2.5 3 3.5 4
Velocity (m/s)
6" 12" 18" — == 24" === 36 —— - 48" — ..-66"

Figure8.9: Maximum Particle Size Transported Through SuspendBynBiameter
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8.2.4 Sediment Transport— Bed Motion

As demonstratech Section6.1.1.2 bed motion of a specific particle size occurs whenlfie<
Usys and when the dimensionless shields param@eteris greater than or equal to the critical shields
parameteri;), (t* = 15,). The methodologydentified in Section6.1.1.2along with thepredictive
equation for kwas utilized todetermine the maximum theoretical particle size that can be tréedpor
through bed motionThe maximum particle size in relation the angle of inclination was also evaluated
It should benoted thathis methodologyis based upon sediment transport theory and does not account for
cohesion of particles.

Figure8.10presents the aximum particle size that can be transportethég motion for diameters
ranging from @n. to 66in. and velocities ranging from 0.25 to 4 m/s given a horizontal gResultsshow
that the maximuntheoreticalparticle size transported through bed motisrsubstantially larger than
suspended particle sizes and ranges from approximately @rhghin.)at 0.25 m/s (0.82 ft/dp 45mm
(1.8 in.) to72 mm(2.8 in.)at 4 m/9(13.1 ft/s). Since kis a constant based on the velocity, the maximum
particle size decreases with increasing diameter because the frictiondfzmieases as Reynolds Number
Re increases; therefore, as diameter increasesdreases and friction factor decreases, decreasing the

friction velocity, and reducing the particle size transported.
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Figure8.10: Maximum Particle Size Transported Through Bed Motion — Horizontal Bgdiameter
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The effect of inclination angle on the maximum patrticle size transpior@édh., 24in. and 48in.
diameter pipe is shown in Figur8sl1 to 8.13 Results show that the maximuyparticlesize transported
decreasess diameter increases and with incredsetination angle The particle size transportedhs
found to be a minimum between inclination angleapygdroximately 30° to 65°. Results also show that the

particle sizdéransportedncreases foinclination angle greater than 65°.
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Figure8.13: Maximum Particle Size Transported Through Bed Motion - By Angle oh&tidn —48in.
Diameter

The effect of inclination angle was furthexplored by comparing the minimum patrticle size and
corresponding angle of repose against velocity fam.624 in. and 48in. diameter pipe. Bsults are
presented in Figure&14to 8.16and show that the minimum particd&eoccurred over a range varying
from its angle of repose to an angle of approximately 60°. It should be noteloktidifdrence between
the minimum patrticle sizes between these angéessvithin 0.1 mm(0.004 in.)suggesting that the transport
capacity isapproximately equivalenEurther, the minimum particle size transported at an inclinatigihe
betweenits angle of repose and 6@fas determined to be approximately 50% of the particle that can be
transported in a horizontal pip&hereduction in pdicle size transportecbmparing the minimum particle
in an inclined pipe to the particle size transported in a horizontalapiiee same velocitis shown in
Figure8.17. This reduction in particle size ranges from 45% to 58% dependitig aliameter and velocity

and identified the importance of considering particle transport inrfa@ices where the pipeline undulates.
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Figure8.17: Reduction in Particle Size due to Inclined Pipdirimum Particle Size Gmpared to

ParticleSize Transported iHorizontal Pipe.

Forcemaingtypically undulate along the pipeliratignment following the naturaérrain Results
show that a pipelines capacityttansport large particles is diminish&dng the rising limbs of farcemain
based upon the angle of inclinatiofherefore, in systems where the transport of large particlesisedq
consideratiorshould be given to the pipeline profilden selecting forcemain diametddepending on the

required particle size to be transported, it may be necesdanjttdeflection angleto a maximum of30°
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from horizontato minimize the reduction ibed motiam transport capacitgr it may be necessary teduce
thediameter along the rising limb fangles greater than 3th orderto increase the velocity artldus the
particle transportapacity of the pipe.

Effect of both angle of inclination and patrticle size was furtvatuatedo determine theequired
velocity to transport 12.7 mm (0.5 in.), 25 mm (1 in.), 38.1 mm (1.5 in.), and 50 mm) ¢zed particles
through asystemgiven angles of inclination ranging from 10° to 75The results are presented in Figures
8.18 to 8.21and showhatan increase iwelocity of approximately 30% is required to transport the particle
through arising limb at a 30angle. A marginal increase in velocity is required to transport the same

particle size through greater angles of inclination.
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Figure8.18 Velocity required to Transport 12.7 mm (5 Particle Size Through Bed MotiorBy
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Therequired velocity to transport a specific particle size through risirtgsliwas presented above.
The correspondingercentincrease in velocity required to transport fharticle as compared tathe
horizontalvelocity for each of the above conditions is presented in Figlig2t0 8.25 Results show that
that the velocity should be increasedabgminimum 0f20% to transport the particle along rising limbs 30°

and greater
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Figure8.22: Increase in Velocity required to Transport 12.7 mm (O)®anticle Size as Compared to
Horizontal — By Angle of Inclination
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Figure8.25: Increase in Velocity required to Transport 50 mm (Zarticle Size as Compared to
Horizontal — By Angle of Inclination

The above analysis provides a guideamsporting sediment particles through forcemalResults
are based up on the theoretical transport of particles through bed motion anddosider the effect of
cohesion on particle transport. Therefore, if large particles are expeard giety factor should be
included to ensure thatsufficient velocity is provided to transpdite design particle. Forcemains with
insufficient transport capacity may accumulate particles at low poirttsebase of rising limhswhich

maydeveloppotential obstructions over tinendreduce the overall capacity of the system.
8.2.5 Air Clearing Velocity

Air clearing velocities were evaluated and discussed in Segtiop Three equations developed
by Kent (1952) / Mosevell (1976), Wisner (1975), and Escara(26@6) were evaluatetd estimate the
required velocity to clear an air pocket from a downward sloping pipe. All equatiodaced similar
resultsfor downward agles greater than 15The Wisner (1975) equation (Equation 6.43pears to over
estimate clearing velocities as compared to the other methods for largetest@yith downward sloping
angles less than 15Equation 6.14 developed Bscarameia (20063 recommended because it provided

the most conservative air clearing velocity.
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Based upon irservice field inspection of 500 miles of forcemains, Pure Technologiegs ¢pat
72% of air pockets are not at known high poifidettmer 2014). This emphasizeshe importance of
providing air clearing velocities to remove air from forcemaimee air valves would not typically be
provided at theslecations.Table8.19summarizes thair clearing velocities from Escarameia (2006) along
with approximateaverage air clearing velocity from all three methods foin124in. and 48in. diameter
pipe with a downward sloping angle of approximately 45Results show that although Equation 6.14
(Escarameia2006) is the most conservative, the average of all three methods wistdsr results
indicatingthat the Escarameia equation is not overly conservdtiigalso observed that the air clearing
velocity for a 48n. diameter pipe is very high at 3.6 m/s which may not be praatickdr normal operating
conditions.

Table8.19 Clearing VelocitySummary for 45° Downward Sloping Pipe
Clearing Velocity

Diameter (in)

Escarameia (2006) Average!
12 1.8 m/s /(5.9 ft/s) 1.7 m/s / (5.6 ft/s)
24 2.6 m/s /(8.5 ft/s) 2.5 m/s /(8.2 ft/s)
48 3.6 m/s /(11.8 ft/s) 3.5 m/s/ (11.5 ft/s)

1 Average of Kent (1952) / Mosevell (1976), Wisner (1975), Bscarameia (2006) Methods

8.2.6 Comparison of Design Velocities

In the previous sections, velocities were determined for the most econduitiahal) diameter,
self-cleansing (Tractive Force) desjgparticle transport through suspension and bed motion; and air
clearing. The diameter corresponding to the minimum present worth of the eagitaperational costs
is themost economicgloptimal) diameterof a system Self-cleansing Tractive Forceflesign determirse
the velocity requiredo achieve critical shear stress to enable paittialesport Evaluation of bed motion
considered the velocity required to transport aimam particle sizalong the pipe consideriram upwards
angle of inclinatn; particles smaller than i maximum particlesize are considered to be transported
througheitherbed motion or suspension.irA&learing velocity is the velocity requireddtearan air pocket
through the pipe considering a downward sloping angle.

Each of thesatems should be considered when sizing forcemains to determine the critical

parameter that controls the selection of the diameter and desayity for a givensystem Figure8.26
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provides acomparison of the design velocitiexjuiredfor each of these categories in order to iderkigy

critical condition based upon the following assumptions:

changs

e Economic Diameter Pipelength of 10,000 ft; 12 hrs/day pump runtime; $ 0.07 hVower
cost 50 ft Static Head;

e Self-Cleansing Velocity-tc of 0.10 Ib/f (4.80 N/nd);

o Bed Motion— Particle sizes of 12.7 mm (0iB.) and25 mm (1in.) diameter parties at 30°
angleof inclination; and

e Air Clearing— 30° downward angle and Equatiod4

It should be noted that economic diamdtedependent on the actual system parameints

to system attributes and assumptiails affect the selection of the optimal diameter and thus

velocity at the design flowrate.

Diameter (mm)
0 100 200 300 400 500 600 700 800 900 1000 1100 1200
4.0 .
35 - T — 12
= 3.0 ] — L ARE AR - 10 =
~ E e / E I
E25 — s £
220 - b >
R — L4 o
> 1.0 4 /r : >
05 - 2
00 m— e e -0
0 6 12 18 24 30 36 42 48
Diameter (in)
Optimal Diameter - Lower Limit === - « Optimal Diameter - Upper Limit Self-Cleansing (tc =4.8 N/m2)
ds 12.7 mm (0.5") e« « ds 25 mm (1") Air Clearing

Figure8.26: Comparison of Design Velocity Considerations

The design velocity associated with either bed nmatidhe air clearing velocityverefound to be

the most conservative (>2 migpending on the pipe diameter and selected particléosaeetransported

Particle

sizes of 12.7 mm (Oirs) and 25 mm (1n.) are large compared to the grit measured in wastewater

(Table6.1) but wereassumed to beeasonablgarticle sizeghat could bdound in wastewatesystems.
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Air clearing velocity was determined assuming ad@®wvnward sloping pipe and the bed motion velocity
was determinedrom a 30 upward sloping pipe. #@shown inSection 8.2.4an upwards sloping pipe
reduces the particle size that can be transported by approximateb03& Therefore, it is important to
minimize the amount of undulation occurring along the pipeline prafit reduce the diameter along the
rising limb to offset this reduction in transport capacity. It should bednbiat sedimentation may occur
for velocities less than the selieansing velocity.

The velocity associated with the economic diameter was prowdedthe range ofoptimal
flowrates corresponding to each diamefesults showthat theself-cleansing velocitglosely follows the
velocity associated with the optimal diamdtewer limit); however, bed motion and air clearing velocities
are much higher than the optimal diameter velocities.

Figure 8.26 illustrates the importamecof evaluating these conditiomghen selecting a degh
velocity and diameter. éults showhat the optimatliameter may not bne appropriate design diameter
based upon the anticipated grit or requirement for air removdhder these assumptions, the optimal
diameter appears to provide velocities greater tharckeglhsing velocity and should be selected over the
self-cleansing rqguirements. It should be noted that changing the pump runtime or electricaloaltds
result in conditions where the selkansing velocity is greater than the optimal diameter.

Figure8.27presentsheforcemain velocit calculated for the data collected as part of this research
plotted along with the resultd Figure8.26 Results show that astforcemaingreater than é. diameter
wereoperating belovboththe nost economical and setfeansingvelocity recommendations indicating
potential poor performancanumber of the smaller diameter forcemdi$ in.) are operating in between
the selfcleansing and optimal diameter velocitiasd several forcemains (< ) appear to have capacity
to transport larger particles and clear dihe remaining systeswere found to be operating below the self
cleansing velocityindicating potential sedimentation. eBormance ofthe systems operating at low
velocitiescould potentially be improved by replacing pumps with larger capacityiarotsier to increase

the operating velocity

209



Diameter (mm)
100 200 300 400 500 600 700 800 900 1000 1100 1200

o

4 0 1 1 1 r
35 P ———— p 12
—~ 3.0 o o o = o © —= e = 5 10 -
<L -— -—: / r <
€ 25 _—— C 8 £
Z 20 1 7 6 £
e ] 3 — s o e S e o
9 15 - —— e - . %
Q . i -4
> 10 - 3 : $ - =
¥ . H I [
05 VAR ‘ . i 2
. ¥ F L] H
0.0 T T T T T T T T T T T T T T T T T T 0
0 6 12 18 24 30 36 42 48
Diameter (in)
Optimal Diameter - Lower Limit == « « Optimal Diameter - Upper Limit Self-Cleansing (tc =4.8 N/m2)
ds 12.7 mm (0.5") e o« ds 25 mm (1") Air Clearing

Figure8.27: Comparison of Design Velocity Considerations and Research Data

As described in Sectidh2.1, many standards recommend a minimum design velocity of (@ f§'s
m/s)and 3.5 ft/s (1.1 m/s}o resuspend solids. The resufisesented abovehow that a majority of the
research data for ie. and smaller diametekgerefound to be operating in between the optimal diameter
and selcleansing velocity indicating that these systems may not be optimized bastgpiovidehe self
cleansing velocity. In addition, a number of systems with foatetiameters larger than were found
to be operating below the selieansing velocity with several systems operating less than (®.&/sn/s)
promotingpotential sedimentation

Basedupon theseesults selecting a design velocity betwe2fi/s (0.6 m/s) and 3.5 ft/s (1.1 m/s)
maynot be appropriate and the minimum design velocity shoutetleetecdupon either the selfleansing
velocity oreconomical pipe sizing. Although each system should be evaluated to determinirttnami
design velocity based upon the proposed conditions, these results shggéseminimum forcemain
design véocity should be approriately 5 ft/s(1.5 m/s).

It should be noted thatperating forcemains at higher velocities increases surge poténtial
addition, brcemain discharge structuresuld be subjected terosion due to the velocity jet or high
turbulence leading to hydrogen sulfide off gassing and subsequent corrosionthrdg@nstructuresin

order to mitigate against potential corrosion or erosiothese structureshe forcemaincould discharge
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under submerged conditignthe discharge structureould be epoxy linedo resist corrosignor the
forcemain diameter can be enlarged over say thd (a20 ft to reduce velocities entering the discharge
structure. These mitigation measures are not all encompassing and are roggggtions. This topic is
beyond the scope of this research, sitecific constraints or owner requirements may dictate an appropriate

mitigation strategy and should evaluated further during the design process.
8.2.7 Effects of Low Velocities in Forcemains

As shownin Section8.2.6 a large number of systems evaluated as p#hiofesearciwvere found
to be operating at low velocities. Low velocities promote grease/ biofilomadation,sedimentationair
binding, aad hydrogen sulfidéuildup. All of these items can lead to reduced asset lifeiacrgéased life
cycle costs. Both sedimentation and air accumulation reduce flow arezcesase system losses, which
provide increased operating pressures and reducegipg capacity. In addition, sedimentation can
increase microbial activity, Hydrogen Sulfide productaam promotecorrosive conditions and potential
odors. These issues are often intetated and often compound each other.

Air release valvesan be used to exhaust air frarforcemain However, forcemain design should
balance the capitabperational, anthaintenanceost of adding an excessive humber of air release valves
against thecapital andoperational costs of providing air clearing velocities. It should also be ratked t
Pure Technologiesletermined that 72% of air pockatientified through inspection of 500 miles of
forcemainsvere not at known high point3.herefore utilization ofair release valves may not be sufficient
to exhaustir/gas accumulation.Potential sdimentation is generally not an issue when providing air
clearing velocitieshowever, the increased velocitpuld result greater surge conditions, pumping costs,
and operational pressunatich mustbe considered during tliesign process.

A method foraddressing forcemains that are operating at low velocities would bevioth# wet
well to surcharge anthenoperate all pumps to increase velocity &fash’ out the forcemain. The pumps

should operate over a duration long enough to pump the forcemain volume or as long as ceatduk tole
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Numerous technologies can be used to clean the forcemain. A detailed discusdieseof t
technologies is beyond the scope of this research. A brief descriptigrgebh@i“pigging wasprovided
in Section 6.1.4€ecause it is one of the more utilized technologies to clean forcemains. ddfes#dgies
utilize a foam plug matching the pipeline interior diamgigrush the grit and accumulated material through
the pipelineusing the system velocity provided by the pumps. Ice pigging is a promising renelteyy
that uses an ice slyrinserted through a small tap or air relesab/e pipingthat solidifies inside the
forcemain. Thdce melts withincreased travel along the forcemand does not require @edicated
recovery point to capture the pig.

It is understood that astewaterpumps deteriorate with time and usage. However, pump
performance is generally not measured or monitored. Operation and maietprextices are often based
on rulesof-thumb and qualitative field observations. Hydraulic models are fregueset to design new
pumping systems, assasntof existing systemsnddevelop energy optimization strategiddowever,
such models generally use original manufacturer specifications forutigdperformance and energy
consumption of pumps without proper consadimn of their actual behavioAs a resultmany decisions
are made without coptete or accurate information (Papa 2013).

One common method utilized to determine the condition of the forcemain or pumps ifithroug
routine pump statiofield measurement8enchmarking and comparing the pump capacity on an annual
basis will identifypotential degradation to pump capaciBecause these changes could also be attributed
to pump weabpr pipeline capacity reductioit is essential to verify that the pumae in good working
order before étermining that the foreeain requiregleaning.Pressure sensors located along the discharge
side of the pumps can verify problems associated wittptioe pump performance or changes to the
headloss along the pipelin&he field measured operating points should be compared to the original pump
curve to determine the amount of pump degradation.

