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Chapter 1. Introduction

1.1 Problem Statement

Municipal wastewater treatment plants Egepower consunrs. Four
percentbf theelectrical powerof United Statess consumed by water/wastewater
delivery and treatment (EPRI, 2003he power bill accounts f@5% to 40% of the
operating cost ofawastewater treatment facility (PG&E, 2003).

Power usage (load)f a municipal wastewater treatment plant is closely
related to influent flow rate, while power cost is related to both power load and
power price. Most wastewater characteristics fluctuate throughout the day
based on the living and working patterns of te community. An evaluatiornof
diurnal flow trend and corresponding power usage pattern helps tanderstand
the energy distribution and the potential energy and cost saving opportunities.

The nfluent pumping station, whidk locatedat the end of the waswvater
collection system and the beginning of the treatment process, is one of the largest in
plant power userd he Environmental Protection Agency estimates 888% to 95%
of the operation and maintenance costs of pumping station are power costsanghic
directly proportional to the unit cost of power and the actual power used by the
pumps(EPA, 2000).

Centrifugal pumps in the wastewater pumping stath@yremain in service

for decades-or example, Raw Wastewater Pump Station 1 (RWWPXistnict of



Columbia Water and Sewer Author(iyC WATER) Blue Plains facilityvas
constructed in 1938 and upgraded in the early 19BG3\(ASA, 2002).Because of
wearing and other factors, the original pump characteristic curves, inciih@ing
HeadDischargeandEfficiency-Discharge curves)o longer represent these
relationships. The designed pumping rate and other charactegsiiite be
misleading for current operation. New pump tesenecessary to interpret the pump
performanceNew analyss of therelationshipamongpower usage, pumping rates,
efficiency,andpumping heaaill be important for operation, mairance and other

decision making.

1.2 Research Goal and Objectives
The goalof this research projeetasto providea preliminary study for paer
saving opportunieéswith a focus on influent pumping. The study ubé&torical data
for trend and performance analysifieProcess Control System (PCS) at the Blue
PlainsAdvancedWastewatei reatmen®Plant providel access to the records of
power sage, pump operation status, flow rate, level ofwalts, etc.
This research projetiadtwo phases:
Objectives of Phase |: Energy Load and Cost Analysis
1 Analyzethediurnaland seasonatend of unit power pricandtotal
power load of Blue Plains
1 Breakdownthe energy usage to major treatment processes.
Objectives of Phase Il: Simulation Model of Influent Pumping Station

TRun pump performance testith the aid of PCS system.



{1 Develop algorithm to represebischargeHeadcurve for eactaw
wastewatepump

T Develop a simulation model for predicting pump dischapgeiary
inflow based on weivell level, pumpson serviceand pump speed

fEvaluate pump performance characteristics including pump discharge,
power consumption and wite-water efficiency.

1 Develop a simulation model for predictipgwer consumption of
influent pumpingoased on pumpsn service.

f Estimatetheinfluent wet-well storagebased omata obtained from
power outag®r influent pumping outage

T Provideexamples ofnefficient pumping, e.g.pumpng without a

good priming condition.

1.3 Study Area

Blue Plains Advanced Wastewater Treatment R&aluicatedon the east bank
of the Potomac Rivan Washington, D.Clt serves as a wastewater collection and
treatnment facility for the District of Columlaiand surrounding areascluding parts
of suburban Virginia and Marylar(dotal service area arou@5 square milgsThe
service area and population is illustrated in Fig.dnd Table 41 (Metropolitan
Washingbn Council of Government2003. Blue Plainwastewater collection
system compriseboth combined and separate sewers. Abouitting of theDistrict
is served by combined sewer (approximatel32 acres) and twthirds is served

by separate seweD(QNASA 2002). The process flow diagram is shown in Fig.1
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Figure 1-1. Blue Plains service area (Metropolitan Washington Council of

Governments, 2003)

Table 1-1. Service population of Blue Plains (Metropolitan Washington Council

of Governments,2003)

State County % of population served

District of Columbia 100%
Fairfax County 27%

Virginia Arlington County 8%
Loudoun County 60%
Dulles Airport 100%
the Town of Vienna 100%
Prince Georgebd 49%
Montgomery County 7%

Maryland National Park Service (NPS) 100%
Naval Ship Research and 100%

Development (NSR&D)
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Blue Plaings designed for an average daily flow gl0dMGD and a peak
plant wet weather flow af076 MGD, which could provide wastewater treatment for
the service area until 203During wet weather events, the treatment capacity
depends on the storm duratiéitows up to 74MGD can receive treatment for up to
4 haurs.In order to protecthe biological processhetreatment capacity is reduced to
511 MGD for the next 20 hours aradlditional flows of up t836 MGD receive
excess flow treatmetefore discharge to the Potomac River, which consfsts
screening, gritemoval, primary treatment and disinfectiédfter 24 hours, the
maximum flowtreated by the plant would be 4BGD. Thetreatment capacity is
recommended to be expandedtplan that woulghrovide zero overflowdypass
(untreated wastewater discharged water body wheimcomingwastewater exceeds
the treatment capacity due to heavy rainfall, etcthe three analysis years or to a
plan that would provide zero overflowlsiring a 5year 24hour design storm
(Metcalf & EddyandGreeley& Hansen LIC, 2007).

The RawWastewatePumpStations RWWPS1(West) anRWWPS (East),
are located at the end of the collection system 1R}y.Both combined sewer and
separate sanitary sewer flows arrive at the plant by gravity and are collected and
temporarilystored in two wetvells, one for West (Fi@-4) and ondor East. The two
wet-wells are connected by an equalizing conduit (F&).andthe water levels of the
two wetwells are considered hydraulicatlyesame. Figl-6 illustrates the flow
diagram ofinfluent pumpingo Blue Plairs. On the west side, the pumps in
RWWPSL1 deliver the wastewater from a concretewsdt to the screen influent

channelFig.1-7). On the east side, the screened wastewater is lifted by the pumps in

6



RWWPS2 from the wetvell to the crest of the discharge siphon (Eig), then flows
by gravity to the aerated grit chamber. During current operation, the discharge siphon
is always openHow the wastewater is split between the two sides depends on the
pumping rates of each pumpiatation. The desired flow ratio is 40% (West,
RWWPS1) to 60% (East, RWWPSZhe wetwell level of RWWPSXK.2 is normally
operated betweer2 to +2 feet (dry weather), althougbhmetimest is drawn down to
-3ft or lower toaccommodate anticipatecetweatter flow. The decision is made by
the operators according to tberrentwet-well leveland weather conditi@n

Pumps with variable speed drigeovidethe operatowith more flexibility to
maintain the wetvell level according to the flow variationf the wetwell levelrises
significantly, the speed of the variable speed pumps will be increased. If no variable
speed pump is on or ifltas alreadybeenadjusted to full speed, one additional
constant speed pump can be brought on to cathieeVell level. The goal is to
preventhydraulic overloads to downstream processasavoid bypass to the
Potomac River during the storm evehite wetwell should not be drawn down
below a certain minimum elevation, because of (a) the energy required to pump from

thelow elevation, and (b) the potential release of hydrogen suditiee buildings
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Figure 1-3. Location of RWWPS1&2 in Blue Plains (DCWASA, 2002)
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Figure 1-4. Wet-well of RWWPS1 (DCWASA, 2006)
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There aresix centrifugal pumps in RWWPS1our constant speegumpsand
two with adjustable speed magnetic drive RWWPS2 four of thenine centrifugal
pumps are installed with adjustable speed magnetic dmeunit information of the
centrifugalpumps in RWWPS1 and RWWPS2 are listedTiable1-2 and Tablel-3,

respectively.

Table 1-2. Pump and drive unit information (West, RWWPS1)

Pump Motor
Manufacturer| Pump Model Manufacturer | Adjustable HP | Volts | RPM
Capacity speed
magnetic
drive
RWWP- | Worthington | 41700GPM 42 MS | Electric 300 | 4160 | 300
1w, 3W (60MGD) 1,2- Machinery
@22TDH Vane
RWWP- | Worthington | 55600GPM 48 MS | Electric X 400 | 4160 | 257
2W, 5w (80MGD) 1,2 Machinery
@22TDH Vane
RWWP- | Worthington | 55600GPM 48 MS | Electric 400 | 4160 | 257
4w (80MGD) 1,2 Machinery
@22TDH Vane
RWWP- | Flowserve 27800GPM 36 MS | Electric 250 | 4160 | 360
6w (40MGD) 1,2 Machinery
@22TDH Vane

Note: 6W is the new pump installed in 2010.
(DCWASA 2008)

Table 1-3. Pump and drive unit information (East, RWWPS2)

Pump Motor
Manufacturer Pump Model Manufacturer Adjustable HP Volts | RPM
Capacity speed magnetig
drive
RWWP | Worthington 69500GPM | 5411QJ IDEAL ELECTRIC 500 4160 225
- (100MGD) | -1
1E,2E,3 @24TDH
E
RWWP | Worthington 69500GPM | 5411CU | WESTINGHOUSE 500 4160 225
-4E, 5E (100MGD) | -1
@24TDH
RWWP | ALLIS- 69500GPM | 112-312- | Electric Machinery X 560@ | 4160 233
-6E, CHALMERS (100MGD) | 533 97%
7E,8E,9 @24TDH speed
E
(DCWASA 2008)
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Chapter 2. Literature Review

2.1 Introduction

In this chapter, energy consumption patterns of municipal wastewater
treatment plant are discussed, with an emphasis on the power consumption of influent
pumping.Wetwell and its water level control will be introduced. Thiatenships
among pump characteristics (capacity, efficiency, etc.) and system characteristics
(Total Dynamic Head, head loss, etc.) are illustrated by their graphical solution.
Possible reasons afistable pumping are listed in order to understand thenpat
pumping failure. Numerical modeling agdodnessof-fit statistics are also discussed

in this Chapter.

2.2 Energy Consumption of Municipal Wastewater Treatment

Plant and Energy Saving Opportunities

According to 2004 Clean Watersheds Needs Survey (CWNBgre are
16,676 municipal wastewater treatment facilitiesin service in the United States
(EPA, 2007) Wastewater treatment consumes approximately 1.5% of total US
electric power (PG&E 2003).

A report by the Electric Power Research institute (EPR2007) illustrates
the power consumption of a typical advanced wastewater treatment facility with
a treatment capacity of 10 MGIJFig. 2-1). According to this report, diffused
aeration/nitrification, flotation thickening, anaerobic digestion and raw

wastewater pumping are the top energy consumers in advanced wastewater
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treatment process.

. Diffused air )
Primary settling aeration/nitrification Secondary settling
(155) (155)

(5,320/3,446)

57t Filtration
f (385)

iy Chiorination
it 27)

Bar Aerated  \
screen grit chamber
(2) (134)

Chegnicals

Wastewater
pumping
(1,402)

Return shidge -

pumping (508}

Solids to disposal

Primary Waste activated
sludge sludge

:
Thickened bicsolids W
Gravity thickening Flotation thickening aste return to headworks
(25) (2,022)
- y
Leaend % Dewatered biosolids to tandfill

Wastewater
Belt press

Biosolids/waste
(25, kWh/da .
) Y Anaerobic digestion dewatering
(1,700) (457)

Surge basin

Figure 2-1. Example 10MGD advanced wastewater treatment facility with
typical daily electricity consumption (EPRI, 2007)

Energysavings could beachieved1) from the source(2) from operatios
and(3) from renewable energytilization. Various examples of each approach can be
found in the literature.
(1) Savings from the source

Although no combined sewer systéas been built in United States after the
1960s, most of the sewer systimold cities are combined sewer syst@faestad
Methods 2004). For exampleapproximately onghird of the District of Columbia is
served by combined sewer systfig. 2-2(a), built before 190@Metcalf & Eddy
andGreeley& Hansen LLC 2007) Another twethirds is served by separate systems
[Fig. 2-2(b)]. Separate systentensistof one system for sanitary sewage (sewage

from homes and businesses) and one system for staen wa
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COMBINED SEWER SYSTEMS SEPARATE SANITARY &
STORMWATER SEWER SYSTEMS

[ sanitary
& stormwater

[ sanitary
& stormwater
@ combined

o !
dlscharge during) = = =
d ather
vl Blue Plains
Fo Wastewater
Treatment Plant

Blue Plains
ko Wastewater
Treatment Plant

O freated westewater o treated wastewater

(@) (b)

Figure 2-2. Sewer system
(a) Combined sewer systems
(b)Separate sanitary and storm water sewer systems

(DC Water, 2011)

The construction o separate sewer systgrovides energy saving
opportunitiesinfluent flow to the WWTP can be decreased dramatically and energy
is savedrom the sourceRain leadergould bedisconnected frorthe combied
sewer system and the storm runaild bediverted to a dry wella retention basin,
etc.Fig. 23 illustrates three types of separation, from the most basic one to the more
desirable oneSewage is diverted to wastewater treatment plant, and staen iwa
treated with simple process and release separ&gkgither constructing a new storm
water system or a new sanitary wastewater systartiajseparatiorcould be
achieved byeparahg the combined sewar the streetd-or complete separation,
storm water runoffrom rooftops of residence houses, buildings and parking lots is

also separate(@ CWASA, 2003.
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Figure 2-3. Sewer separation alternatives
(DCWASA, 2002)

(2) Saving inoperation

Large energy consumers in wastewater treatment plant have potential energy
saving opportunities, such as aeration for activated s|uitgécation processeand
influent pumpingPossible choices for energgvings includeuseof high efficiency
blowers, fine bubble diffusers, efficient motors, and pumps with variable sipeed
(3) Saving from renewable energytilization

Renewable energy is another energy saving opportumigicipal
wastewater treatmeptants can use they waste they treat as a fuel soup®tue
energy for plant us@he U.S. Environmental Protection Agency (EPA) Combined
Heat and Power (CHP) Partnership reported theeftesttive option fowtilizing
biogas, which contains approxately 60% methanéor heating or electricity
generation. Thiss applicable for Wastewater treatment plant with anaerobic

digestersThe biogas can produce approximatel® XOW electricity br each 4.5
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MGD processed by wastewater treatment facilityith anaerobic digestionn

United States, 544 out of 1066 wastewater treatment facilities with flow rates greater

than 5 MGD operate anaerobic digesters. Only 106 of them use the biogas as

renewableenergyfor plant useThe potential market is lard€WNS, 2004).
USEPA(1978)conducted a survey about the energy consumption of

wastewater treatment processAccording to the technical report of energy

conservation of municipal wastewater treatmaninfluent pump station with a

Total Dynamic Head (TDHQf 22ft like Blue PlainsAdvancedVNastewater

Treatmen®Plant may consume more than 10,000,000 KWH/yr for constant speed

pumping or variable speed pumpifteg. 2-4).
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New York State Energy Research and Development Authority (NYSERDA
2009 provides the energy consumption breakdown by treatment processes of eleven
wastewater treatment facilitieBve of which are summarized in Fi@-5. Energy
consumpion of influent pumping at the five WWTPs has an average of 12% of the
total plant consumption and a standard deviation of 7.2%. The percentage varies with
plant size, plant treatment procegsmping headpiping characteristics, etc.