Air buildup and sedimentation have been demonstrated footemtialissues associated with
forcemainsilt is likely that a brcemain systersubjected to sedimentation will ultimatebach equilibrium

with the corresponding reduction in diameter providing the critibaar stress required to transport grit
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particlesalong the deposited bed preventing additional sedimentation from occuBtiy the TRM and
TRP forcemainsT{able4.2) are 44n. diametey the hydraulic calculations determined that these forcemains
were operating at low velocities (< 2 ftf9.6 m/s). An effort was made to estimate the volume of
sedimentation that mayave accumulatedithin the forcemain due to the low velocitigsowever the
results from the analysis wereonclusive A more detded analysis collectingperational data along the
pipeline would be recommended to determine changes in headloss along the pipelin@mayhiepresent
specific pipe segments whichre subjected to sedimentation. The effect of sedimentaimuld be

evduated further in future research.
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9 Conclusions and Recommendations

Chemical and biological processeghin wastewateform biofilms that attach to thi®rcemain
pipe walland increase headloss. This increase in head loss is generally not accountedrfent design
practiceof forcemains There is little information in the literature regarding the effect aktewater
biofilms ontheforcemainhydraulics. This research evaluated tiwgdraulic effect of biofilms oimm-service
forcemans

Wastewater forcemains have to cope withadicularlychallenging task: they have to ensure that
solids contained in the wastewater (sand, gravel, organics) are read#pontad along with the
wastewater.Sedimentation, air buildup, corrosion, and odesoften interelatedandgenerally occur at
lower velocities. To further complicate forcemain design and operatiastewater lift station pumps
generally operate intermittentiyhich requires renobilization of any material thatay have settledhile
pumps remain idle. Frequency of pumping cycles are based upon the influent flawdateuld range
from a few minutes to several hours between pumping cycles.

Therefore, brcemains must be designed todmdf-cleaningin orderto prevent solids deposition
which could cause increased sulfide production leading to corrosion and odor iessesf tapacity
through a reduction of cross sectional area; or even blockage at low, poiatghe toe of an adversely
sloped pipe leadingto costly removal. In many instancdercemains aralesignedconservatively to
account for potential large variations in surface roughoefgure flowrates

The goal of this research is to identify short-comings in current foroemeaign practice through
expanded evaluation of the findings by HR Wallingford identified épdrtSR 641- Flow resistance of
wastewater pumping mains: improved design througtebelatain order to improve hydraulic design
methodologies of forcemains. Key objectives to achieve this goal are assfollo

e Evaluatethe hydraulic effect of biofilms oabsolute roughnesksJ;

o Evaluatethe hydraulic effect of biofilms oHazenWilliams C factor; and

214



o Estimate critical velocity required for sediment transport, air cleagetfcleansing and

optimal diameters of forcemains, which are not identified in forcenhesign standards.
9.1 Main Conclusions of Research

1. A significant findingof this researclis that k decreases with increasing velocity in a fairly
linearized relationship plotted on a Hap scale suggesting thatsks a function of velocity
and is significantly affected by wastewater biofilmsThis result does not agree thwvi
Nikuradse’s findings thatsks fairly uniform (clean water).Although results presert fair
degree of scatter, a core trend line was observed in the reghltgoupings ofdataobserved
oneitherside of the core trend lind2ossible explanatiorier deviation from the core trendline
include 1) potential errors ystemattributes?2) Some forcemain systems could be combined
wastewater and stormwater systems or have a large volume of clean water reépdtiang
system, 3) Source water chemistry may have an effect on the vald)ds&dimentation may
be occurring in lower velocity forcemains, or 5) off gassing or airihgckould be occurring
within the systemResults do not present any observable trends associated with pipe diameter,
materal, or age.Calculated values ofskangel from approximately 35 mm to 0.01 mm, with
the larger values occurring at velocities less than I3rsit/s). The upper range of\alues
are orders of magnitude larger than the standard clean water, news pileek found in
literature. A few calculated kresults for metallic and cementitious pipe were found to be
smoother thasstandard clean water, new pipevkluepublishedin literature. This deviation
is likely a result of inaccuratgystem or operational data. Plastic pipe redait&s wereall
largerthanthe standard clean water, new pipgduepublished in literatureResults suggest
that biofilms effecforcemains in a similar manner regardless of diameter or pipe matedial
that the traditional methods in determining pipeline capacity are not ajgbecior biofouled
pipesand will likely over estimate flow capacitylT he literature shows that tiven Karman

constant (k) of biofouled surfaces was non-universal and was lower than the conventional value
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of 0.40 for R<1.04x1G0; therefore, the traditional Colebrod¥hite equation is not applicable
for biofouled pipedor R<1.04x10. Although thesdindings are significant, the minimum
recommended forcemain velocity is generally taken as 3 ft/s (0.9 m/svenpsedimentation.
Therefore, forcemains should generally operate above the thresh@ddRhe standard
Colebrook-White equation should bsed to calculate friction factor.

C factor results ranged from approximately 30 to 150, with lower C factongl&t velocities

less than 3 ft/s. In general practicefactors less than 80 are considered to be unreliable for
clean water systembpwever, the Cdctors calculated for this research were determined from
operational data and published research indicating the results are valid feysteens
evaluaed. Approximately 60%of forcemain systems evaluated are operatingfat@rs less
than 100, which is much lower than ttecommended valugsublished in the literatureof
clean water, new pipeResultsshowthat Cfactor is a function of velocity with the factor
increasing with increased velocitydicatingthat traditional methods determining pipeline
capacity for biofouled pipes are not appropriate and will likely over estifftat capacity A

core trend line similar to thes Kindings was identified with a general rise in f@ctor for
velocities between 2.5 ft/s (0.8 méxd4.5 ft/s(1.4 m/s) the slope of the line above 4.5 ft/s
(1.4 m/s)appeardo tend towards horizontaindicating a potential tendency towards its clean
water, new pipeC factor. If this is the case, then the biofikrikely shearing from the pipe
wall and thus increasinlgydraulic efficiency. Resultssuggest that velocity is the gdonant
factor for determining Cafictor and thatbiofilms effect forcemains in a similar manner
regardless opipediametermaterial orage However,a comparison of the C factor results to
ks results show that C facta dependent upon both velocity and diameter.

Results of the hydraulic analysis determined that 44% of the systems evaluated weirggopera
at velocities between2nd 3.5 ft/s (0.6and 1.1 m/s) and 16% of systems were operating at
velocities less than 2 ft/s (0.6 m/Shhe required design velocifgr selfcleansing, sediment

transport, air clearing, and economical diameter was comparedéordsellts and shavat a
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majority of the research data foris (152.4 mm)and smaller diameters were found to be
operating in between the optimal diamed@d selfcleansing velocity indicating that these
systems may not be optimized but at least provide thelsglfising velocityRigure 8.27. In
addtion, a number of systems with forcemain diameters larger than(@52.4 mm)were
found to be operating below the seléansing velocity. Considering that the many design
standards recommend a minimum design velocity of ZGt&m/s)and 3.5 ft/g1.1 m/s)to
prevent settling and redspend solids; selecting a design velocity between @fsn/s)and

3.5 ft/s(1.1 m/s)may not be appropriate and the minimum design velocity should be selected
upon either the selfleansing velocity or economigaipe sizing. Although each system should
be evaluated to determine the correct minimum design velocity based upon thesghropos
system propertieshese results suggest that the minimum forcemain design velocity &eoul

at leasbt ft/s (1.5 m/s).
9.2 Development of Predictive Equations for k s and C-Factor

Predictive equations were developed to estimasnl Cfactor. All data collected and evaluated
as part of this research were considered fodthelopnent of the predictive equation(s). Howeubg
following data points were removed from the datd$etata points where.R 1.04x16 in biofouled pipes
lead to von Karméaeonstants less than 0.4 and potential erroneous resulis 8j kesults where kwas
greater than 3hm (1.2 in. )were also removed since it is impractical to use an equivalent sand roughness
value greater than 30 mm (1.2)iwithout adjusting for a reduced interior diameter. 30 mm (1.2nvas)
selected as a reasonable value for the upper thresholdasdd upon experience. 3) data points shifted
far to the right of the core trend line suggest higher headlbgh could be the result of an obstruction,
sedimentation, or potential air locking and weoasidered outliers and were atgmoved. A summary
of the recommended predictive equations of betmkl Cfactorfor both Metric and US Customarynitis

are provided in Sections 9.2.1 and 9.2.2.
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9.2.1 Absolute Roughness -k s

Table9.1: Recommended Equation and Limits {Nketric Units)

Equation k (mm) Limits Equation No.
ks=30 V <0.54 (m/s) (7.6a)
ky = 1.897V~*379 0.54 <V <1.98 (m/s) (7.6b)
k, = 0.1364V 0546 1.98 <V <4.0 (m/s) (7.6c)

Table9.2: Recommended Equation and Limits (& S. Customary Units)

Equation k (in) Limits EquationNo.
ks=1.18 V < 1.77 (ft/s) (7.7a)
kg = 13.571y~*37° 1.77 <V £6.50 (ft/s) (7.7b)
k, = 0.0103V 0546 6.50 <V <13.12 (ft/s) (7.7¢)

9.2.2 C-Factor

Table9.3: Recommended Equation and Limits:Factor

C-FactorEquation Limits Equation No.
Metric Units
Cractor = 132.1¢p00174 — 1373740112 -0.908V12%° 0.54 <V <4 (m/s) (7.8)
US Customary Units
Cractor = 132.1¢°0175 — 137.29¢~0112-0102v*°7  1.77 <V <13.12 (fts) 7.9)

Where: ¢ is diameter in inches; V is velocity m/s, (ft/s)

9.3 Forcemain Design Recommendation s

1. The hydraulic effect of biofilms on forcemain flawsistancevas evaluatednddetermined
thathydraulic roughness parametersgikd Cfactor) varieawith forcemainvelocity. Although
velocity was determined to be the principle factor affeckingnd Cfactor a comparison of
the C factor results toskesults show that C factas dependent upon both velocity and
diameter.Predictive equations developtmlestimate kand Cfactoraresummarizedn Section
7.3 and includeEquations Ba to7.9. These equationshould beutilized along with the
ColebrookWhite / DarcyWeisbach and Hazéwilliams equations to estimate the friction
headlosgor forcemains.

2. ltis crucial to design a forcemain systémbe economical and to prevent permanent solids
accumulatioror air buildup The most economical (optimal) diametsgli-cleansing (Tractive
Force) desigrpatrticle transport through suspension and bed motion; and air cleeldcifies

should be evaluated during the design process to determine the critical pathatetentrols
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the selection of diameter and design velocity for a given sygtithmugh a design particle of

1 mm(0.04 in.)is considered appropriate for typical domestic sewageckselhsing velocies
should be selected based upon the design critical shear stress instedidlefsize due to
potential cohesion of particles and undulation that occurs along a typiceinfain pofile.
Utilizing a design shear stress of 0.08 R(&.83 N/n¥) or 0.10 Ib/ft (4.80 N/n?) provides a
conservative estimate of the required-sddansing velocity to achieve scour and transpbrt
particles found in sewage given undulating pipelines and potentialieelpesticles. Based
upon the finding®f this researchthe minimum recommended design velocity shoulctbe
least5 ft/s (1.5 m/s); this velocity corresponds to both the optihieineter and selfleansing
velocity (Figure8.26).

If the design particle is larger than 1 mi@04 in.), the forcemain should be designed
considering bed motion to ensure transport of the design particle. Tmuma upwards
deflection should be limited to 30° unless the diamaft¢he rising limb is reduced to provide
the equivalent solids transport capacity.

Forcemain design should also consider air clearing velocities to enswggontant air and to
prevent potential pipe corrosion.

Pipeline alignment and profile should be evaluated to determine the maximuroalverti
deflection angle (upwards and/or downwds) as this will affect the forcemains ability to
transport sediment or clear air.

. Although there appears to be numerous benefits for increasing the operddicity \af a

forcemain,increasedurge potentiak aconsequence of selecting a higher desiglocity.

In many instances, a forcemalimmetercould beoversizedo provide a future maximum flowrate.

Selecting a minimum velocity of 5 ftfd.5 m/s)may seem high compared to most design standards.

However, based upon continuity, a 40% capacity increase is obtained by ingcthasialocity from 5 ft/s

(2.5 m/s) to 7 ft /$2.1 m/s). A 40%apacityincrease should be sufficient for most systemscamdikely

be accomplished by changing pump impellors.
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9.4 Limitations and Recommendations for Further Work

1. This research was performed as a desktop analysis of forcemain systems usinghapeadtio
obtained from SCADA systems, supplemented by data from published reports faridalec
papers. Theseresults should be confirmed using field data on forcemaner a range of
environmental conditions and flow regimes.

2. Hydraulic analyses were performed assuming an average wastewater tempeichtciesan
water viscosity effect of temperaturand viscosity on the roughness parameters should be
verified in future research

3. The assumed maximums kalue of 30mm (1.2 in.) is likely too large and may require
redudion; however, data collected andafvated does not support reducing this assumed
threshold. Future studies should further evaluate this in more detohfirm or refine this
assumption.

4. Further evaluate pipe material to determingiie material influences biofilm growth.

5. Due to thdimited number oflatapoints for velocities greater th&6 ft/s @ m/9, additional
field data should be collected for forcemains operating at velocities gtieatér6 ft/'s @ m/9
in orderto verify the assumed predicative equaf®mestablished for velocities betwe6rb0
ft/s <V < 13.1ft/s (1.98m/s<V <4.0 m/s).

6. Relationships for bed motion transport in pipelines subjected to biafthigl not be found in
the literature. Additional research should be conducted to identiBximumparticle sizes
found in forcemain systemandthe effect of biofilms and cohesion on particle transport in
forcemains.

7. Identify critical shear stress based ugohesive propertieend intermittenpump operatiomo
determine the time between pumping cycles before cohesion ingzatitde transport.

8. Physical measurements of the biofilm (slime layerletermine how its structure varies with

nutrient loadings, temperature, asmurcewater chemistry. Additional consideration should
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be given to daily, seasonal variations, and operational conditions to confiamsieptions

provided in this research.

9. Field measurements to determitee change irbiofilm properties alonghe length of the

forcemain
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APPENDIX A Explicit Friction Factor Equa tions
Table A.T Explicit Friction Coefficient Equations
Reported
Range of Validity Accuracy
Compared to
Colebrook
Authors Explicit Friction Coefficient Equation Re ks White
Moody £ =0.0055 |1+ ( 20000 (ks) L (2 " 4x10° <R, < 10° o< <001 + 50
(1947) - D Re X —= e = = 3 = s 0
Jain (1976 L olog| 4 (628 P<R, <107 s ks +1%
ain (1976) N ( = ) 5x10° <R, <107 4x10° < 2 < 0.05 +1%
Swamee B 0.25 K
and Jain f= loe (Ks 4 574\ 4x10° <R, <10® 1075 <-2<0.05 1%
(1976) [ o8 (375 + RO")] b
Churchil —=-2lo [ ks +(l)0'9] Not Reported Not Reported 3%
(1973) NG 81370 " \R, P p 6
Churchill ez, . The ~ . e  arsso 6 R>0 Not Resoried £0.45 0
(977) r=8](2)" + o] 4= 2570 | oy B = (%) p +0.45 %
(k/ )1.1098
Chen B ks 5.0452 *Ip 5.8506 4x10%® <R, ks o
(1979) 7 21081370650 ~ ( R, )log 2.8257 (Rg-8981) < 4x10° 107 =5 =005 1.2%
)
Barr (1981) Not Reported Not Reported 1.2%
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Reported

Range of Validity Accuracy
Compared to
Colebrook

Authors Explicit Friction Coefficient Equation Re ks White

Haaland 1 ks \"" 6.9 k
—=-1.8l ( ) +— 4x10° < R, < 108 -6 <5 .29
(1983) JF "g[ 3.7D R, X e 0= 0.05 1.2%
Zigrang
and 1 )l { kg (5.02)l [ kg (5.02)] ( ks +13)]} Not R g Not R S 0.339¢
—==2logyssx |\ )08l |\ 5 |08\ 55 T 5 ot Reporte ot Reporte! + 0.
Sylvester J7 8370 "R, )°81370 "R, /'°8\37D "R, P P 0
(1982)
Manadilli __:_m%[ks+ 95 96.82 5.235x10% <R, kg
(1997) Jr 3.7D ' R%%83 R, <108 0<—<005
Romeoet 1 kg 5.0272 ky 4567 ks 27 53326 \*%* 3x10% <R, k, .
al. 2002)  JF ~2log [3.70650 TR, L9 [3.827D "R, lOg{<7.7918D) + (208.815 ¥ RE) < 1.5x108 0=5 =005 1.2%
Sonnad and
Goudar % = 0.8686In ["gj“”e)] $ = 012402 R, + In(0.4587R,) 4x10° <R, <10° 106 < <005
(2006) st D
Wood Kk 0225 ka0 o) 4x10° <R k
(1966) f= 0.5335 +0.094 (35) +88 (35) R, Le2() il e 1075 < 3s <004 410 6%
Round 1 ks\ 65 4x10° <R k
— =180 k135§—)+——] <R kg
(1980) NG 8 D) TR, < 4x10° 0< 5 <005
—2.169

Ghanbariet kg \"*** 2.731)091%2 2.1x10° < R, kg
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APPENDIX B Comparison of Explicit Friction Factor Equations
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Figure B1: Comparison of Explicit Equations to Calculate Ddr(/D = 0.0003)
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Figure B2: Comparison of Explicit Equations to Calculate Ddr¢/D = 0.00015)
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1.0

Comparison of Explicit Equations to Calculate Darcy f ( 24 " Diameter, Ks/D= 0.000075 )
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Comparison of Explicit Equations to Calculate Darcy f ( 60 " Diameter, Ks/D= 0.00003 )
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TableC.1: PVC Pipe Data

APPENDIX C Pipe Data

Internal Diameter (in)

Pressure Class (psi)

Nominal

Diameter (in) 165 (DR25) 125 (DR32.5) 100 (DR41)
4 4.39
6 6.31
8 8.28
10 10.16
12 12.08
14 14 14.3 14.52
16 15.92 16.27 16.51
18 17.85 18.23 18.5
20 19.77 20.19 20.49
24 23.61 24.12 24.48
30 29.29 29.91 30.35
36 35.05 35.8 36.3
42 40.73 41.6 42.18
48 46.49 47.49 4814

http://www.jmeagle.com

AWWA C900/ C905 PVC pipe
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TableC.2 Ductile Iron / Cast Iron PipPata

Internal Diameter (in)

Nominal Outside Wall Interior Cement Mortar Interior

Diameter Diameter Thickness Diameter (No Lining Diameter
(in) (in) (in) lining) Thickness (in) (CML)®
31! 3.96 0.25 3.46 0.0625 3.335
4t 4.8 0.25 4.3 0.0625 4.175
6! 6.9 0.25 6.4 0.0625 6.275
8! 9.05 0.25 8.55 0.0625 8.425
101 11.1 0.26 10.58 0.0625 10.455
121 13.2 0.28 12.64 0.09375 12.4525
142 15.3 0.28 14.74 0.09375 14.5525
162 17.4 0.3 16.8 0.09375 16.6125
182 19.5 0.31 18.88 0.09375 18.6925
207 21.6 0.33 20.94 0.09375 20.7525
243 25.8 0.33 25.14 0.09375 24.9525
304 32.0 0.34 31.32 0.125 31.07
364 38.3 0.38 37.54 0.125 37.29
424 44.5 0.41 43.68 0.125 43.43
484 50.8 0.46 49.88 0.125 49.63
544 57.56 0.51 56.54 0.125 56.29
604 61.61 0.54 60.53 0.125 60.28
644 65.67 0.56 64.55 0.125 64.3

Adapted fromwww.uspipe.com

1350 psi Pressure Class
2250 psi Pressure Class
8200 psi Pressure Class
4150 psi Pressure Class
5 CML — Cement Mortar Lining
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TableC.3 HDPE—DIPS PE4710 PipPata

Internal Diameter (in)

Nominal Pressure Class (psi)
Diameter (in) 125 (DR17) 111 (DR19) 100 (DR21)
4 4.202 4.264 4.315
6 6.039 6.130 6.203
8 7.922 8.041 8.136
10 9.716 9.862 9.979
12 11.555 11.727 11.867
14 13.392 13.593 13.755
16 15.229 15.458 15.643
18 17.068 17.325 17.531
20 18.905 19.190 19.419
24 22.582 22.921 23.195
30 28.014 28.430 28.769
36 33.524 34.026 34.433
42 38.950 39.535 40.008
48 44.465 45.131 45.672

Adapted fromhttp://www.jmeagle.com

DIPS- Ductile Iron Pipe Sizes
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APPENDIX D System Data — Hydraulic Analysis Results

TableD.l: Research DataResults of Hydraulic Calculations

Pipe Velocity friction Headloss Minor Shear Stress 1,
. Pipe I.D. loss % . - u*
Project . Length ) factor Al total Re ks (in) ks (mm)
Material (ft) (in) (ft/s)  (m/s) ¢ hi ¢ (ft) of Factor  (m/s)  (Ib/ft2) (N/m2)
(ft) Total

Janitell PVC 783.8 4.00 2.12 0.65 0.19 31.77 32.03 0.8% 6.18E+04 1.07 27.20 43.7 0.10 0.21 10.09
Janitell PVC 783.8 4.00 2.33 0.71 0.15 29.84 30.16 1.0%  6.77E+04 0.76 19.23 49.6 0.10 0.20 9.48
Janitell PVC 783.8 4.00 2.46 0.75 0.13 28.08 28.43 1.2% 7.15E+04 0.58 14.80 54.0 0.09 0.19 8.92
Janitell PVC 783.8 4.00 2.22 0.68 0.17 30.29 30.58 0.9% 6.45E+04 0.89 22.66 46.8 0.10 0.20 9.62
Janitell PVC 783.8 4.00 1.77 0.54 0.30 3454 3472 0.5%  5.15E+04 1.81 46.07 34.8 0.10 0.23 10.97
Janitell PVC 783.8 4.00 1.41 0.43 0.52 38.05 38.16 0.3% 4.10E+04 3.01 76.39 26.3 0.11 0.25 12.08
Janitell PVC 783.8 4.00 231 0.70 0.16 30.96 31.27 1.0%  6.70E+04 0.82 20.93 48.1 0.10 0.21 9.83
Janitell PVC 783.8 4.00 2.40 0.73 0.14 29.02 29.36 1.1% 6.98E+04 0.66 16.80 51.9 0.10 0.19 9.22
Janitell PVC 783.8 4.00 2.82 0.86 0.08 24.67 25.13 1.8%  8.21E+04 0.28 7.11 66.6 0.09 0.16 7.83
Janitell PVC 783.8 4.00 2.68 0.82 0.11 27.70 28.12 1.5% 7.80E+04 0.42 10.75 59.4 0.09 0.18 8.80
(K;:ZIE DIP 5872.3 12.52 2.59 0.79 0.15 90.01 90.43 0.5%  2.36E+05 2.45 62.17 43.9 0.11 0.25 11.94
E:tellf DIP 5872.3 1252 2.18 0.66 0.24 98.60 98.90 0.3% 1.98E+05 4.36 110.73 351 0.11 0.27 13.08
E?étellf DIP 5872.3 12.52 2.42 0.74 0.18 93.86 94.23 0.4% 2.20E+05 3.15 80.05 40.0 0.11 0.26 12.45
(K::tellf DIP 5872.3 1252  2.48 0.75 0.17 92.59 9298 0.4%  2.25E+05 2.90 73.67 41.3 0.11 0.26 12.29
E:tellf DIP 5872.3 12.52 2.37 0.72 0.19 9479 95.14 0.4% 2.15E+05 3.37 85.71 39.0 0.11 0.26 12.58
(K:S;tellf DIP 5872.3 12.52 2.60 0.79 0.15 89.57 90.00 0.5% 2.37E+05 2.40 60.96 44.2 0.11 0.25 11.89
(K::tellf DIP 5872.3 12.52  3.13 0.95 0.08 72.16  72.77 0.8%  2.84E+05 0.88 22.31 59.7 0.10 0.20 9.57
E?étellf DIP 5872.3 12.52 3.08 0.94 0.09 74.12 7471 0.8% 2.80E+05 0.98 24.92 58.0 0.10 0.21 9.83
(K;:ZIE DIP 5872.3 1252 5.64 1.72 0.03 83.19 85.19 2.4%  5.13E+05 0.06 1.47 99.8 0.11 0.23 11.04
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) Pipe Velocity friction Headloss Minor Shear Stress 1,

Project M:LZ?ial Length I(I:) factor b |Oisf% Re ke(in) ke (mm) Facior (r::;‘s) 2 2

(ft) (ft/s)  (m/s) £ hy ¢ (ft) (1) Total (Ib/ft?)  (N/m2)

(K::tellf DIP 5872.3 12.52 2.34 0.71 0.20 95.72  96.07 0.4% 2.12E+05 3.54 90.01 38.3 0.11 0.27 12.70
Big Valley DIP 415.9 4.10 1.81 0.55 0.11 6.77 6.84 1.0% 5.39E+04 0.46 11.72 60.0 0.06 0.09 4.15
Big Valley DIP 415.9 4.10 1.77 0.54 0.12 6.97 7.04 0.9% 5.27E+04 0.53 13.38 57.6 0.07 0.09 4.28
Big Valley DIP 415.9 4.10 2.15 0.66 0.07 5.89 5.99 1.6% 6.41E+04 0.18 4.45 76.9 0.06 0.08 3.62
Big Valley DIP 415.9 4.10 2.00 0.61 0.08 6.41 6.50 1.3% 5.95E+04 0.29 7.31 68.2 0.06 0.08 3.93
Big Valley DIP 415.9 4.10 1.81 0.55 0.11 6.90 6.97 1.0% 5.40E+04 0.48 12.09 59.4 0.07 0.09 4.24
Big Valley DIP 415.9 4.10 2.11 0.64 0.07 6.08 6.17 1.5% 6.29E+04 0.20 5.19 74.2 0.06 0.08 3.73
Big Valley DIP 415.9 4.10 2.01 0.61 0.08 6.35 6.44 1.3% 6.00E+04 0.27 6.94 69.1 0.06 0.08 3.90
Big Valley DIP 415.9 4.10 1.82 0.55 0.11 6.70 6.77 1.0% 5.41E+04 0.45 11.41 60.5 0.06 0.09 411
Big Valley DIP 415.9 4.10 1.61 0.49 0.15 7.38 7.43 0.7% 4.80E+04 0.77 19.63 51.0 0.07 0.09 4.53
Big Valley DIP 415.9 4.10 2.54 0.77 0.04 4.80 4.94 2.8% 7.55E+04 0.04 1.09 101.2 0.05 0.06 2.95
South River RCP 42960.4 66.00 3.85 1.17 0.03 46.74  48.78 4.2% 1.85E+06 0.19 4.83 95.7 0.07 0.09 4.47
South River RCP 42960.4 66.00 2.63 0.80 0.04 31.26  32.21 3.0% 1.26E+06 0.62 15.71 81.3 0.05 0.06 2.99
South River RCP 42960.4 66.00 5.38 1.64 0.02 59.66 63.62 6.2% 2.58E+06 0.03 0.86 1171 0.08 0.12 5.70
South River RCP 42960.4 66.00 3.49 1.06 0.03 47.49 49.16 3.4% 1.68E+06 0.39 9.97 86.0 0.07 0.09 4.54
South River RCP 42960.4 66.00 3.96 1.21 0.02 37.11 39.26 5.5% 1.90E+06 0.06 1.58 111.4 0.06 0.07 3.55
South River RCP 42960.4 66.00 431 1.31 0.02 39.27 41.82 6.1% 2.07E+06 0.04 0.96 117.6 0.06 0.08 3.76
South River RCP 42960.4 66.00 2.36 0.72 0.04 29.63 30.40 2.5% 1.13E+06 1.00 25.41 74.9 0.05 0.06 2.83
South River RCP 42960.4 66.00 4.74 1.44 0.02 53.66 56.74 5.4% 2.27E+06 0.06 1.65 109.3 0.07 0.11 5.13
South River RCP 42960.4 66.00 3.50 1.07 0.03 50.20 51.88 3.2% 1.68E+06 0.46 11.71 83.7 0.07 0.10 4.80
South River RCP 42960.4 66.00 3.42 1.04 0.04 52.34 53.95 3.0% 1.64E+06 0.60 15.34 80.0 0.07 0.10 5.00
Natomas RCP 47166.5 60.00 1.83 0.56 0.03 13.30 14.00 5.0% 7.96E+05 0.20 5.15 99.9 0.03 0.02 1.05
Natomas RCP 47166.5 60.00 3.14 0.96 0.02 25.63 27.72 7.5% 1.37E+06 0.04 0.91 120.5 0.05 0.04 2.03
Natomas RCP 47166.5 60.00 3.83 1.17 0.01 23.83 2694 11.5% 1.67E+06 0.00 0.02 152.9 0.04 0.04 1.89
Natomas RCP 47166.5 60.00 3.88 1.18 0.01 27.92 31.11 10.2% 1.69E+06 0.01 0.13 142.2 0.05 0.05 2.21
Natomas RCP 47166.5 60.00 3.43 1.05 0.01 22.09 2459 10.1% 1.50E+06 0.01 0.13 142.7 0.04 0.04 1.75
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) Pipe Velocity friction Headloss Minor Shear Stress 1,

Project M:LZ?ial Length I(I:) factor b |Oisf% Re ke(in) ke (mm) Fagor (r:;;) 2 2

(ft) (ft/s)  (m/s) £ hy ¢ (ft) (1) Total (Ib/ft?)  (N/m2)

Natomas RCP 47166.5 60.00 3.92 1.19 0.02 43.48 46.74 7.0% 1.71E+06 0.05 1.37 113.0 0.06 0.07 3.44
Natomas RCP 47166.5 60.00 421 1.28 0.01 29.18 3293 11.4% 1.84E+06 0.00 0.04 150.7 0.05 0.05 2.31
Natomas RCP 47166.5 60.00 4.73 1.44 0.01 35.42 40.16 11.8%  2.06E+06 0.00 0.02 152.4 0.05 0.06 2.80
Natomas RCP 47166.5 60.00 4.30 1.31 0.01 28.41 3233 12.1% 1.87E+06 0.00 0.00 156.1 0.05 0.05 2.25
Natomas RCP 47166.5 60.00 2.80 0.85 0.02 20.62 22.29 7.5% 1.22E+06 0.04 0.96 120.9 0.04 0.03 1.63
Chapel Hills PVC 5508.4 8.28 2.51 0.77 0.08 61.09 61.39 0.5% 1.51E+05 0.49 12.57 65.7 0.08 0.12 5.71
Chapel Hills PVC 5508.4 8.28 2.52 0.77 0.08 60.87 61.17 0.5% 1.52E+05 0.48 12.24 66.2 0.08 0.12 5.69
Chapel Hills PVC 5508.4 8.28 2.61 0.80 0.07 60.24  60.56 0.5% 1.57E+05 0.41 10.34 68.9 0.08 0.12 5.64
Chapel Hills PVC 5508.4 8.28 2.45 0.75 0.08 61.60 61.88 0.5% 1.47E+05 0.56 14.21 63.8 0.08 0.12 5.76
Chapel Hills PVC 5508.4 8.28 2.81 0.86 0.06 58.72  59.10 0.6% 1.69E+05 0.28 7.00 75.1 0.07 0.11 5.49
Chapel Hills PVC 5508.4 8.28 2.43 0.74 0.08 61.60 61.88 0.5% 1.46E+05 0.58 14.63 63.3 0.08 0.12 5.76
Chapel Hills PVC 5508.4 8.28 2.46 0.75 0.08 61.35 61.63 0.5% 1.48E+05 0.55 13.89 64.2 0.08 0.12 5.74
Chapel Hills PVC 5508.4 8.28 2.61 0.79 0.07 60.48 60.81 0.5% 1.57E+05 0.41 10.53 68.6 0.08 0.12 5.66
Chapel Hills PVC 5508.4 8.28 2.34 0.71 0.09 62.45 62.71 0.4% 1.41E+05 0.69 17.41 60.5 0.08 0.12 5.84
Chapel Hills PVC 5508.4 8.28 2.97 0.90 0.05 57.21 57.63 0.7% 1.78E+05 0.20 5.02 80.5 0.07 0.11 5.35
Drennan PVC 4613.3 9.98 3.66 1.12 0.03 32.75 33.66 2.7% 2.66E+05 0.04 0.93 108.6 0.07 0.09 4.41
Drennan PVC 4613.3 9.98 2.36 0.72 0.11 51.71 52.09 0.7% 1.71E+05 1.10 27.99 54.6 0.08 0.15 6.96
Drennan PVC 4613.3 9.98 3.38 1.03 0.04 38.21 38.99 2.0% 2.45E+05 0.10 2.65 92.2 0.07 0.11 5.14
Drennan PVC 4613.3 9.98 2.70 0.82 0.08 47.68 48.17 1.0% 1.96E+05 0.56 14.28 65.3 0.08 0.13 6.42
Drennan PVC 4613.3 9.98 3.58 1.09 0.03 3492 35.79 2.4% 2.59E+05 0.05 1.38 102.5 0.07 0.10 4.70
Drennan PVC 4613.3 9.98 291 0.89 0.06 4498 45.56 1.3% 2.11E+05 0.36 9.04 72.6 0.08 0.13 6.05
Drennan PVC 4613.3 9.98 3.31 1.01 0.04 38.13 38.88 1.9% 2.40E+05 0.12 2.96 90.4 0.07 0.11 5.13
Drennan PVC 4613.3 9.98 2.54 0.78 0.09 49.58 50.02 0.9% 1.84E+05 0.77 19.63 60.3 0.08 0.14 6.67
Drennan PVC 4613.3 9.98 3.19 0.97 0.05 40.99 41.69 1.7% 2.32E+05 0.18 4.45 83.9 0.07 0.12 5.52
Drennan PVC 4613.3 9.98 3.22 0.98 0.05 40.64 41.35 1.7% 2.33E+05 0.16 4.16 84.9 0.07 0.11 5.47
E(I:]aucil:rel PVC 2186.6 8.28 591 1.80 0.03 57.76  60.40 4.4% 3.55E+05 0.06 1.41 96.9 0.12 0.28 13.61
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. Velocity I Headloss Minor Shear Stress T,
. Pipe Pipe 1.D. friction loss % . C- u*
Project . Length . factor hi total Re ks (in) ks (mm)
Material (Ft) (in) (ft/s)  (m/s) ¢ hi¢ (ft) of Factor (m/s) (Ib/f2)  (N/m?)
(ft) Total
SB<I:|auciI:re| PVC 2186.6 8.28 6.34 1.93 0.03 55.34 58.38 5.2% 3.81E+05 0.03 0.76 106.3 0.11 0.27 13.04
SB<|:|auci||fre| PVvC 2186.6 8.28 6.11 1.86 0.03 56.60 59.43 4.8% 3.68E+05 0.04 1.06 101.3 0.12 0.28 13.34
SB(:auciI:reI PVC 2186.6 8.28 6.31 1.92 0.03 55.41 58.43 5.2% 3.80E+05 0.03 0.79 105.8 0.11 0.27 13.06
SB<I:|auciI:re| PVvC 2186.6 8.28 6.27 1.91 0.03 55.99 58.98 5.1% 3.77E+05 0.03 0.85 104.6 0.11 0.28 13.20
SB<|:|auci||fre| PVvC 2186.6 8.28 6.29 1.92 0.03 55.94 58.95 5.1% 3.79E+05 0.03 0.83 105.0 0.11 0.28 13.18
SB(:auciI:reI PVC 2186.6 8.28 6.20 1.89 0.03 55.97 58.89 5.0% 3.73E+05 0.04 0.92 103.4 0.11 0.28 13.19
SB<I:|auciI:re| PVvC 2186.6 8.28 6.22 1.90 0.03 55.97 58.90 5.0% 3.74E+05 0.04 0.90 103.7 0.11 0.28 13.19
SBclqaucil:reI PVvC 2186.6 8.28 6.46 1.97 0.03 5422 57.38 5.5% 3.89E+05 0.02 0.61 109.6 0.11 0.27 12.78
SB(:auciI:reI PVC 2186.6 8.28 6.17 1.88 0.03 56.90 59.79 4.8% 3.71E+05 0.04 1.01 102.0 0.12 0.28 13.41
Middle Trib PVC 6144.7 12.08 2.66 0.81 0.09 58.92 59.34 0.7% 2.33E+05 0.92 23.35 59.3 0.08 0.15 7.21
Middle Trib PVC 6144.7 12.08 2.75 0.84 0.08 57.39 57.84 0.8% 2.41E+05 0.76 19.42 62.2 0.08 0.15 7.02
Middle Trib PVC 6144.7 12.08 2.99 0.91 0.06 48.86 49.40 1.1% 2.63E+05 0.36 9.24 74.0 0.08 0.12 5.98
Middle Trib PVC 6144.7 12.08 3.00 0.92 0.06 48.89 49.43 1.1% 2.64E+05 0.36 9.11 74.2 0.08 0.12 5.98
Middle Trib PVC 6144.7 12.08 3.05 0.93 0.05 47.29 47.85 1.2% 2.68E+05 0.31 7.76 76.8 0.08 0.12 5.79
Middle Trib PVC 6144.7 12.08 3.10 0.94 0.05 45.70  46.27 1.2% 2.72E+05 0.26 6.58 79.4 0.07 0.12 5.59
Middle Trib PVC 6144.7 12.08 3.10 0.95 0.05 4556  46.13 1.2% 2.72E+05 0.26 6.49 79.6 0.07 0.12 5.57
Middle Trib PVC 6144.7 12.08 3.12 0.95 0.05 4485 45.43 1.3% 2.74E+05 0.24 6.03 80.8 0.07 0.11 5.49
Middle Trib PVC 6144.7 12.08 3.27 1.00 0.04 39.36 40.00 1.6% 2.87E+05 0.13 3.24 90.7 0.07 0.10 4.82
Middle Trib PVC 6144.7 12.08 3.27 1.00 0.04 39.03 39.67 1.6% 2.87E+05 0.12 3.12 91.3 0.07 0.10 4.78
Middle Trib PVC 2400.9 8.28 5.66 1.72 0.02 33.32 34.01 2.0% 3.40E+05 0.01 0.15 131.3 0.08 0.15 7.15
Middle Trib PVC 2400.9 8.28 5.85 1.78 0.02 34.06 34.80 2.1% 3.52E+05 0.00 0.12 134.1 0.09 0.15 7.31
Middle Trib PVC 2400.9 8.28 6.37 1.94 0.02 39.56 40.44 2.2% 3.83E+05 0.00 0.10 134.9 0.09 0.18 8.49
Middle Trib PVC 2400.9 8.28 6.40 1.95 0.02 39.81 40.69 2.2% 3.85E+05 0.00 0.10 134.9 0.09 0.18 8.54
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. Velocity I Headloss Minor Shear Stress T,
. Pipe Pipe 1.D. friction loss % . C- u*
Project . Length . factor hi total Re ks (in) ks (mm)
Material (Ft) (in) (ft/s)  (m/s) ¢ hi¢ (ft) of Factor  (m/s)  (Ib/f) (N/m?)
(ft) Total