Centrifugal blower&erationis the largest power consunfer these plants
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Sludge Process Building Gas Compression Station
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Low Lift Pump Station (MCC23
Lights and Small Motors)
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New Screen and Grit
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Figure 2-5. Wastewater treatment plant energy use breakdown (a) Village of
Heuvelton (b) Town of Grand Island (c) Erie County Big Sister Creek (d)
Saratoga Sewer District #1 (e) Onondaga County (Lampman, 2006)

Cost for power usage of influent pumping facility can be saved by installation
of Variable Frequencirive (VFD) and/orreplacement of aged or oversized
equipmentVariable frequency drive allows the pumping ratesiatch the lbw rate,
which leads to theedudion of pump starghutdowrfrequencyandmechanical wear.
Because of less wetell level fluctuationtherequired wetwell size ofpump statios
with variable frequency drivis smaller thusredueng the construction ahoperation
cost.

Some wastewater treatment plants are designed in consideration of future flow
increment. These wastewater treatment plants may have oversized pump motor.
Efficient motor and other equipment sized for current utilization would be another

factor for energy saving.
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2.3 Raw Wastewater Influent Flow Patterns

2.3.1 Dry Weather Flow Patterns

Raw wastewater influent is made up of four componeassdential flow,
commercial flow,industial wastewater flow and storm water. Influent flow patterns
vary with region, time of the day, weather, etc. During dry weather, Residential flow,
Commercial flow, and Industrial wastewater flow doeminant Empirical equations,
and survey data of water use are often used for the flow estimation of raw wastewater
influent.

Unit Load Factors arebased on the survey data of water use or wastewater
generation rate per capifBheyhelp the enginedp get a general idea of water
consumption and discharge in a specific region. Average residential flow rate in the
USA is gproximately 100 gébns per capita per day (gpcd) (Haesvethods
2004). Usually, unit load factors in developing countries are lowertlizim
developed countries.

Indoor water usage per household can be estimated as a linear function of
number ofpeople per householBor example, Haested Methods (2004) gives the
following:

Y=37.2X+69.2(gpd) (2-1)

where

Y=Indoor water use per househdtgd)

X=Number of people per household

Commercial and indusal wastewater flowdiffer from site to site. Historical
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data of a specific site or facility should be analyzed to estimate the regional flow rate.

Peaking Factors are used to estimate the peak flow based on the average flow
rate, which is commonly uséddr the wastewater treatment facility design.

QpeaQavg*PF (2-2)

where

Qpea=peak hourly flow rate (gpd)

Qavg~average daily flow rate (gpd)

PF=peaking factor (dimensionless, greater tbaequal to 1)

Peaking factor can be obtained by peaking factor cRiews population or
flow rate)and empirical equations. U.S. codes and guidelines specify peaking factors
for engineers to estimapeak flows Equation2-3, 24 and 25 arethecommaly
usedestimation methods

(1) Peaking fator as a function of population

5.0

PF=—"= (Babbitt et al., 1958) (2-3)
- +1
PR — (Harmon et al., 1918) (2-4)
where
P=population

(2) Peaking factor as a function of average flow

PF=Q(Qavg)™ (2-5)
where
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C=empiricalcoefficient
Qavg=average flow rate(ft3/s)
m=exponent
(HaestadMethods 2004)
The diurnalflow factorsof Blue Plairs estimated from the variations of dry
weather flowdor flows from themajor boundary points as well as the District are
listed inFig. 26. These flows contribute to the diurnal trend of the total influent flow

rate of Blue PlainThe range ofvet weather peaking factoasesummarized in Table

2-1.
L]
Diurnal Dry Weather Flow Factors
2 Potomac
1.8 Interceptor
= Upper Potomac
16 Interceptor
14 ——Total Rock
= Creek
219 ——WSSC Anacostia
-
= Pump Stations
w1 = Chain Bridge
= 0.8
g = |ittle Falls
0.6
Watts Branch
0.4
Upper Oxon
0.2 Run
Lower Oxon
0 Run
0 2 4 6 8 10 12 14 16 18 20 22 24 District

Hour

Figure 2-6. Diurnal dry weather flow factors(Metcalf & Eddy and Greeley &
Hansen LLC, 2002)
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Table 2-1. Range of wet weather peaking factors (Metcalf & Eddy
and Greeley and Hansen LLC, 2002)

Range of Wet Weather Peaking
Location Factors for Dry Weather Flow'
Potomac Interceptor 1.04 to 1.32
Upper Potomac Interceptor 1.34
Total Rock Creek 1.03 to 1.29
Total WSSC Anacostia Pump Station 1.03 to 1.63
Chain Bridge 1.26t01.92
Little Falls 1.01 to 1.37
Watts Branch 1.01 to 1.90
Upper Oxon Run 1.01to 1.74
Lower Oxon Run 1.49t0 2.08
District 1.25

Notes: 1. Flow Rate as a function of time = annual average dry weather flow x wet weather
peaking factor x diurnal peaking factor.

In order to understand the diurnal variation of raw wastewater influent, diurnal
curves and load duration curvean be developed for a specific region or a specific
wastewater treatment facilitizor each time step, demands could be expressed by
multiplying baseline demand by a dimensionless demand pattern factor (equ@}ion 2
Fig. 2-7 illustrates the dimensiords diurnal flow patternsing multiplier(Haestad
Methods, 2004).

Mult; = Q/Qpase (2-6)

where

Mult; = demand multiplier at thd'itime step

Q=demand in'f time step(gpm)

Qpasebase demand(gpm)

(Haestad Methag] 2007)
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Figure 2-7. Diurnal wastewater flow pattern from aresidential area

(Haestad Methods, 2004)

Diurnal curves can also be developed by plotting actual flow rates versus time
It should be noted that the length of the time stejrétly related to the precision of
the curve. For example, if time step of one hour is used to develop the diurnal curve

(Fig. 2-8), the true peak might not be detected if the actual peak occurs between 7am

and 8am.
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Figure 2-8. A typical diurnal curve and its missing peak due to model time step
(Haestad Methods, 2007)

2.3.2 Wet Weather Flow Patterns

During wet weather, flow pattern will be affected by precipitation and water
distribution(e.g.infiltration, base flow) Fig.2-9 is a typicalwastewater hydrograph
for modeling purposes, introduced by Haestad Metli@d84). The hydrograph can
beseparatedhto Groundwater InfiltratiofGWI), Base Wastewater FlofBWF) and

Rainfall-derived Infiltration and Ibw (RDII).
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Figure 2-9. Typical wastewater hydrograph (Haestad Methods, 2004)

Historical and annual average rainfall conditions within the Disdriet
summarizedn Table 22. Typically, storm and combined sewsrstems in the United
States are designed to aceoodate the § 10- or 15year storms.

Table 2-2. Annual average rainfall conditions in the District

Average of Long Term
Statistic 1988 | 1989 | 1990 1988-1990 Average’

Annual Rainfall (inches) 31.74 | 50.32 | 40.84 4097 38.95
No. Events > 0.05 inches’ 61 79 74 71 74
Average Storm Duration (Hours)” 9.6 11.2 9.6 10.1 9.9
Average Maximum Intensity (in/hr) 0.15 0.18 0.15 0.16 0.15
Maximum Intensity (in/hr) 1.32 1.31 1.25 1.29 1.30
Percentile’ 14th | 90th | 68th 68th

Notes: 1. Ronald Reagan National Airport hourly data, 1949-1998
2. Individual events separated by a minimum of 6 hours with no rain. A threshold of 0.05” was selected since
rainfall less than this produces minimal. if any, runoff.
3. Percentile is based on total annual rainfall.

Metcalf & EddyandGreeley& Hansen LLO(2007) analyzedhe monthly
influent flow of Blue Plainfrom 2002 to 2004The relationshipbetween

precipitation, groundater level andlow rateare show in Fig. 210, using rainfall
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datacollectedat Washington Reagan National Airport and groundwater levels

measuredn Fairland, MD at USGSwell 390434076573002 MO Eh 20

Blue Plains Monthly Influent Flow 2002-2004
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Figure 2-10. Blue Plains monthly influent flow pattern (Metcalf & Eddy and
Greeley & Hansen LLC, 2007)

2.4 Raw Wastewater Pumping Facilities

2.4.1 In Plant Pumping Station

Gravity flow is always desirable in the design of water distribution and
collectionsystem When the destination elevation is higher than thecgpyumping
is required to lift the water/sewage. Centrifugal pumpsanemonlyused for raw
wastewatepumping Energy is transferred from a motor shaft to the water by a

rotating impeller.

The design of a pumping station is based on required capamsty easy
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access of operation, maintenance and aesthetic considerations. Dry pit/Dry well pump
station is often used for raw sewage pumping because of potential clogging and
corrosion. Dry well allows$or easy accessf inspection and maintenance. Relaty

higher construction cost anldrgerspaces are needed for the dry well pumping

station.In the dry well influent pumping staticat Blue PlainsAdvanced Wastewater

Treatment Planimotors areinstalled in the motor room above grouikdg. 2-11) and

pumps areinstalled in the dry well undergrourtBig. 2-12).

Figure 2-11. (a) Motor in RWWPS1 (b) Motor in RWWPS2

Figure 2-12. (a)Pump in dry wellRWWPS1) Pump in dry well (RWWPS2)
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2.4.2 Wet-well and Pump Control

The pump control logic is to sequence the psimjih different sizes to match
the incoming flow as closely as possible. But even in tfec@ftury, when automatic
control can be realized by computer program, it is not very practieakictlymatch
the influentflow rate Eachpump has its startingnd shut off period and it is not
desirable to start or shut down too frequently.

Two types of pump control schemes used in water pumping are described by
American Association of State Highway and Transportation Officials (AASHTO,
1991). As depicted ifrig. 2-13, in the Common Off Elevation Scheme, pumps start at
successivelyigher water level elevations and stop simultaneously at the same
elevation. In the Successive Start/Stop Scheme, for each water elevation level, one
pump is stopped while anotharlirought online. The advantagetioéd Common Off
Elevation Scheme would be the limit of solids settling time. The advantage of the
Successive Start/Stop Scheme is thaimwecessargump is on service when the

water surface drops in thieservoirof sudion side (Haestad Methods, 2007).
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Figure 2-13. Multiple-pump control schemes (Haestad Methods, 2007)

A wet-well should be designed large enough to servet@asmporarystorage
and balance reservoir for influent wastewater and prevernt paonp cycling. The
wet-well should also be designed small enough to prevent a long detention time and
associated odor release. The maximum detention time efelefor constanspeed
pumping is typically 20 to 30 minutes. Theeof variable frequencyrdves for pump

speed control can reduce weell detention time to $o 15 minutegEPA, 2000).

2.5 Pump Performance Characteristics

2.5.1 Conservation of Energy

Pump is a device to add energy to the system in order to overcome static head
and head losses. Conginhg the flowto be steady andcompressible, the principle
of conservative of energy can be expresseB e r n o u | | iabdsmergycpddadt i o n

by the pump would be
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c2va® i xlvi?®
g g

hp= (2 =25 + (Z-Z1) + ( ) +he (2-7)

where
p=Fluid pressure (Ib/ff)

y=Specific weight of the fluiglb/ft> N/m?)

Z=Elevation above an arbitrary datum plane (ft, m)

a=Velocity distribution coefficient

V=Fluid velocity, averaged over a cross section (ft/s) m/s

g=Gravitational acceleration constant (ftis/<)

h.=Energy loss between cross sections 1 and 2 (ft, m)

he=Fluid energy supplied by a pump between cross sections 1 and 2 (ft,m)
In Equation 2-7), the pressure head tepi» represents the internal energy

due to fluid pressure. The static head terreptesents potential energy due to

gﬁ is the velocity head term that represents the kinetic energy.

elevation of the fluid

eV
"o
2

The summation of pressulnead and elevation head is called piezometric head.

2.5.2 Total Dynamic Head

Total Dynamic HeadTDH) is a combination of pressure head, static heradl
velocity headThe energy added by the pusipouldbethe energy difference
between pump inlet and outléftthe pump lifts fluid(wastewater) from one open

reservoir to another (both at atmospheric pressure), Total Dynamic Head (TDH)
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added by the pump can bemputel as the combination of velocity head, static head

and head logs which incluesfriction loss and minor loggquation 28)

TDH = z4-zs+ W;:S +h, (2-8)

where

z40 Water surfacelevation of the reservoir (discharge side)

z0 Water surfacelevation of the reservoir (suction side)

V40 Water velocity of the discharge sidajeraged wer a cross section

V0 Water velocity of the suction sidayeraged over a cross section

h 0 Head lossincluding friction loss and minor loss.

If the difference of the pipe diameter is small enough to neglect (that is, the
two velocities are approximateggual),

TDH=z4- zs+ h. (2-9

In equation 2-9), TDH added by the pump is only related to the difference of
the water surface of reservoirs on both side and the head loss.

Theenergy added by pumping can also be explained by Hydraulic Gragle Lin
(HGL) or Energy Grade Lin(EGL). TheHGL is a plot of peizometric head along a
flow line and EGL is a plot of the TDH alondlaw line. If velocity head is
negligible, EGL and HGL overlap each other. Fig.&is a sketch of HGL of a

pumping system.
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Figure 2-14. Sketch of Hydraulic grade line (Mays, 1999)

The energy relationship between point 1 and 2 can be described by equation
(2-10):

Hs= Hps+ his (2-10)

where

Hs= head of suctioneservoir

Hps= total hed at the suction flange of the pump

H.s= head losses in the suction line

The energy relationship between pesidtand 4 can be described by equation
(2-12):

Hpo= Hp + hig (2-11)

Hpp= total head at thdischarge flange of the pump

Hp= head of dischargeservoir

H_ 4= head losses in the discharge line

By rearranging equationand 211, the energpdded by pum@Haqg) is

34



described by equatiqi2-12)
Hadd™ Hep- Hps= Hp + g - (Hs- his) = Hst+HL (2-12)
Hsr=total static lift

H_ =total head losses

2.5.3 Head Loss

Head losses of the pumpisgstemare caused by pipe friction and also occur
at pipe connections or appurtenances, such as valves, tees umsmaselbow,
contraction, expasion, manholes, etdheformer is called friction loss and the latter
arecalled minor loses Head loss is the sum of Friction Loss and Minor Loss
(1) Friction Loss

Friction loss refers to the portion of head loss caused by shear stresses when
fluid is moving through a pipe. Friction loss depends on the properties of pipe, such
as length, diameter, and internal roughness, which is usually related to pipe material
and age. Friction loss is also related to fluid properties, including density, viscosity,
velocity, etc.