Middle Trib PVvC 2400.9 8.28 6.50 1.98 0.02 40.88 41.79 2.2% 3.91E+05 0.00 0.10 135.1 0.09 0.18 8.77
Middle Trib PVC 2400.9 8.28 6.60 2.01 0.02 41.99 42.93 2.2% 3.97E+05 0.00 0.10 135.2 0.09 0.19 9.01
Middle Trib PVC 2400.9 8.28 6.60 2.01 0.02 42.06 43.01 2.2% 3.97E+05 0.00 0.10 135.2 0.10 0.19 9.03
Middle Trib PVC 2400.9 8.28 6.64 2.02 0.02 42.50 43.46 2.2% 4.00E+05 0.00 0.10 135.2 0.10 0.19 9.12
Middle Trib PVC 2400.9 8.28 6.95 2.12 0.02 46.09 47.14 2.2% 4.18E+05 0.00 0.10 135.5 0.10 0.21 9.89
Middle Trib PVC 2400.9 8.28 6.97 2.12 0.02 46.27 47.33 2.2% 4.19E+05 0.00 0.10 1355 0.10 0.21 9.93
mlc(:lnument DIP 3912.9 16.60 1.39 0.42 0.16 13.55 13.74 1.4% 1.67E+05 3.45 87.71 43.9 0.06 0.07 3.58
mlc;jnument DIP 3912.9 16.60 1.57 0.48 0.13 13.89 14.14 1.8% 1.89E+05 2.47 62.80 49.0 0.06 0.08 3.67
mlc?nument DIP 3912.9 16.60 1.26 0.39 0.20 13.98 14.14 1.1% 1.52E+05 4.65 118.22 39.3 0.06 0.08 3.69
mlc(:lnument DIP 3912.9 16.60 1.33 0.40 0.18 13.69 13.87 1.3% 1.60E+05 3.98 101.18 41.7 0.06 0.08 3.61
mgjnument DIP 3912.9 16.60 1.42 0.43 0.15 13.50 13.70 1.5% 1.71E+05 3.21 81.63 45.0 0.06 0.07 3.56
mlc?nument DIP 3912.9 16.60 1.45 0.44 0.14 13.45 13.66 1.6% 1.75E+05 2.97 75.52 46.2 0.06 0.07 3.55
mlc;jnument DIP 3912.9 16.60 1.51 0.46 0.13 13.48 13.71 1.7% 1.82E+05 2.65 67.42 48.0 0.06 0.07 3.56
mgjnument DIP 3912.9 16.60 1.53 0.47 0.13 13.71 13.94 1.7% 1.85E+05 2.59 65.91 48.3 0.06 0.08 3.62
mlc(:lnument DIP 3912.9 16.60 1.56 0.47 0.13 13.82  14.07 1.7% 1.88E+05 2.51 63.76 48.8 0.06 0.08 3.65
mlc;jnument DIP 3912.9 16.60 1.57 0.48 0.13 13.89 14.14 1.8% 1.89E+05 2.48 63.00 49.0 0.06 0.08 3.67
mgjnument PVC 6144.7 12.08 2.62 0.80 0.07 46.88 47.29 0.9% 2.30E+05 0.61 15.47 66.2 0.08 0.12 5.74
mlc(:lnument PVC 6144.7 12.08 2.96 0.90 0.04 36.43  36.95 1.4% 2.60E+05 0.18 4.56 85.7 0.07 0.09 4.46
mlc;jnument PVC 6144.7 12.08 2.39 0.73 0.10 52.18 52.52 0.6% 2.09E+05 1.10 27.91 56.9 0.08 0.13 6.38
mgjnument PVC 6144.7 12.08 2.50 0.76 0.08 49.53  49.90 0.7% 2.20E+05 0.83 20.97 61.4 0.08 0.13 6.06
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Pipe Velocity friction Headloss Minor Shear Stress T,
. Pipe 1.D. loss % . - u*
Project . Length . factor hi total Re ks (in) ks (mm)
Material (Ft) (in) (ft/s)  (m/s) ¢ hi¢ (ft) of Factor  (m/s)  (Ib/f) (N/m?)
(ft) Total

mlc?nument PVC 6144.7 12.08 2.68 0.82 0.07 45.34  45.77 0.9% 2.35E+05 0.51 13.00 69.0 0.07 0.12 5.55
mlc()jnument PVvC 6144.7 12.08 2.75 0.84 0.06 43.38 43.83 1.0% 2.41E+05 0.41 10.51 72.4 0.07 0.11 5.31
mgjnument PVC 6144.7 12.08 2.85 0.87 0.05 40.12 40.61 1.2% 2.50E+05 0.28 7.20 78.4 0.07 0.10 4.91
mlc?nument PVvC 6144.7 12.08 2.90 0.88 0.05 38.75 39.25 1.3% 2.54E+05 0.24 6.07 81.1 0.07 0.10 4.74
mlc(:lnument PVvC 6144.7 12.08 2.94 0.90 0.05 37.21  37.72 1.4% 2.58E+05 0.20 5.03 84.2 0.07 0.10 4.55
mgjnument PVC 6144.7 12.08 2.96 0.90 0.04 36.63 37.15 1.4% 2.60E+05 0.18 4.66 85.4 0.07 0.09 4.48
mlc?nument PVC 2400.9 8.28 5.58 1.70 0.02 31.07 31.75 2.1% 3.36E+05 0.00 0.12 134.5 0.08 0.14 6.67
mlc(:lnument PVC 2400.9 8.28 6.30 1.92 0.02 38.23  39.09 2.2% 3.79E+05 0.00 0.10 135.8 0.09 0.17 8.20
mgjnument PVC 2400.9 8.28 5.08 1.55 0.02 26.69 27.25 2.1% 3.06E+05 0.01 0.14 132.9 0.08 0.12 5.73
mlc(:lnument PVC 2400.9 8.28 5.33 1.62 0.02 28.83 29.45 2.1% 3.21E+05 0.00 0.13 133.7 0.08 0.13 6.19
mlc;jnument PVC 2400.9 8.28 5.71 1.74 0.02 32.27 32.98 2.1% 3.43E+05 0.00 0.11 134.8 0.08 0.14 6.93
mgjnument PVC 2400.9 8.28 5.85 1.78 0.02 33.59 34.33 2.2% 3.52E+05 0.00 0.11 135.1 0.08 0.15 7.21
mlc(:lnument PVC 2400.9 8.28 6.07 1.85 0.02 35.81 36.61 2.2% 3.65E+05 0.00 0.10 135.6 0.09 0.16 7.69
mlc;jnument PVC 2400.9 8.28 6.17 1.88 0.02 36.81 37.63 2.2% 3.71E+05 0.00 0.10 135.7 0.09 0.16 7.90
mlc?nument PVC 2400.9 8.28 6.26 1.91 0.02 37.76 38.61 2.2% 3.76E+05 0.00 0.10 135.8 0.09 0.17 8.10
mlc(:lnument PVC 2400.9 8.28 6.30 1.92 0.02 38.17 39.03 2.2% 3.79E+05 0.00 0.10 135.8 0.09 0.17 8.19
Sand Creek HDPE 19225.1 31.51 3.56 1.09 0.03 39.77 42.60 6.6% 8.16E+05 0.11 2.80 99.6 0.06 0.08 4.06
Sand Creek HDPE 19225.1 31.51 3.43 1.05 0.02 32.26 34.88 7.5% 7.86E+05 0.07 1.70 107.4 0.06 0.07 3.29
Sand Creek HDPE 19225.1 31.51 3.69 1.13 0.03 4433  47.38 6.4% 8.46E+05 0.13 3.18 97.4 0.07 0.09 4.52
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) Pipe Velocity friction Headloss Minor Shear Stress 1,
Project M:LZ?ial Length I(I:) factor b |Oisf% Re ke(in) ke (mm) Fazor (r::;‘s) 2 2
(ft) (ft/s)  (m/s) £ hy ¢ (ft) (1) Total (Ib/ft?)  (N/m2)

Sand Creek HDPE 19225.1 31.51 3.49 1.06 0.03 39.75 4247 6.4% 7.99E+05 0.13 3.23 97.6 0.06 0.08 4.06
Sand Creek HDPE 19225.1 31.51 3.27 1.00 0.03 33.68 36.07 6.6% 7.50E+05 0.11 2.82 100.2 0.06 0.07 3.44
Sand Creek HDPE 19225.1 31.51 4.21 1.28 0.02 35.73  39.67 9.9% 9.63E+05 0.02 0.46 124.6 0.06 0.08 3.64
Sand Creek HDPE 19225.1 31.51 4.37 1.33 0.02 35.81 40.06 10.6%  1.00E+06 0.01 0.31 129.3 0.06 0.08 3.65
Sand Creek HDPE 19225.1 31.51 3.66 1.11 0.03 43.63 46.61 6.4% 8.37E+05 0.13 3.24 97.2 0.07 0.09 4.45
Sand Creek HDPE 19225.1 31.51 4.25 1.29 0.02 48.73  52.75 7.6% 9.72E+05 0.06 1.63 106.4 0.07 0.10 4.97
Sand Creek HDPE 19225.1 31.51 3.49 1.06 0.03 37.73 4045 6.7% 8.00E+05 0.10 2.67 100.5 0.06 0.08 3.85
Norris Lake DIP 17807.5 16.60 3.96 1.21 0.03 94.47  95.28 0.9% 4.77E+05 0.08 1.99 99.6 0.07 0.11 5.48
Norris Lake DIP 17807.5 16.60 3.89 1.19 0.03 95.11 95.89 0.8% 4.69E+05 0.09 2.30 97.6 0.07 0.12 5.52
Norris Lake DIP 17807.5 16.60 3.91 1.19 0.03 95.39 96.19 0.8% 4.72E+05 0.09 2.23 97.9 0.07 0.12 5.53
Norris Lake DIP 17807.5 16.60 3.93 1.20 0.03 95.21 96.01 0.8% 4.74E+05 0.08 2.15 98.5 0.07 0.12 5.52
Norris Lake DIP 17807.5 16.60 3.88 1.18 0.03 9476 95.54 0.8% 4.69E+05 0.09 2.28 97.6 0.07 0.11 5.50
Norris Lake DIP 17807.5 16.60 3.88 1.18 0.03 94.18 94.97 0.8% 4.68E+05 0.09 2.26 97.8 0.07 0.11 5.46
Norris Lake DIP 17807.5 16.60 3.91 1.19 0.03 92.38 93.18 0.9% 4.71E+05 0.08 2.02 99.5 0.07 0.11 5.36
Norris Lake DIP 17807.5 16.60 3.88 1.18 0.03 97.71 98.49 0.8% 4.68E+05 0.10 2.54 96.0 0.08 0.12 5.67
Norris Lake DIP 17807.5 16.60 3.95 1.21 0.03 97.75 98.57 0.8% 4.77E+05 0.09 2.25 97.7 0.08 0.12 5.67
Norris Lake DIP 17807.5 16.60 3.90 1.19 0.03 98.43 99.22 0.8% 4.70E+05 0.10 2.54 96.0 0.08 0.12 5.71
Norris Lake DIP 1861.1 12.50 6.98 2.13 0.02 2219 23.43 5.3% 6.34E+05 0.00 0.11 135.7 0.10 0.19 9.27
Norris Lake DIP 1861.1 12.50 6.86 2.09 0.02 2151 2271 5.3% 6.23E+05 0.00 0.11 135.6 0.09 0.19 8.99
Norris Lake DIP 1861.1 12.50 6.90 2.10 0.02 21.73 2294 5.3% 6.26E+05 0.00 0.11 135.6 0.10 0.19 9.08
Norris Lake DIP 1861.1 12.50 6.93 2.11 0.02 2192 23.15 5.3% 6.30E+05 0.00 0.11 135.7 0.10 0.19 9.16
Norris Lake DIP 1861.1 12.50 6.85 2.09 0.02 21.46  22.65 5.3% 6.22E+05 0.00 0.11 135.6 0.09 0.19 8.97
Norris Lake DIP 1861.1 12.50 6.84 2.09 0.02 2140 22.59 5.3% 6.21E+05 0.00 0.11 135.7 0.09 0.19 8.94
Norris Lake DIP 1861.1 12.50 6.89 2.10 0.02 21.63 2284 5.3% 6.26E+05 0.00 0.11 135.8 0.10 0.19 9.04
Norris Lake DIP 1861.1 12.50 6.85 2.09 0.02 21.50 22.69 5.3% 6.22E+05 0.00 0.11 135.5 0.09 0.19 8.99
Norris Lake DIP 1861.1 12.50 6.97 2.13 0.02 22,21 23.45 5.3% 6.34E+05 0.00 0.11 135.6 0.10 0.19 9.28
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. Velocity I Headloss Minor Shear Stress T,
. Pipe Pipe 1.D. friction loss % . C- u*
Project . Length . factor hi total Re ks (in) ks (mm)
Material (Ft) (in) (ft/s)  (m/s) ¢ hi¢ (ft) of Factor  (m/s)  (Ib/f) (N/m?)
(ft) Total

Norris Lake DIP 1861.1 12.50 6.87 2.10 0.02 21.65 22.86 5.3% 6.24E+05 0.00 0.11 1354 0.10 0.19 9.05
gc:lzkrry DIP 6090.4 14.60 2.54 0.77 0.04 22.34 2258 1.0% 2.69E+05 0.23 5.79 84.5 0.06 0.07 3.33
gzcakrry DIP 6090.4 14.60 2.55 0.78 0.04 21.86 22.09 1.1% 2.70E+05 0.21 5.32 85.9 0.06 0.07 3.26
gfjcalf‘ry DIP 6090.4 14.60 2.53 0.77 0.04 22,21  22.44 1.0% 2.69E+05 0.23 5.78 84.6 0.06 0.07 3.31
gc:lzkrry DIP 6090.4 14.60 2.54 0.77 0.04 22.06 22.30 1.0% 2.69E+05 0.22 5.59 85.1 0.06 0.07 3.29
gc;cal:*ry DIP 6090.4 14.60 2.56 0.78 0.04 21.70 21.93 1.1% 2.71E+05 0.20 5.12 86.5 0.06 0.07 3.24
g?.lzlf’ry DIP 6090.4 14.60 3.49 1.06 0.04 3741 37.85 1.2% 3.70E+05 0.16 4.11 88.0 0.07 0.12 5.58
gc;zkrry DIP 6090.4 14.60 3.53 1.08 0.04 37.10 37.55 1.2% 3.74E+05 0.15 3.76 89.4 0.07 0.12 5.54
gfjcalf‘ry DIP 6090.4 14.60 3.52 1.07 0.04 37.18 37.62 1.2% 3.73E+05 0.15 3.84 89.0 0.07 0.12 5.55
g?.l?rry DIP 6090.4 14.60 3.47 1.06 0.04 37.53 37.97 1.1% 3.69E+05 0.17 4.26 87.5 0.07 0.12 5.60
gzcakrry DIP 6090.4 14.60 3.52 1.07 0.04 37.35 37.79 1.2% 3.73E+05 0.15 3.92 88.7 0.07 0.12 5.57
Dacula DIP 7692.8 16.60 3.03 0.92 0.06 4448 4476 0.6% 3.66E+05 0.47 11.98 72.8 0.08 0.12 5.97
Dacula DIP 7692.8 16.60 2.84 0.87 0.07 47.94  48.19 0.5% 3.43E+05 0.76 19.25 65.5 0.08 0.13 6.44
Dacula DIP 7692.8 16.60 2.84 0.87 0.07 47.81 48.06 0.5% 3.43E+05 0.75 19.12 65.7 0.08 0.13 6.42
Dacula DIP 7692.8 16.60 3.01 0.92 0.06 4495 45.22 0.6% 3.63E+05 0.50 12.78 71.8 0.08 0.13 6.04
Dacula DIP 7692.8 16.60 2.83 0.86 0.07 48.08 48.33 0.5% 3.41E+05 0.78 19.87 65.1 0.08 0.13 6.46
Dacula DIP 7692.8 16.60 2.83 0.86 0.07 48.06 48.31 0.5% 3.41E+05 0.77 19.68 65.2 0.08 0.13 6.45
Dacula DIP 7692.8 16.60 3.00 0.91 0.06 45.23 4551 0.6% 3.62E+05 0.52 13.17 71.4 0.08 0.13 6.07
Dacula DIP 7692.8 16.60 3.00 0.91 0.06 45.17 45.45 0.6% 3.61E+05 0.52 13.14 71.4 0.08 0.13 6.07
Dacula DIP 7692.8 16.60 3.02 0.92 0.06 4470  44.98 0.6% 3.65E+05 0.48 12.30 72.4 0.08 0.13 6.00
Dacula DIP 7692.8 16.60 2.82 0.86 0.07 48.38  48.63 0.5% 3.40E+05 0.81 20.45 64.6 0.08 0.14 6.50
TRM RCP 6087.4 42.00 1.52 0.46 0.06 3.54 3.69 3.9% 4.63E+05 1.25 31.70 70.1 0.04 0.03 1.52
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) Pipe Velocity friction Headloss Minor Shear Stress 1,
Project M:LZ?ial Length I(I:) factor b |Oisf% Re ke(in) ke (mm) Facéor (r:;;) 2 2
(ft) (ft/s)  (m/s) £ hy ¢ (ft) (1) Total (Ib/ft?)  (N/m2)
TRM RCP 6087.4 42.00 1.26 0.38 0.06 2.50 2.60 3.8% 3.84E+05 1.32 33.43 70.3 0.03 0.02 1.07
TRM RCP 6087.4 42.00 1.28 0.39 0.06 2.48 2.58 4.0% 3.91E+05 1.18 29.97 72.0 0.03 0.02 1.06
TRM RCP 6087.4 42.00 1.72 0.52 0.05 3.96 4.15 4.5% 5.26E+05 0.87 22.15 75.0 0.04 0.04 1.70
TRM RCP 6087.4 42.00 1.22 0.37 0.06 2.35 2.45 3.8% 3.72E+05 1.33 33.82 70.3 0.03 0.02 1.01
TRM RCP 6087.4 42.00 1.84 0.56 0.05 4.14 4.35 4.9% 5.63E+05 0.68 17.34 78.4 0.04 0.04 1.78
TRM RCP 6087.4 42.00 1.80 0.55 0.04 3.45 3.65 5.5% 5.48E+05 0.47 11.98 84.3 0.04 0.03 1.48
TRM RCP 6087.4 42.00 1.94 0.59 0.04 4.17 4.40 5.3% 5.93E+05 0.52 13.22 82.3 0.04 0.04 1.79
TRM RCP 6087.4 42.00 1.46 0.44 0.06 3.43 3.56 3.7% 4.45E+05 1.39 35.33 68.6 0.04 0.03 1.47
TRM RCP 6087.4 42.00 1.92 0.59 0.04 4.10 4.33 5.3% 5.86E+05 0.53 13.48 82.0 0.04 0.04 1.76
TRP RCP 7887.4 42.00 1.09 0.33 0.05 2.30 2.40 4.1% 3.34E+05 1.13 28.67 73.6 0.03 0.02 0.76
TRP RCP 7887.4 42.00 1.11 0.34 0.06 2.53 2.63 3.8% 3.39E+05 1.32 33.46 71.0 0.03 0.02 0.84
TRP RCP 7887.4 42.00 1.08 0.33 0.06 2.49 2.58 3.7% 3.31E+05 1.43 36.28 69.8 0.03 0.02 0.82
TRP RCP 7887.4 42.00 1.55 0.47 0.05 3.97 4.16 4.7% 4.73E+05 0.76 19.42 77.7 0.04 0.03 1.31
TRP RCP 7887.4 42.00 1.03 0.32 0.06 2.34 2.43 3.6% 3.16E+05 1.54 39.16 68.9 0.03 0.02 0.77
TRP RCP 7887.4 42.00 1.63 0.50 0.04 4.04 4.26 5.1% 4.97E+05 0.62 15.66 80.7 0.04 0.03 1.34
TRP RCP 7887.4 42.00 2.03 0.62 0.04 5.79 6.12 5.5% 6.20E+05 0.49 12.46 82.9 0.04 0.04 1.92
TRP RCP 7887.4 42.00 1.72 0.53 0.04 4.16 4.40 5.5% 5.26E+05 0.48 12.30 84.2 0.04 0.03 1.38
TRP RCP 7887.4 42.00 1.70 0.52 0.04 4.10 4.33 5.4% 5.19E+05 0.50 12.83 83.6 0.04 0.03 1.36
TRP RCP 7887.4 42.00 2.20 0.67 0.04 6.24 6.63 5.9% 6.70E+05 0.38 9.78 86.1 0.05 0.04 2.07
LS 03 HDPE 1109.4 14.01 4.92 1.50 0.05 16.11 16.39 1.7% 5.01E+05 0.23 5.76 80.0 0.11 0.26 12.66
LS 03 HDPE 1109.4 14.01 4.47 1.36 0.06 17.61 17.84 1.3% 4.56E+05 0.46 11.73 69.3 0.12 0.29 13.84
LS 03 HDPE 1109.4 14.01 4.03 1.23 0.07 16.33 16.52 1.1% 4.10E+05 0.63 15.99 65.0 0.11 0.27 12.84
LS 03 HDPE 1109.4 14.01 4.03 1.23 0.07 16.29 16.47 1.1% 4.10E+05 0.63 15.89 65.1 0.11 0.27 12.80
LS 03 HDPE 1109.4 14.01 4.47 1.36 0.06 17.56 17.79 1.3% 4.56E+05 0.46 11.65 69.4 0.12 0.29 13.80
LS 03 HDPE 1109.4 14.01 4.03 1.23 0.07 16.33  16.52 1.1% 4.10E+05 0.63 16.00 65.0 0.11 0.27 12.84
LS 03 HDPE 1109.4 14.01 4.03 1.23 0.07 16.31 16.50 1.1% 4.10E+05 0.63 15.95 65.0 0.11 0.27 12.82
LS 03 HDPE 1109.4 14.01 4.47 1.36 0.06 17.56 17.79 1.3% 4.56E+05 0.46 11.65 69.4 0.12 0.29 13.80
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) Pipe Velocity friction Headloss Minor Shear Stress 1,
Project M:LZ?ial Length I(I:) factor b |Oisf% Re ke(in) ke (mm) Fagor (r:;;) 2 2
(ft) (ft/s)  (m/s) £ hy ¢ (ft) (1) Total (Ib/ft?)  (N/m2)
LS 03 HDPE 1109.4 14.01 4.03 1.23 0.07 16.33 16.51 1.1% 4.10E+05 0.63 15.98 65.0 0.11 0.27 12.83
LS 03 HDPE 1109.4 14.01 4.03 1.23 0.07 16.26  16.45 1.1% 4.10E+05 0.62 15.84 65.1 0.11 0.27 12.78
LS 03 HDPE 1660.0 15.75 3.89 1.19 0.07 21.65 21.66 0.0% 4.46E+05 0.81 20.63 62.3 0.11 0.27 12.79
LS 03 HDPE 1660.0 15.75 3.54 1.08 0.13 30.92 30.93 0.0% 4.05E+05 2.26 57.41 46.7 0.14 0.38 18.26
LS 03 HDPE 1660.0 15.75 3.19 0.97 0.19 38.60 38.60 0.0% 3.65E+05 4.25 108.03 37.3 0.15 0.48 22.79
LS 03 HDPE 1660.0 15.75 3.19 0.97 0.19 38.38 38.39 0.0% 3.65E+05 4.22 107.25 37.4 0.15 0.47 22.67
LS 03 HDPE 1660.0 15.75 3.54 1.08 0.12 30.58 30.59 0.0% 4.05E+05 2.22 56.38 47.0 0.13 0.38 18.06
LS 03 HDPE 1660.0 15.75 3.19 0.97 0.19 38.60 38.61 0.0% 3.65E+05 4.25 108.05 37.3 0.15 0.48 22.79
LS 03 HDPE 1660.0 15.75 3.19 0.97 0.19 38.50 38.51 0.0% 3.65E+05 4.24 107.69 37.3 0.15 0.47 22.74
LS 03 HDPE 1660.0 15.75 3.54 1.08 0.12 30.60 30.61 0.0% 4.05E+05 2.22 56.45 47.0 0.13 0.38 18.07
LS 03 HDPE 1660.0 15.75 3.19 0.97 0.19 38.56 38.57 0.0% 3.65E+05 4.25 107.92 37.3 0.15 0.48 22.77
LS 03 HDPE 1660.0 15.75 3.19 0.97 0.19 38.27 38.28 0.0% 3.65E+05 421 106.83 37.5 0.15 0.47 22.60
LS 03 PVC 1660.2 12.08 6.62 2.02 0.03 28.28 29.37 3.7% 5.81E+05 0.03 0.76 108.5 0.11 0.27 12.81
LS 03 PVC 1660.2 12.08 6.02 1.83 0.03 29.57 30.47 3.0% 5.28E+05 0.07 1.75 96.2 0.12 0.28 13.39
LS 03 PVC 1660.2 12.08 5.42 1.65 0.04 33.75 34.49 2.1% 4.75E+05 0.19 4.92 80.6 0.12 0.32 15.29
LS 03 PVC 1660.2 12.08 5.42 1.65 0.04 33.67 3440 2.1% 4.75E+05 0.19 4.88 80.7 0.12 0.32 15.25
LS 03 PVC 1660.2 12.08 6.02 1.83 0.03 29.49 30.40 3.0% 5.28E+05 0.07 1.74 96.4 0.12 0.28 13.35
LS 03 PVC 1660.2 12.08 5.42 1.65 0.04 33.76 34.49 2.1% 4.75E+05 0.19 4.92 80.6 0.12 0.32 15.29
LS 03 PVC 1660.2 12.08 5.42 1.65 0.04 33.72 34.45 2.1% 4.75E+05 0.19 4.90 80.7 0.12 0.32 15.27
LS 03 PVC 1660.2 12.08 6.02 1.83 0.03 29.50 30.40 3.0% 5.28E+05 0.07 1.74 96.4 0.12 0.28 13.36
LS 03 PVC 1660.2 12.08 5.42 1.65 0.04 33.74 3447 2.1% 4.75E+05 0.19 491 80.6 0.12 0.32 15.28
LS 03 PVC 1660.2 12.08 5.42 1.65 0.04 33.62 3435 2.1% 4.75E+05 0.19 4.86 80.8 0.12 0.32 15.23
LS 06 PVC 12988.2 17.53 2.71 0.83 0.05 55.37 57.43 3.6% 3.45E+05 0.47 11.81 74.2 0.07 0.10 4.65
LS 06 PVC 12988.2 17.53 2.74 0.84 0.05 55.40 57.50 3.7% 3.49E+05 0.44 11.19 75.0 0.07 0.10 4.65
LS 06 PVC 12988.2 17.53 2.61 0.79 0.06 56.86 58.76 3.2% 3.32E+05 0.60 15.22 70.3 0.07 0.10 4.78
LS 06 PVC 12988.2 17.53 2.79 0.85 0.05 54.74  56.92 3.8% 3.56E+05 0.39 9.90 76.9 0.07 0.10 4.60
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) Pipe Velocity friction Headloss Minor Shear Stress 1,
Project M:LZ?ial Length I(I:) factor b |Oisf% Re ke(in) ke (mm) Fazor (r::;‘s) 2 2
(ft) (ft/s)  (m/s) £ hy ¢ (ft) (1) Total (Ib/ft?)  (N/m2)

LS 06 PVC 12988.2 17.53 1.55 0.47 0.21 69.34 70.01 1.0% 1.97E+05 5.23 132.81 37.5 0.08 0.12 5.82
LS 06 PVC 12988.2 17.53 2.59 0.79 0.06 57.18 59.06 3.2% 3.30E+05 0.63 15.91 69.7 0.07 0.10 4.80
LS 06 PVC 12988.2 17.53 2.62 0.80 0.06 56.87 58.79 3.3% 3.34E+05 0.58 14.83 70.7 0.07 0.10 4.78
LS 06 PVC 12988.2 17.53 2.73 0.83 0.05 55.45 57.54 3.6% 3.48E+05 0.45 11.40 74.7 0.07 0.10 4.66
LS 06 PVC 12988.2 17.53 3.55 1.08 0.03 4591 49.43 7.1% 4.52E+05 0.05 1.29 107.6 0.06 0.08 3.86
LS 06 PVC 12988.2 17.53 3.13 0.96 0.04 51.13 53.88 5.1% 3.99E+05 0.17 4.29 89.6 0.07 0.09 4.29
LS 15 DIP 6186.6 16.30 2.61 0.80 0.10 47.73  47.92 0.4% 3.09E+05 1.55 39.48 54.2 0.09 0.16 7.83
LS 15 DIP 6186.6 16.30 2.62 0.80 0.10 47.67 47.85 0.4% 3.10E+05 1.53 38.80 54.5 0.09 0.16 7.82
LS 15 DIP 6186.6 16.30 2.58 0.79 0.10 48.20 48.38 0.4% 3.05E+05 1.65 42.01 53.3 0.09 0.17 7.90
LS 15 DIP 6186.6 16.30 2.60 0.79 0.10 47.85 48.04 0.4% 3.09E+05 1.57 39.87 54.1 0.09 0.16 7.85
LS 15 DIP 6186.6 16.30 2.59 0.79 0.10 48.06 48.24 0.4% 3.07E+05 1.62 41.11 53.6 0.09 0.16 7.88
LS 15 DIP 6186.6 16.30 2.57 0.78 0.10 48.25 48.43 0.4% 3.05E+05 1.67 42.43 53.1 0.09 0.17 7.91
LS 15 DIP 6186.6 16.30 2.68 0.82 0.09 46.74 46.94 0.4% 3.17E+05 1.36 34.46 56.3 0.09 0.16 7.67
LS 15 DIP 6186.6 16.30 2.50 0.76 0.11 49.34 49.51 0.3% 2.96E+05 191 48.59 51.1 0.09 0.17 8.09
LS 15 DIP 6186.6 16.30 2.53 0.77 0.11 49.10 49.28 0.4% 3.00E+05 1.81 46.09 51.9 0.09 0.17 8.05
LS 15 DIP 6186.6 16.30 2.58 0.78 0.10 48.28 48.46 0.4% 3.05E+05 1.66 42.23 53.2 0.09 0.17 7.92
LS 15 DIP 930.0 20.80 1.60 0.49 0.14 2.89 2.96 2.4% 2.42E+05 3.36 85.24 46.7 0.06 0.08 4.03
LS 15 DIP 930.0 20.80 1.61 0.49 0.13 2.85 2.92 2.4% 2.43E+05 3.24 82.39 47.2 0.06 0.08 3.97
LS 15 DIP 930.0 20.80 1.58 0.48 0.13 2.79 2.86 2.4% 2.39E+05 3.29 83.65 47.0 0.06 0.08 3.88
LS 15 DIP 930.0 20.80 1.60 0.49 0.13 2.83 2.90 2.4% 2.42E+05 3.26 82.81 47.1 0.06 0.08 3.94
LS 15 DIP 930.0 20.80 1.59 0.48 0.13 2.81 2.88 2.4% 2.40E+05 3.28 83.30 47.1 0.06 0.08 3.91
LS 15 DIP 930.0 20.80 1.58 0.48 0.13 2.78 2.85 2.4% 2.39E+05 3.30 83.81 47.0 0.06 0.08 3.87
LS 15 DIP 930.0 20.80 1.64 0.50 0.13 2.94 3.02 2.4% 2.49E+05 3.18 80.68 47.4 0.06 0.09 4.10
LS 15 DIP 930.0 20.80 1.54 0.47 0.14 2.68 2.74 2.4% 2.32E+05 3.40 86.24 46.6 0.06 0.08 3.73
LS 15 DIP 930.0 20.80 1.56 0.47 0.14 2.73 2.80 2.4% 2.35E+05 3.36 85.26 46.8 0.06 0.08 3.80
LS 15 DIP 930.0 20.80 1.58 0.48 0.13 2.79 2.86 2.4% 2.39E+05 3.30 83.74 47.0 0.06 0.08 3.88
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. Pipe Velocity friction Headloss Minor Shear Stress To
. Pipe 1.D. loss % . C- u*
Project M ial Length . factor hi total ¢ Re ks (in) ks (mm) £
ateria () (in) (ft/s)  (m/s) P hy £ ft) () o actor  (m/s)  (Ib/ft2)  (N/m?)
Total