The most commonly used equations to compute friction loss aiatiog
Weisbach equation, Haz&Nilliams Equationand Manning Equation.

(1) Darcy-Weisbach Equation

w® _ srugt
DZg - gD*® m*

h=f (2-13)

where

f=Darcy-Weisbach fricton factor
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g=gravitational acceleratio{82.2ft/s2, 9.81m/s2)

Q=pipeline flow rate (ft3/s, m3/s)

Darcy-Weisbachequatiorfor pipe flow calculation igonvenienin
computatiorsince explicitmathematicatorm is provided by ColebroeWhite
equation(2-14) a Swameelain Equatiorf2-15). ColebrookWhite equatiorand
Swameelain Equaonrelate friction facto(f) to Reynolds numbefRe) and relative
roughnessTrial-anderror solution is required for Colebrodkhite equation since f
appears on both side ofetlequation. Swamedain equation, which is an explicit
approximation to ColebroeWhite equationjs developed for convenient calculation.

Colebrook-White equation

5=-0.86(;05 + ooy

3.7D Re«;’f)

(2-14

SwameeJain Equation

f= 1.325
=
n(——==1°

s.7D +tRa0E

(2-19)

where

&=pipe roughness fact¢equivalent sand grain roughness)

D=pipe diameter

Pipe roughness facto#)(is in the unit of lengthit varies with pipe mrials

(Table2-3)
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Table 2-3. Pipe roughness factor (Haestad Methods, 2004)
Material Equival ent sand
Uncoated cast irol 7.4 x104
Coated cast iron | 3.3 x104
Uncoated steel 9.2 x1065

Coated steel 1.8 x164
Concrete 10-3-10-2
Cement 1.3 x103-4 x10-3
PVvC 5x106

(2) HazenWilliams Equation
The HazerWilliams method calculates friction head loss as follows,

H = cm [%] 1852 (2-16)

D4 BT

where

H_=Pipe friction head loss (ft, m)

L=Pipe length (ft, m)

C=HazenWilliams C- factor

D=Diameter (ft, m)

Q= Flow rate (ft3/s, m3/s)

Ci=Unit conversion factor (4.73 for US customary units, 10.7 for Sl)

The Hazerwilliams C factor is related to pipe material and pipe diameter
(Table2-4).

Table 2-4. Hazen-Williams C Factor as a function of pipe material
and diameter (Haestad Methods, 2004)

Discrete Pipe Diameter, in.
Type of Pipe 3 6 12 24 48
Uncoated cast iron, smooth and new 121 125 130 132 134
Coated cast iron, smooth and new 129 133 138 140 141
Uncoated steel, smooth and new 142 145 147 150 150
Coated steel, smooth and new 137 142 145 148 148
PVC wavy, clean 142 145 147 150 150
Prestressed concrete pipes-clean 147 150 150
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(3) Manning Equation

The Manning equatiofor a pipe flowing fullis expressed as

h, = S0’ (2-17)

DE.SS

where

n=Manning roughness coefficient

Ci=Unit conversion factor (4.66 for customary units, 5.29 Sl)

D= Pipe diameter

(Haestad Methods, 2004)

Darcy-Weisbachequationis theoretically based. It is generally claimed to be
more accurate than Haz#villiams equation and Manning equatipsince they are
empirically based. Hazewilliams equation is frequently used for water distribution
design(Haestad Methods, 2007).

(2) Minor Loss

Minor loss within the piping systems are the energy depletion that occurs at
expansbns, contractions, valves, manholes, bends and other components along the
pipeline. Minor loss varies with the number and property oattditional

componentslt is expressed for a single component by equ#f€i8):.

hen = KL‘:—; = K =L (2-18)

Zga?

where
hm=Minor head loss(ft, m)

K_=Minor loss coefficient
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V?=Average fluid velocity (ft/s, m/s)
g=Gravitational acceleration constant (ftis/<)
Q=Pipeline flow rate(fis,nt/s)
A=Crosssectional area of pipe {fin?)

Minor losscoefficientsfor some commonly used fittingselisted inTable2-

Table 2-5. Minor loss coefficient

Fitting Ki
Pipe Entrance

Bellmouth 0.03-0.05
Rounded 0.12-0.25
Sharp Edged 0.5
Projecting 0.8
Expansion-Conical

D2/D1=0.8 0.03
D2/D1=0.5 0.08
D2/D1=0.2 0.13
Mitered Bend

e=15° 0.05
e=30° 0.1
e=450° 0.2
€=60° 0.35
€=90° 0.8
Valves

Gate, fully open 0.15
Gate, closed 0.26
Gate, closed 2.1
Gate, closed 17

2.5.4 Pump Capacity and Pump Characteristic Curves
Pump capacity is the volume of fluid (wewater) that the pump can move
per unit of time. It is measured by the unit of flow rate, e.g. MGD or GR1d.
designed capacity is usually available from the manufacturer, but the actual capacity

depends on the system in which the pump is running. Fongbe, the capacity varies
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with the system head, fluid specific gravity, etc.

Pump characteristic curves, including TRli$charge curves, power
discharge curves, and efficiendischarge curves, are usually provided by the
manufacturer to depict the behawof the pump. Sometimes the manufacturer will
also provide the system curves. System curve is usually obtaineddip tlést pump
operation system. Pump will be operated at the gbaithe system curve and pump
headdischarge curve intercepBumpcapacitydepends on the interception point, as
illustrated in Fig2-15. Pump performance varies with the size of the pump

As illustrated in Fig2-16, if two pumps are installed in parallel and energy
heads produced by the pumps are equal, the taiEhalige of two pumps will be
Q=Q1+Q2(Q1 is the discharge of pumpl and Q2 is the discharge of pump 2). If
identical pumps are installed in parallel with a single discharge piping system, the
increment of discharge produced by the second pamtegs thanhe discharge
produced by one pump thesystem because of the increased friction loss and minor

lossin response to the inasedlow rate in the piping systelffrig. 2-17).

40



'l,lllllllllll'lllll'llllII.I.II'.I

0.4 08 1.2 15 2 2.4 28
flow rate {mfsec.)

Figure 2-15. Pump Head-Discharge Curve and Operating points
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Figure 2-16. Equivalent pump curve for a system of two pumps in parallel
(Haestad Methods, 2007)

41



Pump curve (2 pumps in parallel) —,

Head

Pump curve (single pump) —/

System curve

_—— Discharge produced by
Discharge produced 2 pumps in paraliel
1 by one pump ——___
| - —— A — — e — - — _.__‘—’
Discharge, (Q)

Figure 2-17. Comparison of performance of single pump and pumps in parallel
(Haestad Methods, 2007)

A pump heaelischarge curves are generated by running the pump under
controlled conditions where Q and TDH daoth be measured. Empirical equations
can be used to fit the pump hegdidcharge curves generated by experiment. A power
model(equation 219)is one of the reasonable functions to describe the-head
discharge relationship

hp=ho-cQy™ (2-19)

where

hp=pump head(ft,m)

ho=shutoff head(ft,m)

Qu=pump dischargéft’/s, n¥/s)

c,m=power regression coefficients

A polynomial modelequation 220)is another flexible function form.
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Modeler need to be careful about the potemidynomial swing(sign chage of the
polynomial coefficients lead to sign change of the curve slope)

he=a0+ a1Qp + 2Qy’ + &Qyp’ (2-20)

&, &, &, ag=polynomial regression coefficients

(Haestad Methods, 2004)

2.5.5 Power and Efficiency

Water horsepower (WHP)is a measure of wkithatpump does to lift water
to a certain height in a specific amount of time. It is also called hydraulic horsepower.

1 horsepower is the power required to3i®000pounds by one foot in one minute.

WHP= Wiwork)

Titima)

_ Fiforce)xdidistance]
T(time})

= Q(gpm) X Y_3) X H(fO)

O(gpm) = y(b /! gal) < H( fi)
B 33000ft — Ib/min
hp

_ B.34QH
33000

= (2-21)

~ 380

where
Q0 pump dischargéGPM)
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Ho total headft)

1hp=33000ft-Ib/min

~=8.34 Ib/gal

33000/8.34 is often rounded to 3960.

(Spellman 2010)

Brake horsepower (BHP)is the amount of work generated by the motor to
drive the pump. It is the horsepower at the output shaft of the motor.

Electrical power is the total electrical engy input, which is transferred by
an electric circuit.

Power required to overcome friction within the engine is terimetibn
horsepower Friction horsepower=Electrical horsepowsake horse power.
The relationship between Electrical power, Brake hmreer and water horsepower

is illustrated by Fig2-18.

Electrical Power BHP WHP

Motor Pump |———>

Figure 2-18. Relationship of Electrical power, Brake horsepower and water
horsepower

Some of theelectrical energy provided by the power supply kinetic
energyprovided by the motas lost in the pumipg process. Pumegifficiencyis a
measure of the degree of hydraulic and mechanical perfection (Bankston, Tt894).
efficiency can be explained by equat®22 to 224. The manufacturer usually

provides the pump efficiency curves obtained from shop. ekl tests are also
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necessary to understand the pump performance in the operation system.

Pump efficiency( g = wHe (2-22)

EHP

Motor efficiency( q) = S — (2-23)

Electrical power

Wire-to water efficiency Y= S L — (2-24)

Electrical power

(HaestedMethods, 2004)
2.5.6 Affinity Law for Variable Speed Pumping

Affinity law expresgsthe effect of pump speehd impeller diameter on
pump performance. For a given impeller diameter and pump rotational speed, a
centrifugal pump characteristic curve is fixed. The affinity law is applied to modify
the curve fodifferentspeed or diameter

If the impeller diameteis fixed, and speed is variable,

Qu/Qz=my/ny (2-25)
Ha/Ho=(n/np)? (2-26)
Py/Po=(n/np)? (2-27)

where nl and ndrepumping speed

If rotational speed is fixed, and impeller diameter is variable

Q1/Q2=D4/D, (2-28)
H1/H,=(D1/D2)? (2-29)
P1/P,=(D1/Dy)° (2-30)

where D1 and D2relmpeller diameter

(Haes&d Methods, 2004)
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Fig. 219 illustrates the pump hedaischarge modification for different speed
according to affinity law when the impeller diaraets fixed. The full speed curve is
shifteddown by affinity law to represent lower spedédfinity laws assume that
pump efficiency remains constant. Change of interaction between pump and system is

not counted in affinity law.

System—heod
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e
T H.
—_—

Head, H

Frietion
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Stotic pressurs or head

|

|

!
o 12 Qiae
Capacity,

Figure 2-19. Typical discharge curves for a variable speed pump (Haestad
Methods, 2007)

2.6 Instability of Influent Pumping

Unstable pump performance or pump failure often coduring pump
operation. The possible causes of instability are
(2) CavitatiorlExcessivair entrapped in liquid

As most people know from experienaehen a soda bottis openedthe
pressuras reduced and the dissolved gas forms budibléhe liquid. Similarly, when
liquid is delivered by the pump, the pressure drops near the suctioandletaches
the lowest point at the impeller eye. As a result, the reduced preggumchks the
vapor pressure of the liquid atftk liquid maystart to vaporizé¢Fig. 2220 (a],

forming bubblesThe bubblesollapsewhen thefluid moves furtherdown b the
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region with higher pressure. This phenomenon is termed cavitation. Cavitation results
in the damage of pump internals, especially low pressure side of the impeller vane as

shown in Fig. 220 (b).

. T/
~\apor pressure ..,;/

}_ ______ 2P

T T e
Suction Discharge gstion

~-—— Cavitation

Suction
recirculation

Discharge
recirculation

Ta discharge

Suchon Discharge

@ (b)
Figure 2-20. Cavitation (Girdhar, 2005)

(2) Pump not primed or prime lost

Before the pump is startetthe pump casing must be filled with liquid
(primed); dherwise the impeller will be gdsounded and theressurencrement
created by theump may not be sufficient to lift the liquid tacartainheight.In order
to prevent cavitatiomr loss of suction htevacuum priming systens installed for
RWWPSL1 (Blue Plains). The systemovidesa pressuralifferencefrom the pump
suctionbell up to thepump discharge valvey continuously maintaining a positive
suction head (primedbr in the other words, creating a vacuomeach of the nen
operating pumpandthe raw wastewater pump discharge pifptsv wastewateis
pulledinto the wdl above the elevation of theump volute.
3) Transientperiod

During fluid transient periochanging inflow rates and wetell water
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surface elevationpumping system characteristics may change rapidly. It is a big
challenge fotheengineer tainderstandhe causs of the flow change since wang

condition may lead to uncertaintiaffecting control decisionsFor example, changes

in reservoir level, changes in valve settings, unstable device characteristics, starting or
stopping of pumps, transitionofn open channel to pressure flow such as during

storm events in the sewer, air releasing, accumulating, entrainment may cause
disturbances, resulting in unstable flow (Mays, 1999).

Al-Khomairi (2003)studed the se ofsteadystatepump headdischarge
curvefor unsteadypipe flow applications A multistage vertical centrifuga@ump
wasinstalled in the experiment system witR.&4 cm diameter, 300 m long copper
pipe(Fig. 221). Pump headvascomputed by measurements frpnesure senser
upstream and downstreaf steadystate pump discharge curnwasdeveloped for
comparison to the transient flow conditions. Thousarideadings of each discharge
valuewereaveraged to compute the hedidcharge characteristic curve. feifent
degrees of transient (unsteastate) conditionsverecompared with the steadyate
condition. Thedifferencevaried with the degree of transient severity [Fig. 2
22(a),(b)]. Gosing/opening of a downstreamlve in 20gesults ina small deviaon
between théransient pump head and its corresponding ststatg valugFig 22(c)]

Obvious deviation is observéar faster transientg=ig. 22(d].
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Figure 2-21. Schematic diagram of the experimental setup (Al-Khomairi ,2003)
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Figure 2-22. Comparison of steady-state pump head-discharge curve with
unsteady-state pump head-discharge condition (Al-Khomairi,2003)

(a) Pump head versus discharge for 20-s valve closure/opening

(b) Pump head versus discharge for 2-s valve closure/opening

(c) Pump discharge and percent of head deviation for 20-s valve
closure/opening

(d) Pump discharge and percent of head deviation for 2-s valve
closure/opening
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4) InsufficientNet Positive Suction HeadlPSH available

Higher velocity of flow leads to low pressure and low pressure may lead to
cavitation. Net Positive Suction Head required by the pump in order tonptéee
inceptionof cavitation is termed NPSH Net Positive Suction Head available by the
pump suction system is termed NR&Ht could be expressed by equatieB12
NPSHa=H,atHs-Hyap-HL (2-31)
where
NPSHa=net positive suction headalable (ft)

Hpa=barometric pressure at the elevation of the pump (ft)
Hs=static head (ft)

Hvap=Vvapor pressure of water (ft)

H_=head loss between the weell and pump (ft)

(Haestad Methag] 2004)

The Hydraulic Institude defines NPStbf a pump as theetpositivesuction
head that causes the total head to be reduced by 3%.Tpesiatesuction head at
incipientcavitationcan be from 20 times the 3% NPSHvalue dependg on pump
design Girdhar, 2005).