JC';“W':;JV PVC 122381 1120 449 137 002 9254 9537 3.0%  3.65E+05  0.02 043 1196 007 011 527
JC';"npr PVC 122381 1120 460 140 002 9156 9454 3.2%  3.75E+05  0.01 033 1234 007 011 521
Jc';"n:'l‘oy PVC 122381 1120 453 138 002 9222 9511 3.0% 3.69E+05  0.02 039 1209 007 011 525
g‘n:‘py PVC 122381 1120 460 140 002 9153 9451 3.1% 3.75E405  0.01 033 1233 007 011 521
JC';"npr PVC 122381 1120 452 138 002 92.64 9551 3.0% 3.68E+05  0.02 041 1202 007 011 528
JC';“W':;JV PVC 122381 1120 456 139 002 9211 9503 3.1% 3.71E+05  0.01 037 1219 007 011 525
JC';“npr PVC 122381 1120 460 140 002 91.60 9457 3.1%  3.74E+05  0.01 034 1232 007 011 522
JC';"npr PVC 122381 1120 457 139 002 91.83 9477 3.1% 3.72E+05  0.01 036 1223 007 011 523
JC';“W':;JV PVC 122381 1120 456 139 002 92.05 9497 3.1% 3.71E+05  0.01 037 1218 007 011 524
JC';"npr PVC 122381 1120 456 139 002 9210 9501 3.1% 3.71E+05  0.01 037 1217 007 011 525
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Appendix D.2 - Research Data Pipeine Profiles
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Sand Creek - 36 " Diameter Forcemain Profile
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Dacula - 16 " Diameter Forcemain Profile
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Table D.3: HR Wallingford- Results of Hydraulic Calculations

. Pipe Velocity - : " Shear Stress, 1,
Owner Project MPlpe. | Length l'.D' ffr|ct|onf hy ¢ (ft) Re ks (in) ks . ¢ U
ateria (m) (in) (ft/s) (m/s) factor, (mm) actor  (M/s)  (1b/ft2)  (N/m2)

Thames .

Water Bibury PVC 1100 5.024 2.89 0.88 0.0219 24.51 9.5E+04 0.0036 0.092 135.4 0.05 0.04 2.11
Thames .

Water Bibury PVC 1100 5.024 3.02 0.92 0.0193 23.72 9.9E+04 0.0005 0.013 144.9 0.05 0.04 2.04
Thames .

Water Bibury PVC 1100 5.024 2.95 0.90 0.0207 24.28 9.7E+04 0.0021 0.053 139.6 0.05 0.04 2.09
Thames .

Water Bibury PVC 1100 5.024 3.12 0.95 0.0184 23.65 1.0E+05 0.0004 0.010 148.8 0.05 0.04 2.07
Thames .

Water Bibury PVC 1100 5.024 2.89 0.88 0.0216 24.18 9.5E+04 0.0032 0.081 136.5 0.05 0.04 2.08
Thames .

Water Bishopstone Cl 1286 5.165 2.59 0.79 0.0258 26.34 9.1E+04 0.0106 0.270 124.4 0.04 0.04 2.01
Thames .

Water Bishopstone Cl 1286 5.165 2.07 0.63 0.0430 27.89 7.2E+04 0.0705 1.790 94.4 0.05 0.04 2.13
Thames .

Water Bishopstone cl 1286 5.165 2.36 0.72 0.0312 26.51 8.5E+04 0.0244 0.620 112.2 0.04 0.04 2.02
Thames .

Water Bishopstone cl 1286 5.165 2.69 0.82 0.0250 27.30 9.9E+04 0.0094 0.240 126.4 0.05 0.04 2.10
Thames .

Water Bishopstone Cl 1286 5.165 2.82 0.86 0.0262 31.79 1.1E+05 0.0122 0.310 123.3 0.05 0.05 2.42
Thames )

Water Bradfield Farm DIP 980 6.197 3.02 0.92 0.0256 34.45 1.1E+05 0.0118 0.300 120.1 0.05 0.06 2.70
Thames )

Water Bradfield Farm DIP 980 6.197 2.99 0.91 0.0242 34.45 1.1E+05 0.0087 0.220 123.8 0.05 0.05 2.50
Thames .

Water Bradfield Farm DIP 980 6.197 4.04 1.23 0.0184 31.46 1.5E+05 0.0008 0.020 143.5 0.06 0.07 3.47
Thames .

Water Bradfield Farm DIP 980 6.197 2.13 0.65 0.0670 32.25 7.8E+04 0.2445 6.210 713 0.06 0.07 3.54
Thames .

Water Cheddington SE DIP 1700 5.701 6.23 1.90 0.0189 133.53 2.7E+05 0.0030 0.076 136.1 0.09 0.18 8.50
Thames .

Water Cheddington SE DIP 1700 5.701 6.40 1.95 0.0181 134,58 2.5E+05 0.0021 0.053 139.3 0.09 0.18 8.59
Thames .

Water Cheddington SE DIP 1700 5.701 6.66 2.03 0.0166 134.12 2.6E+05 0.0008 0.020 146.1 0.09 0.18 8.52
Thames .

Water Cheddington SE DIP 1700 5.701 6.73 2.05 0.0163 13458 2.6E+05 0.0006 0.015 147.4 0.09 0.18 8.55
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Pipe

Velocity

Shear Stress, o

. Fp _ *

Owner Project MPlpe. | Length I'.D' ffrlctlonf hi ¢ (ft) Re ks (in) ks . ¢ v

ateria (m) (in) (ft/s) (m/s) factor, (mm) actor  (M/s)  (1b/ft2)  (N/m2)

Thames .
Water Cheddington SE DIP 1700 5.701 5.25 1.60 0.0257 129.76  2.1E+05 0.0142 0.360 115.2 0.09 0.17 8.22
Thames .
Water Cheddington SE DIP 1700 5.701 6.63 2.02 0.0156 128.05 2.6E+05 0.0007 0.018 148.0 0.09 0.17 7.94
Thames .
Water Cheddington SE DIP 1700 5.701 6.43 1.96 0.0167 125.59 2.5E+05 0.0008 0.021 145.5 0.09 0.17 8.01
Thames .
Water Cheddington SE DIP 1700 5.701 5.48 1.67 0.0231 126.61 2.2E+05 0.0087 0.220 122.1 0.09 0.17 8.04
Thames
Water Dene Hollow AC 2800 5.193 1.61 0.49 0.0360 30.54 5.8E+04 0.0394 1.000 108.0 0.03 0.02 1.08
Thames
Water Dene Hollow AC 2800 5.193 1.61 0.49 0.0360 30.54 5.8E+04 0.0394 1.000 108.0 0.03 0.02 1.08
Thames
Water Dene Hollow AC 2800 5.193 1.38 0.42 0.0400 25.36 49E+04 0.0559 1.420 102.0 0.03 0.02 0.88
Thames
Water Dene Hollow AC 2800 5.193 1.57 0.48 0.0370 30.54 5.6E+04 0.0425 1.080 106.4 0.03 0.02 1.06
Thames
Water Dene Hollow AC 2800 5.193 1.44 0.44 0.0370 25.36 5.2E+04 0.0429 1.090 106.4 0.03 0.02 0.89
Thames
Water Dene Hollow AC 2800 5.193 1.77 0.54 0.0300 30.48 6.3E+04 0.0185 0.470 119.2 0.03 0.02 1.09
Thames
Water Dene Hollow AC 2800 5.193 1.57 0.48 0.0310 25.29 5.6E+04 0.0205 0.520 117.1 0.03 0.02 0.89
Thames N
Water Fairmile Steel 788 5.976 3.61 1.10 0.0431 45.41 1.8E+05 0.0846 2.150 90.4 0.08 0.14 6.52
Thames N
Water Fairmile Steel 788 5.976 4.07 1.24 0.0340 45,18 2.0E+05 0.0409 1.040 102.9 0.08 0.14 6.53
Thames -
Water Fairmile Steel 788 5.976 4.10 1.25 0.0336 45.50 2.0E+05 0.0394 1.000 103.5 0.08 0.14 6.55
Thames -
Water Fairmile Steel 788 5.976 3.97 1.21 0.0360 45,57 1.9E+05 0.0492 1.250 99.8 0.08 0.14 6.57
Thames N
Water Fairmile Steel 788 5.976 4.10 1.25 0.0405 55.02 2.0E+05 0.0709 1.800 93.5 0.09 0.17 7.91
Thames
Water Freckleton HDPE 2450 22906 2.99 0.91 0.0175 10.17 5.2E+05 0.0102 0.260 130.4 0.04 0.04 1.81
Thames
Water Freckleton HDPE 2450 22.906 2.76 0.84 0.0180 8.83 4.3E+05 0.0114 0.290 128.3 0.04 0.03 1.59
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Pipe

Velocity

Shear Stress, o

- - _ *
Owner Project MPlpe. | Length I'.D' ffrlctlonf hi ¢ (ft) Re ks (in) ks . ¢ v

ateria (m) (in) (ft/s) (m/s) factor, (mm) actor  (M/s)  (1b/ft2)  (N/m2)
Thames
. Freckleton HDPE 2450 22.906 2.72 0.83 00184 886  43E+05 00130 0330 126.6 004 003  1.59
Thames
W Freckleton HDPE 2450 22.906 3.25 099 00165 11.42 5.1FE+05 0.0067 0.170 1346 004 004  2.02
Thames .
oo Garsington PVC 950  4.063 243 074 00276 2323 6.4E+04 00102 0260 1233 004 004  1.89
Thames .
o Garsington PVC 950  4.063 262 0.80 00222 2175 7.0E+04 0.0022 0055 1386 004 004 177
Thames .
. Garsington PVC 950  4.063 262 0.80 00220 2159 7.0E+04 0.0019 0047 1395 004 004 175
Thames .
WS Garsington PVC 950  4.063 269 0.82 00222 2270 7.E+04 0.0022 0057 1386 004 004 186
Thames
o Great Coxwell PVC 1445 5024 344 105 00456 9478 1.2E+05 00827 2.100 89.2 008 013 6.8
Thames
. Great Coxwell PVC 1445 5024 384 117 00354 9219 1.3E+05 0038 0980 1022 008 0.13  6.05
Thames
WS Great Coxwell PVC 1445 5024 400 122 00336 9495 1.4E+05 00327 0830 1051 008 013  6.25
Thames
s Great Coxwell PVC 1445 5024 3.84 117 00356 9275 1.3E+05 00394 1.000 102.0 008 013  6.08
Thames
o Great Coxwell PVC 1445 5024 404 123 00327 9439 1.4E+05 00299 0760 106.7 008 013  6.18
Thames
. Great Coxwell PVC 1445 5024 387 118 00355 93.60 1.3E+05 00390 0990 102.1 008 013  6.17
Thames  Lea Gate (new DIP 3600 39.787 2.89 0.8 00232 10.63 88E+05 00740 1.880 1086 005 005  2.25
Water main)
Thames  Lea Gate (new DIP 3600 39.787 2.92 0.89 0.0223 1056 8.9E+05 0.0622 1580 111.1 0.05 005  2.20
Water main)
Thames  Lea Gate (new DIP 3600 39.787 299 091 00214 1050 9.1E+05 00528 1340 1135 005 005  2.21
Water main)
Thames  Lea Gate (new DIP 3600 39.787 299 091 00213 1047 9.1E+05 00516 1310 113.8 005 005  2.20
Water main)
Thames  Lea Gate (new DIP 3600 39.787 299 091 00212  10.47 9.2E+05 0.0504 1280 1142 005 005  2.24
Water main)
Thames  Lea Gate (new DIP 3600 39.787 3.02 092 00206 1043 9.2E+05 00453 1.150 115.8 005 005  2.18
Water main)
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Pipe

Velocity

Shear Stress, o

- - _ *
Owner Project MPlpe. | Length I'.D' ffrlctlonf hi ¢ (ft) Re ks (in) ks . ¢ v

ateria (m) (in) (ft/s) (m/s) factor, (mm) actor  (M/s)  (1b/ft2)  (N/m2)
Thames  Lea Gate (new DIP 3600 39.787 279 085 00250 10.73 S8.5E+05 0.0984 2500 1043 005 005 226
Water main)
Thames  Lea Gate (new DIP 3600 39.787 292 089 00223 1056 89E+05 00626 1590 1111 005 005  2.20
Water main)
Thames  Nether MDPE 904 3976 354 1.08 00346 60.14 1.0E+05 00276 0.700 106.6 007 011  5.03
Water Winchendon
Thames  Nether MDPE 904 3976 364 111 00326 59.84 1.0E+05 0.0224 0570 1101 007 010 501
Water Winchendon
Thames  Nether MDPE 904 3976 364 111 00320 59.15 1.0E+05 00213 0540 1111 007 010  4.93
Water Winchendon
Thames  Nether MDPE 904 3976 364 111 00316 5830 9.6E+04 00201 0510 111.9 007 010  4.86
Water Winchendon
Thames  Nether MDPE 904 3976 374 114 00299 5850 94E+04 00161 0.410 1152 007 010 486
Water Winchendon
Thames .
. Rissington DIP 570 9732 351 107 00420 1867 23E+05 0.1283 3260 887 008 013  6.00
Thames .
WS Rissington DIP 570 9732 305 093 00450 14.80 2.0E+05 0.1539 3910 854 007 010  4.86
Thames
s Stadhampton al 780 4016 220 070 00501 3097 53E+04 00831 2.110 90.0 005 006  2.81
Thames
o Stadhampton al 780 4016 246 075 00454 3235 G509F+04 00634 1610 949 006 007  3.19
Thames
. Stadhampton cl 780 4016 246 075 00483 3484 59E+04 00756 1920 918 006 007  3.39
Thames
WS Stadhampton al 780 4016 239 073 00537 3661 57E+04 0.1004 2550 867 006 007  3.57
Thames
oo Stadhampton al 780 4016 239 073 00567 3848 57E+04 0.1150 2920 842 006 008  3.77
Thames
o Stadhampton al 780 4016 236 072 00619 4098 G57E+04 0.143 3.620 803 006 008  4.01
Thames
WS Stadhampton cl 780 4016 243 074 00537 3793 58E+04 0.100 2550 867 006 008  3.67
Thames . .
s Whitchurch Hill Steel 1440 4217 223 068 00354 3645 6.7E+04 0030 0770 1088 005 004  2.04
Thames . .
o Whitchurch Hill Steel 1440 4217 197 060 00439 3579 6.8E+04 0061 1540 968 004 004 197

264



Velocity

Shear Stress, o

i 1 1 _ *
Owner Project MPlpe. | Length I'.D' ffrlctlonf hi ¢ (ft) Re ks (in) ks . ¢ v

ateria (m) (in) (ft/s) (m/s) factor, (mm) actor  (M/s)  (1b/ft2)  (N/m2)
Thames . .
. Whitchurch Hill Steel 1440 4217 207 063 00361 32.48 7.1E+04 0033 0830 1077 004 004  1.79
Thames . .
W Whitchurch Hill Steel 1440 4217 223 068 00315 3238 7.7E+04 0020 0510 1159 004 004  1.82
Thames . .
oo Whitchurch Hill Steel 1440 4217 200 061 00381 3173 6.9E+04 0039 0990 1046 004 004 177
Thames . .
o Whitchurch Hill Steel 1440 4217 210 064 00359 32.94 72E+04 0032 0810 1081 004 004  1.83
Thames . .
. Whitchurch Hill Steel 1440 4217 210 064 00373 3405 7.2E+04 0037 0930 1058 004 004 191
3:';325 Church St DIP 620 8087 377 115 00173 11.65 2.2E+05 0001 0037 1432 005 006 286
SE'ITESS Church St DIP 620 8087 427 130 00168 1427 2.4E+05 0001 0030 1455 006 007  3.55
SE'ITE:S Church St DIP 620 8087 407 124 00202 1555 23E+05 0006 0.160 1320 006 008  3.87
3:';325 Hebden Green al 382 6319 404 123 00393 23.82 1.8E+05 0.069 1740 945 009 016  7.43
BE'ITESS Hebden Green al 382 6319 390 119 00425 2395 1.8E+05 0.086 2.180 90.6 009 016  7.51
SE'ITESS Hebden Green al 382 6319 404 123 00393 2382 19E+05 0069 1740 945 009 016  7.43
SE'ITE:S Hebden Green cl 382 6319 144 044 01340 1053 3.9E+04 1.009 25.630 487 006 007  3.24
3:';325 Hebden Green al 382 6319 154 047 01200 1050 4.2E+04 0842 21380 517 006 007 331
BE'ITESS Hebden Green al 382 6319 148 045 01310 1053 4.0E+04 0966 24540 493 006 007 331
SE'ITESS Heskin Lane al 215 6307 7.32 223 00255 2838 3.3E+05 0016 0400 1134 013 033  15.83
3:';325 Heskin Lane cl 215 6307 7.71 235 0.0244 3028 3.5E+05 0013 0340 1160 0.13 035  16.83
BE'ITESS Highway Lane cl 620 4425 3.44 105 00275 2779 1.1E+05 0013 0330 1165 006 008  3.78
SE'ITESS Highway Lane al 620 4425 354 108 00259 2772 1.1E+05 0010 0250 1203 006 008  3.76
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Pipe

Velocity

Shear Stress, o

i 1 1 _ *
Owner Project Plpe. Length I'.D' friction hy ¢ (ft) Re ks (in) ks ¢ U
Material (m) (in) (ft/s) (m/s) factor,f (mm)  Factor (m/s) (b/ft2) (N/m?)