(5)  Operaing in unstable region of the pump e

Stepanoff (1992) anNelik (2011)explained the unstable headpacity
characteristics of centrifugal pumps. For stable pump ciRigs2-23(a}, a unique
interception point of headischarge curve and system curve always exists. For
unstable pump eues[Fig. 2-23(b)], multiple interception points can be found, which

indicates that two possible discharges could occur with the same head condition.
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Actual test curves of low specific speed pumpsi{800) approach the unstable

pump curve (Stepanoff ,1992).

Hs

Q Q

Figure 2-23. Stable (a) and unstable (b) pump head-capacity curves(Nelik,
2011)

Assume a system that two pumps A and B are installed ifgdanad
discharge to a common header. Suppose that Pump A is on service in the unstable
region (Fig.2-24, point A) and Pump B is ready to be brought on. Pump usually starts
near the shutoff point B to minimize pump load. The system hgasl ligher than
the shutoff head gland the check valve will not open.
Assume another pump in parallel system with several pumps running in point
C (Fig. 224)and several pumps running in point D (Common head H). Suppose that
the system curve is fl§Eriction loss ananinor lossaresmall enough to be ignored).
| f the head decreases from H to HG6, the op
wi || shift to D6 while the operation point
Cé6. The st r dimlydeakeoverthm preakeapymp, thus causing pump

failure (Nelik, 2011
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Figure 2-24. Unstable pump head-capacity curve(Nelik, 2011)
(6) Speed (rpm) too low
For variable speed pumping, speed lower thameébemmendedperation
range nay result in pump failure
(7) Broken impeller or other paftmpeller cloggetSevere impeller wearing
Severe impeller wearing will cause pump failure or reduce pumping efficiency.
Fig. 2-25 shows the effect of impeller wearing on pump hegghcity curve. Pump

curve is shift down deito impeller wearing, thus causing lower capacity or efficiency.

~ Original performance

Heod
F

Pedarmance
after wear

Figure 2-25. Effect of impeller wearing (Mays, 1999)
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2.7 Numerical Modeling

2.7.1 Modeling Procedure

A model is a properly developed representation of a real system that provides
a rational exfanation of the system and can accurately mimic the functioning of the
system. Modeling is a way to forecast future actual system response or to predict a
future value based on knowledge of one or more related independent variables.
Empirical models are dwed from observation and guided by practical experience
rather than theory. Conceptual models are based on thought or consideration of theory.
They represent human intentions.
McCuen @011]) identifies tle phases of modelireg follows:
1 Conceptualizatin
1 Formulation
1 Calibration
1 Verification
Conceptualization is a process to identify processes and variables that are
important in transforming system inputs into the system outputs that are needed to
make decisions about the probldins applicable to empcal models. In this phase,
the modeler need to identify the problem type, criterion variable, relevant physical
processes, available inputs and simplify the theory to match problem statement,
inputs and outputs.
Formulation is the process to assembhngalgorithmic, conceptual, or

physical representation of the conceptualize framework. In this phase, modelers need
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to collect data, do graphicatatistical analysis to check outliers and then identify
alternative functions and consider types of coeffigeneededf new computer code
is required, the code needs to be tested to ensure that is solving the model equations
correctly.

Calibration is for qualifying the model so that it can provide quantitative (or
gualitative) forecasts or predictions of gystbehaviorlt is the process of assigning
values to model parameters to make the general conceptual equation specific to the
system under study, so that the model pred
accurately as possiblEor empirical models, odelers need to set thbjective
function (e.g., least squares), assess goodness of fit to calibrate tfendagat the
best parameter valase

Verification is for establishing the rationality of the calibrated model in both
its predictions and its meare of effects that will enable the placement of bounds on
its applicability. Independent dataot used in Calibratioms needed for this phase
(McCuen, 2011).

Chapra (1996) includes a APreliminary A
Formulation and Calibratiormhis phase is for testing whether the proposed model
can be applied successfully to the system in question, and determining additional data
needs before Calibration is attempted.

Chapra (1996) prefers the term AConfirm
AVeri fication, 0 stating that the word ver.i
been established, which is not really the case. Other modelers use the expression

AVali dationodo to describe the stage of test
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cali bration, and speak of the fACal/ Val
processes in model development (e.g., CEOS, date unknown). In practice, the terms
Verification, Confirmation, and Validation are all used to describe the process of

testing anodel on data not used in Calibration.

2.7.2 Numerical Optimization and Goodness-of-Fit Statistics

Numericaloptimizationis a class of optimization techniques in which the
gradient of the objective function is evaluated using the numerical approximation of
thederivatives). A solution is found iteratively. Sometimes constraints are set to
place limis on the possible values of the unknowinsmodel calibration, the
unknowns are the model parameters or coefficients.

Regression is a technique for developimgedictionequationof estimating
criterionvariable wherpredictorvariable is given. Predictor variable igjaantity
that is associated with aiglknown or believed toause change in the criterion
variable. Criterion variable is thariablerepresentig the response of the system.
The criterion variable is expressed as a linear or nonlinear function of one or more
predictor variables.

Theobjective function is a mathematidahctionthat describes the best fit
between modgpredictionsandobservediaa. Some widelyusedobjective functions
are

(1) Least Squares (Minirpe the sim of the squarkerrors, which leads to the
model coefficients that minimize the unexplained variance).

F=minE (Y& Y)? (2-32)
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where Y & Predicted value
Y= Observed value

(2) Unbiasedness. (i.&fe=O)wh er e e =Y error

Il
<
o

(3) The minimum/maximum value offanction

(4) Minimize the maximum error.
Goodness of fit statistics describes how well a model fits a set of observations. The
following statistics indicates the goodness of fit of a model.

(1) Correlation coefficien{R): -1<R < 1.

Correlation is the measurement of the degrdmeérassociation between the
elements of twoetsof data. Correlation coefficielfR) indicates thestrengthof the
relationship. The sign of it indicates the direction ofrilationship

The coefficient of determinatiofR?, is mathematically the square of the
correlation coefficient. It also quantifies the extent to which the model explains

variation n the data.

RP=E\/Ty=Z Y ¥ bar)2 (2-33)

Z({Y-Y bar)*2

where

EV: Explained variance, variation of predicted values about mean of
observed values. E\E{Y &Y bar)?

TV: Total variance, variation of measured points about the mean of
measuregboints. TV (Y-Y bar)?

Y bar: Mean value of a set of observed values

R?greater than 0.7 or R greater than 0.5 indicates good racdadacy
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(2) Standard error of estimate (Se) and Standard error ratio (Se/Sy).

Standard error of estima(8e) reflects both systematic andnsystematic
errors. It has the same units as the criterion variable. If Se/Sy igealbg&e closéo
Sy), it suggesthatthemodel is not significantly better than prediction by the mean.
If one set of data has smaller sample size than the ttledarger Se value may not

suggesbetter accuracy.
'Ll Y'_ Y 2
se= |9V - /a( ) (2-34)
n n-p

UV=E (Y8Y) ? (unexplained variance)

where

¢ Degrees of freedom
n: Number of observations

p: Number of unknowns

| I -
_ | TV _ |E(¥—Yhbar) "2
_ﬁql n—l_*\ll n—1

(2-35)

Standard error ratio, Se/Sy indicates the accuracy of the modtgVetb the
accuracy of predictions of y when using the mean value of y. Sed8péssionless
which allows compaisonbetweemrmodek with different sample siz= Degree of
freedom is cosidered in the computation of Se/Sy. A value greater thaf.8.6
usually suggests a poor model and a value unded.B.8uggests a good one.

(3) Residuals and model bias
The residual, or error, e, is defined as the difference between the model prediction
and its corresponding observation,
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e=Y6Y (2-36)

Model bias is the mean of the errors. e bar=Lfia#(¥" — ¥). A positive

valueindicatesover prediction and a negative valadicatesunder prediction.
Relative bias, e bar/ y bar indicates &tmount by which a model predicted value will
be consistently in error. It is a dimensionless value and could be compared with other
studeswhen dimensional magnitudes are different. A relative bias of more than 10%
is generally considered to be signsid.

A modelmay bebiasedonly for some ranges of data. The regional error is
called local bias. Local bias should be checked even if the overall bias is zero

(McCuen, 2011).
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Chapter 3. Methods

3.1 Diurnal Trend Analysis for Influent Flow Rate, Power

Price and Power Load

3.1.1 Influent Flow Rate

Datafrom the Process Control System (P®&)1/1/2008 to 12/31/2010 are
analyzed to evaluate the diurnal variatainnfluent flow rate The PCS flow datare
based on the measurement of venturi flow metecated dowrtseam of the Raw
Wastewater Pumping Statio(fsg. 3-1). Making theassumptiorthat there is no
storagé or negligible residence tirrein thescreen, raw wastewater pump station,
grit chamber and primary clarifigthe influent flow rate anbe estimatedy equation
3-1 to equation B based on mass balance.

Qrota™ Qin east Qin west (3-1)

Qin west= Q(M8) (3-2)

Qin et = Q(M1)+Q(M3)+Q(M17)+Q(M18)+Q(M3}Q(M6)-Q(M11)  (33)
Note that Q(M6) and Q(M11) are subtracted from the total in £8),(Because they
represent internal return flows to RWWPS2.

Diurnal trend of influent flow rate are plotted to compare with the trend of
power load. Each cuneonsists 024 data pointsrad each point is based an
hourly average. For example, hour 1 stands for 12:00:@0800am. Influent flow
rate is grouped into four seasons. Weekday flow and weekend flqgMottel

separately.
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Figure 3-1. Sketch of flow measurements (Kharkar, Personal communication,
June, 2011)

Notes: Q 1@ Total influent flow rate
Q inwest0 West influent flow rate
Q ineast0 East influent flow rate
Q (EPS)d East primary sludge flow
M18 Meterl101 (East primary effluent to secondary reactor 5&6)
M30 Meter103 (East primary effluent to north side of secondary reactor 3&4)
M4 Meter104 (Outfall 001 flow)
M60d Meter101 (Combined waste liquors from Solids Processing Building(SPB))
M8 Meter108 (West primary influent from Grit Chamber 1)
M118 Meter1ll (Spent Wash Water return flow)
M178 Meter1l7 (East primary effluent to south side of secondary reactor 3&4)
M188 Meter118 (East primary effluent to south side of secondary reactor 3&4)

Data point named PLANT INF FLOWF(_PLTINF) in [MGD] is
downloaded from PCS for total influent flow rate analysis (Taklé. Flow is
calculated by PCS system based on equatibn3 and 33. It should be noted that
the influent flow rate analyzed in this study is the influent to the primary treatment
processes instead of the plant influent flow befofleent pumping. The plant inflow
is not measured; in this study, the totdlow is estimated by assuming negligible

residence time in the processes upstream of primary treatment, as explained above
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Table 31 Flow point information and corresponding flow meter

Flow PCS point informatior] Corresponding flow meter
Quwta | PLANT INF FLOW FI_PLTINF M1,M2,M4,M6, M8, M11,M17,M18
Qineast | EAST INF FLOW FI_EASTINF M1,M2,M4,M6,M11,M17,M18
Qinwest | WEST INFLUENT FI_WESTINF M8

FLOW

3.1.2 Unit Power Price and Total Power Load

Analysis of power price is based on the monthly utility billing datatoze
years (2008010). Power price in the unit of $/MWh of each hour is obtained from
the plantds Potomac Electric Power Company
analysis, the average price for each hour of the day is complwedhly, yearly, and
seasoal variation of the power prias illustrated by gaphical analysidJnit power
cost is computed by equatiom3

Unit power pricg$/MWHh] = totalpowercost ($) /(total power loadKWh) *1000) (3-4)

For the diurnal trend of total power load dfiB Plairs, the summation of
power load of four area substatiq@sSS1 through ASS4¥ computed to compare
with thePEPCOhilling data. For each substation, thpsverlines contribute to the
total load, as listed in Table&

Table 3-2 Electrical Lines to ASS1 3,4,5

ASS1
Line | MAIN SS FDR BRKR A7 MAIN SS FDR BRKR B11 | MAIN SS FDR BRKR C20
KW KW KW
Point | JWI82046 JWI82052 JWI182062
ASS3
Line | MAIN SSFDR BRKR A3 MAIN SS FDR BRKRBI0 | MAIN SS FDR BRKR C21
KW KW KW
Point | JWI82042 JWI82051 JWI182063
ASS4
Line | MAIN'SS FDR BRKR A6 MAIN SS FDR BRKR B16 | MAIN SS FDR BRKR C22
KW KW KW
Point | JWI82045 JWI82056 JWI182064
ASS5
Line | MAIN'SS FDR BRKR A4 MAIN SS FDR BRKR B13 | MAIN SS FDR BRKR C23
KW KW KW
Point | JWI82043 JWI82054 JWI182065
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Power consumption (KWh) of each tndby PEPCOhill is used tanalyzethe
diurnal trend and the yearly/seasonal variation. Monthly &déaitricity expenditures
including the cost for energy (poweahcillaries, RPM Capacity, Transmission,
Fixed Price Adder and block settlemanésunmmedupto evaluate the overall
monthlypower costAn example PEPCO bill summary is listed in Tabie. 2l

trend analysiss based on hourly average.