3:'::::5 Highway Lane al 620 4425 348 106 00266 2776 1.1E+05 0011 0280 1185 006 008  3.73
3:';325 Highway Lane cl 620 4425 410 118 00187 2395 1.3E+05 0.000 0012 1433 006 008  3.65
3:';325 The Dell al 233 3181 299 091 00507 20.05 6.7E+04 0069 1740 858 007 011 524
3:':525 The Dell al 233 3181 295 090 00516 20.05 6.8E+04 0072 1820 850 007 011 522
SE'ITE:S The Dell al 233 3181 295 090 00508 20.05 7.0E+04 0069 1760 857 007 011 514
3:';325 The Dell al 233 3181 282 086 00542 19.16 6.2E+04 0081 2070 8.7 007 010 501
3:':525 The Dell al 233 3181 292 089 00525 20.08 65E+04 0075 1910 842 007 011 520
3:'::::5 The Dell al 233 3181 295 090 00516 20.05 62E+04 0072 1820 850 007 011 522
3:';325 The Dell al 233 3181 548 1.67 00273 3678 1.2E+05 0.009 0240 119.8 0.10 020  9.52
BE'ITESS The Dell al 233 3181 531 1.62 0.0294 3697 1.1E+05 0012 0310 1153 0.10 020  9.62
3:':525 The Dell al 233 3181 518 158 00308 37.07 1.1E+05 0015 0380 1122 010 020 961
Previous

Study Bland et al. Clay NA 3937 249 076 0.0622 42E+04 0139 3520 781 007 009 449
Previous

Study Bland et al. Clay NA 3937 361 110 0.0390 6.1E+04 0.039 0980 976 008 012 589
Previous

Study Bland et al. Clay NA 3937 377 115 0.0251 6.4E+04 0006 0.160 1233 006 009  4.15
Previous

Study Bland et al. Clay NA 3937 6.89 210 0.0224 1.2E405 0.004 0110 1250 011 026  12.32
Previous

Study Bland et al. PVC NA 3937 249 076 0.0655 42E+04 0156 3970 760 007 010 472
Previous

Study Bland et al. PVC NA 3937 361 110 0.0400 6.1E+04 0.042 1070 962 008 013  6.05
Previous

Study Bland et al. PVC NA 3937 492 150 0.0261 8.4E+04 0.009 0220 1181 009 015  7.34
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Pipe

Velocity

Shear Stress, o

H et _ *
Owner Project MPlpe. | Length I'.D' ffrlctlonf hy ¢ (ft) Re ks (in) ks F ¢ U

ateria (m) (in) (ft/s) (m/s) factor, (mm) actor  (M/s)  (1b/ft2)  (N/m2)
Previous
Study Bland et al. PVC NA 3.937 6.89 2.10 0.0205 1.2E+05 0.002 0.060 131.2 0.11 0.24 11.27
Previous
Study Clay6 RCP NA 25.000 4.76 1.45 0.0149 5.1E+05 0.003 0.088 157.6 0.06 0.08 3.90
Previous
Study Clay6 RCP NA 25.000 5.25 1.60 0.0138 5.7E+05 0.002 0.043 162.4 0.07 0.09 4.43
Previous
Study Clay6 RCP NA 18.504 2.56 0.78 0.0184 2.0E+05 0.008 0.195 148.0 0.04 0.03 1.40
Previous
Study Clay6 RCP NA 18.504 5.54 1.69 0.0194 4.4E+05 0.014 0.360 135.4 0.08 0.14 6.90
Previous
Study Clay6 RCP NA 10.984 4.89 1.49 0.0172 2.3E+05 0.003 0.073 146.4 0.07 0.10 4.78
Previous
Study Clay6 RCP NA 10.984 5.02 1.53 0.0173 2.4E+05 0.003 0.076 145.9 0.07 0.11 5.05
Previous
Study Clay6 RCP NA 10.984 8.73 2.66 0.0166 4.1E+05 0.003 0.085 142.4 0.12 0.31 14.70
Previous
Study Clay6 RCP NA 10.984 8.83 2.69 0.0164 4.2E+05  0.003 0.076 143.5 0.12 0.31 14.79
Previous
Study Clay6 RCP NA 10.984 8.96 2.73 0.0161 4.3E+05 0.003 0.067 144.7 0.12 0.31 14.97
Previous
Study Flaxman7 AC NA 9.016 2.69 0.82 0.0177 1.8E+05 0.024 0.610 151.9 0.04 0.03 1.48
Previous
Study Flaxman7 AC NA 9.016 2.69 0.82 0.0177 1.8E+05 0.036 0.910 151.9 0.04 0.03 1.48
Previous
Study Flaxman7 Cl NA 5.000 3.38 1.03 0.0353 7.3E+04  0.036 0.910 103.3 0.07 0.10 4.67
Previous
Study Flaxman7 Cl NA 5.000 3.38 1.03 0.0353 7.3e+04  0.036 0.910 103.3 0.07 0.10 4.67
Previous  Green, Wessex PVC NA 9843 243 074 00272 1.0E+05 0.028 0700 1212 004 004  1.86
Study W.A.
Previous  Green, Wessex PVC NA 9843 656 200 0.0154 2.8E405 0001 0020 1521 009 016  7.69
Study W.A.
Previous
Study HRS8 PVC NA 15.157 4.53 1.38 0.0160 3.0E+05 0.002 0.060 153.0 0.06 0.08 3.80
Previous
Study HRS8 PVC NA 15.157 4.53 1.38 0.0185 3.0E+05 0.008 0.200 141.5 0.07 0.09 4.39

267



TableD.4: Papers and ReporsResults of Hydraulic Calculations

friction

Shear Stress 1,

; Velocity _ *
Source Project P|pe. Length I'.D' factor f his i tota Re ks .ks ¢ U
Material (in) (ft) (ft) (mm)  (in) Factor  (m/s)

(ft) (ft/s)  (m/s) (ft) (Ib/ft2)  (N/m2)
Report LS4 cIp 507 430 214 065 00874 880 907 6.27E+04 818 032 665 0.068 0.097 4.649
Report LS9 DIP 3760 1050 2.97 090 00391 2298 2329 2.12E+05 2.86 0.1 924 0063  0.083 3.996
Report LS 16 DIP 4725 630 192 059 0078 4070 40.84 825E+04 9.69 038 686 0058 0.071 3.379
Report LS 12 DIP 620 418 3.12 095 0.0534 1434 1455 8.86E+04 2.64 0.10 845 0078 0.126 6.014
Report LS 15 DIP 818 418 241 074 01939 4124 4135 6.86E+04 2868 1.13 429 0.115 0274  13.104
:ggiz)”esse” DIP 14610 2417 170 052  0.0516 2.80E+05 1423 056 77.0  0.042  0.036 1731
:ggi:;’essen AC 1370 450 140 043 0.1234 429E+04 15.89 0.63 57.0  0.053  0.059 2.806
:ggiz)”esse” AC/DIP 11250 15.88 1.80 0.55  0.0524 1956405 970 038  79.0  0.044  0.041 1.971
:;giz)nessen ccp 9400 29.52 1.40 043  0.0457 281E+05 12.62 050 82.0  0.032 0.022 1.040
iggi:;’essen cIp 450 1748 130 0.40 0.0611 1556405 1550 0.61 740  0.035  0.025 1.199
:ggiz)”esse” DIP 8300 817 510 155  0.0235 2.84E+05 038 001 119.0 0.084 0.148 7.102
:ggi:;’essen DIP 1930 19.82 260 079  0.0268 3.51E+05 1.56 0.06 108.0 0.046  0.044 2.102
iggiz)”esse” DIP 8360 2013 210 0.64 0.0312 2.88E+05 271 0.1 101.0 0.040  0.033 1.598
:ggiz)”esse” DIP 8070 23.82 200 061 0.0336 3.24E405 409 0.16 960 0040  0.033 1.559
:ggi:;’essen DIP 7240 2422 290 0.88 00424 4.78E+05 844 033 820 0064 0.086 4.138
:ggiz)”esse” DIP 640 628 360 1.10 0.0259 1.54E+05 0.40 0.02 1190 0.062 0.081 3.899
:ggiz)”esse” PVC 3280 12.10 3.10 0.94  0.0360 2556405 257 0.0 950  0.063 0.084 4.012
:ggi:;’essen PVC 4630 18.00 2.10 0.64  0.0420 257E+05 605 024 87.0 0.046  0.045 2.147
:ggiz)”esse” RCP 2150 47.91 320 098  0.0240 1.04E+06 259 0.0 1040 0.053  0.059 2.848
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APPENDIX E Pump Cycle Results

TableE.1 Research Data Pumping Cycle Results

% of FM Hydraulic

FM Number of Pumping CycléDate/ Average Pump Volume Volume Retention ks
System Volume Pumps . Discharge/ Run Time Pumped .
(ft3) Operating Time Cycle (cfs) (min) (ft9) Pumped / Time (mm)
Cycle (min)

1 4/18/2014 8:05 0.19 115.0 1279.3 1870.4% 6.1 27.20

1 4/18/2014 12:34 0.20 258.5 3154.2 4611.4% 5.6 19.23

1 4/30/2014 1:06 0.21 4.5 57.9 84.7% 5.3 14.80

1 5/1/2014 13:49 0.19 187.0 2172.3 3175.9% 5.9 22.66

Janitell 68.4 1 6/27/2014 19:38 0.15 6.0 55.6 81.3% 7.4 46.07
) 1 7/19/2014 21:32 0.12 7.0 51.7 75.6% 9.3 76.39

1 7/23/2014 8:10 0.20 375.0 4528.1 6620.1% 5.7 20.93

1 7/28/2014 16:11 0.21 63.5 798.8 1167.8% 5.4 16.80

1 4/23/2014 9:28 0.25 42.5 628.6 918.9% 4.6 7.11

1 5/29/2014 13:13 0.23 290.5 4081.0 5966.4% 4.9 10.75

1 10/1/2014 7:52 2.21 7.0 930.2 18.5% 37.8 62.17
1 4/16/2014 0:02 1.86 55 614.9 12.2% 44.9 110.73

1 6/15/2014 21:15 2.07 8.5 1054.4 21.0% 40.5 80.05

1 6/27/2014 19:32 2.12 55 698.5 13.9% 39.5 73.67

1 7/19/2014 21:35 2.02 6.5 789.7 15.7% 41.3 85.71

Kettle Creek 5020.4 1 9/30/2014 8:22 2.22 19.0 25355 50.5% 37.6 60.96
1 10/1/2014 6:50 2.67 6.0 962.3 19.2% 31.3 22.31

1 5/1/2014 8:37 2.63 5.0 790.1 15.7% 31.8 24.92

2 6/17/2014 10:53 4.82 8.5 2459.1 49.0% 17.4 1.47

1 5/18/2014 13:49 2.00 11.5 1377.7 27.4% 41.9 90.01

1 5/1/2014 0:33 0.17 2.0 19.9 52.2% 3.8 11.72

1 5/5/2014 12:22 0.16 2.5 24.3 63.8% 3.9 13.38

1 5/28/2014 23:22 0.20 2.0 23.7 62.1% 3.2 4.45

Big Valley 381 1 6/7/2014 14:48 0.18 2.5 27.5 72.1% 3.5 7.31
) 1 6/26/2014 8:53 0.17 2.0 19.9 52.3% 3.8 12.09

1 7/6/2014 14:31 0.19 2.5 29.0 76.2% 3.3 5.19

1 7/17/2014 10:49 0.18 2.5 27.7 72.7% 3.4 6.94

1 7/20/2014 16:19 0.17 3.5 34.9 91.6% 3.8 11.41
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FM Number of . Average Pump Volume % of FM Hydral.{llc
Pumping CycléDate/ . . Volume Retention ks
System Volume Pumps . Discharge/ Run Time Pumped .
(f)  Operating Time Cycle (cfs)  (min) (ft9) Pumped/  Time  (mm)
Cycle (min)
1 9/26/2014 6:41 0.15 3.5 31.0 81.4% 4.3 19.63
1 8/31/2014 20:49 0.23 2.0 27.9 73.2% 2.7 1.09
1 4/16/2014 2:11 0.94 2.5 140.8 6.8% 36.6 12.57
1 4/16/2014 6:11 0.94 3.5 198.1 9.6% 36.4 12.24
1 4/26/2014 22:13 0.98 3.5 205.0 10.0% 35.2 10.34
1 5/15/2014 7:04 0.91 3.5 192.1 9.3% 37.5 14.21
. 1 6/7/2014 3:21 1.05 3.0 189.0 9.2% 32.7 7.00
Chapel Hills 2059.8 1 8/16/2014 8:41 0.91 25 136.2 6.6% 378 14.63
1 9/11/2014 6:25 0.92 5.0 275.5 13.4% 37.4 13.89
1 10/1/2014 7:29 0.97 4.0 233.8 11.4% 35.2 10.53
1 9/29/2014 6:48 0.87 5.0 262.4 12.7% 39.2 17.41
1 6/23/2014 0:13 1.11 3.5 232.9 11.3% 31.0 5.02
1 10/1/2014 3:23 1.99 1.5 178.9 7.1% 21.0 0.93
1 4/16/2014 22:34 1.28 1.5 115.3 4.6% 32.6 27.99
1 9/30/2014 20:01 1.83 1.5 165.1 6.6% 22.8 2.65
1 9/30/2014 16:18 1.47 1.5 131.9 5.3% 28.5 14.28
Drennan 2504.1 1 9/12/2014 18:21 1.94 1.5 174.9 7.0% 21.5 1.38
' 1 5/9/2014 0:15 1.58 1.5 142.0 5.7% 26.5 9.04
1 5/9/2014 11:05 1.80 1.5 161.8 6.5% 23.2 2.96
1 5/22/2014 23:15 1.38 1.5 124.3 5.0% 30.2 19.63
1 9/12/2014 16:37 1.73 1.5 156.1 6.2% 24.1 4.45
1 8/30/2014 11:24 1.75 1.5 157.3 6.3% 23.9 4.16
1 5/1/2014 0:09 2.21 1.5 198.8 24.3% 6.2 1.41
1 6/2/2014 13:33 2.37 1.5 213.3 26.1% 5.8 0.76
1 6/30/2014 22:34 2.28 1.5 205.6 25.1% 6.0 1.06
1 7/12/2014 19:29 2.36 2.0 283.1 34.6% 5.8 0.79
Black Squirrel 817.6 1 7/24/2014 20:48 2.35 2.0 281.5 34.4% 5.8 0.85
' 1 8/3/2014 21:28 2.35 2.5 353.1 43.2% 5.8 0.83
1 8/4/2014 17:58 2.32 1.5 208.7 25.5% 5.9 0.92
1 8/20/2014 13:06 2.33 1.5 209.3 25.6% 5.9 0.90
1 9/3/2014 2:57 2.42 1.5 217.4 26.6% 5.6 0.61
1 9/30/2014 1:17 2.31 1.5 207.7 25.4% 5.9 1.01
Middle Trib 4890.6 1 4/30/2014 6:42 211 3.5 4441 9.1% 38.5 23.35
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FM Number of . Average Pump Volume % of FM Hydral.{llc
Pumping CycléDate/ . . Volume Retention ks
System Volume Pumps . Discharge/ Run Time Pumped .
(f)  Operating Time Cycle (cfs)  (min) (ft9) Pumped/  Time  (mm)
Cycle (min)

1 5/2/2014 19:20 2.19 3.0 3935 8.0% 373 19.42

1 6/7/2014 10:28 2.38 35 500.5 10.2% 342 9.24

1 9/5/2014 12:41 2.39 3.0 430.4 8.8% 34.1 9.11

1 8/10/2014 0:10 2.43 3.0 4373 8.9% 336 7.76

1 8/9/2014 22:10 2.47 35 518.0 10.6% 33.0 6.58

1 5/19/2014 19:21 2.47 3.0 4444 9.1% 33.0 6.49

1 9/30/2014 18:19 2.48 35 521.6 10.7% 328 6.03

1 8/28/2014 12:07 2.60 3.0 467.8 9.6% 31.4 3.24

1 8/28/2014 6:21 2.61 35 547.1 11.2% 313 3.12

1 4/30/2014 6:42 2.11 35 4441 23.2% 15.1 0.15

1 5/2/2014 19:20 2.19 3.0 3935 20.6% 14.6 0.12

1 6/7/2014 10:28 2.38 35 500.5 26.2% 13.4 0.10

1 9/5/2014 12:41 2.39 3.0 430.4 22.5% 133 0.10

. . 1 8/10/2014 0:10 2.43 3.0 4373 22.9% 131 0.10

Middle Trib 1910.9 1 8/9/2014 22:10 2.47 35 518.0 271% 12.9 0.10

1 5/19/2014 19:21 2.47 3.0 4444 23.3% 12.9 0.10

1 9/30/2014 18:19 2.48 35 521.6 27.3% 12.8 0.10

1 8/28/2014 12:07 2.60 3.0 467.8 24.5% 123 0.10

1 8/28/2014 6:21 2.61 35 547.1 28.6% 122 0.10

1 4/1/2014 8:21 2.09 3.0 375.4 6.4% 47.0 87.71

1 9/30/2014 15:24 2.36 25 353.4 6.0% 41.6 62.80
1 8/9/2014 20:06 1.90 25 284.8 4.8% 516  118.22
1 5/9/2014 16:27 1.99 2.0 239.1 4.1% 492  101.18