Table 3-3 Example PEPCO bill summary (12/22/20101/24/2011)

Biling Parameters

UCAP Reguirement Z2005/10 34, 27T6.2 kKW
UCAP Requirement 2010011 34 1381 kKW
Trans Tag 2596083 KW
Loss Factor 1.028 %%

PJM RPM Capacity Rate 2005/M10 22475  S/NMW-Day
PJM RPM Capacity Rate 201011
PJM NITS Rate

Transmission Rate

182.88 S/NW-Day
13, 225.00  S/MW-Year
1,102.42 ZMW-Month

L)

Real Time Energy
Wolume - kwh 20,514 247

Energy Cost s 1,248 906 25
Ancillaries 5 73,258 49
RPM Capacity 2005910 -] -
RPM Capacity 2010811 s 213126 .45
Transmission -] 3264073
Fixed Price Adder 5 8,185 .88
Block Settlement -] (233 254.70)
TOTAL $1,347,907.10
Billing Rate $0.065706

3.2 Power Consumption Breakdown

The energy brealown analysis is grouped by four area substations, ASS1
ASS3, ASS4 and ASS4s illustrated by the main substation overview obtained from
the PGS Graphic(Fig. 32). The location of area substations is illustrated in Fg). 3
and hetreatment processesd by @ch area substati@relisted inTable3-4. ASS1

supplespower to both Raw Wastewater Pump Statiband?2.
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Figure 3-2. Main substation overview
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Figure 3-3. Location of area substations in Blue Plains
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Table 3-4 Area substationsand corresponding treatment processes

Area Substation| Treatment Processes

ASS1 Secondary sedimentation (SEC SED)
Primary Sedimentation (PRI SED)

COF

Raw Wastewater Pump Statio(RWWPS)
Chlorine Building (CLB)

Raw Wastewater Pump Station 2 (RW\ARS
Secondary Blower (SEC BLWR)

ASS3 Nitrification Blower Building (N-BLWR
Nitrification Sedimentation (NVYEED)
ASS4 Multi Media(including SPWP, WWP, Fips, HPRFEP)

Docking facilityfpOCK
Filter Air Scour BlowerETER ASB)
Due Purpose Sedimentation Basin Unit Substation(DPSBUSS

ASS5 Dewatering Sludge Loading Facility (DSLF)

Solids processing (SOLIDS PROC)

Chemical Building(CHEM BLDG)

Multi Service Unit Substation(MULTI SERV USS)
Central Maintenance Facili@MF

Primary Sludge Screening@#ting Building(PSSDB)

Hourly averaggower usalata from 1/1/2009 td/30/2011 are retrievefiom
PCSfor the energy breakdowamalysis Since the reliable data period of each-sub
line is different, the analysis period magry. If two yearof data areavailable
analysis periods separated into twmdependenyears for comparison, 5/1/2009
4/30/2010 and 5/1/2034Y30/2011. If only one year data is available, analysis is
limited to one yeds hourly average (5/1/2040302011). Generally, trendetection
is more reliable if independent data of two periods (one year for each period) indicate
the same trendNote: Data collection is ongoinfyturedata will be needed to
confirm the trend observed by one year dataurly average data are groupleyl
season taetectdiurnalor seasonal tresdWinter : Dec,Jan, FebSpring: Mar, Apr,

May. Summer. June July, Aug.Fall: Sept Oct, Nov.).
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Diurnal trend of each substation and raw wastewater influent pumping are
illustrated inChapter 4.2.2 and that of tbéher21 treatment processésd by ASS1,
ASS3, ASS4 and ASSS are listed in Appeedl, 2, 3, andl, respectively. Only end
power usage is included in this analysis. Otleevgr loads, for example XFMR or
TIE, are ignored in the breakdown analysis. So the summation of the analyzed power
load would be slightly lower than the power load of the whole pEargrgy
breakdownpie charts are plotted based on hourly averagefaatae5/1/2010 to

4/30/2011, since this is the available period that all the components share.

3.3 Raw Wastewater Pump Station 1 & 2 Pump Performance

Evaluation

3.3.1 Introduction of Modeling Approach

The raw wastewater wavell is treated as an open reservoir. The change of

storage in the resawir is described by the mass balance equdBes),

ds__ . _

i=1
where S is storage in the w&ell, Q, is inflow of wastewater from the collection
system to the wewell, Q is the discharge by pumpand n is the number of pumps
The pump discharge is a function of pumping higaudl, for the variable
speed pumps, pump spgetdhe functional relationship is given by the pump
characteristic curve, which is unique to a given pump (Secttod) 2.
Ultimately, the goal of the siadation model is plan the time sequence of

pumping (which pumps are on service, and speed for the vasjpéézl pumps) in
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order to minimize energy costs, in response to a predicted time sequenc&nt€y
those conditions, wewell elevation would benknown, and would need to be
simulated as a function of S, using a statggage curve. In this thesis, a first step
toward that goal is developed: using measured values efveleelevation, estimated
pump characteristic curves are used to predict thél@se flows are summed and
can be compared to measured plant influent, as a test of this part of the model.
In order to predict wetvell yield, power usagendefficiency according to
the wetwell level and pump combination on services todelis se@rated into two
tasks:
Task 1. Predicting wetwell yield (total pumpstationdischarge) based on wet
well level and combinationf pumps on service.
Task 2. Estimating pwerconsumption KW/ MGD] by the raw wastewater
pumping stations, as a time seriegj as afunctionof wetwell level.
The following is the input and output for Task 1.
Input:
1 Reservoir watefree-surfacdevel of pumpsuction(Wet-well) and
dischargeeservoir
1 Combination of pumps on service and (for variable speed pumps)
operation sped
Output:
1 Wetwell yield (Summation of thelischargeof each pump)

ForTask 2, historical data from 1/1/2009 to 4/30/2011 are analyzed to
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evaluate poweunse. The temporal patterns of power consumption and the effect of
wet-well level may provide informtion that can reduce the energy costs of this
particularoperation.

In order to obtain the data needed for the model, pump performance
characteristics including discharge rate at different pumping head values (pump
characteristic curve) and power usal§@\) were physically tested in the operation
system in RWWPS1 and RWWPShe detailed tegprocedurewill be introduced in

Section3.3.3

3.3.2 Model Assumptions

Thethree main assumptions for this moded as follows:

1. Assume negligible storage in screen iafiichannel and aerated grit
chambefor RWWPS1. Assumeeatgligible storage in aerated grit chamber
and east primary clarifiers for RWWP S the flow rate illustrated in
Fig. 3-1 in section 3.1.1 reflects the pump discharge. It would be more
prudent to sathat this model is for predicting the primary influent rate
associateavith influent pumping.

2. Assume minor loss and friction lossuld be ignored

3. If multiple tests of same pump lead to different results, the test with best
wire-to-water efficiency wold be chosen for model prediction.

The reason for these assumptions will be introduced below.
Assumption 1

For RWWPS 1the pump discharges are combined in an open channel (the
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grit screen inflow channel), then the combined flow passes through the anceen

aerated grit chamber (Fig-4) before being measured by tfientui flow meter

located at the entrance of the primary influent con(ig. 3-5). The detention time

of grit chamber building 1 (West) is approximately 4.3 niting assumed thathange

in storagas negligiblein RWWPS1grit chamber; that is inflow and outflow are

equal, and that the flow measured at the entrance to influent conduit approximates the
total flow delivered by the pumps to the grit chaml@milar zero storage

assumptions applied to RWWPS2.
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Figure 3-4. RWWPS1, Screen and Grit Chamber
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Assumption 2

Pumps are installed paralleland pumpdischargepipeline of RWWPS1 is
illustrated as an example (Fig63 Fig. 3-8). Sincepumps in RWWP$ and 2 share
the common suction and discharge reservoir with free surface, each pump can be
considered a single system, without interaction with other pumps on service. For each
pump, friction loss and minor losseonly related to the flow rate througfis own
pipeline. Therefore the relationship between pumping head and flow rate can be
analyzed individually for each pump, and it is not necessary to develop a combined
pump curve, as discussed in Sectidh4 To justify the neglect of minor losses in
the model, graphical solution of operation points of Pump 3W is illustrated as an
example in Fig3-9. Static headlischarge curve for pump 3W is obtained by
experiment. The question would be whether we could use Statieliszdrge
relationship (curve)a express pump performance instead of using dXdharge

relationship (curve)lf we ignore minor loss, pumpst:icQ curve AB is developed
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by plotting each test data pairgkl, Q). If head loss is taken into account, THQH

curve is developed by anhd) head losses tosHicfor corresponding dischargehich

is illustrated as Aa Since head loss is a function of pump discharge Q, the
difference between the head discharge curve wouldiBdak static head 21ft and

B® when forstatichead 18ft, with represents the head losses. The higher the Q, the
greater the head loghat is, BB > AA.

Assume that both icQ model (Curve AB) and TDH) model (Curve ABO
areavailableand lets try the prediction. If static head is known as 1i8# Hsic-Q
systemcurve intercepts point B and the corresponding dischaggeo@Id be the
predicted. For TDHQ modelthehead loss calculatiosso includes minor and
friction lossesand the system curve to intercept cun@dat Qg as well

It should be nad thatonly in the system whereach pump has its own
suction andlischargepipelinedo thetwo modek give the same predictioRor
multiple pumps operatlin parallel and discharging to the same pipelase,
illustrated by Fig3-10 andFig. 3-11, if additional pump is brought on service, the
system curve gets steeper because of the additional heatHesgstem curve with
additional pump operating (red curve) intercepts the pump-Qidrve at point C
instead of point BOrgevalue Qu lh this aasg, statt head | ower
discharge model will not accurately predict heigtharge relationship because the
change of head loss. For this research prai&ghicQ modelwill be chosen since
discharge of each pump only goes through ita pype line and creates its own head

loss and the same head loss applies to the system curve, as shown above.
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Figure 3-6. Pump pipeline in RWWPS1 (DCWASA, 2006)

|
i L;f’nf_'__:w
e’
q:J l& ]

_ELEVATION ~ _M—124
SCALE: 18w - M=T11
60 MGD RWWS PUMP NO. 1 DISCHARGE PIPE

Figure 3-7. Pump 1W (DCWASA, 2006)

71



—S— MU DT, LNE M PG,
FLL MTH CONCRETE AHD caF
AT BRD A ()

SECTION ._“;_73__ - Eam—

- — =6

Figure 3-8. Pump discharge pipeline (DCWASA, 2006)

Comparison of Pump Curves for Static H-Q Model vs Pump Curves
Considering Head loss(TDH-Q)

e— Static H-Q

TDH-Q
s System curve with Hs=18ft{TDH-Q) s System curve with Hs=21ft{TDH-Q)

— Sy 5tem curve with Hs=18ft (Static H-Q)

System curve with Hs=21ft(Static H-Q)

- —
— - - —

0 10 20 30 40 Qg 9B 70
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Figure 3-9. Comparison of pump curves for static H-Q model vs pump curves
considering head loss (3W)

Figure 3-10. Pumps in parallel sharing the discharge pipeline
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Comparison of Single Pump Operation and Pump-in-Parrallel Operation(discharge into
— Static H-Q model common pipe)
TDH-Q
System curve with Hs=18ft{ Additional pump discharge into its own pipe)
— Sy stem curve with Hs=18ft (Static H-Q)
— e System curve with aditional pump operating in Parallel( Discharge into comman pipe)
22
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Figure 3-11. Comparison of single pump operation and pump-in-parallel
operation (discharge into common pipe)

Another reason for neglecting théection loss and minor loss is that they are
approximately 3% of the total designed dynamic h&ae.small head los§DH ratio
resuls from a large pe diametetengthratio (D/L=4.8ft/46ft=10%). A sample
calculation for RWWPSL1 iprovidedin Table 35. The red number indicates the head

lossat designcapacity.
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Table 3-5 Estimated head losses of pump pipelines of RWWPS1

Q(MGD) | Hf [ Hm(ft) | Hf+m | TDH

0.00 |0.00| 0.00 | 0.00 |22.00

20.00 |0.03| 0.04 | 0.07 | 22.07

4000 [0.10]| 017 | 027 |22.27

IW3W 5000 | 022 | 037 | 0.59 | 22.59
80.00 |0.37| 066 | 1.03 | 23.03

100.00 | 0.55 | 1.03 | 1.59 | 23.59

0.00 |0.00| 0.00 | 0.00 | 22.00

20.00 |0.02| 0.03 | 0.04 | 22.04

4000 [0.06| 0.10 | 0.16 | 22.16

2ZWSW 5600 | 0.12 | 023 | 0.34 | 22.34
80.00 | 0.20 | 0.40 | 0.60 | 22.60

100.00 [ 0.30 | 0.63 | 0.93 | 22.93

0.00 |0.00| 0.00 | 0.00 |22.00

20.00 |0.02| 0.03 | 0.04 | 22.04

4000 [0.06| 010 | 0.16 | 22.16

aw 60.00 |0.12| 0.23 | 0.34 | 2234
80.00 | 0.20 | 0.40 | 0.60 | 22.60

100.00 | 0.30 | 0.63 | 0.93 | 22.93

Assumption 3
The pump curves provided by the manufacturers when the raw wastewater
pumps were installed cannot be assumed to apply to the pumps today. An accurate
pump curve can only be obtained by testing each pump indliyidweer a range of
pumping head values. As a contribution to this study, Blue Plains personnel
conducted a number of pump tests, Iettess are limited by practical
considerationsPump tess canbe run in the Blue Plaimaw wastewater pumping
systemonly if the following conditions are all satisfied:
1 No storm is expected during the test period. Weather forecast should
be checked in advance.
1 No antecedent storm evdmsoccuredto cause possible increment
of influent flow. Usually, test will not beun if there was a severe

storm event within 24 hour.
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1 No construction project/ operation and maintenance event request
inside or outside the plarequired that wetvell level remain fixed
Thewetwells of RWWPS1 and RWWPS2 ahgdraulically
connectedo other pump stations or storage reseryaosnmunication
with these facilities are necessary to ensusafetest.

If multiple tests are performed for one pump and the test results do not
duplicate each other, the test result with best-tarevater effciency will be chosen
for model use; an inferior efficiency is interpreted as indication that the pump is not
functioning at capacity because of unidentified probldfimally, the ump curve
developed for one pump may be shared for another identical fhtineptest result of

the latter is not reliable.

3.3.3 Pump Test Experiment Design
The experiment is designed for obtaining the static{usxzharge
relationship for each pump. The test procedure is introduced below.

1 Run more than one pump to decreasewsdt level.

1 Testis started when wetell elevation is arounell.5ft.

1 All other pumps are shut down. With the target pump running alone,
thewetwell level will rise because the inflow is greater than the
discharge of one pump.

1 Tesingis stopped whethe wetwell elevation isapproximately
+1.5t. Another pump is then brought on for normal operation.

Most tests are done in the morning because the flow is lower in the morning
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than in the afternoon. Theds for RWWPS1and?2 arelisted inTable3-6, excluding
the failedtests For examplewhile testing PumBw (12/16/2010, the flow reading
is much less thatine designed capacity, which e®nsidered a failed test and
discussed in Appendix 7.

During the tests, the flow measured by the Venturi meter accounts for only
one pumpand can be directly used in developing thélQurve.The datic pumping

head is calculated fromhewet-well elevation and thknown water surface elevation

for the pump discharge.

Table 3-6 Pump testsfor RWWPS1&2

RWWPS1
Test Speed TestDuration
pump
1w Constant 12/15/2010 08:00:00 am12/15/2010 10:09:00 am
3wW Constant 12/14/2010 08:19:00 am 12/14/2010 10:1400 am
Constant | 4w Constant 02/04/2011 07:43:00 am02/04/2011 10:33:00 am
Speed | 6W Constant 01/14/2011 09:29:00 am01/14/2011 11:47:00 am
Full Speed 12/17/2010 8:40:0am-- 12/17/2010 11:27:08m
2W | 85% of full speed | 12/21/2010 08:19:0@m-- 12/21/2010 10:18:08m
Variable 75% of full speed | 12/20/2010 8:23:08m-- 12/20/2010 9:02:0am
Speed 5W Full speed 02/17/2011 12:56:0pm-- 02/17/2011 15:52:0pm
RWWPS2
Test Speed TestDuration
pump
1E Constant 01/12/2011 08:28:06am- 01/12/2011 11:48:08m
2E Constant 01/03/2011 09:34:08@m-- 01/03/2011 11:54:08m
Constant 3E Constant 01/13/2011 07:43:08@m- 01/13/2011 10:54:08m
Speed AE Constant 04/10/2011 07:20:08@m-- 04/10/2011 12:07:0pm
5E Constant 04/30/2011 07:21:08@m-- 04/30/2011 12:12:0pm
Full Speed 06/07/2011 08:18:08am- 06/07/2011 11:19:08m
6E 85% of full speed | 05/07/2011 08:11:08m--05/07/2011 11:42:08m
75% of full speed | 07/02/2011 09:37:0@m-07/02/2011 12:08:0pm
Variable Full Speed 04/26/2011 07:45:08am- 04/26/2011 10:38:08m
Speed 8E | 85% of full speed | 06/18/2011 13:50:0pm --06/18/2011 15:31:0pm
75% of full speed | 06/25/2011 10:33:0&@m-- 06/25/2011 12:05:0pm
Full Speed 04/15/2011 08:56:06@m--04/15/2011 11:00:08m
9E 85% of full speed | 06/11/2011 11:38:0@m--06/11/2011 13:07:0Ppm
75% of full speed | 05/21/2011 09:08:08m--05/21/2011 10:59:08m

Note: 85% and 75% speed test for 5W are not available due to feedback failure. 7E is out of
service during the researchperiod.
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3.3.4 Data Collection

All of thetime seriesused in modetlevelopmenare downloaded from
Process Control System (PCS). The PCS is designedboiuitoring controlling and
automation of plant processes at Blue PlBiaita point ofoneminutetime aveage is
downloaded for pump curve generation. Time series of hourly average is downloaded
for model validation paytwhich will be introduced isection3.3.6 The point

informationis listed in theTable3-7. Point information of flow is listed in Table1l3

3.3.5 Discharge-Head Curve Formulation

Pump experiment data ageaphed as (&) andfit by empirical equation to
express the Static headischarge relationship. For constant speed pumps, pump
experimental data are fit by equation§Bbecause this equar is a general flexible

equation with rationagéxtrapolatiorfor wetwell elevation.
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Table 3-7 Data point information

RWWPS1
Point Name Description
WPSF COMMON INF CHAN 1 LVL LI05210 Pump discharge side water surface elevation (ft) for
pump 1W, 2W, 3W
WPSF COMMON INF CHAN 2 LVL LI05211 Pump discharge side water surface elevation(ft) for
pump 4W, 5W, 6W
RWWPS1 WETWELL 1 LVL LI0501 Pump suction side wet-well level (ft) for pump 1W,
2W, 3w
RWWPS1 WETWELL 2 LVL LI0502 Pump suction side wet-well level (ft) for pump 4W,
5W, 6W
RWWPS1 1W PMP RUNSTAT MNO0511 16 Pump 1W is on; 06 pump 1W is off
RWWPS1 2W PMP RUNSTAT MNO0512 18 Pump 2W is on; 08 pump 2W is off
RWWPS1 3W PMP RUNSTAT MNO0513 16 Pump 3W is on; 08 pump 3W is off
RWWPS1 4W PMP RUNSTAT MNO0514 16 Pump 4W is on; 08 pump 4W is off
RWWPS1 5W PMP RUNSTAT MNO0515 16 Pump 5W is on; 08 pump 5W is off
RWWPS1 6W PMP RUNSTAT MNO0516 16 Pump 6W is on; 08 pump 6W is off
RWWPS1 2W PMP SPEED PCT- SI0512 % of the full speed of pump 2W
RWWPS1 5W PMP SPEED PCT-SI0515 % of the full speed of pump 5W
RWWPS1 1W PMP REAL PWR JWI81222 Electricity consumption of pump 1W(KW)
RWWPS1 2W PMP REAL PWR JWI81223 Electricity consumption of pump 2W(KW)
RWWPS1 3W PMP REAL PWR JWI81224 Electricity consumption of pump 3W(KW)
RWWPS1 4W PMP REAL PWR JWI81227 Electricity consumption of pump 4W(KW)
RWWPS1 5W PMP REAL PWR JW181228 Electricity consumption of pump 5W(KW)
RWWPS1 6W PMP REAL PWR JWI81229 Electricity consumption of pump 6W(KW)
RWWPS2
Point Name Description
EPSF SCRN 1 EFF CHAN LVL LI06314 Pump 1E suction side wet-well level (ft)
EPSF SCRN 2 EFF CHAN LVL L106324 Pump 2E suction side wet-well level (ft)
EPSF SCRN 3 EFF CHAN LVL LI06334 Pump 3E suction side wet-well level (ft)
EPSF SCRN 4 EFF CHAN LVL L106344 Pump 4E suction side wet-well level (ft)
EPSF SCRN 5 EFF CHAN LVL L106354 Pump 5E suction side wet-well level (ft)
EPSF SCRN 6 EFF CHAN LVL LI06364 Pump 6E suction side wet-well level (ft)
EPSF SCRN 7 EFF CHAN LVL LI06374 Pump 7E suction side wet-well level (ft)
EPSF SCRN 8 EFF CHAN LVL LI06384 Pump 8E suction side wet-well level (ft)
EPSF SCRN 9 EFF CHAN LVL L106394 Pump 9E suction side wet-well level (ft)
RWWPS2 1E RUNSTAT MNO0611 16 Pump 1E is on; 08 pump 1E is off
RWWPS2 2E RUNSTAT MNO0612 16 Pump 2E is on; 08 pump 2E is off
RWWPS2 3E RUNSTAT MNO0613 16 Pump 3E is on; 08 pump 3E is off
RWWPS2 4E RUNSTAT MNO0614 16 Pump 4E is on; 08 pump 4E is off
RWWPS2 5E RUNSTAT MNO0615 16 Pump 5E is on; 08 pump 5E is off
RWWPS2 6E RUNSTAT MNO0616 16 Pump 6E is on; 08 pump 6E is off
RWWPS2 6E SPEED S10616 % of the full speed of pump 6E
RWWPS2 7E RUNSTAT MNO0617 18 Pump 7E is on; 06 pump 7E is off
RWWPS2 7E SPEED S10617 % of the full speed of pump 7E
RWWPS2 8E RUNSTAT MNO0618 16 Pump 8E is on; 08 pump 8E is off
RWWPS2 8E SPEED S10618 % of the full speed of pump 8E
RWWPS2 9E RUNSTAT MNO0619 16 Pump 9E is on; 08 pump 9E is off
RWWPS2 9E SPEED S10619 % of the full speed of pump 9E
RWWPS2 FDR BRKR Al REAL PWR JWI81151 Electricity consumption of pump 1E(KW)
RWWPS2 FDR BRKR A2 REAL PWR JWI81152 Electricity consumption of pump 2E(KW)
RWWPS2 FDR BRKR C13 REAL PWR JWI81163 Electricity consumption of pump 3E(KW)
RWWPS2 FDR BRKR A5 REAL PWR JWI181155 Electricity consumption of pump 4E(KW)
RWWPS2 FDR BRKR C12 REAL PWR JWI81162 Electricity consumption of pump 5E(KW)
RWWPS2 FDR BRKR A3 REAL PWR JWI81153 Electricity consumption of pump 6E(KW)
RWWPS2 FDR BRKR A4 REAL PWR JWI81154 Electricity consumption of pump 7E(KW)
RWWPS2 FDR BRKR C14 REAL PWR JWI81164 Electricity consumption of pump 8E(KW)
RWWPS2 FDR BRKR C15 REAL PWR JWI81165 Electricity consumption of pump 9E(KW)
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K

Q:i+exp|:l:l:[{—a:l} tC (3_6)

Q=Pump discharge (MGD).
H=Statichead (ft)
K, a, b, c= curvefitting coefficient

For RWWPS1(Variables defed in Table 37),

H(IW,2W,3W) = (WPSF COMMON INF CHAN 1 LVI)
- (RWWPS1 WETWELL 1 LVL) (3-7)
H(4W,5W,6W) = (WPSF COMMON INF CHAN2 LVL)

- (RWWPS1 WETWELL2 LVL) (3-8)

For RWWPSZVariables defined in Table 3),

H (iE) = 22.25ft- EPSF SCRN EFF CHAN LVL) (3-9)

wherei= Pump number, e.g., i=1, iE=pump,ldhd22.25 is the elevation of
discharge siphon, which is always open during normal operation.

The criterion for the €H curvefitting is leastsquars optimization MS Excel
Solver function is used for fitting the coefficia, a, b and c.

Forvariablespeed pumpghe test procedure gives data points in different H
ranges for the different speeds because the speeds wedeaestifferent dates
(Table 36). Equation 36 is modified by affinity law tebtaina full-speed pump
curve with wider range.

According tothe Affinity law,

Qu/Q=na/ns =Ny (3-10)

H1/Hi=(ny/ny)? =ny? (3-11)
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whereQ is pump dischargeH is pumping headand subscripts f and 1 represent full
speed (100%) and lower speed, respectively.
Therefore, equivalerfull speed flow rates can be estimated

Qr=Qu/ My (3-12)

H= H/ m? (3-13)

For example, pump test of full speed, 85% of full speed and 75% of full speed
are run for pump 2W. The speed feedback is slightly différent thep u msedi s
point 98% is the feedbadir the 100%set pointandthe feedbackeports75.12 to
77.85%for the 75%set point.The actual speed feedbaghkther than the set poing
used for the pump curve generation. Each data pair (HQ,) obtainedrom the
pump testQ; is shifedup by equation-32 to get @, while Hy is shift up by
equation 313 to get K A neweffectivefull-speed curve is formed by shifting these

data pairs from each test (Figl3, circled) and fit by equation@

Full Speed Curve Obtained by Applying Affinity Law
« Full speed(shift up by test of 98%) « Full Speed( Shift up by test of 85%)
= Full Speed( Shift up by test of 75.12% ) « Full Speed (shift up by test of 77.85%)
= 85% (Test) 75.12% (Test)
= 77.85% (Test) = 98% (Test)
90
" |
70
.60 \
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50
[
Z 10 \
o ; %
30
20
10
0 T T T T T T T 1
0 5 10 15 20 25 30 35 40
Static Head (ft)

Figure 3-12. Effective full-speed pump performance curve obtained by shifting
observed head and discharge according to pump affinity law.
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3.3.6 Simulation Model Algorithm

The simulation model is programmed in MS Excel. The input to the model is
the timeseries of wetvell elevation, and for RWWPS1, the elevation of the
discharge channel.

At each time step (1 housjatic headis calculated by equation3, 3-8 for
RWWPS1 and equation-8 for RWWPS2. Tie corresponding discharge of each
pump on service is predicted the QH curve formulated for each punags
described in Section.3.5.

For constant speed pumping, the discharge of each punipristebnof static
head onlyQ=f(H). For each hourly time stethe followingequations usedto

calculate flow for each pump

K

Q = Gremprora=y + 9 N (349

MNi is a variablandicatingwhethermpumpi is on service or noORWWPS1
PMP RUNSTAT (Tabe 3-7). A value of 1 indicates on, O indicates off, andlue
between 0 and 1 means that pump is on service less than one hour during the time
step of one hour.

Forvariable speed pumpingump discharge is a function of both stéisad

and speedBy applying the affinity lawEgs.(3-10), (3-11), (3-14)],

K
Ql - [:1+exp (bi{H/n1%2-al}

+C) *n*MNi (3-15)

The total discharge for the time step ise&ea Which is the summation of the

discharge o#ll the pumps on service during the time step.
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3.3.7 Model Evaluation

In order to verify the performance of model flow predictithre discharge
datafrom 4/1/2009 4/30/2011areretrieved from PCS systefor RWWPS1 and
4/21/2009 4/31/2011 for RWWPSZThese time series represém longest
available data periofbr each influent pump statioach data point is the time
average of one hou®©bservedlow rates Qopserved RWWPS2) 01Qrea timd RWWPS1)
which are the total discharge rates of pumps on seeqlotted together wittine
respective modeled flow, fdictes Time series oWEST INFLUENT FLOW
(FI_WESTINB is plotted for RWWPS1 anBAST INF FLOW(FI_EASTINP for
RWWPS2.

Graphically, the radel is considered goodttie two curve®verlapor are
close to each otheGoodnesof-fit statisticsincludingR, R2, Se/Symean error and

relative erromwerecalculated

3.3.8 Data Issues

Hydraulicdly, the tworeportedwet-well levelsfor RWWPS1(RWWPS1
WETWELL 1 LVL andRWWPS1 WETWELL 2 LVL) represent the same water
surface advation andthetwo reportedyrit chamber influent channel elevations
(WPSF COMMON INF CHAN 1 LVLandWPSF COMMON INF CHAN 2 LVI)
represent the same water surface elevalibe datadownloaded from PC$however,
showslight difference due tometer erro or the water level fluctuatiolometimes

irrational numbers are found in the time series (TakBg, 8o list a few.
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Table 3-8 Time period of irrational data(Wet-well level of RWWPS))

Data point Time Period Problem
Description
RWWPS1 L10501 12/22/2009 14:00:08 01/26/2010 07:00:00 Stuck at-7.00ft
WETWELL 1 LVL 06/09/2009 06:00:08 06/09/2009 10:00:00 Missingdata
02/12/2009 17:00:00 02/13/2009 08:00:00 Stuck at +2.00ft
RWWPS1 L10502 02/13/2009 09:00:06 06/09/2009 05:00:00 Stuck at-5.00ft
WETWELL 2 LVL 06/09/2009 23:00:00 12/21/2009 10:00:00 Stuck at 0.00 ft
06/09/2009 06:00:08 06/09/2009 10:00:00 Missingdata
WPSF COMMON | LI05210 | 06/09/2009 06:00:08 06/09/2009 10:00:00 Missingdata
INF CHAN 1 LVL
10/04/2010 11:00:08 10/08/2010 12:00:00 Stuck at 25.4 ft
WPSF COMMON LI05211 12/07/2010 10:00:08 12/10/2010 14:00:00 Stuck at 16.9 ft
INF CHAN 2 LVL 01/10/2011 11:00:06 01/11/2011 06:00:00 Stuck at 16.9 ft
06/09/2009 06:00:06 06/09/2@9 10:00:00 Missingdata

For RWWPS1if meter RWWPS1 WETWELL 1 LVL gives irrational
number (e.g stuck in the same number for more than 5 hours), data from RWWPS1
WETWELL 2 LVL is used instead of RWWPS1 WETWELL 1 LVL, and vice versa.
Similarly, if meter?WWPSF COMMON INF CHAN 1 LVL gives irrational number
(e.g, stuck in the same number for more than 5 hours), data from WPSF COMMON
INF CHAN 2 LVL is used instead of WPSF COMMON INF CHAN 1 LVL, and vice
versa.For RWWPS2, if wetvell level before the targgump gives irrational number,

the average of other 8 wefell levels will be used instead.