. 1 6/18/2014 10:05 2.13 25 320.0 5.4% 45.9 81.63
Mid Monument  5880.9 1 6/7/2014 9:12 2.19 3.0 3935 6.7% 44.8 75.52
1 6/7/2014 10:24 2.27 3.0 408.7 6.9% 43.2 67.42

1 5/2/2014 20:19 2.31 3.0 415.0 7.1% 425 65.91

1 41712014 16:30 2.34 25 351.0 6.0% 41.9 63.76

1 4/18/2014 9:15 2.35 2.0 2825 4.8% 41.6 63.00

1 4/1/2014 8:21 2.09 3.0 375.4 7.7% 39.1 15.47

. 1 9/30/2014 15:24 2.36 25 353.4 7.2% 34.6 456
Mid Monument  4890.6 1 8/9/2014 20:06 1.90 25 284.8 5.8% 42.9 27.01
1 5/9/2014 16:27 1.99 2.0 239.1 4.9% 20.9 20.97
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FM Number of . Average Pump Volume % of FM Hydral.{llc
Pumping CycléDate/ . . Volume Retention ks
System Volume Pumps . Discharge/ Run Time Pumped .
(f)  Operating Time Cycle (cfs)  (min) (ft9) Pumped/  Time  (mm)
Cycle (min)
1 6/18/2014 10:05 2.13 2.5 320.0 6.5% 38.2 13.00
1 6/7/2014 9:12 2.19 3.0 393.5 8.0% 37.3 10.51
1 6/7/2014 10:24 2.27 3.0 408.7 8.4% 35.9 7.20
1 5/2/2014 20:19 2.31 3.0 415.0 8.5% 354 6.07
1 4/7/2014 16:30 2.34 2.5 351.0 7.2% 34.8 5.03
1 4/18/2014 9:15 2.35 2.0 282.5 5.8% 34.6 4.66
1 4/1/2014 8:21 2.09 3.0 375.4 41.8% 7.2 0.12
1 9/30/2014 15:24 2.36 2.5 3534 39.4% 6.4 0.10
1 8/9/2014 20:06 1.90 2.5 284.8 31.7% 7.9 0.14
1 5/9/2014 16:27 1.99 2.0 239.1 26.6% 7.5 0.13
Mid Monument 897.7 1 6/18/2014 10:05 2.13 2.5 320.0 35.7% 7.0 0.11
' 1 6/7/2014 9:12 2.19 3.0 393.5 43.8% 6.8 0.11
1 6/7/2014 10:24 2.27 3.0 408.7 45.5% 6.6 0.10
1 5/2/2014 20:19 2.31 3.0 415.0 46.2% 6.5 0.10
1 4/7/2014 16:30 2.34 2.5 351.0 39.1% 6.4 0.10
1 4/18/2014 9:15 2.35 2.0 282.5 31.5% 6.4 0.10
1 5/4/2015 0:02 5.95 5.3 1873.8 7.0% 75.0 1.99
1 5/4/20150:32 5.84 10.0 3506.9 13.1% 76.3 2.30
1 5/4/2015 1:05 5.88 9.3 3262.1 12.2% 75.9 2.23
1 5/4/2015 1:43 5.91 8.5 3012.7 11.3% 75.5 2.15
. 1 5/4/2015 2:27 5.84 8.5 2977.6 11.1% 76.4 2.28
Norris Lake 26763.7 1 5/412015 6:44 5.83 13 466.4 1.7% 765 2.26
1 5/4/20157:31 5.87 8.5 2993.8 11.2% 76.0 2.02
1 5/4/2015 23:58 5.84 7.5 2626.2 9.8% 76.4 2.54
1 5/4/2015 23:01 5.94 10.8 3833.9 14.3% 75.0 2.25
1 5/4/2015 22:04 5.86 11.0 3866.1 14.4% 76.1 2.54
1 5/4/2015 0:02 5.95 5.3 1873.8 67.0% 7.8 0.11
1 5/4/2015 0:32 5.84 10.0 3506.9 125.4% 8.0 0.11
1 5/4/2015 1:05 5.88 9.3 3262.1 116.6% 7.9 0.11
Norris Lake 2797.2 1 5/4/2015 1:43 5.91 8.5 3012.7 107.7% 7.9 0.11
1 5/4/2015 2:27 5.84 8.5 2977.6 106.5% 8.0 0.11
1 5/4/2015 6:44 5.83 1.3 466.4 16.7% 8.0 0.11
1 5/4/2015 7:31 5.87 8.5 2993.8 107.0% 7.9 0.11
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% of FM Hydraulic

FM Number of Pumping CycléDate/ Average Pump volume Volume Retention ks

System Volume Pumps . Discharge/ Run Time Pumped .

(f)  Operating Time Cycle (cfs)  (min) (ft9) Pumped/  Time  (mm)
Cycle (min)

1 5/4/2015 23:58 5.84 7.5 2626.2 93.9% 8.0 0.11
1 5/4/2015 23:01 5.94 10.8 3833.9 137.1% 7.8 0.11
1 5/4/2015 22:04 5.86 11.0 3866.1 138.2% 8.0 0.11
1 4/15/2015 0:55 2.95 6.0 1062.3 15.0% 40.0 5.79
1 4/15/2015 4:56 2.96 6.0 1066.7 15.1% 39.8 5.32
1 4/15/2015 7:09 2.94 6.8 1191.8 16.8% 40.1 5.78
1 4/15/2015 10:44 2.95 6.3 1106.6 15.6% 40.0 5.59
1 4/15/2015 23:20 2.97 6.0 1070.0 15.1% 39.7 5.12
Rock Quarry PS 70808 2 4/15/20156:16 4.06 5.8 1399.9 19.8% 29.1 411
2 4/15/2015 7:57 4.10 6.0 1476.9 20.9% 28.8 3.76
2 4/15/2015 9:47 4.09 55 1350.3 19.1% 28.8 3.84
2 4/15/2015 22:12 4.04 5.8 1393.7 19.7% 29.2 4.26
2 4/15/2015 3:02 4.09 55 1348.7 19.0% 28.9 3.92
1 5/4/2015 0:06 4.55 3.0 819.8 7.1% 42.3 11.98
1 5/4/2015 0:17 4.27 6.5 1665.5 14.4% 45.1 19.25
1 5/4/2015 0:43 4.27 5.8 1473.5 12.7% 45.1 19.12
1 5/4/2015 3:47 4.52 2.3 610.0 5.3% 42.6 12.78
Dacula 115619 1 5/4/2015 5:16 4.25 2.8 700.6 6.1% 45.4 19.87
' 1 5/4/2015 5:59 4.25 3.0 765.8 6.6% 45.3 19.68
1 5/4/2015 6:40 4.50 3.3 878.4 7.6% 42.8 13.17
1 5/4/2015 8:05 4.50 0.3 90.1 0.8% 42.8 13.14
1 5/4/2015 23:56 4.54 4.3 1158.2 10.0% 42.4 12.30
1 5/4/2015 23:06 4.23 2.8 698.1 6.0% 45.5 20.45
1 1/1/2015 0:11 5.27 1.0 316.1 26.6% 3.8 5.76
1 1/1/2015 5:55 4.79 1.0 287.4 24.2% 4.1 11.73
1 1/16/2015 14:30 4.31 1.0 258.7 21.8% 4.6 15.99
1 1/14/2015 18:22 4.31 2.0 517.3 43.6% 4.6 15.89
1 4/28/2015 13:32 4.79 1.0 287.4 24.2% 4.1 11.65
LS 03 1187.7 1 3/1/2015 23:23 4.31 1.0 258.7 21.8% 4.6 16.00
1 2/26/2015 15:53 4.31 1.0 258.7 21.8% 4.6 15.95
1 2/26/2015 14:01 4.79 1.0 287.4 24.2% 4.1 11.65
1 2/23/2015 0:16 4.31 1.0 258.7 21.8% 4.6 15.98
1 2/21/2015 18:17 4.31 1.0 258.7 21.8% 4.6 15.84
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FM Number of . Average Pump Volume % of FM Hydral.{llc
Pumping CycléDate/ . . Volume Retention ks
System Volume Pumps . Discharge/ Run Time Pumped .
(f)  Operating Time Cycle (cfs)  (min) (ft9) Pumped/  Time  (mm)
Cycle (min)
1 1/1/2015 0:11 5.27 1.0 316.1 14.1% 7.1 20.63
1 1/1/2015 5:55 4.79 1.0 287.4 12.8% 7.8 57.41
1 1/16/2015 14:30 4.31 1.0 258.7 11.5% 8.7 108.03
1 1/14/2015 18:22 4.31 2.0 517.3 23.0% 8.7 107.25
1 4/28/2015 13:32 4.79 1.0 287.4 12.8% 7.8 56.38
LS 03 22459 1 3/1/2015 23:23 4.31 1.0 258.7 11.5% 8.7 108.05
1 2/26/2015 15:53 4.31 1.0 258.7 11.5% 8.7 107.69
1 2/26/2015 14:01 4.79 1.0 287.4 12.8% 7.8 56.45
1 2/23/2015 0:16 4.31 1.0 258.7 11.5% 8.7 107.92
1 2/21/2015 18:17 4.31 1.0 258.7 11.5% 8.7 106.83
1 1/1/2015 0:11 5.27 1.0 316.1 23.9% 4.2 0.76
1 1/1/2015 5:55 4.79 1.0 287.4 21.8% 4.6 1.75
1 1/16/2015 14:30 4.31 1.0 258.7 19.6% 5.1 4.92
1 1/14/2015 18:22 4.31 2.0 517.3 39.2% 5.1 4.88
1 4/28/2015 13:32 4.79 1.0 287.4 21.8% 4.6 1.74
LS 03 13214 1 3/1/2015 23:23 4.31 1.0 258.7 19.6% 5.1 4.92
1 2/26/2015 15:53 4.31 1.0 258.7 19.6% 5.1 4.90
1 2/26/2015 14:01 4.79 1.0 287.4 21.8% 4.6 1.74
1 2/23/2015 0:16 4.31 1.0 258.7 19.6% 5.1 491
1 2/21/2015 18:17 4.31 1.0 258.7 19.6% 5.1 4.86
1 1/1/2015 0:02 4.54 4.0 1090.8 5.0% 79.8 11.81
1 1/10/2015 18:25 4.60 7.0 1930.2 8.9% 78.9 11.19
1 1/21/2015 8:40 4.37 8.0 2097.9 9.6% 83.0 15.22
1 1/31/2015 10:32 4.68 7.0 1965.6 9.0% 77.5 9.90
LS 06 21769.1 1 2/6/2015 0:01 2.60 908.0 141470.2 649.9% 139.7 132.81
' 1 2/20/2015 22:58 4.34 6.0 1562.8 7.2% 83.6 15.91
1 3/1/2015 10:46 4.39 15.0 3955.4 18.2% 82.6 14.83
1 3/14/2015 19:34 4.58 6.0 1649.1 7.6% 79.2 11.40
1 1/15/2015 11:39 5.95 11.0 3929.4 18.1% 60.9 1.29
1 4/23/2015 9:49 5.25 9.0 2837.0 13.0% 69.1 4.29
1 4/29/2015 9:45 3.78 7.0 1587.8 10.9% 64.4 39.48
LS 15 14598.4 1 4/29/2015 9:12 3.80 7.0 1594.1 10.9% 64.1 38.80
1 4/29/2015 0:30 3.73 7.0 1568.5 10.7% 65.2 42.01

274



% of FM Hydraulic

FM Number of Pumping CycléDate/ Average Pump volume Volume Retention ks
System Volume Pumps . Discharge/ Run Time Pumped .
(f)  Operating Time Cycle (cfs)  (min) (ft9) Pumped/  Time  (mm)
Cycle (min)
1 4/28/2015 21:21 3.77 11.0 2491.4 17.1% 64.5 39.87
1 4/22/2015 19:18 3.75 14.0 3151.2 21.6% 64.9 41.11
1 3/31/2015 20:23 3.73 11.0 2459.2 16.8% 65.3 42.43
1 3/17/2015 18:10 3.88 9.0 2095.2 14.4% 62.7 34.46
1 3/1/2015 23:09 3.63 8.0 1740.3 11.9% 67.1 48.59
1 1/4/2015 21:21 3.67 4.0 881.3 6.0% 66.3 46.09
1 2/19/2015 17:03 3.73 7.0 1567.5 10.7% 65.2 42.23
1 4/29/2015 9:45 3.78 7.0 1587.8 117.8% 5.9 85.24
1 4/29/2015 9:12 3.80 7.0 1594.1 118.3% 5.9 82.39
1 4/29/2015 0:30 3.73 7.0 1568.5 116.4% 6.0 83.65
1 4/28/2015 21:21 3.77 11.0 2491.4 184.9% 6.0 82.81
LS 15 13477 1 4/22/2015 19:18 3.75 14.0 3151.2 233.8% 6.0 83.30
' 1 3/31/2015 20:23 3.73 11.0 2459.2 182.5% 6.0 83.81
1 3/17/2015 18:10 3.88 9.0 2095.2 155.5% 5.8 80.68
1 3/1/2015 23:09 3.63 8.0 1740.3 129.1% 6.2 86.24
1 1/4/2015 21:21 3.67 4.0 881.3 65.4% 6.1 85.26
1 2/19/2015 17:03 3.73 7.0 1567.5 116.3% 6.0 83.74
1 3/29/2014 0:00 3.07 1.0 184.3 2.2% 45.4 0.43
1 3/17/2015 14:45 3.15 15 283.5 3.4% 44.3 0.33
1 3/18/2015 9:57 3.10 1.8 340.9 4.1% 45.0 0.39
1 3/28/2015 3:40 3.15 1.3 251.9 3.0% 44.3 0.33
Jimmy Camp 8373.0 1 4/4/2015 18:20 3.09 1.8 339.9 4.1% 45.2 0.41
' 1 4/5/2015 18:18 3.12 1.8 343.4 4.1% 44.7 0.37
1 4/16/2015 13:58 3.15 1.8 346.0 4.1% 44.4 0.34
1 4/17/2015 23:20 3.13 15 281.4 3.4% 44.6 0.36
1 4/23/2015 6:00 3.12 1.3 249.5 3.0% 44.7 0.37
1 5/1/2015 23:42 3.12 2.2 405.3 4.8% 44.8 0.37

275



Appendix E.2 Research Data Pumping Cycle Charts
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APPENDIX F C-Factor Predictive Equation (U.S. Customary Units)

This section shows the analysis results for the development of fioetdE predictive equation in
U.S. Customary Units. The methodology followed was described in Sex@oh The predictive
equation(sivereevaluated andeveloped usinthe Weibull Model inCurve Expert Professionals shown

in Equation F.1.

y=a-— becx’ (F.1)
where y is the Gactor and x is the velocity (m/sY.he Weibull Model parameters determined by
CurveExpert Professional arersmarizedn TableF.1

TableF.1: Summary of Weibull Model Parameters

Diameter (in) a b c d

6 135.64 112.12 0.1035 1.878
8 136.8 108.71 0.1031 1.884
10 137.61 106.1 0.1027 1.89
12 138.21 104 0.1025 1.895
18 139.36 99.42 0.1017 1.906
24 140.02 96.26 0.1012 1.914
30 140.46 93.85 0.1007 1.92
48 141.16 88.93 0.1000 1.934
66 141.48 85.72 0.0991 1.943

Average 0.102 1.907

Each parameter was plotted against diameter Wgiagsoft Excel to identify and screen critical
relationships. Due to the relativaluesof each parameter, a and b are presented in Figliend ¢ and d

in FigureF.2 The figures also show theendline and corresponding Ralues for each parameter.
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FigureF.2 Parameters c and d
As expected, Both the a and b parameters show a significant deviationaniiteli and are nearly
identical to the parametedetermined under the metric evaluatia@imilar to the metric evaluation, the c
and d parameters are nearly constant by diameter; howevewattyeslightly from the metric evaluation

due to the conversion of units required for velocitye averagefahe ¢ and d parameters we@mpared

to the actual values for the exponential portion of the m@déf?) in order to verify the assumptions used
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in the metric evaluation. The results are presented in Fig@rghow thatutilizing the average fathe c

and d parameters provides nearly identical results.
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Figure F.3 Comparison of Average c and d parameters‘dﬁd

C factors were calculated for bothiré and 66in. diameter pipe using the trendlines for a and b

parameters and both the actual and average values for ¢ and d in ordey tihaetifat using the average

values did not significantly affect tactor. These two diameters represent the minimum and meximu

diameter evaluated. The results along with the calculated errors ¢ogiber actual against the average ¢

and d parameters are shown in Figbré Using the average ¢ and d parameters provided calculated C

factors with an error of less than 1% which indicates that it is acceptabfmply the average ¢ and d

parameters to the exponential portion of the predictive equation.
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FigureF.4 Comparison of G-actors Calculated from Actual and Average c and d parameters

Equation F.Zan be used to determine &for based upon both velocity and pipe diameter:

C Factor = a — be=<"* H2)

Wherea = 132.08¢°°175 (¢ is diameter in inchesp = 137.29¢ %112 (¢ is diameter
in inches)c =0.102 d = 1.90; andV is velocity inft/s
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