3.3.9 Power Consumption and Wire-to-Water Efficiency

Since only one test is available for each pump in RWWPS1 and 2, it would
be inaccurate to use only power data obthiinem the test. Relomvariationand
data dead band problem may mask the actual power consumption trend. Data from
1/1/2009 to 4/30/2011 based on hourly average will be used for power consumption
analysis. Linear regression of KW/MGD vs \Afegll Level will be provided to
estimate power saving by raising well level.

Wire-to-Water efficiency is calculated guation3-16.
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WHP _ QH

Wire to water efficiency )y Hlecwicalpower 39608 KW

(3-16)

Q: Pump discharge in GPM

H: Static headft] .

KW: Power Consumption (KWh)
Note: The actual WHP would be slightly higher than WHP calculated because Static
head is used instead of TDH. As a redhils method underestimatéise actual wire

to-water efficiencyslightly.

3.4 Influent Wet-well Storage Estimation

Using the model to predict wetell elevation, as well as flow rates, will
require a stagstorage curve for the watell. The wetwells are complex in shape
(Fig.1-4) andconnected to the conduits from outside of the plaxistiag drawings
are not sufficiently detailed in three dimensions to obtain the geometric quantities
required. However, themeasured data provide an opportunity to estimate this
relationshipInfluent wetwell storageas estimatedased on data obtained duriag
influent pumping outage on 6/27/2Qssuming a constant inflow rate to the-wet
well during the pump shutdown pediicA second mfluent outage due to power outage
on 3/13/2011 sengas anndependentata seto verify the estimation. The detailed

assumption and resulése providedn Section4.6.

3.5 Preliminary Application of Model to Power Cost

Prediction
With the rogh estimate of the watell stagestorage relationship as
introduced in SectioB.4, a full simulation of pump flow and wetell elevation can
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be performed with the following as input:

(1) A real or synthetic wastewater inflow hydrograph

(2) A real or synthetic pmp operation strategy (selection of pumps,

timing, speed).
Based on the time series of weell elevation produced by this simulation,

power use can be estimated using the results of regressing power useaatl wet
elevation. Finally, based on empiricairves for the time variation of energy cost, the
cost of pumping for the simulated time period can be estimated. This cost can be
compared to the costs that result from alternative pump operation strategies. Although
some of the inputs to the simulatiorodel are fairly coarse estimates at this point,
this exercise can nonetheless demonstrate the potential use of the simulation model in
shortterm operation planning of the Raw Wastewater Pump Stations at Blue Plains.
It will also give an indication of nexdtep priorities for improving the input functions

and regressions.
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Chapter 4. Results

4.1 Flow Rate, Power Price, Power Load and Energy

Breakdown Analysis

4.1.1 Diurnal Trend of Influent Flow Rate

Three years of da{@0082010)wereavailablefor the diurnal total influent
flow rate analysis. Similar tresdvere found foill three yearsThe influent flow rate
starsincreasing at &m and reachespeak around B pm, followed by a slight drop
from 6 pm to 12am. A significant decrease occursidgrthe nighfrom 12am to
8pm (Fig. 41). The diily average influent flow rateanges from 223 MGD to 347
MGD, with anaverageof 302MGD based on the data from 1/1/2008 to 12/31/2010.
The influent flow rateluring2009wasslightly larger tlan that for 2008.

In order to evaluate the seasonal variation, flow rate data for two years
(1/1/200912/31/2010)weregrouped into seasoliBig. 42). The weekdagnd
weekend flows arplottedseparately. It is observed that tigng limb of weekend
flow has a ondnour lag behind the weekday fldar all seasonsThis may be
attributed to residendsvater consumption and discharge pattern. For the winter and
fall seasons, the weekend fldar the periodd-8pm (16:0020:00)is greater thathe

weekday flowfor that periodFig. 42 (a), (d).
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Diurnal Trend of Total Influent Flow Rate
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Figure 4-1. Diurnal trend of influent flow rate
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Figure 4-2. Total influent flow rate (comparison of weekday and weekend, 2009-
2010) (a)Winter, (b)Spring, (c)Summer, (d)Fall
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4.1.2 Diurnal Trend of Power Price

The diurnal trend of @wver pricewascomputed based on the houalyerage
datafor 2008, 2009and 2010. Eachbf the 24pointsonthe curve represents the mean
value of the power price ($/MWh) for that hour of the day, averaged over 365 days
for each year. It is observed from Hg3 that the meannit power pricdollows a
similar trend forthethree yearsThefirst peakis ob&rvedat 7amand the highest
power cosbccurs at @ pm. The lowest price occurs in the early morniAg.
illustrated in thebox-andwhisker plot of power price (Fig-4), the power price

variation during the daytime working has largerthanduringthe night time.

Diurnal Trend of Unit Power Price

140

120

J’f--““h—//' —
E 80 /h' \L 2010
= 22 '\_/_ . \ 2009
20 2008
0 — _

0 2 4 6 8 10 12 14 16 18 20 22 24

Hour

Figure 4-3. Diurnal trend of unit power price for 2008, 2009 and 2010
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Power Price (2009-2010)
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Figure 4-4. Box-and-whisker plot for power price (2009-2010)

Note: Whisker: One Standard Deviation from mean; 75%: The value that 75% of the sample are
less than or equal. Similar for 99%, 25%. Sample size = 730

Data from 1/1/2009 to 12/31/201030 dayswerealso used for seasonal
power priceevaluatiors. As depicted in Fig. 4, the diurnal trend is different for each
season. The trend for wintergsnilar to that for fallwhile the summer is closer to
that for the spring. For the winter and fedlasonstwo peaks are observezhe
around 68 am and the other at®&pm. For summer and spring, one peak occurs
around 5om. A higherpeak is observeth summer than in spring. Seasonal variation
is confirmed for each season by plotting the hourly average of each monthly billing
period (Fig. 46 to Fig. 49). Unit power cost for each season is illustrated in FI0.4

Average unit power cost decreasesing the three years.
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Diurnal Trend of Unit Power Price (Seasonal Trend)
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Figure 4-5. Diurnal trend of unit power price by season
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Figure 4-6. Diurnal trend of unit power price by billing period (Winter)
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Diurnal Trend of Unit Power Price (Spring)
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Figure 4-7. Diurnal trend of unit power price by billing period (Spring)

Diurnal Trend of Unit Power Price (Summer)
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Figure 4-8. Diurnal trend of unit power price by billing period (Summer)
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Diurnal Trend of Unit Power Price (Fall)
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Figure 4-9. Diurnal trend of unit power price by billing period (Fall)
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Figure 4-10. Average unit power cost ($/KWh)
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4.1.3 Diurnal Trend of Total Power Load of the Whole Plant

Power use ata from EEPCONDill (solid lines) and irplant submeter (daséd
lines) indicates the sirair trend and magnitude for the four seasons (Fifl 4 Total
power load is higher in spring and winter than in summer and fall for-2000, with
an average difference of around 1120KWh.

Based on the three yearshourly data obtained from PEPCO mdthill
(Fig. 412), total power load of the whole plant gradually decreases during the three
years. Significant power saving is observed based on hourly averageikbaa drop
of 10.6 % (3170KWh) achieved in 2009 compared to 2008 and 2.4% (640KWh) in
2010 compared to 2009he total power load follows the same diurnal trend as total
influent flow rate As listed in Table 4L, the saving of the power cost is result from

the drop of both powazonsumptiorand unitpowerpriceoverthe three years.

Average Hourly Power Load -Seasonal trend
(2009-2010)
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Figure 4-11. Diurnal trend of total power load of Blue Plains by season (2009 -
2010), according to power bill and in-plant meters.
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Average Hourly Power Load (2008,2009,2010)
31000 -
30000 -
=
§_ 29000 -
=
m
S
> 28000 -
5
=
T 27000 -
@
g
2 26000 -
25000 T T T T T T T T T T T 1
0 2 4 6 8 10 12 14 16 18 20 22 24
Hour

2,008
2,009
2,010

Figure 4-12. Diurnal trend of total power load of Blue Plains (2008, 2009 and

2010)
Table 4-1 Power load and power cost of 2008, 2009, and 2010
Average Average .
Total Load Average Unit
Total Cost | Monthly Load | Monthly Total
(MWh) (MWh) Cost Cost ($/KWh)
2008 264,550 | $25,031,938 22,06 $2,085,995 0.095
2009 234,55 $17,161,202 19,546 $1,430,100 0.073
2010 228222 $16,281,371 19,018 $1,356,781 0.071
Saving
(2009) 29,9% $7,870,736 2,500 $655,895 0.0214
Saving
(2010) 6,333 $879,830 528 $73,319 0.0019
Percent
Saving 0 0 0 0 0
(2009) 11.34% 31.44% 11.34% 31.44% 22.65%
Percent
Saving 0 0 0 0 0
(2010) 2.70% 5.13% 2.70% 5.13% 2.62%

Note: Saving is calculated by comparing to the previous year
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4.2 Energy Breakdown Analysis

4.2.1 Energy Breakdown of Major Treatment Processes of Blue Plains

The five major energy users of Bl&ains are:Nitrification blower,
secondary blowesecondary sedimertian, solids processingandthe two Raw
Wastewater Pump Stations (Figl3). The ntrification blower is the largest power
consumer inside Blue Planwith a demand o4830KWh or 21% of total power load.
The £condary bloweis the second lgest power consumer, representing around
18% of the total poweronsumptionfollowed by secondary sedimentation, solids
processing and RWWPS1&2 with 9.3%, 8.%%4d 6.7%, respectively. This does not
include power losses in the motor control center orrqiberer transmission process.
It is evident thaberationprocesses are the most power consuming treatment
processs Nitrification blower and secondary blowtrgetherconsume lhout
9000KWh, which is about 38 of theelectricityload of wastewaterreatment of Blue
Plairs. It should be noted that daasenot available for the breakdown of grit
chamber, primary sedimentation and control houaséscluded in thgower
consumption of primary sedimentation.

Area Substation 1 @S] is by far the largst areaubstation, distributing
42% of the pl arnBSBsASRdneASS distribuael 5% pld%wand
16% of the electricity of the whole plant, respectiélig. 4-14). Area substation 6

will be constructed for future upgradmdwill not be included in this analysis.
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Energy Breakdown of Major Treatment Processes
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Figure 4-13. Energy breakdown of major treatment processes in Blue Plains
(5/1/2010-4/30/2011)
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Figure 4-14. Energy breakdown of area substations (5/1/2010-4/30/2011)
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4.2.2 Diurnal and Seasonal Trend of Area Substations and Major

Treatment Processes

Theloads distributed byASS1 and ASSfFig. 4-15(a)and(c)] follow the
trend of influent flow rat€Fig. 4-1), whichaccountdor the 1000 KWh difference
betweerpeak and minimum in total power loddbwest power load of ASS3 is
observed aroun8-7pmand the peak is observed aroundBdm [ig. 4-15(b)]. ASS5
peaksduringworking hous on weekday$Fig. 4-15(d)]. It is the onlysubstation
shows significant difference between weekdays and weekesdalso observed in

Fig. 4-15(d) that power load of wintes much higher than the other seasons for ASS5.
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Figure 4-15. Diurnal trend of power load for area substations 1, 3, 4, and 5.
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Diurnal trend of raw wastewater pumping (Figl@) follows the same trend
as influent flow raté€Fig. 41), confirmed byndependentlatafor all four seasons.
The operat@set the pumping combination by following the influent flow rate, which
results in this flow matching trend. Diurnal and seasonal tieoickhe other major
treatment processese reported in Appendix 1 to Appendix 4 for ASS1, ASS3,

ASS4, ASS5, respectively.
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Figure 4-16. Diurnal trend of power load - RWWPS1&2 (1/1/2009 - 4/30/2011)

4.3 Pump Performance Characteristics and Discharge-Static

Head Curve Formulation
All the pump characteristicurves obtained by pump tawsg are attached in
Appendix5. For each pump test, pump dischastgtic head (€H) curve is plotted
compared to the designed point, which is the designed capacity under TDH. The

designed static head would be slightly lowearti DH. Power consumption, wet
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well level and corresponding pump dischaagealso grapheth Appendix5.

Pump dischargstatic curve fit by equation-8 are plotted with test results for
each pumgFig. 417 through4-29). Typically, pump charactesiic curves are
presented with H (head) as a function ofdigcharge)in this study, Q is predicted as
a function of H, because pump discharge is to be calculateddetmell and grit
chamber influent channel (RWWPSL1) or discharge siphon (RWWPS2jiefeva
Values ofthe curve fitting coefficierg K, a, b, ¢ for RWWPS1 and RWWPS2 by
leastsquars optimization are listed ifable 42. For simulation, the curve fitting
coefficient is modified in Table-8 based on calibration. All curve fitting are based
on one test. In this research, it is believed that if one test result, for example, test
curve of 1W doesi work well incalibration test curve of identical pump 3W could
be used instead. During thesearclperiod, speed feedback of 5W is not available.
Pump 7E is out of service.

Table 4-2 Discharge-head curve fitting coefficient for RWWPS1&2 pump tests

Pump k a b C
1w 64.4294 22.1601 0.2061 11.6788
3w 14.4948 20.0067 1.2277 47.9299
RWWPSL Ay 85.0423 | -0.4946 | -0.6189 0.6172
6w 39.9987 7.769 0.1124 26.6095
2W 84.0411 25.8762 0.1759 13.2208
5W NA NA NA NA
1E 60.5611 24.9475 0.3234 49.5345
2E 69.7628 20.4057 0.1628 74.2736
3E 552.9704 | 33.4949 0.3694 -449.771
4E 77.5344 26.56 0.5043 28.0908
RWWPS2 5E 86.5415 27.6257 0.249 37.1956
6E 61.9582 32.6709 0.2984 59.8673
7E NA NA NA NA
8E 46.7172 | 32.8897 0.3976 64.7101
9E 45.766 28.6238 0.2654 65.8885

99



Table 4-3 Discharge-head curve fitting coefficient for RWWPS1&2 simulation

Pump k a b c
1IW@BW) | 14.4948 | 20.0067 1.2277 | 47.9299
3w 14.4948 20.0067 1.2277 47.9299
RWWPSL 4w 72.0434 23.494 0.1889 12.1781
B6W 39.9987 7.769 0.1124 | 26.6095
2W 84.0411 25.8762 0.1759 13.2208
5W(2wW) 84.0411 25.8762 0.1759 13.2208
1E 60.5611 24.9475 0.3234 49.5345
2E(4E) 77.5344 26.56 0.5043 28.0908
3E 552.9704 | 33.4949 0.3694 | -449.771
4E 77.5344 26.56 0.5043 28.0908
RWWPS2 5E 86.5415 27.6257 0.249 37.1956
6E 61.9582 | 32.6709 0.2984 | 59.8673
7E(BE) | 46.7172 | 32.8897 0.3976 64.7101
8E 46.7172 32.8897 0.3976 64.7101
9E 45.766 28.6238 0.2654 | 65.8885

Note: 1W (3W) indicates that test curve of pump 3W is used for pump 1W.
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Figure 4-17. Discharge-static head curve for pump 1W
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Figure 4-18. Discharge-static head curve for pump 3W
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Figure 4-19. Discharge-static head curve for pump 4W
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Figure 4-20. Discharge-static head curve for pump 6W
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Figure 4-21. Full-speed discharge-static head curve for pump 2W,5W

Note: Only full speed test is done for 5W (Speed feedback is not available for 5W during the
research period). 5W and 2W are identical and full speed capacity is observed similar. Same
curve is fit for 2W and 5W. Partial speed test measurements are scaled to equivalent full speed
using pump affinity law, as described in section 3.3.5.
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Figure 4-22. Discharge-static head curve for pump 1E
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Figure 4-23. Discharge-static head curve for pump 2E
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Figure 4-24. Discharge-static head curve for pump 3E
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Figure 4-25. Discharge-static head curve for pump 4E
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Figure 4-26. Discharge-static head curve for pump 5E
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Figure 4-27. Discharge-static head curve for pump 6E
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Figure 4-28. Full-speed discharge-static head curve for pump 8E
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Figure 4-29. Full-speed discharge-static head curve for pump 9E
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4.4 Application and Verification of Pumping Model
The complete time series of modekificationresults is attached in Appendix

6. In thissection time series of 500 hours picked from RWWPS1 and RWWPS2 are
illustrated in Fig. 430 and Fig4-31 as examples. In Fig-3D(a) and Fig. 81(a),
red curve represents the real time flow data obtained from PCS system and the blue
curve represents the model prediction. If the dash line named detected error appears at
the top of the graph, it meanstterror of original data is detected for the specific
period and theimulationresults are not reliable. Reliable simulation period is
indicated by dashed line lies at 0. No data error is detected for this simulation period
of RWWPS1 while the data prarh detected for RWWPS2 is listed in Tabld.4
Pump on service based on MN point, speed of pumpsvartablespeed drive and
wet-well level is illustratedn Fig. 4-30(b)-(d) and Fig. 431(b)(d). Other detected
data error for simulation includes

1 Wetwell level stuck at8ft (RWWPS1)

1 Wetwell level stuck at6ft (RWWPS2)

1 Pump MN point shows 1 but no powansumptioris observed

1 Pump MN point shows 0 but poweonsumptions observed

1 Pump MN point shows 1 forariablespeed pump but speed

feedback isiot available
For thecomplete time series, the time period with detected error is listed in

the table in AppendiX. It should be noted that if no data error is detected, it dbesn

necessarily mean that there is no problem of the flow prediction. Bor@eg, the
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flow measuredby meter is lower than 100MGD during the period 3/29/2011 3:00:00
3/30/2011 13:00:00 for RWWPS1 [Fig-30(a), (b)], which is much lower than usual
if pump 1W and 2W(close to full speed) is operating. This may due to priming
problem or other undetected error.

Table 4-4 Detected data error(RWWPS2)

Data Error Period

Problem Description

6/23/2009 9:00:00 -06/27/2009 07:00:00

6E speed feedback

06/27/2009 19:00:00 -06/28/2009 02:00:00

6E speed feedback

06/28/2009 14:00:00 -06/29/2009 03:00:00

5E MN point

06/30/2009 16:00:00 -07/01/2009 01:00:00

5E MN point

06/30/2009 18:00:00 -06/30/2009 19:00:00

EPSF SCRN 1,4 ,7 EFF CHAN LVL stuck at
-6ft
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Figure 4-31. Example verification results for model predicting pump discharge
based on static head (wet-well elevation) (RWWPS2)

1550

1500




Goodness of fit statistics basedtbe complete simulation peri@dereported

in Table 45 for RWWPS1 &2Excluding the time periaglwith detected errotthe

statistics are calculated faB143and13944hours for the RWWPS1 and 2

simulations, respmtively. Correlation coefficienfR) andstandard error rati(Se/Sy)

indicate good accuracy for both RWWPS1 and RWWPS2. Based on average error

ratio, simulation results in undrediction for RWWPS1by 2% and ovprediction

for RWWPS2 by 8%. The possible reasons would be

1 Instrument problemnicluding meter inaccuracy, PCS data dead band

91 Data random variation or undetected problematic data / outliers due to

limited pump test and data length

1 Model bias, including inaccuracy of curve fitting coefficient,

neglecting storage between pump dischamy flow measurement,

applying point measurement of w&ell elevation to calculate flow

rate for entire hour.

Table 4-5 Goodness of fit statistics for RWWPS1&2 flow simulation
2

R R Se Sy Se/Sy Average Average Error

Error Ratio

RWWPS1 | 0.8217 | 0.6752 | 12.8259 | 20.3383 | 0.6306 -2.3785 -0.0217
RWWPS2 | 0.9637 | 0.9286 | 23.9873 | 52.4316 | 0.4575 15.7574 0.0809

4.5 Power Consumption Analysis

Based on the data from 1/1/2009 to 4/30/2011, it is observed that power

consumptiorper MGD influent sewer pumpdBW/MGD) has a linearelaionship

with wetwell level, regardless of how many pumps are on se(Figs. 432and 4

33). According to linear regression in Fig.34, the power saving by raising wet

well level by one foot could be estimated for each pump staf\pproximately
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$ 58640/ year could be saved by raising one foot of-wetl level for influent

pumping.

RWWPS1.:

Power saving :0.27% * 24%*110 MGD*SGS';E * $0.07KWh
= $18650/(yr*ft)

110MGD: Average influent pumping flow raté RWWPSbased on analysis period of
1/1/20094/30/2011
$0.07/KWh: Average power price based on 2BE®CODill

RWWPS2:

Power saving =0.3327~— * 24--*196 MGD*365';"E * $0.07KWh

h
MGD=ft day

= $39990/(yr*ft)
196MGD: Average influehpumping flow rate of RWWPZbased on analysis period of

1/1/20094/30/2011

Total saving per year by raising one foot of wetll level

=$18650/(yr+ft) + $39990/(yr*ft) = $ 58640 /(yr*ft)

RWWPS1
20

15

10

+ 1 Pumpon

KW/MGD

= 2 Pumps on

3 Pumps on

Wet Well Level (ft)

Figure 4-32. Power consumption per MGD influent pumped based on wet-well
level(exclude transient period)-RWWPS1(1/1/2009-4/30/2011)

112




+ 1 Pump On

= 2 pumps on

» 3 Pumps on

KW/MGD

* 4 Pumps On

2 « 5 Pumps on

0 T T T T T T T T 1 * 6 Pumps on
7 -6 -5 -4 -3 -2 -1 0 1 2 . 7Pumpson
Wet Well Level (ft)

Figure 4-33. Power consumption per MGD influent pumped based on wet-well
level(exclude transient period)-RWWPS2(1/1/2009-4/30/2011)

RWWPS1&2
20
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16 — : -
14 . RWWPST:y = 0.2765x+4.0751
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g RWWPS1
2 10
E 3 +  RWWPS2
6 NN - . 5., ————— Linear (RWWPS1 )
4 Linear (RWWPS2)
2
0 T T T T T T 1

-10 -8 -6 -4 -2 0 2 4
Wet Well Level (ft)

Figure 4-34. Linear regression -- RWWPS1&2 (1/1/2009-4/30/2011)

4.6 Influent Wet-Well Storage Estimation

4.6.1 Rate of Wet-Well Rise during Influent Pumping Outage

In order to cooperate with maintenance of the downstream filter influent
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forebay,influent pumpingwasshut down from 6:08:00 am to 8:23:00 am on
6/27/2011 The we-well level rose from-5.5ft to 1.8ft within 2 hour and 15minutes

(Fig. 435). Assuming a constant inflow during this period allows an estimation of the
change in wetvell storage as the water surface rises, and from this, an estimate of the
stagestoragecurve for the wetvell. Influent flow rate is assumed to be 187MGD

during the pumping outage based on total influent curve and WWL1 in-Big. &

should be noted that 47MGD flow rate reading is observeedsinfluent, which is
believed to be mter lower range error since all pumps are shut down. Duration of
wet-well rise andestimatedstorage according to wetell level are illustrated in Fig.

4-36 and Fig. 437. The average storage fro# ft to 2ft is around 2.6 MG/ft. e

estimated storagacreases with the wetell elevation(Fig. 437).

Wet Well Response to Influent Pumping Outage
(6:08:00am 6/27/2011 --8:23:00 am 6/27/2011)
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Influent pumping outage 350
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Figure 4-35. Wet-well response to influent outage (6/27/2011)
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Duration of Wet Well Rise vs Wet Well Elevation
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Figure 4-36. Duration of wet-well rise (6/27/2011)
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Figure 4-37. Increment of storage per ft of wet-well elevation (6/27/2011)

4.6.2 Rate of Wet-Well Rise during Power Outage

During an unexpected power outage of RWWPSB/@8/2011,thewetwell
level rose from1.4ft to 1.3ft from 5:29:00 am to 6:42:00 &Rig. 4-38), providing

an opportunity to confirm the estimates described above. Bepausgnificant wet
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well level chage is observetbr aboutl60 min before the power outage, it is
assumed that total influent rate is equal to the pumping rate, wiiésMGD.
During the power outage, pump discharge of RWWPS2 (Basigbout96 MGD. It
is equivalent to aet additionof 189 MGD (no outflow)o the wetwell during this
period The wetwell responded to aetinflow rate of 189 MGD by rising 2.7 feet
within 73 minutes. In order to verify the estimatiorstdragan Sectior4.6.1,
duration, rate of rise and estimated ag®w based on influent pumping outage of
3/13/2011 and 6/27/20%re compared in Fig-39- Fig. 441. A storage of 3.5

MG/ft is estimated for wetvell level betweenl ft and +1 ft for both observation

(Table 46).
—WWL1
Wet well Response to Power Outage WWL
(03/13/2011 00:00:00 to 03/13/2011 09:16:00) Total Influent
Power outage Period West Influent
Wet Well Level Stable o East Influent
(Total Influent rate=Total 03/13/201105:29:00 astinfuen
2.0 . To 0371372011 450
15 pumping rate) 06-42-00
’ - 400
1.0 — Sl€ A Y
0.5 AL ~ z Jﬁ-}'r"’] & | b 350
— 0.0 ——AA i =)
T ﬂ“ \‘ - 300 @
< 05 b=
3 1.0 ﬁ - 250 2
B e a"Yanaa Vil A W A
T - op
. - 200
E 20 l‘ F’ ‘-‘*‘-\ n %.
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z - 150 3
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Figure 4-38. Wet-well response to a power outage (3/13/2011)

116



Comparison - Duration of Wet Well Rise of 0.2 ft
M 3/13/2011 (189 MGD influent) W 6/27/2011 (187MGD influent)
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Figure 4-39. Comparison of duration of wet-well rise
Comparison - Rate of Wet Well Rise
W 3/13/2011 (189 MGD influent) M 6/27/2011 (187MGD influent)
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Figure 4-40. Comparison of rate of wet-well rise
Comparison - Increment of Storage per ft of Wet Well Elevation
W 3/13/2011 (189 MGD influent)  M6/27/2011 (187MGD influent)
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Figure 4-41. Comparison of increment of storage per ft of wet-well elevation
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Table 4-6 Comparison of storage estimation

Average Storage per ft (MG/ft)

Wet-well Level (ft) | 3/13/2011 (189 MGD influent) | 6/27/2011 (187MGD influent)
1100 2.89 3.38
0to1l 4.20 3.51
1to1 3.54 3.44

4.6.3 Power Consumption Prediction for Raw Wastewater Pumping

As observed in Fig.-42, power consumption of constant speed pucopdd
be represented by an average value regardless afelldevel these values are
listed in Table 47. In Fig. 442(a), most scatters lower than 140KW result from the
trensient period. For exampié€pump is on for half an hour during the time stép
one hour, power consumption would be an average of zero and theonesealice
KW value.The ame reasdng appiesto the power consumption value lower than
310KW in Fig. 442(b).Neglecting this transient scattdnetrange from lowest to
highestpower consumption for each constant speed pump is around 40KW for both
RWWPS1&2.

For variable speed pumps, power consumpglomwsa linear relationship
with speedFig. 4-43). For normal operation, pump speed would be set for over 60%
of the full speedFor exampleit is observed in the pump test of RWWPSL1 that flow
drop to zero when puniV is operated a50% ofits full speed.n order to get a
better accuracy for the normal operation range;zeyo intercept equation
KW=a*n+b is fitto onlythe datawith relativespeed greater than 50% (Fig44,
Table 47). Users must be careful not to apply the equations outside of this range.

Power prediction graphical analysis is illustrated in FHg5RWWPS1) and
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Fig. 446(RWWPS2), compared with the real tioeta from PCS systerm this case,
power consumption is calculated from flow rate for each pump, based on the
estimated average power consumption (for fixed speed pumps) and consumption as a
linear function of speed (for variable speed pum@shilar to flow prediction, the

time period with detected erroarelisted in Table 48; these periodarenot counted

in the Goodnessf-Fit statistics reported in Table3! Based on graphical analysis

and Goodnessf -Fit statistics, good prediction accuracy sserved for both

RWWPS1 and RWWPS2.

Power Consumption of Constant Speed Pumps-RWWPS1 Power Consumption of Constant Speed Pumps-RWWPS2
{1/1/2008-4/30/2011) (1/1/2005-4/30/2011)
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Figure 4-42. Power consumption of constant speed pumps
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Power Consumption of Constant Speed Pumps - RWWPS1
(1/1/2009-4/30/2011)
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Figure 4-43. Power consumption of variable speed pumps
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Figure 4-44. Linear regression of power consumption for variable speed
pumps

Table 4-7 Power prediction

RWWPS1 RWWPS2

1w 212.62 1E 338.12

3w 217.58 2E 352.39

Constant| 4W 287.04 3E 338.69
6w 161.75 4E 350.41

5E 375.49

2W | KW= 408.4@1-0.5)+87.96| 6E | KW = 552.8(n-0.5)+179.56
5W | KW=417.9¢-0.5)+84.93 | 7E | KW= 604.2(-0.5)+117.28
8E | KW= 585.(n-0.5)+126.14
9E | KW= 530.7(-0.5)+164.54

Note: Variable-speed power use equations apply only for relative speed greater
than or equal to 0.5.

Variable
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